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Abstract

:

Fibre metal laminates (FMLs) are lightweight structures with high structural performance and are suitable for many industrial applications. This work describes the impact behaviour of novel sisal fibre-reinforced aluminium laminates (SiRAL) and their dependence upon the orientations of the fibres, the composite core used and the surface treatment of the metal skins. A cold-pressing technique is used to produce SiRALs in six configurations. The FMLs here also have treated or untreated aluminium skins (2024 T3) and three different types of core materials (0°/90° fabric, ±45° fabric and random matt). The ±45° core treated SiRAL provides the highest energy absorption and deflection properties. The pre-treatment of aluminium skins using sandpaper, deep cleaning and primer significantly affects the delamination of the panels under bending impact. The findings reveal that the SiRAL concept is a promising multifunctional FML suitable for different applications that require lightweight, bending and impact performance, together with sustainability characteristics.
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1. Introduction


Fibre metal laminate (FML) is a hybrid composite used in various applications, ranging from aerospace to construction fields. FMLs are based on the combination of polymeric layers from different fibre-reinforced laminates and thin metal sheets [1]. Classical aluminium alloys possess low damage tolerance and fatigue properties, but those can be enhanced by designing hybrid structures consisting of fibre-reinforced composites and metal layers [2].



During the last two decades, many FML concepts have been developed based on different polymeric reinforcements. Amongst them, it is worth mentioning commercial FMLs, such as ARALL (aramid), GLARE (glass) and CARALL (carbon) [3]. Several research groups have also expanded the FML baseline design in recent years. The authors of [4] introduced the use of Co–Fe electric steel skins with magnetically susceptible properties for electrical machine applications. Carrillo and Cantwell [5] have developed a new thermoplastic matrix FML based on a self-reinforced polypropylene manufactured in a simple compression moulding process. This particular type of FML has been investigated to assess its impact behaviour and general mechanical properties. The demand for sustainable and eco-friendly materials has driven the development of FMLs based on natural fibres [6,7,8]. The use of natural fibres in FMLs, such as mixed jute/carbon [9] and bamboo [10], has shown promising behaviour for different structural applications [3]. In a previous work [11], the authors evaluated the mechanical properties of bidirectional SiRAL (0/90) for potential applications in the transport industry. Recently, two FMLs made from natural fibre composites were investigated under tensile and bending loading [12,13]. A kenaf bast fibre-reinforced polypropylene composite bonded to aluminium skins was developed by Malingam et al. [12], and 3D jute fibre composites with aluminium skins were evaluated by Hussain et al. [13]. The chemically treated kenaf/PP FMLs showed a significant increase in terms of tensile modulus and flexural strength (~74%) compared to the laminate composites with the chemically untreated kenaf fibres [12]. Jute-based FMLs with an interlocked 3D woven fabric architecture showed consistent larger mechanical properties than analogous jute fibre-reinforced composites [13].



Low-kinetic energy impacts are a likely occurrence during the service life of a structural composite. The resulting damage generated by these impacts is generally in the form of delamination. If the impact energy is large enough, fibre breakage and matrix failure can also be observed. Most low-velocity impact studies have been performed using hemispherical impactors [14,15]. Impact resistance is one of the most critical issues related to composite structures [2]. The resistance to impact perforation of a thermoplastic (polypropylene)-based fibre metal laminate was investigated, showing superiority to its monolithic aluminium and thermoset-based counterparts [5]. Laliberte et al. [16] analysed the impact response and post-impact fatigue behaviour of GLARE compared to 2024-T3 monolithic aluminium. The dynamic failure of fibre metal laminates was also investigated by [17]. Three types of woven fibre fabrics (basalt, S2-glass and Kevlar-29) were used to reinforce the aluminium sheets. Different deformation/failure modes of the FMLs were obtained by varying the impact energy. The results showed that the total deformation increased with the impact velocity. An evident reduction in total deformation could be observed after penetration. Damages to the FML panels, such as tearing of the aluminium ply, fibre fracture, matrix cracks and debonding/delamination, were also detected around the impact region. The results indicated that basalt-reinforced aluminium laminates perform very well in terms of impact resistance. Autoclaved carbon and glass FMLs (steel skins) have been tested under low-velocity impact [18]. These FMLs have been evaluated by considering the influence of different fibre stacking sequences. The crack propagation direction and the energy absorption rate of those FMLs were governed by fibre orientation [18]. Dhaliwal and Newaz [19] studied the dynamic response of CARALL (carbon fibre-reinforced aluminium laminates). In those FMLs, the amount of polymer was one of the main mechanisms leading to the increase in the impact peak force, as well as providing lower deflection and delamination areas. Jakubczak et al. [20] compared the low-velocity impact behaviour of conventional FMLs (carbon- and glass-based) with those made of core polyester foam. The amount of energy absorbed by the foam fibre metal laminates was greater than that of the conventional FMLs. Abdullah and Cantwell [21] investigated the impact resistance of hot-pressed polypropylene-based FMLs. The high strain to failure of the polypropylene fibres generates large values of absorbed energy during the failure process, therefore enhancing the perforation resistance of these layered structures. The highest specific perforation energy was provided by a simple sandwich construction with a thick composite core and thin outer aluminium plies. These findings also motivated the authors to investigate bio-based FMLs composed of simple sandwich configurations [11].



In previous work, Vieira et al. [11] investigated the mechanical properties of sisal fibre-reinforced aluminium laminates (SiRAL) under static loads. The present work describes the dynamic response of SiRALs using drop tower impact testing and its effect on damage, propagation and fracture mode based on different composite core configurations. In addition, the influence of the surface treatment of aluminium skins is here considered. Analysis of variance (ANOVA) and design of experiment (DoE) are carried out to identify the effects of the fibre orientation (FO) and Al treatment (Al T) factors on the impact responses. Based on the authors’ knowledge, the work presented in this paper represents the first attempt to study the behaviour of natural fibre-based metal laminates in low kinetic energy impacts using drop tower tests.




2. Materials and Methods


2.1. Materials


The sisal fabric plain weave used in this work was 2 mm thick and supplied by APAEB Sisal (Brazil). The sisal fabric and the random short sisal fibre blanket had the same apparent density of 1300 g/m². A 0.40 mm thick 2024 T3 aluminium alloy was used as a facing material. The epoxy polymer (Type M) and the hardener (HY951) were supplied by Huntsman (Brazil).




2.2. Preparation and Testing


Sixty SiRALs were produced, considering three fibre orientations (0°/90°, +45°/−45° and random) and two aluminium skins (treated and untreated sheets). The aluminium sheets were sanded (80 grit) and then cleaned with a 10%wt NaOH solution. The aluminium skins were spray-coated with a commercial primer, Lazzuril Primer 045 (Sherwin Williams).



The laminates were manufactured by stacking two aluminium alloy sheets and the sisal fabric/matt epoxy core using a hand layup process, followed by uniaxial cold compaction at 1500 Pa (Figure 1a,b). The sisal matt is a cross-ply fabric supplied by Sisalsul (Brazil). The fabric was oriented within the mould at 0°/90° and +45°/−45° considering as reference the 0° along the x-axis (Figure 1a). After curing, individual SiRAL samples were obtained by cutting the sandwich panels with a precision saw. The matrix appeared homogeneously distributed without evidence of internal micro-voids (Figure 1c).



2.2.1. Drop Tower Impact Tests


The bending impact tests were performed using an Instron Dynatup 9250 HV impact tower testing machine (Figure 2c) with a 16 mm diameter hemispherical striker tip (Figure 2b). The tests were carried out at 3.35 m/s and 1195 mm drop height (Figure 2a), corresponding to 40 J of energy. During the tests, the steel impactor always rebounded after the hit and was caught by the pneumatic brake to avoid undesirable extra strikes. The dimensions of the specimen (150 × 100 × 4 mm3) and the rectangular opening (75 × 125 mm2) are based on the ASTM D7136 [22] standard. The x-axis sample orientation shown in Figure 1a corresponds to the direction of the larger opening side, i.e., 125 mm. The SiRAL specimens were tested 3 months after being produced. Four clamps (Figure 2d) were used to restrain the specimen during the impact, where their location could influence the contact force’s magnitude and the total duration of the impact [23]. Tape markers are used to ensure exact sample placement and indenter contact point. Fractured specimens were analysed using a low magnification optical microscope on the target’s surfaces to understand the underpinning failure mechanisms.




2.2.2. Apparent Density


The apparent density of the SiRALs is calculated as the ratio between the mass of a given volume of the impermeable portion of the material and the mass of an equal volume of demineralised water at the same temperature (ASTM Standard D792) [24]. A desiccator and a vacuum pump (at approx. 1 bar) were used to saturate the material with water at 23 ± 2 °C for 24 h. Five samples for each condition were analysed.






3. Results and Discussions


3.1. Impact Properties


Table 1 shows the average and standard deviations of the impact responses. The data include two replicates with five samples each. The impact properties consist of total energy, maximum load, deflection and time to maximum load.



Table 2 shows the analysis of variance (ANOVA) of the responses. p-values, less or equal to 0.05, reveal significant factors or interactions that affect responses. The p-values in bold correspond to significant second-order effects, which will be evaluated via interaction plots. Higher R2 and Ryan-Joiner index values indicate that the models fit well with the data, validating the ANOVA. F-values can be used to compare the effects of each factor. Higher F-values indicate the factor that most contributes to the response variation. In this case, as shown in Table 2, aluminium treatment is the main factor affecting impact properties, especially the maximum impact load.



Figure 3 shows some typical load histories of the conditions tested. The treated Al panels reach the lowest maximum load and the highest absorbed total energy, deflection and time to maximum load (Table 1). In this sense, the treated aluminium skins provide a higher capacity for absorbing impact energy. This behaviour can be explained mainly by considering (i) the fragile interfacial bond between the skins and the core, and (ii) the high deflection of the core composite material. The impact load is first transferred to the skin material as normal stress, with subsequent shear deformations at the interface and core, similar to the bending behaviour. When a rigid and fragile bond at the interface is present, a sudden delamination occurs; thus, the core material is subjected to premature loading, causing it to deflect more than in the presence of a more ductile interface. The oscillation of the treated Al samples’ reaction force indicates the fraying of the sisal fibres, which is commonly observed in natural reinforcements under normal stress [8,25]. Additionally, especially for the case of the treated Al samples, the crack propagating along the interface consumes more energy at the beginning of the test, with a subsequent drop after delamination. This behaviour can be ascertained by observing the peak load (P1), with a more extended signal period typically associated with delaminated specimens [23]. In contrast, the untreated Al skin samples show a less rigid interfacial bonding with higher impact loads and lower energy absorption. The impact behaviour of the sandwich panels is generally opposite to the one observed during the static bending tests. Skin–core delamination [26,27] and/or fibre pull-out [28] are considered to be between the main energy absorption mechanisms acting under dynamic loads. The treated SiRALs provide not only a premature delamination, but also larger deflections, including in the composite core. Premature delamination and deflections contribute to absorbing more impact energy. In contrast, the untreated skins withstand larger impact loads because of the less premature delamination occurring in those samples, with a consequent reduction in bending deflection.



Figure 4 shows examples of delaminated samples made with treated (a–c) and untreated (d–f) aluminium skins after impact. There is no evidence of perforation of the bottom skins; however, macro-cracks are present in the samples with untreated Al skins.



The damage induced by the impact on the SiRALs can be divided into two categories: (i) visible damage in the form of local plastic indentation and (ii) internal damage represented by fibre failure, matrix cracking and delamination. SiRALs exhibit the distinctive characteristics of impact deformation and cracking (see Table 3). Treated Al sheets provide larger deflections, including wrinkling of the upper skin metal sheet; the latter deformation mechanism is mainly attributed to premature delamination.



The area marked in black in Figure 5 highlights the cracks for each core material reinforced with fibres oriented at 0°/90° (Figure 5a), ±45° (Figure 5b) and randomly (Figure 5c). Sisal fibre composites oriented at 0°/90° show a crack propagation along the longitudinal direction of the sample (Figure 5a). Cores made with ±45° fibre orientation show a diagonal crack following the 45° fabric orientation (Figure 5b). X-shaped cracks are evident in those cores reinforced with random fibres (Figure 5c). Therefore, random sisal fibres appear to dissipate the impact energy over a larger area in different directions and sustain the highest impact load (Table 1).



3.1.1. Maximum Load


Figure 6a shows the interaction plot associated with the mean (average) maximum load response. Al-treated FMLs show a ~36% reduction in peak load, which is attributed to the premature delamination between the aluminium sheets and the core. Although the bond between aluminium and epoxy polymers can be significantly enhanced using treatments on the metal surface [29], the primer used in this work was not adequate to delay the delamination process.



Randomly oriented fibre cores lead to increased impact loads (6.3 ± 0.27 kN), which are ~16% and 10% higher than those associated with fibres oriented at ±45° and 0°/90°, respectively (Figure 6a). It is worth noting that the fibre volume fraction of random fibre cores is greater than that of woven cores. The latter also appear to be inhomogeneous and feature empty spaces (voids) (see Table 3), reducing the fibres to effectively transfer the applied loads.




3.1.2. Total Energy


Figure 6b shows the second-order interaction effect plot associated with the mean (average) impact total energy. Treated aluminium panels feature the highest total energy values, especially when the ±45° oriented fibre core is used. The impact energy is directly related to the material deformation [17,30]. As discussed previously, the treated Al sheets exhibit a global delamination behaviour that contributes to a greater core deflection and a consequent increase in energy.




3.1.3. Maximum Deflection


The interaction effect plot related to the mean (average) impact deflection is presented in Figure 6c. SiRALs made with a ±45° fibre orientation core achieve the highest and the lowest deflections for the treated and untreated Al sheets cases, respectively. The larger delamination in treated Al skin samples is also responsible for a substantial deflection in all fibre orientations.






4. Conclusions


This work described the drop-weight impact properties of sisal fibre-reinforced aluminium laminates (SiRALs), and the main conclusions are:



i. The ANOVA revealed that all individual factors and their interactions affect impact properties; however, aluminium treatment is the most contributing factor.



ii. Sisal fibre orientation affects the fracture behaviour of the panels. Cores made with 0°/90° fibres lead to longitudinal fractures (90°). Randomly oriented fibre cores show an X-shaped fracture that extends to the end of the sample. Cores made of fibres oriented at ±45° exhibit crack propagation along the diagonal direction of the laminate, with significant impact energy dissipation.



iii. Treated aluminium panels sustain the lowest values of maximum loads, with higher levels of total energy, deflection and time to maximum load. This effect is mainly attributed to premature delamination between the core and the skins, including the wrinkling effect of the upper skin metal sheet.



iv. In contrast, FMLs with untreated aluminium sheets provide the highest maximum impact loads with a less rigid surface bonding and reduced delamination effect.



v. Skin–core delamination and/or fibre pull-out are considered to be energy absorption mechanisms acting under dynamic loads.



vi. There is no perforation of the bottom skins; however, macro-cracks are commonly present in the untreated aluminium samples.



vii. Panels composed of cores made from random fibres or ±45° sisal fabric along the untreated aluminium skins provide the lowest deflections.



viii. Random sisal fibres induce the dissipation of impact energy over a larger area in different directions, leading to greater impact load.



ix. SiRALs made with a random fibre core and untreated aluminium sheets give the highest maximum impact load (6.3 kN). However, FMLs with ±45° fibre-oriented cores with treated Al skins provide the highest deflection (12 mm) and total impact energy (34 J).



x. Sisal fibre-reinforced aluminium laminates (SiRALs) are very promising in several areas of engineering. They could be used, for example, in civil construction sectors such as room partitions, signage and wall coverings. SiRALs combine sustainability, low cost and structural performance.
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Figure 1. (a,b). Preparation scheme. (c) Cross-section of a SiRAL. 
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Figure 2. Impact test: (a) initial setup; (b) indentor; (c) overview of the drop tower machine; (d) fixtures for the samples. 
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Figure 3. Typical impact curves for SiRALs. 
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Figure 4. Bottom skins after test: (a–c) treated Al and (d–f) untreated Al. 
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Figure 5. Typical cracks for (a) 0°/90°, (b) ±45° and (c) randomly oriented fibre cores. 
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Figure 6. Interaction plot representing the maximum load (a), the total energy (b) and maximum deflection (c). 
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Table 1. Impact properties of the SIRAL specimens.
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	SiRAL Condition
	Total Energy

[J]
	Max Load

[Kn]
	Total Deflection

[mm]
	Time to Max Load

[ms]





	0°/90°
	31.77 ± 0.72
	5.44 ± 0.25
	9.16 ± 1.21
	4.53 ± 0.50



	0°/90° Al-Treated
	32.76 ± 0.89
	4.13 ± 0.33
	12.18 ± 1.38
	6.36 ± 0.48



	+45°/−45°
	32.09 ± 0.86
	5.99 ± 0.46
	7.34 ± 1.14
	3.65 ± 0.67



	+45°/−45° Al-Treated
	34.05 ± 0.62
	3.81 ± 0.20
	12.63 ± 1.29
	4.47 ± 1.52



	Random
	31.61 ± 0.69
	6.33 ± 0.27
	7.73 ± 0.49
	3.98 ± 0.46



	Random Al-Treated
	33.56 ± 0.76
	4.17 ± 0.22
	10.91 ± 0.82
	5.67 ± 0.61
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Table 2. Analysis of variance (ANOVA).
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Experimental Factors

	
Total Energy

	
Total Deflection

	
Max Load




	
p-Values (≤0.05)

	
F-Value

	
p-Values (≤0.05)

	
F-Value

	
p-Values (≤0.05)

	
F-Value






	
Fibre orientation (FO)

	
0.005

	
14.25

	
0.009

	
11.43

	
0.002

	
20.57




	
Al Treatment (Al T)

	
0.000

	
174.46

	
0.000

	
276.29

	
0.000

	
940.27




	
FO × Al T

	
0.030

	
6.69

	
0.013

	
9.92

	
0.002

	
21.65




	
R² (adj)

	
95.05%

	

	
96.62%

	

	
98.93%

	




	
Ryan-Joiner

	
0.057

	

	
>0.100

	

	
>0.100
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Table 3. Impact damage of SIRALs.
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	Type
	Front
	Rear
	Side
	Core





	0/90
	 [image: Applsci 12 01869 i001]
	 [image: Applsci 12 01869 i002]
	 [image: Applsci 12 01869 i003]
	 [image: Applsci 12 01869 i004]



	0/90

Pre-Al-treated
	 [image: Applsci 12 01869 i005]
	 [image: Applsci 12 01869 i006]
	 [image: Applsci 12 01869 i007]
	 [image: Applsci 12 01869 i008]



	+45°/−45°
	 [image: Applsci 12 01869 i009]
	 [image: Applsci 12 01869 i010]
	 [image: Applsci 12 01869 i011]
	 [image: Applsci 12 01869 i012]



	+45°/−45°

Pre-Al-treated
	 [image: Applsci 12 01869 i013]
	 [image: Applsci 12 01869 i014]
	 [image: Applsci 12 01869 i015]
	 [image: Applsci 12 01869 i016]



	Random
	 [image: Applsci 12 01869 i017]
	 [image: Applsci 12 01869 i018]
	 [image: Applsci 12 01869 i019]
	 [image: Applsci 12 01869 i020]



	Random

Pre-Al-treated
	 [image: Applsci 12 01869 i021]
	 [image: Applsci 12 01869 i022]
	 [image: Applsci 12 01869 i023]
	 [image: Applsci 12 01869 i024]
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