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Abstract: This manuscript deals with the effects of recycling on the static and dynamic properties of flax fibers reinforced thermoplastic composites. The corresponding thermoplastic used in this work is Elium resin. It’s the first liquid thermoplastic resin that allows the production of recycled composite parts with promising mechanical behavior. It appeared on the resin market in 2014. But until now, no studies were available concerning how it can be recycled and reused. For this study, a thermocompression recycling process was investigated and applied to Elium resin. Flax fiber-reinforced Elium composites were produced using a resin infusion process and were subjected to different thermomechanical recycling operations. For each material, five recycling operations were carried out on the raw material. A total of 10 different materials were investigated and tested by means of tensile and free vibration tests to evaluate the effect of recycling on their behavior. In addition, a finite element model of the dynamic problem was developed to evaluate the loss factor and natural frequencies regarding different cases. The results obtained show that the failure tensile properties of Elium resin as well as flax fiber reinforced composites decrease during recycling operations. Conversely, recycling induces a rise in the elastic modulus. Moreover, improvement in the dynamic stiffness was observed with recycling operations. But repeated recycling appeared to have negligible effects on the loss factor of the recycled materials. The results obtained from the experiment and the numerical analyses were in close agreement.
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1  Introduction

The production of composite materials with a polymer matrix has increased in the last 30 years, replacing metals in various sectors such as the automotive, aerospace and renewable energy industries. But the main problem with these composite materials is the recycling process because of their heterogeneous structure, and especially thermoset-based polymer composites, which generate a large amount of composite waste. Therefore, the disposal of end of life composite materials in an environmentally friendly way is one of the biggest challenges currently facing the industrial and academic composite community. Scientists have directed their research to the development of new recyclable materials in order to avoid the traditional ways of dealing with composite waste: landfill or incineration. These methods are relatively inexpensive waste management methods but they are not recommended by the European Union (EU)’s Waste Framework Directive [1]. Landfill of composite waste is already prohibited in Germany, and other EU countries are expected to follow this route [1].

The use of recyclable materials such as thermoplastic matrix during the production of composite materials is one of the best solutions to deal with waste treatment. These types of materials can be heated above their melting temperature and molded into new shapes, which means that they can be re-used directly into new products [2]. However, it is very important to note that recycling may cause a reduction of some of the mechanical properties of the material [3]. Tri et al. [4] studied composites made from recycled polypropylene PP reinforced with natural fibers (bamboo fibers). They have shown that thermoplastic matrices such as polyethylene (PE) [5,6], polypropylene (PP) [7,8], polystyrene (PS) [9,10] are the most used due to their satisfactory treatment temperature. In fact, the required temperature for producing composites with these thermoplastics is less than 220°C, which makes it possible to avoid thermal deterioration of the lignocellulosic fibers. In addition to these synthetic resins, bio-based and biodegradable thermoplastics are appearing such as polylactide [11] and poly (butylene succinate) (PBS) [12–14]. These materials present the best solution to face current environmental problems related to plastic pollution. However, despite good environmental performance, their characteristics (mechanical, thermal, etc.) generally limit their use for structural applications.

To reduce the environmental problems of composite waste, another solution has been studied by several researchers. It’s the use of natural reinforcement such as flax and hemp fibers [15]. Materials scientists and engineers around the world have focused their research on the study of new composites based on plant fibers for reinforcement. This is due to their particular biodegradability which ensure a reduction in environmental pollution. Further, they have lower cost and comparatively good thermal and mechanical properties [16,17]. In the automotive and aerospace industries, these fibers are used due to their low density (around 1.5 g/cm3) [18] compared to synthetic ones. This reduces the weight of structures and consequently increases fuel efficiency [19]. As a result of all these advantages, we can produce a composite material with specific stiffness and strength comparable to glass fiber-reinforced composites [20,21]. Bonnafous [22] has shown that the glass/epoxy, flax/epoxy and hemp/epoxy composites have similar specific mechanical characteristic when we use a fiber-mass ratio of about 50%. Therefore, natural fibers can replace synthetic fibers in various applications.

By using thermoplastic resin as a matrix and natural fibers as reinforcement, we can produce a recyclable material with less environmental impact. But an important question must be asked׃ What process can be used to recycle this type of material? Recycling thermoplastic composites can be accomplished using several methods [23] such as mechanical processes (mainly grinding), pyrolysis and other thermal processes, and solvolysis. A comprehensive overview on the technologies for recycling composite materials was given by Henshaw et al. [24]. Moreover, Pimenta et al. [25] present in their study an excellent technology review on recycling carbon fiber reinforced polymers for structural applications. Also, recycling technologies have been addressed in the handbook published by Goodship [26]. This study focuses specifically on a recycling method based on a thermomechanical process. This technique, which will be presented later, is inspired by the progress achieved in recent years in the processes of implementing cut thermoplastic prepregs. It consists of reshaping the waste into the required component by the combined action of temperature and pressure. The material manufactured after this recycling process is a short-fiber-reinforced composite because the raw continuous fiber material must be cut into small prepreg composites before any compression process. Consequently, this recycling method causes loss of performance in the composites due to the reduction of fiber length and the inability to control fiber orientation, not to mention damage to the polymer and deterioration of the fiber-matrix interface. In addition, it should be noted that the thermocompression manufacturing cycle depends on three parameters: pressure, holding time and temperature. In the literature, many studies are interested in the influence of such parameters on the composite quality. We can note that the melting temperature of thermoplastics is very high which imposes a short manufacturing time in order to avoid damage to the natural fibers. Destaing [27] showed that flax fibers can be exposed to 200°C for only 5 min or 160°C for 30 min without modifying their properties. Ochi [28] studied the effect of temperature on the tensile properties of Kenaf/PLA composite (unidirectional fibers). It shows that the optimum temperature for production is 160°C. A higher temperature (180°C) may cause loss in mechanical properties. This is explained by damage to kenaf fibers. As well, Bernard et al. [29] studied the effect of temperature on the mechanical properties of kenaf reinforced polypropylene composites. They examined the effect of six different temperatures: 190°C, 200°C, 210°C, 220°C, 230°C and 240°C. Their conclusion contradicts that of Ochi [28]: An increase in the manufacturing temperature leads to better mechanical properties. This is linked to the lack of fiber impregnation by the matrix at low temperature. They showed that an increase in the production temperature guarantees better fiber/matrix cohesion. Takagi et al. [30] studied the effect of pressure on cellulose nanofiber reinforced “green” composites. They found that the bending strength and modulus increase with the increase in pressure which ensures a better quality of the fiber/matrix interfaces. Rassmann et al. [31] showed the same result: Higher pressure causes a reduction in porosity and consequently an increase in tensile and bending strength. Another study, published by Takemura et al. [32] focuses on the effects of molding on the tensile properties of a biodegradable composite resin reinforced with hemp fiber. They showed that the optimum conditions, to obtain better tensile strength, were a molding temperature of 180°C applied for 20 min.

The thermocompression recycling technique was used by Mootho et al. [33] and mentioned in their published conference paper. They apply this process to bidirectional glass/polypropylene laminate waste. A temperature of 200°C and a pressure of 3 bars were used for recycling this material. It is shown that the modulus values are slightly affected compared to the raw composite. On the other hand, a very significant decrease in the strength is observed. These results are explained by the presence of zones rich in resin and the concentration of stress on the grain edges. Similarly, one can find work dealing with the effect of recycling processes on the mechanical and physical properties of polypropylene composites like that of Luda et al. [34] and Bahlouli et al. [35]. They observed in their work a significant loss of mechanical properties caused by the succession of polymer scission chains which reduce the failure strength and strain. Also, we can identify other works concerning the recycling of polypropylene alone such as Aurrekoetxea et al. [36] and Guerrica-Echevarria et al. [37]. They show that five recycling operations are necessary to observe significant loss in the mechanical properties. They also showed that the Young’s modulus increases with reprocessing which is explained by the increase in the crystallization rate with recycling.

The main objective of this study is to consider the recycling of recent thermoplastic composites reinforced with flax fibers and also, to prove that they can be recycled several times in different applications that require lower performance compared to non-recycled material. The innovative thermoplastic used in this work is Elium resin manufactured by Arkema [38]. This resin is an appropriate and widely-used liquid thermoplastic resin that allows the production of composite parts. An innovative method of recycling was employed in which we used a thermocompression process. The recycling process was applied to two types of material: Elium resin and a flax/Elium composite. For each material, five recycling operations were carried out on the material. The manufacturing parameters were chosen based on the literature. However, optimization of recycling parameters was necessary. A variety of physical and mechanical tests were then carried out on the raw and recycled materials. Finally, in order to better explain the experimental results, finite element analysis of the dynamic problem was carried out using a modal strain energy method.

2  Materials and Research Methodology

2.1 Elium Resin

Elium resin is a Liquid Methylmethacrylate thermoplastic resin containing a mixture (MMA monomer + BPO initiator) with a viscosity of 100 cP [38–40]. It can be cured at room temperature and demoulded after 4 h, which includes 2 h of post-curing at 80°C. It is a low-viscosity resin developed for the manufacturing of thermoplastic composite parts by liquid resin processes such as resin transfer moulding (RTM) or liquid resin infusion (LRI). It can be used to produce structural composites reinforced by glass, carbon, glass or natural fibers such flax. This acrylic resin is activated by peroxide (CH50x). Due to its thermoplastic nature, the resin obtained after polymerization can theoretically be thermoformed and potentially recycled. It appeared on the resin market in 2014. But until now, its recyclable character has not been investigated and justified. The resulting thermoplastic composite parts show mechanical properties similar to those of parts made of epoxy resins [20] while presenting the major advantages of being post-thermoformable and recyclable and of offering new possibilities for composite/composite or composite/metal assemblies. The mechanical properties of Elium resin obtained by tensile tests are summarized in Tab. 1.

Table 1: Mechanical behavior of Elium resin deduced from tensile tests [20]

[image: images]

2.2 Unrecycled Primary Material

In order to better understand the properties of the recycled composite materials, a comparison with unrecycled primary material was necessary. In fact, it is essential for investigating the effects of recycling processes on physical and mechanical properties. For the recycled Elium specimens, the unrecycled material is a pure Elium specimen manufactured and studied by Monti et al. [20,41]. They have shown that Elium resin presents interesting mechanical properties compared to traditional resins such as GreenPoxy 56, epoxy SR 8500 and epoxy SR 1700. The unrecycled resin specimen will be denoted ER0.

For the comparison of the mechanical behavior of the recycled materials, a composite having a structure comparable to that of recycled materials is manufactured. The unrecycled composite considered in this work is a flax/Elium composite in which we have a random fiber orientation. This material is produced using a liquid resin infusion process (LRI). In order to produce this composite, various steps must be followed. First of all, the unidirectional flax fibers must be dried in an oven about 1 h at 110°C. This step serves to remove a sufficient quantity of water without affecting the mechanical properties of the flax fibers [42]. After drying, the layers of flax fibers are manually cut into short fibers lengths (Fig. 1). The dimensions of these parts are equal to [5 mm × 20 mm].

[image: images]

Figure 1: Unrecycled primary composite materials

These short fibers are then placed in a random way in a flat waxed mold. The fibers considered are inserted between two peel plies and then covered by a micro-perforated film. The role of the perforated film is to ensure adequate circulation of the resin during production. On the other hand, the peel plies facilitate the disassembly of the composite after production. The assembly is then covered with an impermeable flexible film attached to the mold by an adhesive sealer. Finally, in order to create the vacuum, two flexible pipes are inserted into two couplings which then ensure the inlet and the outlet of resin. The inlet pipe is immersed in a recipient that contains Elium and the outlet pipe is connected to a vacuum pump. Before the infusion process, maximum vacuum is applied for 1 h at least to allow degassing of the mold. Then, infusion is performed at a pressure of 0.5 bars. The resin is then distributed through the preform and impregnates the fibers. Once the fibers are totally impregnated, the resin intake is closed and the vacuum is maintained until the ambient temperature is less than the exothermic peak. In the rest of this study, the unrecycled composite specimen is denoted CR0.

2.3 Recycling Methodology

In order to study the recycling of Lin/Elium composite materials, a recycling method has been developed. It allows the manufacture of a recycled material from composite waste. For that, unidirectional flax fiber reinforced Elium matrices, with a fiber volume fraction equal to 35%, were produced using a resin infusion process and were subjected to different thermomechanical recycling cycles. The recycling of flax/Elium composite was carried out using a thermocompression process (Fig. 2), which is a method for manufacturing composite materials. It is a molding technology that produces, in a single operation, cladding parts and structural parts made of thermoplastic composites. The recycling process consists firstly of cutting the initial material into small rectangular pieces. Then, we place these small particles between two steel plates which form the compression mold. Using a press machine, we obtain recycled specimens. This technique is carried out by compression of the materials between two hot plates. It is a process that allows us to recycle parts at a relatively high speed and produce variable thicknesses.

[image: images]

Figure 2: Manufacturing and recycling processes of the studied bio-composites

A 40-ton TCE press machine manufactured by DK Technologies was used for recycling the composite waste. An overview of the thermocompression recycling process is presented in Fig. 3. Once the parameter values are selected, the mobile lower plate rises towards the fixed upper plate. Between these two parts, the two steel plates (dimensions 450 × 450 mm2) of the mold are placed in which we insert the initial material. Both press plates are equipped with an internal regulation circuit for heating and cooling operations.
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Figure 3: Schematic illustration of the thermocompression process

Fig. 4 presents the manufacturing cycles of recycling flax/Elium composites. The manufacturing process is carried out in five steps. Firstly, the mold is loaded and closed until a contact pressure is achieved. The mold is then subjected to a temperature ramp of 25°C/min until a temperature of 100°C is reached. The next step is to maintain the mold at this temperature for 5 min to ensure homogenous temperature in the mold. At the end of this stage, an ascending temperature ramp of 25°C/min is applied to the mold to reach the manufacturing temperature (170°C). At this stage, the manufacturing pression is applied (5 bars for Elium resin recycling and 20 bars for composite materials). Then, the mold is maintained at these conditions until the end of the thermocompression process (about 20 min). Finally, a descending temperature gradient of 25°C/min is applied to the mold until a temperature of 30°C is reached. This step permits the recovery of recycled material at low temperature.

[image: images]

Figure 4: Thermocompression cycles applied to composite materials

In brief, this work considers the recycling of two types of material: Elium resin and flax/Elium composites. For each material, five operations of recycling are carried out on the material. The recycled Elium and composite specimens are denoted ERi and CRi respectively. The symbol “i” indicates the number of times they were recycled. The number zero corresponds to unrecycled material. The materials studied in this work are summarized in Tab. 2.

Table 2: Materials studied in this research
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2.4 Experimental Setup

2.4.1 Static Experimental Setup

The experimental static tests were performed on recycled specimens for each recycling operation (Fig. 5). The effect of repeated recycling on the mechanical behavior of the materials was studied. The specimens were subjected to uniaxial loading based on the standard test method ASTM D3039/D3039M [43]. The tests were carried out with a tensile machine equipped with a 10 kN load cell. The mechanical properties obtained by tensile tests are: The elastic modulus (Young’s modulus: E); failure properties (failure stress [image: images] and failure strain ([image: images]) and Poisson’s ratio [image: images]. All of these properties were measured from a minimum of five test specimens at a strain rate of 0.5 mm/min at room temperature. The strains in the tensile direction were measured by means of an extensometer with a gauge length of 50 mm. The strains in the transverse direction were measured with a 5 mm strain extensometer. The machine was interfaced with a dedicated computer for testing and data acquisition. The recycled specimens were rectangular (30 × 250 × 3 mm).

[image: images]

Figure 5: Experimental tensile test

2.4.2 Free Vibration Experimental Setup

To determine the dynamic properties of the recycled resin and composite materials, free vibration tests were performed on the recycled specimens as shown in Fig. 6. The beams were tested in a clamped/free configuration, in accordance with ASTM E-756 [44]. It consists in measuring the response of the free end of the beam exposed to an impact excitation close to the clamped end. The clamping length of the beam was set to 50 mm. Four free beam lengths were used (260, 230, 200 and 170 mm) in order to get variation in the peak frequency values. An impact hammer (PCB084A14) was used to induce the excitation of the flexural vibrations of the beam near to the clamped end. A laser vibrometer (OFV 303 sensor head) was used to detect the response of the free end of the beam. Then, the recorded signals were processed and digitized by a dynamic signal analyzer developed by LabView. An NVGate program, running on a personal computer, was associated with this analyzer in order to define the acquisition conditions and analyze the different signals acquired.

Afterwards, the modal properties of the recycled beams were determined by analyzing the experimental frequency response functions (FRF) obtained, as shown in Fig. 7a. There are different methods of analysis. The most commonly used is the Half Power Bandwidth method (HPB), presented in Fig. 7b, used by El Mahi et al. [45], Daoud et al. [46], and Essassi et al. [47]. It consists of analyzing each resonance peak of the FRF in an amplitude/frequency representation, using MATLAB software. It allows us to determine of the loss factor using Eq. (1).

[image: images]

Figure 6: Experimental test for free vibration analysis

This equation defines the damping factor as a ratio of the difference between the bandwidth frequencies (Δfi), at which the amplitude resonance decreases by 3 dB, divided by the resonance frequency (fi) (Fig. 7b):

[image: images]

In addition, for every flexural mode, the Young’s modulus E of the recycled specimens was calculated using the following equation:

[image: images]

where ρ is the density of the composite material, l the free length of the beam, fn the resonance frequency of the nth flexural mode, e the thickness of the beam in the vibration direction and Cn a coefficient for nth mode of clamped/free beam, with C1 = 0.55959, C2 = 3.5069, C3 = 9.8194 and [image: images] = [image: images] for n > 3 [44].

[image: images]

Figure 7: (a) Typical frequency response to an impulse in recycled materials and (b) Half power bandwidth method

2.5 Finite Element Analysis

In order to better explain the experimental results, finite element (FE) analysis of the dynamic problem is carried out in this section. In the literature, several numerical studies are developed to calculate the damping performance of fibers reinforced composites. Ross et al. [48] and Ungar et al. [49] developed the first theories for this purpose, particularly for constrained layer damping systems. Then Adams et al. [50] investigated the damping properties of reinforced composite materials using a modal strain energy method. It has been widely used in various works: El Mahi et al. [45], Assarar et al. [51], and Essassi et al. [52]. This method makes it possible to determine the total energy dissipated in the composite, which is the sum of energy dissipations in the different material directions. First, a FE model must be created to calculate the resonance frequencies, the stress and the strain tensors for each flexural mode. Then, to determine the global damping factor of the structures, the total strain energy and the dissipated energy are calculated.

2.5.1 Presentation of the Model and Determination of Resonance Frequencies

The numerical simulation modeling of a dynamic problem is presented in this section. The recycled materials studied were created using the commercial finite element software package MSC NASTRAN. The created beams were under clamped/free boundary conditions as shown in Fig. 7. Four free beam lengths were used: 260, 230, 200 and 170 mm. For all recycled materials, the width was 30 mm. The thickness was 2.5 mm and 3 mm for the recycled Elium and composite specimens, respectively. The recycled materials are assumed to have linear elastic behavior. The three-dimensional model was meshed using tetrahedral linear elements. For all beams, the number of nodes used to mesh the structure was set in an interval from 23845 to 30687. Fig. 8 presents the model mesh. The natural flexural frequencies of the beam structure were calculated using the Lanczos solver [53] on MSC NASTRAN solving the real eigenvalue problem defined by:

[image: images]

where [M] is the mass matrix specified for the material properties, [K] is the stiffness matrix and {q} is the nodal variable.

[image: images]

Figure 8: Schematic illustration of the recycled material structure with a boundary conditions

2.5.2 Determining the Global Loss Factor

When the natural flexural frequencies were calculated, every mode was considered individually. The stress and strains values were determined and analyzed to calculate the total strain energy U in the structure and the total energy dissipated [image: images]. The modal strain energy method was developed in a MATLAB routine. The total elastic energy of a finite element e is calculated in x, y and z directions by:

[image: images]

with

[image: images]

where [image: images]

Then, the strain energy of the recycled materials can be calculated by summing the energies of every element constituting the material in the different directions by:

[image: images]

where [image: images]

Finally, the total elastic energy U of the recycled material is given by

[image: images]

To simplify the calculation of the global loss factor, it is important to determine the directions which support the majority of the elastic energy. Monti et al. [41] studied the flexural vibration behavior of bio-based sandwich structures. The material studied was made up of two skins made of a thermoplastic matrix reinforced with flax fibers and a balsa wood core. They compared the elastic energy of the sandwich components (skins and core) in all directions. They showed that [image: images]represents the major part of the skins elastic energy, and [image: images]the major part of the core elastic energy. In fact, skins were mainly subjected to tension/compression stresses, whereas the core was subjected to shear. With the same purpose, the strain energy of the recycled material was compared in all directions. In Fig. 9 the evolution of the fraction of elastic energy in the recycled composite CR1 is presented as a function of frequency for different directions. The results are obtained using the numerical model described previously. It appears clearly that the energy in [image: images] directions presents the major part of the composite’s elastic energy compared to those in the other directions. Consequently, it would be possible to consider only the longitudinal energy [image: images] stored in the recycled material. In this case, the total strain energy U accumulated in the recycled material becomes:

[image: images]

Then, the energy dissipated by the recycled material was calculated based on the previous experimental results and energy calculations. Considering a finite element e of the structure, the global quantity of energy dissipated is given as a function of the strain energies of the elements and the specific damping loss factor:

[image: images]

The quantity of energy dissipated [image: images] by the whole structure beam is calculated by summing those of each element:

[image: images]

Finally, the numerical loss factor, for each flexural mode, can be calculated by dividing the total energy dissipated [image: images] by the total strain energy U:

[image: images]
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Figure 9: Fraction of the elastic energy in the different directions

3  Experimental Results

3.1 Mechanical Properties

3.1.1 Recycled Elium

In order to understand the effect of the recycling process on the composite structure, the behavior of recycled resin must be studied. Thus, in order to investigate the main properties describing the elasticity and rupture of the recycled resin, static tensile tests were performed.

Fig. 10 presents a comparative study of Elium resin with and without recycling. These curves give the evolution of the stress according to the strain for every type of specimen: an unrecycled specimen ER0 and recycled specimens (ER1, ER2, ER3, ER4, ER5). For each specimen, the elastic modulus E is the initial slope of the linear elastic part of the stress/strain curves. The Poisson’s ratio [image: images]was calculated for the same stress interval as the slope of the transverse/longitudinal strain curves. Stress and strain at break noted [image: images] and [image: images] were also extracted. For all recycled specimens, the mechanical behavior was similar: each stress/strain curve is divided into two zones: The first one is linear, which identifies the elastic domain. The second zone is quasi-linear up to failure of the specimen.

Using results obtained from the recycled materials, it can be observed that the mechanical properties differ from one material to another. Compared to the unrecycled material, a decline in the mechanical behavior characterized by a decrease in the failure properties is observed. However, an increase in elastic properties due to recycling can also be seen.

[image: images]

Figure 10: Recycling effect on the stress/strain curves of Elium resin

The change in density as a function of the recycling operation for each recycled material was calculated and illustrated in a bar chart graph (Fig. 11). It is obvious that the density increases with the increase in recycling operations. Due to the reprocessing conditions, the material becomes more and more compact. This can be explained by the thermocompression process which involves a compaction phase in which the polymer crystallizes at high pressure. In addition, this manufacturing process requires, at each recycling operation, a cutting step which leads to a reduction in the particle size as well as a decrease in porosity and consequently, increased density. Also, the rise in density can be explained by a modification in the chemical structure. It is important to note that the structure of a thermoplastic polymer is composed of two zones: the first is the crystalline zone in which the molecular chains are ordered and the second is the amorphous zone where the chains are disordered [54]. In the crystalline region, the polymer chains are packed together more efficiently and tightly compared to those in the amorphous phases [55]. As a consequence, the density of the crystalline zone will typically be higher than that of corresponding amorphous phases. For this reason, the density of a polymer is mainly related to the quantity of crystalline phases [55]. The density of a polymer increases with its degree of crystallinity. In conclusion, reprocessing during recycling results in an increase in the density which is the consequence of the increase in the degree of crystallinity.

For the recycled Elium specimens, increasing crystallization is revealed by the rise in density with each recycling operation since the density of crystalline phases is generally higher than that of amorphous phases. Furthermore, the rise in the crystalline phase corresponds to an increase in the opacity of the recycled Elium specimens after repeated recycling: crystalline polymer is generally darker compared to other polymers [56]. This is due to the diffusion of light on the boundaries between crystalline and amorphous phases. Fig. 12 shows clearly the difference in opacity between ER1 and ER5. The color of the ER5 specimen is darker than that of ER1, because of higher crystallization and this makes the material stiffer.

[image: images]

Figure 11: Effect of the recycling numbers on resin density

[image: images]

Figure 12: Difference in opacity between ER1 and ER5: (a) ER1 specimen and (b) ER5 specimens

Fig. 13 presents the effects of the recycling process on the mechanical properties. From Figs. 13b and 13c, it can be seen that the recycling process has a negative effect on failure strength and strain. The failure strength curve decreases from 44 MPa (ER0) to 16 MPa (ER5) after five recycling operations. Also, a significant decrease in the ultimate strain from 2.03% to 0.41% is observed. The negative effect of the recycling process on the failure properties can be explained by repeated cutting of Elium waste into small grains which results in multiple ruptures in the polymer chain and consequently a decline in the ultimate properties (strain and stress). The recycling process definitely decreases the properties of the polymer matrix. By contrast, this process seems to have a positive effect on the Young’s modulus (Fig. 13a). The results show that the Young’s modulus E values increase as a function of repeated recycling. A progressive increase from 3.3 GPa to 4.4 GPa is observed. The rise is about +3%, +9%, +12%, +18% and +33% for the recycled resins ER1, ER2, ER3, ER4 and ER5 respectively, compared to the unrecycled resin ER0. This evolution shows close correlation with the increase in density resulting from repeated recycling. According to Kholodovych et al. [55], density is often the single parameter that is most clearly related to the physical and mechanical properties of polymers. For many polymers, properties dependent on crystallinity (e.g., stiffness, tear strength, hardness, yield point) tend to increase with a rise in density [55]. So, the increase in rigidity seems to be related to the increasing degree of crystallinity. In fact, the increase in the proportion of crystallites (the rise in the degree of crystallization) gives the material more rigidity and fragility at the same time.

[image: images]

Figure 13: Effect of repeated recycling on the mechanical proprieties of Elium resin: (a) Young’s modulus, (b) failure strength and (c) failure strain

3.1.2 Recycled Flax/Elium Composite

In order to test the recycling of flax/Elium composites, the same thermocompression process was applied. The mechanical properties of the recycled composites are determined through unidirectional quasi-static tensile testing. Fig. 14 shows the effect of reprocessing on the stress/strain curves for the five recycled materials. The mechanical behavior is similar: each stress/strain curve is divided into two zones: the first one is linear and elastic. The second zone is quasi-linear up to the failure of the specimens.

Fig. 15 presents density as a function of the recycling operations for the recycled composite specimens (flax/Elium). Similar to the evolution in the density of recycled Elium, an increase in density after repeated recycling is observed. Compared to the reference composite CR0, density increases about 7%, 9%, 12%, 15% and 17% for the recycled composites CR1, CR2, CR3, CR4 and CR5, respectively. This variation is essentially related to the behavior of Elium resin. The increase in the crystallinity rate of Elium resin undergoing reprocessing explains the density increase in the flax/Elium composite. In addition, this phenomenon can be explained by the reduction in fiber size due to the operation of cutting waste at each recycling operation. This produces a decrease in porosity and automatically, with the reprocessing conditions, the material becomes more and more compact.

[image: images]

Figure 14: Recycling effect on the stress/strain curves of the recycled composite

[image: images]

Figure 15: Density of recycled composite materials

From Fig. 16a, we can notice that the Young’s modulus E values increase with the repetition of the recycling process. A progressive increase from 5.4 GPa to 7.1 GPa is observed. The rise is about +10%, +16%, +30% and +33% for the recycled composites CR2, CR3, CR4 and CR5 respectively, compared to CR1. On the other hand, we notice a significant decrease in the ultimate strength and strain with repeated recycling (Figs. 16b and 16c). The strength decreases from 15.6 MPa (CR1) to 13 MPa (CR5) after five reprocessing cycles. A significant decrease in the ultimate strain from 0.72% to 0.23% is observed. Also, we notice that the unrecycled material CR0 shows the best mechanical properties. It presents an advantageous failure property ([image: images] = 50 MPa, stand. dev. = 9,5 MPa and [image: images] = 0.72% stand. dev. = 0.19%) and an elastic modulus greater than that of recycled composites (E = 8.2 GPa stand. dev. = 0.7 GPa). It presents different values compared to that of the recycled material. This can be explained by the difference in the manufacturing method (LRI for CR0 and the thermocompression process for recycled composites).

The decline in the failure properties of the composites is mainly related to the processing conditions. It should be noted that the material manufactured after this recycling process is a short-fiber-reinforced composite due to cutting waste at each process of recycling. Consequently, this recycling method would by definition cause a decline in performance of the composite due to the reduction of fiber length and our inability to control fiber orientation. Also, the weakening of the polymer due to the succession of polymer scission chains can lead to a decrease in failure strength and strain, not to mention deterioration of the fiber/matrix interface. In contrast, under the same recycling conditions, this process seems to have a positive effect on the Young’s modulus. The results show that the Young’s modulus E values increase with repeated recycling. This evolution shows close correlation with the increase in density resulting from repeated recycling. So, the increase in rigidity seems to be related to the rise in the degree of crystallinity of Elium resin as well as the recycled composite.
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Figure 16: Effect of repeated recycling on the mechanical proprieties of flax/Elium composites: (a) Young’s Modulus, (b) Failure strength and (c) Failure strain

3.2 Vibration and Damping Properties

The experimental free vibration tests were performed on recycled specimens for each recycling operation. The influence of the number of recycling operations on the vibration behavior of these specimens was studied. The thickness, width and length of the recycled specimens were respectively 2 mm, 30 mm and 300 mm. Different test lengths of beams (170, 200, 230 and 260 mm) were used in order to obtain various peak frequencies.

3.2.1 Recycled Elium

The results obtained for recycled resin (ER1) are illustrated in Fig. 17. The decrease in the loss factor compared to frequency is presented in Fig. 17a. It indicates that the loss factor falls as the frequency increases. Damping is initially high, about 7% and then it decreases rapidly between 0 Hz and 1000 Hz. Above this point, the loss factor continues to decrease slowly to a quasi-asymptotic value of nearly 3.4%. Furthermore, the increase in the Young’s modulus as a function of frequency is considered, and presented in Fig. 17b. It increases slightly as frequency increases. At low frequencies, the measured stiffness is about 3.4 GPa which corresponds to the Young’s Modulus measured in quasi-static tensile testing.

Moreover, a comparative study between the dynamic properties of recycled Elium resin (ER1), unrecycled Elium resin (ER0) and GreenPoxy56 (56% bio-sourced) is also presented in Fig. 17. The different properties of Elium (ER0) and Green epoxy were examined by Monti et al. [41]. The results show, for all resins, that the Young’s modulus values present comparable evolution with frequency: A slight increase in the Young’s modulus as a function of frequency. Also, it should be noted that the recycled material ER1 has a higher dynamic stiffness compared to that of two other resins (ER0 and Green Epoxy). For the loss factor, the Elium resin specimens (ER0 and ER1) show the opposite evolution compared to the Green Epoxy resin. We can explain this difference of damping properties by differences in the microstructures between these two polymers, thermoplastic (Elium) and thermosetting (Green Epoxy). Dupuy et al. [57] showed in their work that the damping property of polymers is a phenomenon completely related to their microstructure. The differences in the organization and the mobility of molecular chains between thermoplastic and thermosetting resins have a great effect on the intrinsic mechanisms of vibration energy dissipation.
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Figure 17: Comparison of the dynamic properties of recycled resin ER1, unrecycled ER0 resin and GreenPpoxy resin: (a) Loss factor and (b) Young’s modulus

Fig. 18a presents the variation in the damping coefficients measured experimentally as a function of frequency for the five recycled materials. We notice that the damping factor curves are substantially similar for all recycled materials. The shapes indicate that the loss factor decreases as frequency increases. Likewise, the increase in the Young’s modulus with frequency for all recycled resins is examined and presented in Fig. 18b. The curves show a similar evolution with frequency. It increases slightly as frequency increases. For every recycled material, the stiffness measured at low frequency corresponds to the quasi-static Young’s Modulus. Also, from these curves, we can notice a significant dynamic stiffness increase with repeated recycling. This evolution is also presented in Tab. 3 in which the numerical values of the dynamic modulus for the first eight modes of the five recycled resins are shown. This rise is mainly related to the increase in density as well as the crystallinity rate with the reprocessing conditions. In contrast, the process of recycling by thermocompression seems to have no effect on the loss factor.

[image: images]

Figure 18: Dynamic properties of recycled resins: (a) Loss factor and (b) Young’s modulus

Table 3: Dynamic modulus values of recycled resins for the first eight modes of vibration
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3.2.2 Recycled Composite

The vibration behavior of a recycled flax/Elium composite (CR1) is studied. The variation in its dynamic proprieties as a function of frequency is represented in Fig. 19. The results show that the loss factor decreases with the frequency (Fig. 19a). Initially, the loss factor is very high (5.5%) and very close to the value for unrecycled resin. Then, in the 0 Hz–1000 Hz range, a significant decrease in loss factor is apparent. Above this point, the loss factor continues to decrease slowly to a quasi-asymptotic value of nearly 3%. Different hypotheses can be advanced to explain this evolution. First, we can notice that recycled composite CR1 presents a viscoelastic behavior very close to that of recycled resin ER1. Due to short fiber type and our inability to control fiber orientation, the viscoelastic behavior of the resin is predominant. In fact, part of the vibration energy is dissipated through friction mechanisms between long resin chains. Moreover, friction mechanisms may be present in this recycled composite and contribute widely to the dissipation of a certain amount of vibration energy. Friction may exist between the interfaces of the composite grains, or even due to defects such as micro porosities and weak grain/grain interfaces. Likewise, the increase in the stiffness with frequency is considered and represented in Fig. 19b. It increases slightly as frequency increases. At low frequency, the measured stiffness is about 5.4 GPa which corresponds to the Young’s modulus measured in static tensile tests. In addition, the CR1 composite was compared to the unrecycled composite (CR0) and the cross-ply laminates with [+45/–45]s layups. These materials were produced using a liquid resin infusion process (LRI). All specimens are examined with free vibration test in a clamped free configuration to investigate the influence of recycling process on the dynamic stiffness and loss factor. The evolution of the loss factors and Young modulus with frequency are presented in Fig. 19. The vibration behavior of the cross-ply laminates with [+45/–45]s layups has been also studied by Monti et al. [41]. Close correlation in the results is observed. The loss factor is initially very high (5.5%), close to that of pure resin, and drastically decreases in the frequency range of [0 Hz–500 Hz]. Beyond this point the loss factor still decreases but slowly to a quasi-asymptotic value of nearly 3%. Comparing the recycled (CR1) and the unrecycled materials (CR0), the damping property shows a similar evolution with frequency. Also, it can be noticed that this evolution is very close to one of pure resin. In fact, the viscoelastic behavior of the matrix is predominant due to the fiber orientation. Also, it should be noted that the unrecycled composite CR0 and the recycled composite CR1 have higher dynamic stiffness compared to that of cross-ply laminates [+45/–45]s. This can be explained by the random direction of the reinforcement in the two configurations CR0 and CR1. In fact, the orientation of the fibers gives the structure the possibility of the coincidence between the reinforcement and the flexural direction.

Thus, it can be concluded that the recycling process gives the material better dynamic properties compared to the cross-ply laminate. Also, it should be noted that the recycled material CR1 presents a slight stiffness decrease and close damping properties compared to the CR0 specimens. This can be explained by the difference in the manufacturing process: LRI (Liquid Resin Infusion) for CR0 specimens and the thermocompression process for recycled material which can generate diversity in the structure and in the proportion of the constituents (fiber and Elium resin). Also, the dynamic behavior of CR0 may stem from the presence of zones rich in resin and the existence of some porosity. Moreover, elementary fibers are sometimes not impregnated by the matrix and this contributes greatly to the global response of the unrecycled composite CR0. In brief, the composites obtained after recycling have comparable dynamic properties to those of the unrecycled composite CR0. This material may be suitable for applications considering rigidity and thickness, without forgetting that the recycling process makes it possible to recycle waste and composite parts at the end of life cycle.
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Figure 19: Comparison of the dynamic properties of recycled composite CR1 and unrecycled composites CR0 and [+45/–45]: (a) Loss factor and (b) Young’s modulus

To investigate the effect of repeated recycling on the dynamic behavior of flax/Elium composites, experimental free vibration was carried out on the five recycled materials. Fig. 20 presents a comparative curve of the dynamic properties of the recycled materials: CR1, CR2, CR3, CR4 and CR5. The evolution of their loss factors with frequency is illustrated in Fig. 20a. The results show that there is no effect on the loss factor curves and it seems to be similar for all recycled materials. There is a significant decrease in the damping properties of about 2% at 500 Hz. Then, the loss factor decreases slowly to a quasi-asymptotic value of nearly 3%. On the other hand, it is noticeable that repeated recycling leads to a significant stiffness increase (as shown in Fig. 20b). This evolution is also presented in Tab. 4 in which the numerical values of the dynamic modulus for the first eight modes of the five recycled composites are shown. At 3000 Hz, stiffness increases of about +3%, +5%, +19% and +22% for the recycled composites CR2, CR3, CR4, CR5 respectively, compared to composite CR1.
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Figure 20: Dynamic properties of recycled composites: (a) Loss factor and (b) Young’s modulus

Table 4: Dynamic modulus values of recycled composites for the first eight modes of vibration
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4  Discussion

In order to understand the effect of the recycling process on the mechanical behavior of flax/Elium composites, static tensile tests were performed. Figs. 10 and 14 show the stress/strain curves obtained by static tests carried out on ER1 (Elium Recycled operation 1) and CR1 (Composite Recycled operation 1). We notice that these materials exhibit similar behavior: Very short linear response followed by a quasi-linear response which presents a decrease in rigidity up to a fragile failure. The average values shown in these curves reveal that recycled composite CR1 has higher stiffness compared to recycled Elium ER1, but it has lower failure properties. This lower failure can probably be explained by the meso-structure of the recycled composite and poor bonding between fiber and matrix. There is discontinuity and excess resin in different zones and also there is a stress concentration at the edges of grains in the recycled composites. In conclusion, it was shown that the flax/Elium composite can be recycled by an innovative recycling process, thermocompression of rectangular waste particles. Despite the significant decrease in breaking strength, the properties of the recycled material seem to be very promising. The composites obtained by this process have a great potential to be used again in some applications in which rigidity as well as greater thickness are required.

The effects of repetitive recycling on the mechanical properties of Elium resin and flax/Elium composite were also studied. The evolution of the static mechanical properties of recycled material compared to the number of reprocessing cycles is illustrated in Figs. 13 and 16. The initial elastic modulus, the ultimate stress and the ultimate strain are identified in these graphs. We can notice that the stiffness shows close correlation with the increase in density with repeated recycling. In fact, with the reprocessing conditions, a significant increase in the Young’s modulus was observed (up to 7 GPa for the composite and up to 5 GPa for Elium resin). However, failure stress and strain showed a decrease with repeated recycling. Several hypotheses can be proposed to explain the reprocessing dependent behavior. First, the multiple cutting steps of composite waste into small grains results in a reduction of the fiber size (about 1 to 3 mm) which explains the decline in the failure properties (strain and stress). Thus, Elium thermoplastic resin, which represents more than 65% of the total volume fraction [41] contributes widely to the global response of the composite. During multiple recycling processes, polymer chain rupture induces a decline in the failure properties (strain and stress). Concerning the rise in the static Young’s modulus with repeated recycling, it can be noted that it is related to the rise in the degree of crystallinity for Elium resin as a function of repeated recycling. Aurrekoetxea et al. [36] studied the effects of recycling on the microstructure and the mechanical properties of semi-crystalline iso-tactic polypropylene. They showed the same results: An increase in elastic modulus as well as a decrease in strength, and elongation at breakage with reprocessing. The authors explain the increase in the elastic modulus with recycling by the high crystallinity of the recycled polypropylene PP. In fact, the scission of polymer chains results in an increase in the degree of crystallinity which induces an increase in stiffness. The crystalline structure hinders the rotation of the chain branches therefore inducing an increase in the elastic modulus, and reducing flexibility. In addition, they related the decrease in failure strength and strain with repeated processing to the lowering of molecular weight which results in fewer chains completely integrated into the crystal to sustain stress during tensile loading. Also, it was linked to an increase in the Melt Flow Index (MFI) which is an important physical measurement related indirectly to mechanical properties. The rise in MFI causes an increase in the chain’s mobility as well as its tendency to fold, allowing the direct formation of crystalline phase and consequently a higher rate of crystallinity [58]. da Costa et al. [59,60] studied the effect of multiple extrusion on the rheological and mechanical properties of reprocessed polypropylene (PP). They showed that the melt flow index (MFI) and the crystallinity rate ([image: images]) increase with reprocessing.

Also, free vibration tests were performed on recycled materials in order to investigate the evolution of their different dynamic properties as a function of frequency. The results show a similar behavior of the recycled materials ER1 and CR1 since they evolve similarly as a function of frequency (shown Figs. 17 and 19). But in terms of values, we can notice that the values of dynamic stiffness in the case of the recycled composite are higher than those of recycled resin. On the other hand, these two materials have very close loss factor values. It can be concluded that the damping propriety is mainly provided by the matrix. In fact, after the process of recycling, it is noted that the flax fibers have no effect on the loss factor. However, these fibers have a positive effect on dynamic stiffness.

The effects of repetitive recycling on the dynamic properties of Elium resin and flax/Elium composite were also studied. Figs. 18 and 20 present the variation in the dynamic properties (Loss factor and dynamic stiffness) measured experimentally as a function of frequency for the ten recycled materials (recycled Elium and recycled composite). Results show a negligible effect of the recycling process on the damping properties although it’s noticeable that the dynamic stiffness increases with the increase in recycling operations. This was explained by the fact that the density and the degree of crystallinity of Elium resin increases as a function of recycling operations.

In order to confirm the experimental results, finite element modeling of the dynamic problem is developed. Numerical simulation modeling was used to determine the natural frequencies, the strain and stress tensors for each flexural mode. Then, to determine the global damping factor of the structures, the total strain energy and the dissipated energy are calculated. Fig. 21 shows the experimental and predicted results for the variation of the damping factors as a function of the frequencies for different recycled composite materials. For each material, the results show that the damping properties decrease with the increase of frequency until they reach a quasi-asymptotic value of nearly 3%. Close agreement is obtained between the numerical simulation and experimental data.

In order to better analyze the effect of recycling on the damping properties of recycled materials, a comparison between the first four modes of vibration was carried out. The variation in the loss factors as a function of repeated recycling for each flexural mode was reported combining experimental tests and modeling prediction for a 250 mm length specimen. The results are given in Fig. 22. For the other lengths, the curves have the same shape. For all recycled materials, there is close agreement between numerical results and experimental measurements. For the different natural frequencies, the results show that the recycling process did not cause a large variation in damping properties.
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Figure 21: Evolution of recycled composites loss factors with frequency, comparison between experimental and numerical: (a) CR1, (b) CR2, (c) CR3, (d) CR4 and (e) CR5
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Figure 22: Variation of the loss factor as function of repeated recycling for different frequencies. Comparison between experimental results and modeling: (a) Elium resin and (b) Flax/Elium composite

5  Conclusion

This study aimed at investigating the effect of recycling effect on mechanical and dynamic properties of flax fiber reinforced thermoplastic composite. The resin used in this work is Elium. It’s the first liquid thermoplastic resin that allows the production of composite parts by liquid resin processes. Theoretically, this resin can be re-melted and reprocessed into end products. The present work has demonstrated experimentally the recyclability of this innovative resin as well as the composites made with Elium resin. The unrecycled flax/Elium composites were produced by a Liquid Resin Infusion process (LRI) and recycled by a thermocompression process. The recycling process is applied also to the Elium resin alone. For each material, five recycling operations were carried out. After that, static and dynamic tests were performed on the unrecycled and recycled materials in order to evaluate their mechanical properties and their evolution with respect to recycling cycles. Moreover, a finite element model of the dynamic problem, using MSC Nastran software was developed. The model strain energy method was used to determine the resonance frequencies and modal damping factors of the different recycled materials. Experimental and numerical results present close agreement.

The results show that an increase in recycling numbers leads to an increase in the elastic modulus of the recycled materials. It is attributed to an increase in the density as well as the crystallinity rate of the Elium resin. However, strength and strain at failure undergo a decrease with recycling. This decline is attributed to the multiple cutting steps of composite waste into small grains which results in a reduction in the fiber size and a decrease in the failure properties. Moreover, Elium thermoplastic resin, which represents more than 65% of the total volume fraction, contributes widely to the global response of the composite. In fact, during multiple recycling processes, polymer chain rupture induces a decline in failure properties. Also, this resin plays an important role in the damping properties of the recycled composite. It must be observed that recycled composite CR1 presents a viscoelastic behavior very close to that of recycled resin ER1. It can be concluded that the viscoelastic behavior of the resin is predominant as a result of the short fiber type and our inability to control fiber orientation. Another conclusion that can be made is that the repeated recycling operations appeared to have negligible effects on the loss factor of the recycled materials. However, it is noticeable that the dynamic stiffness increases with the increase of the recycling operations. This can also be explained by the fact that the density and the degree of crystallinity of Elium resin increases as a function of recycling operations.

Regarding the results of this work, the composites obtained after recycling have comparable dynamic properties to those of the unrecycled composite CR0 as well as the cross-ply laminates with [+45/–45]s layups. In conclusion, this material may be suitable for applications in which considerable rigidity and significant thickness are required. The recycled flax/Elium composites are very promising materials for polymer-based Wood/Plastic Composite (WPC) applications. Finally, we note that the recycling process makes it possible to recycle the waste and composite parts several times at the end of life cycle.
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