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Abstract

:

High-density polyethylene (HDPE) is a highly versatile plastic utilized in various applicative fields such as packaging, agriculture, construction, and consumer goods. Unfortunately, the extensive use of polyethylene has resulted in a substantial accumulation of plastic waste, creating environmental and economic challenges. Consequently, the recycling of polyethylene has become a critical concern in recent times. This work focuses on the recycling of HDPE parts recovered from end-of-life boats into materials suitable for the marine environment with additive manufacturing technology via screw-assisted extrusion 3D printing. In particular, rigid materials are obtained by adding glass fibers to HDPE to mitigate the loss of mechanical performance upon recycling. Eventually, the properties obtained with two different production methods were compared, namely compression molding and screw-assisted extrusion 3D printing. Since the developed materials will be exposed to an aggressive environment, an extended thermos-mechanical characterization (including fatigue resistance) and investigation of the stability to UV exposure were performed.
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1. Introduction


Polyethylene (PE) is one of the most widely used plastics in the world, with a wide range of applications, including packaging, agriculture, construction, and consumer goods. However, the widespread use of PE has also led to a significant amount of plastic waste, which poses environmental and economic challenges [1]. Therefore, recycling PE has become a crucial issue in recent years. Recycling is the process of collecting and processing end-of-life materials, which would otherwise be thrown away as garbage, turning them into new products, and then returning them to the stream of use. It represents the most efficient end-of-life scenario for extracting value from the waste stream. The great advantage of the recycling process is linked to the fact that the energy required for this process is generally lower if compared to the embodied energy of the virgin material, thus making recycling an energy-efficient process as it allows to eliminate the energy necessary for the extraction and subsequent processing of the raw materials [2]. Within the recycling market, prices vary based on the balance between supply and demand, the prices of materials obtained from primary resources, as well as the organization and behavior of the markets and related stakeholders [3]. All this makes it difficult to compare the price of the recycled material to that of the primary or virgin material. In general, virgin materials are more expensive than recycled ones because their quality, both in engineering and perceptual terms, is higher. Therefore, an important goal considered by producers using recycled materials is to obtain products with a quality sufficient to be competitive in the market. Specifically, it can be said that by increasing the price of the primary resource, the recycling rate also increases. Despite the fact that plastics represent less than 10% of the weight of all discarded materials, it is perceived by the population as one of the main problems in waste disposal [4]. For this reason, there is a continuing interest in educating people on correct separate collections and, in particular, in improving the image of “plastic” in the minds of the population. Many of the issues raised about polymer recycling are non-technical, including public perception, political maneuvering, and economic incentives [5]. The recycling of plastic waste, when compared with other commonly used materials, such as paper, glass, and metals, has a lower recycling rate. This difference can also be found in those European countries that are very virtuous in recycling [6]. All of this is partly caused by the large number of plastics, additives, and other substances used. On the other hand, this variety represents one of the main advantages of plastic and one of the reasons for its versatility [7].



Additive manufacturing (AM) is defined as a technology capable, starting from a 3D model, of modeling materials layer by layer to obtain objects [8]. The geometry is represented as a series of 2D cross-sections of finite thickness. In general, the term additive manufacturing is also described as synonymous with 3D printing or rapid prototyping. AM processes have assumed great importance in recent decades for many different applications, ranging from aerospace and automotive to biomedical and architectural design. Among the main advantages of this technique is the possibility of obtaining objects even with complex shapes with a limited waste of material [9,10,11]. Among the AM techniques, Fused Filament Fabrication (FFF) has emerged. The ever-growing accomplishment of FFF is due to its benefits over traditional manufacturing methods, such as free design, no need for molds in manufacturing, and the ability to obtain complex parts. Due to its low cost and a large variety of compatible materials, FFF has been widely adopted within research communities, industries, and home users [12]. This is an extrusion-based technique, in which a thermoplastic polymer is supplied as a continuous feed filament into a heated nozzle where its melting occurs. The extruder head performs the function of scanning the horizontal plane as well as starting or stopping the flow of material. After each layer, the deposition bed can move in the vertical axis direction, and the next layer is added until the object is 3D printed. According to Schirmeister et al. [13], the additive manufacturing of HDPE using FFF is problematic owing to its massive shrinkage, voiding, and warpage problems, accompanied by poor adhesion to common build plates and to extruded HDPE strands. Therefore, particular attention must be posed to properly selecting the temperature and the diameter of the nozzle, the extrusion rate, the build plate material, and its temperature. As a solution to warping problems, various research groups have developed melt-processable compounds, such as blends and composites. For instance, Spoerk et al. [14,15,16,17] have published several works on the subject of FFF of propylene/ethylene copolymers and their composites. Their results indicate that the incorporation of spherical fillers, such as glass or perlite microspheres, can help to reduce shrinkage. Additionally, maximizing the interfacial adhesion between the filler and matrix can successfully enhance tensile properties and toughness. Carneiro et al. [18] used FFF to print polypropylene (PP) homopolymer and glass-fiber-filled PP. The study revealed that thermal distortion can be regulated with specific printing conditions. Nevertheless, the printed specimens displayed an up to 30% decrease in mechanical performances compared to compression-molded specimens with the same composition. The pressure of the extruded filament on the previous layer is determined using the mass flow out of the heated nozzle and the viscosity of the molten filament. However, this process imposes significant constraints on the selection of materials, as a high ratio between viscosity and elastic modulus may lead to buckling [19]. Due to this reason, screw-assisted extrusion-based AM has gained importance as an enabling technology to expand the range of 3D printing materials, reducing the costs associated with feedstock fabrication and, therefore, increasing the material deposition rate compared to traditional FFF [20]. The most exploited constructive solution consists of a single-stage process in which a vertical screw extruder extrudes the molten polymer chips directly through the deposition nozzle. For small-scale systems, the printheads often require a miniaturized screw mechanism, and its fabrication may represent most of the development costs [21].



Recycling opportunities in additive manufacturing can help to reduce waste and conserve resources. Some of the key areas where recycling can be applied in additive manufacturing include:




	
Recycling of 3D printing feedstock: The feedstock used in additive manufacturing is typically a plastic or metal filament or powder. These materials can be recycled after use to create new feedstock for 3D printing.



	
Recycling of 3D-printed parts: Three-dimensionally printed parts can be recycled in a number of ways, depending on the material used. For example, plastic 3D-printed parts can be recycled mechanically, while metal parts can be recycled in processes such as smelting or remelting.



	
Recycling of 3D printing support structures: Many 3D-printing processes require the use of support structures to hold up the parts being printed. These structures can often be recycled or reused, reducing waste.



	
Recycling of 3D printing by-products: Additive manufacturing generates a variety of by-products, including dust, scraps, and failed prints. These materials can often be recycled or reused, reducing waste.








AM can contribute to minimizing transportation distance, reducing CO2 emission, eliminating energy consumption caused by transportation, and committing cost saving and shorter lead time. Among all key factors, design flexibility and localization can be the tactical factors enabling AM to fully utilize the collection–recycling–manufacturing model and augment the advantages of AM [22]. Pearce et al. conducted a life cycle analysis that suggests that utilizing an open-source plastic extruder to produce filament from HDPE waste and subsequently using it for 3D printing value-added parts could be beneficial in terms of distributed recycling [23]. To facilitate this process, they developed a recycling unit called RecycleBot, which can melt plastic waste, such as shredded milk jugs and transform them into filaments for FFF printing. Chong et al. have successfully exhibited the practicality of extruding filaments from HDPE waste material with the intention of using recycled HDPE for 3D printing. Nonetheless, they have highlighted issues related to adhesion and warpage in 3D printing and have examined previous efforts that were unable to address these concerns [24]. Recycling opportunities in additive manufacturing can help to reduce waste and conserve resources. By implementing recycling strategies in the 3D-printing process, we can create a more sustainable manufacturing industry.



Initially, a characterization of the processability and mechanical properties of high-density polyethylene was performed to establish its properties profile. In particular, the properties of the virgin material were compared with those of the material recovered at the end of life from roto-molded boat hulls. Composites with recycled material and fiberglass were developed to try to limit the degradation of mechanical properties. However, in contrast to traditional design processes, we then considered higher-value system-specific opportunities for reuse (upcycling) in the field of AM. To demonstrate this, specimens containing recycled HDPE and glass fibers were printed with the aid of a screw-assisted extrusion 3D printer, and the final properties were compared to the ones obtained from compression molded material.




2. Materials and Methods


2.1. Materials


Virgin HDPE was provided by Gerbaldo Polimeri SpA (Cuneo, Italy) with the tradename Hexell AG335. End-of-life (EL) HDPE components were provided by GardaSolar: they consist of aesthetic parts located in the upper part of a boat made with the HDPE Hexell AG335 using a roto-molding technique and discharged after 3 years of outdoor service (Figure 1). EL parts were granulated into chips using a mechanical grinder (Piovan RN 1515). E-glass fibers, designed as 248AF, were supplied by Owens Corning (Toledo, OH, USA) in form of chopped strands produced by assembling sized Advantex E-Glass continuous fibers with a nominal diameter of 13 μm and cutting them to lengths between 4.0 and 4.5 mm. To improve the adhesion between PE and GF, a compatibilizer, Compoline CO/LL 05, was supplied by Auserpolimeri (Lucca, Italy). It consists of a linear low-density polyethylene blend modified with maleic anhydride. Recommended dosage level of Compoline® CO/LL 05 is about 3–5%, and the shelf life is 2 years.




2.2. Sample Preparation


All materials were dried at least 2 h at 80 °C under vacuum before processing. Homogeneous mixtures were produced with the aid of a Thermo-Haake Polylab Rheomix counter-rotating internal mixer at 160 °C, rotor speed 60 rpm for 10 min until a constant torque was reached. Melt compounded materials, upon granulation, were hot pressed in a Carver Laboratory press at a temperature of 160 °C, under a pressure of 7 MPa, applied for 10 min, and then water cooled to room temperature to obtain square plates with dimensions 120 × 120 × 2 mm.



Three-dimensionally printed specimens were manufactured via material extrusion with a screw extruder provided by Direct3D printer (Milano, Italy) (Figure 2). The temperature of the nozzle was set at 230 °C, while the bed temperature was set at 90 °C. The nozzle had a diameter of 1 mm, the layer height was 0.5 mm, and the deposition was conducted at a speed of 20 mm s−1. Dumbbell-shaped specimens were built-up along with the horizontal directions with 100% density. The raster angle, which refers to the angle between the path of the nozzle and the X-axis of the printing platform during 3DP, was set to an angle of ±45°.



The notation for the samples in this work was identified, indicating the matrix type, the filler, the compatibilizer, and the manufacturing technique. For example, a sample of “40VM-60EL/15GF/5MA CM” indicates 40 wt% of virgin HDPE Hexell AG335 and 60 wt% of recycled end-of-life material filled with 15 wt% of glass fibers and 5%wt of PE-g-MA obtained via compression molding (CM).




2.3. Characterization Techniques


Thermogravimetric analysis (TGA) tests were performed using a Mettler TG 50 thermobalance in the range of 30–700 °C at a heating rate of 10 °C/min under a continuous air flow with a rate of 100 mL/min. From TGA analysis, the evaluation of the temperature associated with mass losses at 5% (T5%) and 10% (T10%), and decomposition temperature (Td), referred to as the maximum degradation rate of the first derivative (DTG) diagram, were determined.



Differential Scanning Calorimetry (DSC) analysis was performed with a Mettler DSC30 calorimeter in a temperature range from 0 °C to 200 °C with a heating and cooling temperature of 10 °C/min. The analysis was carried out in a controlled atmosphere constituted with nitrogen flow of 100 mL/min. The crystallinity content (𝜒) of the composite blends was calculated considering a theoretical enthalpy of 100% crystalline polyethylene of 293 J/g [25].



Melt Flow Index (MFI) measurements were carried out using a Dynisco 4002 device at 190 °C under an applied load of 2.16 kg.



Morphology of the fracture surfaces was studied using a Carl Zeiss AG Supra 40 field emission scanning electron microscope (FESEM). Specimens were broken in liquid nitrogen, and the fracture surfaces were observed at an acceleration voltage of 4 kV. Representative micrographs at different levels of magnification were selected.



Quasi-static uniaxial tensile tests were performed at room temperature using an Instron 5969 electromechanical testing machine equipped with a 50 kN load cell. For the measurement of the elastic modulus, at least five specimens were tested for each composition at 0.25 mm/min, with a resistance extensometer Instron 2620 having a gauge length of 12.5 mm. The modulus of elasticity was calculated according to ISO 527. Tensile properties until fracture were measured at a crosshead speed of 100 mm/min.



Accelerated ultraviolet exposure (UV testing) was performed to understand how a material will withstand the damaging effects of ultraviolet exposure, which can cause significant degradation of the properties and useful life of a material. To simulate the weathering effect, accelerated ultraviolet exposure (UV testing) was performed using UV-B cyclic exposure tests with a wavelength peak of 313 nm. The tests were performed directly on ISO 527 1BA specimens with exposure times of 7 and 14 days.



Fourier-transform infrared (FTIR) spectra were recorded using a Spectrum OneTM spectrometer (Perkin Elmer ATR-FTIR, USA) in a scanning range from 4000 cm−1 to 650 cm−1 and a resolution of 4 cm−1. Four scans for each specimen were recorded.



The Vicat Softening Temperature was measured using a Microprocessor HDT-Vicat tester model MP/3. The test consisted of the application of a load (of 10 and 50 N) on a needle with cylindrical flat tip of area 1 mm2 pressing on a sample immersed in a thermally controlled oil bath with temperature that increased at a rate of 120 °C/h, starting from room temperature. The Vicat softening temperature was determined when the needle penetration reached 1 mm.



Fatigue tests were performed at room temperature under tension–tension sinusoidal load control using a closed loop servo hydraulic MTS 858 Mini Bionix testing machine equipped with a load cell of 25 kN. The minimum to maximum stress ratio (R = σmax/σmin) was kept equal to 0.1, and the cycle load frequency was 2 Hz. This frequency was chosen to avoid excessive heating of the specimens [26,27]. The free length between grips was fixed at 30 mm. Tests exceeding 106 cycles were stopped even if the fatigue fracture was not reached. During the fatigue experiments, signals from the load cell and the LVDT channels were periodically recorded, and the number of cycles was registered. The number of cycles to fracture (Nf) or fatigue life was obtained on at least three repeated tests conducted for each stress amplitude.





3. Results


3.1. Evaluation of Recovered HDPE


In the first part of the work, both virgin and end-of-life polyethylenes have been characterized in order to gain information on the degradation state of the latter one. Thermogravimetric curves of virgin Hexell AG355 named 100VM and end-of-life recovered material, 100EL, along with the corresponding derivative curves, are presented in Figure 3a. A difference in degradation behavior as a function of temperature can be seen for virgin and end-of-life materials. Specifically, it is noted that in the case of end-of-life material, the degradation process begins at 365 °C, i.e., a much lower temperature in comparison to the 422 °C of the virgin material. Moreover, after the aging of the material, the thermal degradation curve changed completely from a sharp to a smoother weight loss trend. A sharp drop can occur due to the formation of a protective layer on the surface of the material or due to the exhaustion of a volatile component that could be consumed by evaporation during the life of the material resulting in a continuous reaction of thermal degradation, rather than a sudden, drastic change in the rate of degradation. Therefore, it should be considered that any thermal process carried out on the material causes an increase in its degradation level. The degradative process also affects the crystallinity content of the material. In Figure 3b, DSC curves for virgin and end-of-life materials are shown. Generally, the degradation of polymers to form smaller molecules can occur by specific or random scission. Specifically, in the case of HDPE, degradation occurs by random scission, that is, via the random breaking of the bonds inside the polymer [28]. Due to this degradative process, the molecules are shortened. Therefore, the material is able to crystallize better. In fact, the degree of crystallinity (measured in the second DSC scan) reaches 54% for the EL polyethylene, while the virgin material is limited to 48%. This shortening of the length of the molecules due to the degradation of the material during aging causes a reduction in the material’s viscosity. It was evident that in the case of end-of-life materials, the MFI increases considerably, reaching a value of 6.32 ± 0.10 g/10 min, while the MFI value of the virgin material is 3.61 ± 0.08 g/10 min.




3.2. Recycled HDPE Blends


In order to produce a blend containing the largest possible amount of recycled HDPE, various increasing amounts of end-of-life material were mixed with virgin material. In this way, it was possible to characterize the effects of the amount of recycled material on various properties with a special focus on the mechanical response. Representative stress–strain curves of HDPE blends are shown in Figure 4, and the results of the quasi-static tensile tests are resumed in Table 1. It can be observed that the elastic modulus of the materials containing recycled polyethylene remained practically constant. At the same time, a reduction in the ultimate properties (σb and εb) can be noticed across all the investigated compositions. This phenomenon could be likely due to the presence of impurities and structural defects introduced during the recycling process, which can weaken the material and make it more prone to failure under stress. This decrease in the ultimate properties of the material can be mitigated with the introduction of glass fibers into the recycled material composition. The glass fibers provide additional strength and reinforce the material, which can help to counteract the negative effects introduced by recycled material. In the next section, the activities to optimize the amount and orientation of glass fibers to achieve the best balance between strength and other desired properties will be presented.




3.3. Glass Fibers and Compatibilizer Effect


Fiber dispersion and fiber–matrix adhesion play important roles in determining the mechanical properties of HDPE composites. Under tensile mode, loads cannot be directly applied to the fibers but transferred from the matrix to the fibers through the interface. This requires a good interaction between the fiber and the matrix, which can then be controlled via the surface treatment of the fibers or coupling agents. This paragraph focuses on the characterization of composite materials based on glass fibers, to which grafted coupling agent (polyethylene grafted maleic anhydride PE-g-MA) is introduced in order to improve the mechanical properties of the composites. The SEM micrographs reported in Figure 5 allow us to investigate the morphology of the obtained composite materials. In particular, from Figure 5a,b, details of the surface of the glass fibers in the absence or in the presence of the compatibilizer can be highlighted. Specifically, it is observed that in the absence of PE-g-MA, the surface appears much smoother and regular. At lower magnification (Figure 5c,d), it can be observed that the fibers without compatibilizer seem to be more easily debonded from the matrix, and the protruded fiber lengths are longer. Therefore, in the case of the addition of the compatibilizer, an improvement in the fiber-matrix adhesion can be hypothesized. Finally, comparing the micrographs of Figure 5e,f, referring to the composite material with 15% of glass fibers and 2% and 10% of PE-g-MA, no remarkable differences can be observed.



Thermogravimetric analysis results for HDPE virgin material compounded with GF and an increasing amount of MA are summarized in Table 2. The resistance to degradation, as evidenced by the T5%, T10%, and Td values, decreases with an increase in the amount of maleic anhydride. This suggests that the material’s thermal stability (and, therefore, the outdoor durability) is negatively impacted by the presence of this additive [29].



Some important considerations can be extrapolated from the quasi-static tensile test on virgin HDPE material compounded with different amounts of glass fibers and compatibilizers. The obtained parameters are graphically presented in Figure 6 and summarized in Table 3. Firstly, the elastic modulus is not influenced by the PE-g-MA content, while the glass fibers play a fundamental role in improving the elastic modulus. Glass fibers are known to be strong and stiff, and their presence in the HDPE blend likely increases the inter-fiber bonding, resulting in a stronger and stiffer composite material. This is reflected in the higher elastic modulus value. Moreover, it has been observed that the yield strength of a composite material filled with glass fibers and a small amount of polyethylene grafted with maleic anhydride (PE-g-MA) as a compatibilizer increases significantly, reaching a maximum value for compatibilizer contents between 2 and 5%. This suggests that the addition of the compatibilizer improves the mechanical properties of the composite material. The improved yield strength is likely due to the higher interfacial compatibility between the glass fibers and the HDPE matrix, resulting in a better load transfer at the fiber-matrix interface. However, for higher compatibilizer contents, it has been observed that the advantage derived from its use is practically lost, meaning that the improvement in mechanical properties is no longer observed. This finding is in line with the technical datasheet, which recommends a PE-g-MA dosage level of 3–5%. In the case of a composite material filled with glass fibers and a small amount of polyethylene grafted with maleic anhydride (PE-g-MA) as a compatibilizer, it has been observed that the elongation at break decreases significantly with the addition of a small amount of compatibilizer. The decrease in elongation at break from 192% to 20% with an addition of just 2% of PE-g-MA suggests that the presence of the compatibilizer is causing the material to become more brittle and less able to deform before breaking. This behavior can be explained by the role of the compatibilizer, which is to improve the compatibility between the glass fibers and the HDPE matrix, resulting in better inter-fiber bonding and a stronger composite material [30,31]. However, this increased strength also means that the material is less able to deform before breaking, as the bonds between the fibers and the matrix are stronger and less capable of deformation. At higher compatibilizer contents, it has been observed that the elongation at break reaches a plateau, meaning that the material’s behavior becomes more stable and less influenced by the addition of the compatibilizer.




3.4. Three-Dimensionally Printed Material


In the last part of this work, the characterization of the 3D-printed final rigid composite material is carried out. In particular, from the obtained properties presented in the previous chapter, the compositions consisting of 40% virgin material, 60% recycled material, 15% GF, and 5% MA were selected, as they allow us to obtain a good combination of the quantity of recycled material used and the mechanical properties obtained. This composition was subsequently printed using a 3D pellets printer.



Based on the micrographs presented above in Figure 7, it can be observed that specimens obtained via 3D printing display a degree of surface irregularity that is closely linked to the flow of the printing material and the sequence of the layer deposition process. Additionally, the presence of defects, imperfections, and extended porosities within the material can also be identified. This is likely due to the layer-by-layer process of 3D printing, which can introduce inconsistencies and variations in the material as it is being printed. It is important to consider these observations when evaluating the mechanical properties of 3D printed specimens, as these defects and imperfections can significantly impact the material’s overall strength and durability.



The comparison of the quasi-static tensile tests for the same composites obtained by compression molding and 3D printing is presented in Table 4. It has been observed that the elastic modulus is higher for 3D-printed specimens compared to the ones obtained from compression molding. This behavior can be explained by the different microstructures of the two manufacturing methods. In compression molding, the polymer is heated until it melts and is then pressed between two plates, causing it to solidify and take on the shape of the mold. During this process, the polymer chains can become disordered and tangled, resulting in a less organized and less crystalline structure. This can lead to a lower elastic modulus, as the disordered structure is less able to resist deformation. In contrast, 3D printing involves the layer-by-layer deposition of the polymer, which can result in a more ordered and crystalline structure. The printing process can allow for better control of the orientation of the polymer chains and the reinforcing fibers, resulting in a more aligned and organized structure. This can lead to higher elastic modulus values, as the aligned and ordered structure is less deformable. It is important to note that the crystallinity fraction of CM and 3D printed material is the same according to DSC analysis and equal to 55%. In general, it is possible to observe that the properties achievable via 3D printing are slightly lower when compared to those achieved via compression molding. This difference is most evident in the maximum load that the composite material can withstand, while the difference is less significant when comparing elongation at break values. This behavior may be explained by the additional step required to obtain 3D printed specimens, in which the material is granulated into suitable pellets to feed the printer hopper. Each additional step in the process can cause a degradation of the material, which may have a negative impact on the final achievable properties. When considering 3D printing, it is important to take into account a geometric effect related to how the specimen is constructed. This effect can result in the presence of defects, porosity, or imperfections within the material. In other words, the layer-by-layer nature of 3D printing can introduce inconsistencies in the material, which can impact the mechanical properties. This is especially important when considering the quality of the final product, as defects or porosity within the material can compromise its overall strength and durability. Therefore, it is crucial to carefully evaluate the quality of the 3D-printed specimens, taking into account the potential presence of these geometric effects.



Since the final material is designed for nautical applications, UV exposure tests have been also carried out. After being exposed for 7 and 14 days to UV, the mechanical properties of the material were measured, and the results are presented in Table 4. It can be observed that as the exposure time increases, the elastic modulus of the material decreases. Additionally, there is a slight decrease in both the tensile strength and elongation at break. These findings suggest that the material’s mechanical properties are adversely affected by prolonged exposure to external factors, which can lead to reduced performance and a shorter lifespan.



Exposure of a material to UV radiation can lead to various photochemical reactions, altering the material’s molecular structure [32]. In fact, the high energy photons in UV light can induce the formation of crosslinked structures or photo-oxidation-induced chain scissions [33]. For instance, in polymers such as polyethylene, the formation of crosslinks due to UV exposure can enhance the material’s stiffness, resulting in an embrittlement over time [34] and a reduced fatigue life [35]. The FTIR analysis performed on the 3D printed specimens (Figure 8) revealed that with an increase in exposure time, there was a corresponding increase in the peak at around 3300 cm−1, which corresponds to the stretching vibration of hydrogen-bonded hydroxyl groups in the polymeric association. This could indicate an increase in the oxidation of the material, which can result in increased brittleness and greater susceptibility to cracking [33]. An increase in the peak associated with the C=O bond at 1740 cm−1 and the peak at 1597 cm−1, which may be associated with the vibration of the CH2 in the CH2OH group, is also observed. This provides further evidence of oxidation occurring and chemical degradation.



Figure 9 shows the results of Vicat Softening Temperature (VST) tests performed on various composite materials, while the relative values are reported in Table 5. The tests were conducted under two different load conditions, 10 N and 50 N, as per ASTM D1525 standards, to study the material behavior under varying load conditions. When comparing the VST values of the composite materials produced by compression molding and 3D printing, it can be observed that the VST value for the 3D-printed material is slightly lower. The lower Vicat Softening Temperature (VST) observed in 3D-printed objects compared to compression molded materials is likely due to the presence of defects and porosity within the 3D-printed material. The process of 3D printing involves melting the material and then depositing it layer by layer, which can result in the formation of voids or air pockets within the material. These voids and air pockets can act as stress concentrators and reduce the overall strength of the material. In addition, the porosity can also reduce the density of the material, which can affect its thermal properties, including the Vicat Softening Temperature. Therefore, due to the presence of these defects and porosity, 3D-printed objects may display a lower Vicat Softening Temperature compared to materials that have been compression molded without these issues.



The fatigue life performances of compression molded and 3D-printed 40VM-60EL/15GF/5MA blends were obtained using uniaxial fatigue tests. The obtained stress amplitude (σa) -number of cycles to failure (Nf) curves are given in Figure 10. When a material is subjected to cyclic loading, it can experience fatigue failure if the stress level exceeds a certain threshold. The number of cycles that a material can withstand before it fails is known as its fatigue life, and this property is of utmost importance in many engineering applications. By plotting the fatigue data on a double logarithmic scale, a linear relationship between the cyclic stress and the number of cycles to failure can be established.



To understand the effect of the manufacturing technique on the fatigue performance of HDPE polymer blends, the following Basquin equation was used [36,37,38]. The stress amplitude versus the number of cycles to failure data were fitted to σ-N curves.


σ = Sf (Nf)a



(1)




where σ is the fatigue stress level, Nf is the number of cycles to fracture at σ, Sf is the fatigue strength coefficient, and a is the fatigue strength exponent. Therefore, fitting a straight line to the fatigue data represented on a double logarithmic scale obtains the Basquin equation’s coefficients (Sf and a). The obtained values are summarized in Table 6. It is possible to observe a good linear relation highlighted by an adjusted R2 near 1. In addition, it is worth noting that the fatigue properties of the composite material obtained by 3D printing are significantly lower than those of the same material obtained by compression molding [39]. The difference in fatigue behavior is mainly attributed to the internal defects and imperfections present in the 3D-printed specimens, which have a considerable influence on the final fatigue properties of the material [40,41,42]. Basquin’s equation can be used to predict the maximum cyclic load that a material can withstand without experiencing fatigue failure, and this information is crucial for designing reliable and durable structures in various engineering applications.





4. Conclusions


In this article, a 3D-printable material based on recycled HDPE suitable for the marine environment has been developed and characterized. In particular, after the assessment of the mechanical and physical characteristics of the received starting material, various amounts of virgin and recycled polyethylene were mixed in order to obtain a matrix that could subsequently be reinforced with glass fibers, and by using a compatibilizer, the fiber–matrix adhesion properties have been optimized. Due to the degradation of the recycled material, the molecules are shortened; therefore, the reprocessed material showed an increase in crystallinity and a decrease in mechanical properties. This decrement was mitigated by the addition of glass fibers for the development of composite materials, allowing for a considerable increase in the elastic modulus. Specifically, a content of between 10 and 15% of glass fibers was found to be sufficient to cause a doubling of the elastic modulus value and, therefore, a stiffening of the material. However, a small amount of glass fibers introduced into the composite material is enough to cause the elongation at break to decay brutally because there is an increase in the brittleness of the composite material, which gradually tends to behave more and more as a brittle material rather than a ductile one. Finally, lower properties are observed in the case of specimens obtained by 3D printing than those possessed by specimens obtained by compression molding. Specifically, in the case of the specimens obtained by 3D printing, there is a decrease in mechanical properties due to the presence of defects intrinsic to the technology of 3D printing and the presence of voids inside the material. In conclusion, this work made it possible to develop a 3D-printable composite material that presented a good combination of the required properties and the amount of recycled material used up to 60% and suggested the possible upcycle of this material in marine applications.
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Figure 1. Boats produced by GardaSolar at the end of their life: (a) side view; (b) front view. 
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Figure 2. Direct 3D printer, used in this study, based on pellet extruder technology, which allowed the recycling of high-density polyethylene from nautical components. 
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Figure 3. (a) TGA and (b) DSC curves for virgin Hexell AG355 HDPE (100VM) and the corresponding end-of-life material (100EL). 
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Figure 4. Quasi-static tensile curves of virgin-recycled blended HDPE. 
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Figure 5. SEM micrographs of compression molded GF/PE-g-MA composites: comparison between (a) 100VM/15GF and (b) 100VM/15GF/2MA at 5000X magnification; (c) 100VM/15GF and (d) 100VM/15GF/2MA at 500X magnification; (e) 100VM/15GF/2MA and (f) 100VM/15GF/10MA at 1000X magnification. 
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Figure 6. Graphical comparison of the main mechanical properties from quasi-static tensile test on virgin HDPE material compounded with different amounts of GF and MA, in particular: (a) elastic modulus, (b) yield stress, (c) stress at break, and (d) strain at break. 
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Figure 7. SEM micrographs of 40VM-60EL/15GF/5MA composites: (a) compression molded and (b) 3D printed. 
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Figure 8. FTIR spectra comparison of the 3D-printed material before and after exposure to UV for 7 and 14 days. 
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Figure 9. Evaluation of Vicat Softening Temperature under varying load conditions for the 2 different investigated materials. 
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Figure 10. Fatigue test results in double logarithmic scale with fitting lines related to Basquin’s equation. 
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Table 1. Quasi-static tensile properties of virgin-recycled blended materials.
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	Sample
	E (MPa)
	σy (MPa)
	εy (%)
	σb (MPa)
	εb(%)
	TEB (mJ/mm3)





	100VM CM
	458 ± 33
	16.5 ± 0.4
	17.1 ± 1.1
	25.6 ± 0.5
	1730 ± 115
	279 ± 30



	80VM-20EL CM
	457 ± 56
	16.3 ± 0.3
	16.8 ± 0.3
	13.4 ± 1.1
	860 ± 118
	99 ± 15



	60VM-40EL CM
	462 ± 47
	16.7 ± 0.4
	16.3 ± 0.5
	12.1 ± 0.6
	671 ± 161
	76 ± 19



	40VM-60EL CM
	506 ± 9
	16.7 ± 0.3
	16.7 ± 0.6
	11.5 ± 0.3
	402 ± 84
	46 ± 10



	20VM-80EL CM
	483 ± 27
	17.5 ± 0.2
	15.9 ± 0.8
	11.2 ± 0.2
	245 ± 37
	28 ± 5



	100EL CM
	467 ± 19
	17.6 ± 0.2
	15.6 ± 1.3
	10.9 ± 0.2
	151 ± 30
	18 ± 3
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Table 2. Results of TGA tests on GF/PE-g-MA based composites.
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	Sample
	T5% (°C)
	T10% (°C)
	Td (°C)





	100VM/10GF CM
	419.9
	422.8
	437.4



	100VM/10GF/2MA CM
	417.9
	420.6
	431.7



	100VM/10GF/5MA CM
	417.7
	420.9
	433.1



	100VM/10GF/10MA CM
	414.2
	416.7
	427.2
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Table 3. Quasi-static tensile results for virgin HDPE material compounded with different amounts of GF and MA.
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	Sample
	E (MPa)
	σy (MPa)
	εy (MPa)
	σb (MPa)
	εb(%)





	100VM/10GF CM
	883 ± 19
	17.9 ± 0.6
	7.0 ± 0.5
	11.5 ± 0.2
	216 ± 67



	100VM/10GF/2MA CM
	905 ± 127
	22.7 ± 0.5
	12.0 ± 1.1
	13.1 ± 0.6
	43 ± 16



	100VM/10GF/5MA CM
	883 ± 120
	25.1 ± 0.4
	11.9 ± 0.6
	13.5 ± 0.7
	36 ± 9



	100VM/10GF/10MA CM
	893 ± 71
	23.4 ± 1.3
	12.1 ± 1.4
	12.9 ± 0.5
	39 ± 9



	100VM/15GF CM
	967 ± 84
	16.1 ± 1.1
	6.8 ± 1.4
	10.9 ± 0.3
	192 ± 31



	100VM/15GF/2MA CM
	976 ± 135
	26.9 ± 2.7
	11.5 ± 1.7
	18.1 ± 1.4
	20 ± 4



	100VM/15GF/5MA CM
	936 ± 102
	26.5 ± 3.0
	11.9 ± 2.1
	18.8 ± 1.7
	18 ± 2



	100VM/15GF/10MA CM
	959 ± 151
	26.5 ± 3.1
	11.7 ± 1.9
	17.9 ± 0.6
	20 ± 5



	100VM/20GF CM
	1021 ± 107
	18.5 ± 2.6
	5.4 ± 0.7
	10.9 ± 0.6
	22 ± 8



	100VM/20GF/2MA CM
	1047 ± 41
	24.4 ± 2.4
	10.2 ± 1.8
	16.5 ± 1.2
	14 ± 2



	100VM/20GF/5MA CM
	1093 ± 133
	25.7 ± 1.5
	9.1 ± 1.7
	16.5 ± 1.7
	12 ± 3



	100VM/20GF/10MA CM
	1017 ± 151
	25.7 ± 0.7
	9.6 ± 1.7
	16.3 ± 0.5
	13 ± 2
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Table 4. Quasi-static tensile properties of specimens exposed to UV rays after 7 and 14 days.
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UV Exposure

(days)

	
Sample

	
Elastic Modulus

(MPa)

	
Stress at Break

(MPa)

	
Strain at

Break (%)






	
0

	
40VM-60EL/15GF/5MA CM

	
722 ± 79

	
25.7 ± 2.8

	
16 ± 1




	
40VM-60EL/15GF/5MA 3D

	
761 ± 83

	
23.9 ± 0.6

	
15 ± 2




	
7

	
40VM-60EL/15GF/5MA CM

	
763 ± 54

	
25.0 ± 2.8

	
15 ± 2




	
40VM-60EL/15GF/5MA 3D

	
792 ± 37

	
23.7 ± 1.0

	
14 ± 1




	
14

	
40VM-60EL/15GF/5MA CM

	
788 ± 49

	
23.6 ± 1.5

	
14 ± 1




	
40VM-60EL/15GF/5MA 3D

	
807 ± 43

	
22.4 ± 1.8

	
13 ± 1
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Table 5. Vicat Softening Temperature values for different composite materials under two different load conditions (10 N and 50 N).
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VST (°C)




	

	
10 N

	
50N






	
40VM-60EL/15GF/5MA CM

	
116.9 ± 1.0

	
82.3 ± 1.2




	
40VM-60EL/15GF/5MA 3D

	
115.1 ± 2.0

	
76.2 ± 3.4
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Table 6. Basquin equation’s coefficients (Sf and a) obtained from the fatigue test.
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	Sf (MPa)
	a
	Adj R2





	40VM-60EL/15GF/5MA CM
	31.27 ± 1.01
	−0.053 ± 0.003
	0.979



	40VM-60EL/15GF/5MA 3D
	27.29 ± 1.51
	−0.061 ± 0.006
	0.946
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file18.png
Deflection (mm)

1.00 {4 — 40VM-60EL/15GF/5MA CM
— 40VM-60EL/15GF/5MA 3D

0.75 -
0.50 -

] 10N
0.25 -

0 ' I ' I ' | ' | |
20 40 60 80 100 120

Temperature (°C)






media/file3.jpg





media/file19.jpg
Stress Amplitude (MPa)

24 L
234
223
214
204
194

184

L L
= 40VM-60EL/15GF/5MA CM
® 40VM-60EL/15GF/5MA 3D

174
164
154
144

139

12

T T T
100 1000 10000 100000
Cycles to Failure (N,)





media/file7.jpg
254

(MPa) |

Stress
o

=)

~— 20VM-80EL CM
—— 100EL CM

——100VM CM
—— 80VM-20EL CM
—— 60VM-40EL CM
—— 40VM-60EL CM

0 5 10

Strain (mm/mm)

20





media/file10.png
¥ Iy e A, N
Signel A = SE2 o EMT = 4.00kV Signal A = SE2
Meg= S00KX_ : L — WO=108mm ___ Wep= S00KX

S, N, . SIS 8,
EHT = 400KV 2 H EHT = 400KV Signel A = SE2
WD=108mm  Msg= 1.00K - y WD = 100 mm Mag= 1.00KX

(f)





media/file14.png
20 pm EHT= 400kv  SignalA=SE2 B e |
WD=106mm __ Mag= 500X

(a) (b)





media/file11.jpg
¢ S DA H Y

;





media/file6.png
Weight (%)

0.04

100 4
80 L 0.03
60 -

- 0.02
40 -
L 0.01
20 -
J—— 100 VM
— 100 EL L ; )
0 . | | I 28 . I. KT | 0
0 100 200 300 400 500 600 700

Temperature (°C)

(a)

)

Derivative weight (%°C”

exo

Heatflow (W g™")

20

40

I ! | ! I ! | ! I ! I !
60 80 100 120 140 160 180
Temperature (°C)

(b)





media/file15.jpg
Trasmittance (%)

1 “_\7\
90
80|
70+
60
—— 40VM-B0EL/15GF/SMA 3D
—— 40VM-60EL/15GF/SMA 7UV 3D
—— 40VM-60EL/15GF/SMA 14UV 3D
50

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)





nav.xhtml


  jcs-07-00320


  
    		
      jcs-07-00320
    


  




  





media/file16.png
Trasmittance (%)

100

90 -

80 -

70 -

60

50

—— 40VM-60EL/15GF/5MA 3D
—— 40VM-60EL/15GF/5MA 7UV 3D
—— 40VM-60EL/15GF/5MA 14UV 3D

4000

|
3500

| | | | |
3000 2500 2000 1500 1000

Wavenumber (cm™)





media/file2.png





media/file20.png
Stress Amplitude (MPa)

24

23 -
22
21 4
20
19 -
18 -
17 -
16 -
15 3
14

13

a1l 1 a1l 1 R I
= 40VM-60EL/15GF/5MA CM
- ® 40VM-60EL/15GF/5MA 3D

12 3
100

lllll
1000

llllll ] IIIIII ]
10000 100000

Cycles to Failure (N))






media/file5.jpg





media/file1.jpg





media/file12.png
1100 -

250-
1050~
s =
z MA (%) & MA (%)
< S 225-
5 1000- —~- 0 s e o
3 ~2 3 ~ 2
>
S i ° k] e 5
] i 10 $ 200- 5% 10
i 950-
g
-~ _/
17.5- e e
900- \ e
o et /
22 e
10 15 20
GF (%)
.—H__.%H—-—.
—%.__-___——\.
200 o
ﬂ\
175- N
E MA (% 5150- N\
T (%) g N MA (%)
s e ° E -0
@ 2 x P
5 15.0 - 2 g N St 2
® —- 5 5 100- S ~- 5
g - 10 [ = \\v == 10
£ s
()] ﬁ \.\
\\
125- - N
\\
\\
"
)
10 15 20 10 15 20
GF (%) GF (%)





media/file9.jpg





media/file0.png





media/file8.png
30

N
&)
1

Stress (MPaL
o o S

— 100VM CM

1| —— 80VM-20EL CM
— 60VM-40EL CM
—— 40VM-60EL CM
20VM-80EL CM
— 100EL CM

T

1IO
Strain (mm/mm)

20





media/file17.jpg
Deflection (mm)

1.00 | —— 40VM-60EL/15GF/SMA CM
—— 40VM-60EL/15GF/5MA 3D
0.754
0.504
10N
0.25
o T e T T T
20 40 60 80 100 120

Temperature (°C)






