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Abstract

:

This work explores the use of additive manufacturing (AM) to reprocess recycled glass and carbon fibers in the automotive sector. It aims to foster exploitation of recycled Glass Fiber Reinforced Polymers (rGFRPs) and recycled Carbon Fiber Reinforced Polymers (rCFRPs) through two manufacturing workflows: indirect Fused Filament Fabrication (FFF) and UV-assisted Direct Ink Writing (UV-DIW). An industrial case study on vehicle components has been considered by prototyping one real component. After the tensile tests, some molds were fabricated with a FFF 3D printer for the indirect 3D printing process to cast an epoxy-based thermosetting resin with rGFs and rCFs. The second technology consisted in fabricating the parts by hardening in-situ a photo- and thermal-curable thermosetting acrylic liquid resin with rGFs. These results validate the use of AM and recycled composites for applications in the automotive sector. These approaches may be implemented for customizable components for batches below 100 vehicles as the first step for their exploitation.
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1. Introduction


In the next decade, the global composites market is expected to grow steadily, with an annual growth rate of 7.0% [1]. Regulations and legislation are progressively forcing a reduction in the polymer composite landfill, because they are imposing considerable costs for waste disposal landfilling in many countries, thus favoring the investigation of more valuable routes, such as recycling and reuse of End-of-Life (EoL) composites [2,3,4]. Therefore, there is an increasing demand for more application fields for composite materials at their EoL, especially in industrial sectors, such as automotive and transportation, since most research studies on the recycling and remanufacturing of fiber-reinforced polymers are originated in an academic context [5,6]. This need can be fulfilled by developing and combining various strategies and approaches, such as those implemented in the frameworks of circular economy (CE) and cascading [7] and of Design for Sustainability [8], which have certainly fostered some examples of green design and eco-design principles. Moreover, the effectiveness of all these strategies for more sustainable development should be assessed quantitatively by using circularity metrics [9], which should monitor and minimize the environmental impact induced by circular and sustainable policies [10].



To promote sustainable and environmentally-friendly development, manufacturing industries also need to improve product design and production processes [11], and this can be achieved by shifting to additive manufacturing (AM) technologies, which are able to support a more sustainable production than conventional manufacturing methods due to several AM sustainability advantages [12,13,14]. In the light of these benefits, AM technologies can also encourage the use of recycled glass fibers (rGFs) and carbon fibers (rCFs) without worsening performance when compared to virgin fibers [15,16]. AM is already exploited in the automotive sector to produce spare parts, for which carbon fiber-filled thermoplastic composites were 3D printed to produce some components of out-of-production cars [17,18]. However, there is a lack of AM adoption to produce real automotive components, especially exploiting rGFs and rCFs, as well as cross-linkable polymer matrices.



This work explores the use of AM technologies to reprocess rGFs and rCFs for new applications in the automotive sector, aiming to foster real exploitations of rGFRPs and rCFRPs through 3D printing. In detail, it shows two possible workflows, indirect FFF 3D printing and UV-DIW. The experimentation comes from an industrial case study on reusable vehicle components and uses one part of a new concept of car structure as a benchmark. The two paths for the fabrication of the pieces are explained and discussed after describing the two process workflows and the industrial case study, supported by tensile tests. The preliminary results of this work validate the use of rGFRPs, rCFRPs and AM technologies for real applications in the automotive sector. As a result, the two approaches may be implemented in industrial contexts for small batches of customizable components and prototypes, paving the way for the practical implementation of these new recycled composite materials and AM technologies.




2. Materials and Methods


2.1. Materials


Recycled glass fibers derive from shredded GFRPs from wind turbine blades after their dismantling (Siemens Gamesa Renewable Energy S.A., Zamudio, Spain, and Consiglio Nazionale di Ricerca—Sistemi e Tecnologie Industriali Intelligenti per il Manifatturiero Avanzato—Stiima CNR, Milano, Italy). The rGFRP powders contain 70% wt. of GF and have a nominal granulometry < 80 μm, 200 μm and 1 mm [19,20,21]. Recycled carbon fibers come from expired pre-impregnated CFs (prepreg), which underwent pyrolysis, sizing, and shredding processes (Aernnova Aerospace S.A., Minano Mayor, Spain—Tecnalia Research & Innovation Center, San Sebastiano, Spain—Stiima CNR). The rCF powders have a nominal granulometry of 63 μm and 200 μm [21,22]. The different recycled fibers are visible in Figure 1.



An ethoxylate bisphenol A diacrylate resin (SR349) was used as a matrix in the ink formulations for the UV-DIW process (Arkema, Colombes, France) together with ethyl phenyl (2,4,6-trimethyl benzoyl) phosphonate (TPO-L) as photo-initiator (Lambson Limited, Wetherby, UK), and dicumyl peroxide as a thermal initiator (Sigma-Aldrich Corporation, St. Louis, MO, USA). In addition, 3% wt. of TPO-L and 0.3% wt. of dicumyl peroxide were added to SR349 to initiate photo-polymerization and increase crosslinking during thermal post-curing. An epoxy-based thermosetting resin made of bisphenol-A-based oligomer and 1,4-butanediol di-glycidyl ether (Araldite BY158) was used as a matrix, in order to pour for indirect FFF 3D printing (Huntsman Corporation, The Woodlands, TX, USA), together with a curing agent (Aradur 21) in the weight ratio of 100/28 (Huntsman Corporation).



Polyethylene terephthalate glycol (PETG) and polylactic acid (PLA) filaments were used to fabricate the rigid molds and silicone counter molds of the indirect FFF 3D printing workflow (Prusa Research, Prague, Czech Republic). A poly-addition casting silicone rubber with a hardness of 30 ShoreA (Gls-PRO 30) was poured into the rigid molds and silicone counter molds to obtain the molds for the final parts (Prochima Srl, Colli al Metauro, Italy). This silicone is made of two reagents, to be mixed at a volume ratio of 1:1.




2.2. Indirect FFF 3D Printing


The term Indirect 3D printing refers to the use of 3D printing processes to manufacture the tooling used in conventional manufacturing to obtain a component or a part, i.e., molds, inserts and utensils [23]. This workflow comes from the Rapid Tooling techniques and may help in fostering quick, customizable, and less expensive manufacturing of tools for prototypes, pre-series, or small batches of production, ranging from small- to large-scale products [24,25]. In this work, customizable mold silicone cavities were designed and manufactured to produce the parts from the automotive case study. The molds were designed using the CAD software Fusion 360 (Autodesk, San Rafael, CA, USA), and the slicing software PrusaSlicer was used to create the gcode files to be printed (Prusa Research, Prague, Czech Republic). The same CAD software was also used to modify the STEP files of the component used for the experimentation, better described in Results and Discussion. The rigid parts of the counter mold silicone were printed with the low-cost desktop-size FFF 3D printer Prusa i3 MK3S equipped with a 0.6 mm diameter nozzle (Prusa Research, Prague, Czech Republic). The 3D printing parameters of the molds and counter molds are summarized in Table 1. In detail, the parameters of the molds, in particular infill, were chosen to create mechanical interlockings for the silicone cavities to be poured, as better explained in the next section [26]. The parameters of the counter molds were selected to reduce the possibility of leakages during the curing phase of the silicone. The silicone cavities were manufactured by pouring the Gls-PRO 30 silicone into the assembled molds and counter molds, which were removed after 24 h of curing at room temperature.



The molds were then used to fabricate the component parts with the epoxy-based thermosetting resin filled with shredded rGFRPs or rCFs. First, Araldite BY158 and Aradur 21 in the weight ratio of 100/28 were mixed to obtain the epoxy-resin based matrix with a gel time of 80 min, corresponding to the maximum processing time of the material formulations before starting to harden. The shredded rGFRPs or rCFs were then added to the matrix and mixed for 15 min with a mechanical stirrer at 50 rpm. In detail, 30% wt. of rGFRPs (200 μm or 1 mm) and 20 or 30% wt. of rCFs (63 μm or 200 μm) were added to the epoxy-based system, obtaining four different formulations to test: 30% wt. rGFRPs (200 μm), 30% wt. rGFRPs (1 mm), 20% wt. rCFs (63 μm), and 30% wt. rCFs (200 μm). After mixing, these mixtures underwent a low vacuum level for 15 min to reduce the presence of air bubbles. After processing, the molds were kept for 24 h at room temperature. Parts were then removed from the mold and underwent a post-curing of 1 h at 100 °C to complete crosslinking of the thermal-curable epoxy-based matrix. Post-processing was then performed to remove the extra material corresponding to the pouring channels. At least two prototypes of the cut-off and final part were fabricated for each set of parameters and material formulation.




2.3. UV-Assisted Direct Ink Writing (UV-DIW)


UV-assisted DIW consists of the 3D printing of a photo-curable viscous material, or 3D printable ink, that starts to harden after the extrusion by means of a UV source, i.e., UV LEDs. This process allows processing of new kinds of materials at room temperature, i.e., thermosetting composites, starting from a photo- and thermally-curable 3D printable ink. In this work, SR349 was mixed with 3% wt. of TPO-L and 0.3% wt. of dicumyl peroxide for 2 h at room temperature with a magnetic stirrer, then 55% wt. of shredded rGFRPs (<80 μm) were added to the acrylic-based system by means of a double arm kneader Brabender mixer equipped with a rollerblade (Brabender Instruments Inc., South Hackensack, NJ, USA) for 45 min at 40 rpm. The glass fiber content of the ink formulation corresponds to 38.5% wt. [20,21].



A commercial low-cost desktop-size FFF 3D printer (Futura Group S.r.l., Gallarate, Italy) was modified to create a UV-DIW apparatus. A new syringe-based extruder equipped with three dimmable 3W UV LEDs (395 nm) on the extrusion head was developed and mounted on the 3D printer frame [20,21]. The custom system was equipped with a 60 mL syringe for the ink formulation and a stainless-steel UV-shielded conic nozzle with a diameter of 1.04 mm (Techcon Systems Inc, Cypress, CA, USA). The STEP files of the components were modified with Fusion 360, and the gcodes were created with PrusaSlicer. The 3D printer was controlled through the 3D printing host Repetier-Host (Hot-World GmbH & Co. KG, Willich, Germany). UV LEDs were switched on for the whole duration of the 3D printing process. The main parameters are summarized in Table 2. More details about the process and the conditions used can be found in a previous study focusing on the printability of this formulation [20].



After the 3D printing process, an additional post-curing cycle was required to complete the crosslinking conversion of the resin. The parts underwent a UV post-curing step for 30 min in a UV chamber Polymer 500 W equipped with a UVA emittance mercury vapor lamp Zs of 950 W/m2 (Helios Italquartz S.r.l., Cambiago, Italy). After this step, an additional thermal post-curing was performed in an oven for 2 h at 140 °C. At least two prototypes of the selected part were fabricated for each set of parameters and material formulation.




2.4. Tensile Tests


Tensile tests were performed with a Zwick Roell Z010 (ZwickRoell GmbH & Co, KG, Ulm, Germany), with a 10 kN cell load and a speed of 1 mm/min, following the ASTM standard D3039/D3039M-17 [27]. Four batches of specimens were tested: (i) 30% wt. rGFRPs (200 μm)—indirect FFF, (ii) 30% wt. rGFRPs (1 mm)—indirect FFF, (iii) 20% wt. rCFs (63 μm)—indirect FFF, (iv) 30% wt. rCFs (200 μm)—indirect FFF, compared with (v) 55% wt. rGFRPs (<80 μm)—UV-DIW from previous work [20]. The specimens had a nominal width of 10 mm, length of 40 mm, and thickness of 2 mm (gauge length of 40 mm). They were manually polished to remove the main asperities from the epoxy resin pouring, ensuring a constant cross-section area. The actual dimension was then measured with a caliper. After the tests, the mean values and standard errors of tensile strength, elongation at break, and elastic modulus were calculated using the stress–strain curves from the tests.





3. Results and Discussion


3.1. Case Study from the Automotive Sector


The selected case study was part of the Horizon 2020 European project FiberEUse, focused on the recycling and reusing of glass and carbon fiber composites from products at their End-of-Life. This project aimed to develop new solutions integrated into real contexts through practical case studies in collaboration with industrial partners. Among these, the automotive sector was selected to demonstrate the feasibility of using CFRPs for reusable structures and components in a vehicle frame [28,29]. As a matter of fact, technical lightweight and high-performance application fields such as the automotive sector may significantly take advantage of the reuse and recycling of GFs and CFs [30,31], i.e., reducing the manufacturing costs and decreasing the environmental impact during the production and use of components [6,32].



Focusing on recycling, the automotive sector offers a wide range of possible areas for using recycled fibers, both rGFs and rCFs [6,33]. A case study of a structural part in the battery housing was selected because this part of the car structure is seen as critical in crash incidents, representing an interesting use case for new composite polymers reinforced with rGFs or rCFs. The structural part under examination, visible in Figure 2a, is a connecting element between the rocker panel and a reinforcing aluminum rib inside the battery housing. The main load case of the part is the provision of stiffness, defining it as a structural part of this sub-assembly. In battery housing, six of these elements are needed. In a crash incident, in particular a side pole crash, it takes up the loads from the deformation of the rocker panel and supports it by leading the loads into the reinforcing profiles. This fact leads to a safe battery compartment that is not prone to intrusions leading to damage to the batteries.



The selected part, as visible in Figure 2b, consists of a wide connection area that fits closely to the sill and absorbs the forces, as well as to the so-called battery floor pan. Ribs are used to collect these forces and lead them into the aluminum profile. For that purpose, the shape of the profile, including the webs, is mapped, creating a connection by form. The part is then fixed by an epoxy adhesive to the aluminum profile and the battery floor pan. A material bonding to the sill is not applicable since the battery compartment must stay detachable for repair and remanufacturing. A feature of the part is a central guidance hole for a cable. The part is designed in a moldable shape because, considering the batches of mass production, it is expected to achieve higher production rates of about 10,000 pcs./year.



Focusing on AM processes, this case study, as well as the part, was chosen to demonstrate the possible use of 3D printing processes in the automotive sector for reprocessing rGFs and rCFs. Despite its quite recent adoption in this sector, AM processes have already been demonstrated to positively affect the supply chain performances of automotive industries, as well as fostering customization and complex freeform structures in medium and small production batches [34,35,36]. Furthermore, AM has already been exploited for manufacturing fiber-reinforced polymer materials, including recycled rGFs and rCFs [37,38]. As visible in Figure 3, two different workflows were followed to exploit different advantages of AM technologies, especially focusing on Material Extrusion processes [39]. The first deals with Rapid Tooling and uses FFF to manufacture 3D-printed molds to cast rGFRPs or rCFRPs (indirect FFF 3D printing), whereas the second directly reprocesses rGFRPs by means of UV-DIW (Figure 3). The main phases of the two processes are summarized in Figure 4.




3.2. Tensile Tests


Five batches of specimens were tested to study the main tensile properties of the formulations used in this work. Four of them are linked to Indirect FFF 3D printing, whereas the last one corresponds to the UV-DIW formulation used for the automotive application and previously tested [20]. The values from the tensile tests are summarized in Table 3.



In general, a brittle failure of the samples was observed for each batch. According to Table 3 and Figure 5, higher values of tensile strength and elongation at break were obtained by testing the samples from indirect FFF 3D printing.



Despite the higher filler content of the UV-DIW formulation, i.e., 55% wt., the tensile strength of specimens from indirect FFF shows higher values when considering the same kind of recycled fibers, which means rGFRPs (Figure 5a). As a matter of fact, the first (30% wt. rGFRPs 1 mm) and second batches (30% wt. rGFRPs 200 μm) reached values between ~40 and ~46 MPa, whereas the tensile strength of UV-DIW batch is ~33 Mpa. This difference can be linked to the higher void content from the increased weight percentage of fibers, especially with higher granulometries [40,41]. Furthermore, additional voids may be added from the UV-DIW process itself, i.e., air bubbles in the 3D printable ink during the in-situ photo-polymerization [20,21]. Similar values were obtained by comparing rGFRPs and rCFs from indirect FFF, with higher accuracy of results by decreasing the particle size of the filler. This fact may be due to the high variability of the granulometry, which also derives from mechanically recycled fiber-reinforced polymers [20,21,22].



Almost a two-fold increase in the elongation at break values was reached with rGFRPs processed by indirect FFF compared to the UV-DIW process, reaching ~1.7% with the second batch of samples (Figure 5b). A similar value was also obtained from the batch of samples made with 20% wt. of rCFs (63 μm). Increasing the filler weight percentage and particle size, the value significantly decreased for both rGFRPs and rCFs batches.



The batches made with rGFRPs using Indirect FFF show an increase in the elastic modulus with higher particle sizes (Figure 5c). Similarly, the stiffness of rCFs batches increased by increasing the particle size and filler weight percentage, reaching ~5.8 GPa. A similar value was also obtained by using rGFRPs and UV-DIW, thanks to a higher content of filler and the preferential alignment during extrusion [42,43,44].



To sum up, the materials tested in this work seem to be suitable for the selected application in the automotive sector, especially considering their stiffness, both for direct and indirect AM processes [18].




3.3. Indirect FFF 3D Printing


This experimentation validated the first workflow shown in Figure 3 and Figure 4. In detail, indirect FFF 3D printing was selected to manufacture the component in Figure 2b, avoiding sub-assemblies or cut-offs and reprocessing a wider range of recycled fiber-reinforced composites as new reinforcements for epoxy-based resins, in this case both rGFRPs and rCFs. As shown in Figure 6, only a few modifications were made to the original version of the 3D model. First, some features, such as the central guidance hole, were removed to eliminate possible overhangs and undercuts during the extraction of the component from the hypothetical mold. In this case, a drilling process would be performed after removing the part from the mold. Moreover, some radii were added to the main sharp angles to facilitate the distribution of the material into the mold cavity, as well as a possible source of cracks and failures in the final part. Finally, the thicknesses of the whole model were checked to avoid thin cross-sections and ensure quite uniform measures, ranging between 2 and 4 mm, hence facilitating the curing process.



Considering the geometry and the selected thermoset composite materials, flexible cavities were included in the design of the mold to facilitate the extraction of the parts, as well as the complete hardening of the epoxy resin after its pouring. Furthermore, choosing silicone for manufacturing the cavities avoided their deformation during the hardening reaction of Araldite BY158, which generates exothermic heat.



To validate the use of silicone in the final design, some trials with a cut-off of the part were done by designing and manufacturing a 3D-printed open mold with a silicone cavity. As from Figure 7a, the mold consisted of an external rigid part in PETG fabricated through FFF 3D printing and a flexible part obtained by pouring the Gls-PRO 30 silicone into the rigid mold. The shape of the cavity was given through a 3D-printed counter mold made of PLA, which was removed after silicone curing. The bonding between silicone and PETG was obtained by designing and fabricating mechanical interlocking areas inspired by the work of Rossing et al. [26]. The “modifier” feature of PrusaSlicer was used to change the slicing parameters of a specific section of the model to be 3D printed [45], which means the rigid part of the mold. In this case, the interfacial area was fabricated by changing the type and percentage of infill, i.e., 40% gyroid, and removing top layers, creating a controlled porosity in the mold. In this way, liquid silicone can pass through the infill part and fill the empty spaces, ensuring mechanical interlocking after its complete curing. The gyroid infill was selected to increase the volume of the rigid interlocking structure, whereas the whole structure was designed entirely in PrusaSlicer to simplify its development and manufacturing by avoiding using parametric design tools.



Figure 7b,c show the parts obtained by pouring the epoxy-based thermosetting resin filled with rGFRPs and rCFs. In detail, the first epoxy-resin based formulation (Figure 6b) contains 30% wt. of shredded rGFRPs with a mean granulometry of 1 mm, whereas the second one (Figure 6c) has 20% wt. of shredded rCFs with a mean granulometry of 63 μm, which were also selected according to the previous tensile tests. Even if both part batches were successfully fabricated with the same open mold, more deformations are visible in the part made of rGFRPs, which also shows a higher presence of air bubbles, especially close to the radii and the ribs. This issue may be linked to the higher thermal conductivity of CFs, which helps in dissipating the heat from the exothermic reaction from the crosslinking of the epoxy-based resin [46,47].



After this first trial using an indirect FFF 3D printing approach, the mold of the part was designed and manufactured to produce it as a single component. As shown in Figure 7a, this mold comprises two halves, which were manufactured by following a similar approach used to fabricate the cut-off part described before. The mechanical interlocking between the rigid mold and the flexible cavity was developed by designing the specific shape of the modifier features in the CAD software, which was then imported into Prusaslicer. Furthermore, the final design of the rigid parts was obtained by avoiding the use of any support material, trying to reduce the material waste, and the 3D printing timings for the production according to the principles of Design for Additive Manufacturing (DfAM) [48]. The counter molds were fixed on the rigid molds through six metric M5 screws by using the same design for the assembly of the final mold. The pouring channels were designed in the upper half of the mold by linking them to the flat surfaces on the back part of the component (Figure 8a). The counter molds and rigid molds are visible in Figure 8b, whereas Figure 8c shows the final molds with the flexible cavities after silicone curing. Although the silicone successfully reproduced the shape of the counter molds, some defects were generated by the presence of air bubbles in the mixture, (Figure 8c).



The final parts from the mold are visible in Figure 9a. The part at the top has 30% wt. of shredder rGFRPs with a mean granulometry of 200 μm, whereas the bottom one contains 30% wt. of shredded rCFs with the same mean granulometry. These two formulations were selected according to the previous tests, choosing the same percentage and particle size in both formulations. Especially in the rCFs batch (Figure 9b), no visible deformations were seen in both batches, as well as fewer air bubbles in the final parts, reducing the possible points of cracks in the event of an accident. Some post-processing is still required to remove the three pouring channels attached to the back part, and some defects of the silicone casting can be seen on the front part (Figure 9c). However, these results validate the use of this workflow linked to indirect FFF 3D printing to prototype and produce small batches of customized components for technical sectors made of recycled GF or CF composites, i.e., automotive. The functional aim of the part, i.e., absorbing the forces from the battery floor pan of the car structure, can be achieved by this component manufactured with indirect FFF 3D printing, also considering the properties of similar rGFRPs [19] and the use of GFs and CFs for similar purposes in the automotive sector [28,29].




3.4. UV-Assisted Direct Ink Writing (UV-DIW)


UV-Assisted DIW was selected as a manufacturing process to use in the second workflow from Figure 2. In this case, the selection was made to avoid the use of molds or tools, trying to reduce the costs and timings related to their manufacturing. First trials were performed by using both rGFRPs and rCFs as reinforcements for photo- and thermally-curable acrylic resins. However, the final parts were fabricated only with rGFRPs. As a matter of fact, the presence of rCFs in the 3D printable ink interferes with the absorption of the UV radiation for the activation of the photo-initiator in the acrylic-based matrix system [21,22]. Hence, only a few layers were successfully completed without collapsing during the first 3D printing tests with rCF-based inks.



As visible from Figure 10, the original model was strongly modified to match the manufacturing constraints of UV-DIW. First, the use of supports should be avoided, since they may be difficult to remove from the final shape, requiring more post-processing steps. Furthermore, the volumes and dimensions of the parts should be optimized to avoid long printing times, i.e., >8–10 h, obtaining functional parts for technical applications [16]. In UV-DIW, the printing speed is affected by the UV conversion and the cross-section geometries, resulting in higher times and slower speeds when the UV-irradiation time should be increased to completely crosslink the ink [21]. As a result, the original model was cut into six different parts, avoiding overhangs and tilted surfaces to be 3D printed. This modification helped in optimizing the printing parameters of the different sub-parts. For instance, the printing speed of the perimeters was increased from 10 to 15 mm/s for the front part of the connector, whereas the lowest speed was set to fabricate the three squared sub-parts of the back part (Figure 10). Some additional features were added to the parts to facilitate the assembly of the final component, i.e., mechanical interlockings. In this case, the sharp angles and wall thicknesses were not modified, since their presence did not affect the quality of the final part.



The 3D printing process of one sub-part made in rGFRPs is visible in Figure 11a. The selected 3D printable ink contains the 55% wt. of shredded rGFRPs with a mean granulometry lower than 80 μm, which previously was successfully used to manufacture concept applications and technical parts [16,20]. Moreover, the mechanical properties of the final objects meet the requirements of the selected component for the automotive sector, especially stiffness, reaching an elastic modulus of ~5.5 GPa [20,21]. Fiber granulometry was also selected to prevent clogging, considering the nozzle diameter. From the literature, only 3D printable inks containing particles with a maximum length of 160 μm can be extruded by using a nozzle diameter of 1 mm. The 3D printed part (Figure 11b) shows good accuracy of the features from the 3D model, including the ribs, as well as no areas with significant deformations or under-extrusions. As for the previous experimentation, reaching a consistent extrusion flow helps in reducing the possible points of cracks in the event of an accident during the product lifespan. After their fabrication, the six sub-parts can be assembled by using the mechanical interlocking and the same epoxy adhesive used for fixing the connector part to the aluminum profile and the battery floor pan of the car structure. However, additional post-processing is required to decrease the roughness of the parts, facilitating a better match with their location in the aluminum profile. In this case also, the results validate the use of this workflow to prototype small batches of customized components for technical sectors with recycled GFs, fulfilling the functions of the component itself. This approach may also pave the way to customize the specific sub-parts according to the different loads to be transferred, i.e., by changing the ink formulation, the percentage of the reinforcement, or the 3D printing parameters.




3.5. Case Study Validation


According to the previous experimentations, both workflows resulted in small batches of components made of rGFRPs or rCFRPs for the automotive sector. The structural function of the connector, the benchmark part selected in this work, can be achieved in both cases according to the mechanical properties of the material formulations tested and comparable to previous studies [18,19,20,21]. Moreover, the parts were manufactured without visible defects, reducing the possible points of cracks and failures.



The prototypes show adequate surface accuracy to be used for testing vehicles. Both the indirect FFF 3D printing and direct UV-DIW processes can be used in certain stages of the development phase. While direct UV-DIW 3D printing is suitable for the creation of the first geometric models, the indirect FFF 3D printing process offers advanced surface quality leading to improved performance, especially in crash incidents. The main requirement of connecting the sill and the reinforcing ribs with a stiff material was fulfilled for both cases. The utilization of reused fibers offers a clear decrease in the carbon footprint of the vehicle by limiting the use of virgin materials and reducing the weight of the overall structure [32,49]. Moreover, combining the use of recycled rGFs and rCFs with reusable car structures may generate new closed loops of these materials and components by encouraging their use in new products [29].



The two approaches may therefore be implemented in industrial contexts to manufacture small batches of customizable components or prototypes in scales below 100 cars. In particular, indirect FFF 3D printing seems the most suitable workflow for the production of small batches of components, whereas UV-DIW helps in customizing the mechanical and technical properties of the parts by changing the material formulation or the 3D printing parameters, i.e., by designing meta-materials with UV-DIW and rGFRPs [50,51]. Considering the rGFs and rCFs, indirect FFF 3D printing can process coarse recyclates with bigger particle sizes, decreasing the cost and times for size reduction, as well as the contamination when using fine mechanically-recycled powder [31,52]. UV-DIW also helps in processing parts with undercuts and holes, reducing the use of specific tooling and moldings [48]. Nevertheless, final components and other application fields may require further post-processing steps, i.e., machining, sanding, or metallization, enlarging the possible range of applications and functions [53]. This validation represents the first crucial step for the real exploitation of these new recycled materials and AM workflows for technical applications. Furthermore, this work also paves the way for the recycling and reuse of different fiber-reinforced composites in technical contexts, i.e., natural fibers [54,55].





4. Conclusions


This work explored the development and fabrication of new applications in the automotive sector from rGFPSs and rCFPSs through two different workflows based on AM technologies. After the tensile tests on the material formulations used in this work, the experimental activities focused on a structural connection component for a reusable vehicle structure from an industrial case study. The first workflow used FFF 3D printing to manufacture 3D printed molds with flexible cavities to pour epoxy-based reinforced resins (indirect FFF 3D printing), whereas the second one directly fabricated the sub-parts of the component by directly extruding and hardening a 3D printable ink with UV-radiations (UV-DIW). The different sample parts obtained during the experimentation of the two workflows validated the use of AM technologies with rGFRPs and rCFRPs for new applications in the automotive sector. In more detail:




	
The first workflow (indirect FFF 3D printing) appears as the most suitable path to produce small batches of prototypes or parts with coarse recyclates, especially rCFRPs. The use of more conventional AM processes results in higher accuracy and less post-processing, despite lower shape complexity due to the mold.



	
The second workflow (UV-DIW) helps in developing the first prototypes made with rGFRPs. It may also be used to customize the shape and materials of the final components, as well as its mechanical and technical properties, by designing new meta-materials. However, fine recyclate powders should be used to better control reprocessing, i.e., avoiding clogging.








Both processes can produce the first prototypes of fiber-reinforced thermoset parts. No other processes are established today supporting the engineering of these parts. Hence, these processes offer the supplementation of the existing toolset and may support the practical implementation of rGFRPs and rCFRPs in other technical sectors, i.e., sports., rGFs can substitute for virgin GFs to reinforce the internal core of skis and to manufacture customized binding plates for skis. In addition, these workflows may also be exploited to widen the range of possible recycled composite materials for new applications, such as recycled natural fibers and bio-based matrixes as substitutes for the current ones. Future works should focus on new case studies from different industrial contexts to further improve the overall quality of the parts, also dealing with their post-processing and use in real products, i.e., by testing in pre-series.
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Figure 1. Mechanically recycled glass fibers and mechanically and thermally carbon fibers used in this work (from left to right): rGFRPs (1 mm, 200 μm, <80 μm) and rCFs (63 μm, 200 μm). 
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Figure 2. Selected component from the automotive case study: (a) assembly of the connector part in the car structure; and (b) 3D model of the part (Original version). 
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Figure 3. Scheme of the workflow with recycled composites and 3D printing. 






Figure 3. Scheme of the workflow with recycled composites and 3D printing.



[image: Applsci 13 05848 g003]







[image: Applsci 13 05848 g004 550] 





Figure 4. Scheme of the two processes of this work: Indirect FFF 3D Printing and UV-assisted DIW. 
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Figure 5. Comparison of the experimental values from the tensile tests: (a) Tensile strength, (b) elongation at break, and (c) elastic modulus of the materials compared in this work (values of UV-DIW from [20]). 
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Figure 6. 3D model of the part from the automotive case study (Modified version for indirect FFF 3D Printing). 
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Figure 7. First trials for indirect FFF 3D printing: (a) open mold design, (b) cast part in rGFRPs (30% wt., 1 mm), and (c) in rCFs. (20% wt., 63 μm). 
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Figure 8. Design of the mold: (a) assembly design; (b) 3D printed parts in PETG (molds and counter molds for silicone); and (c) final version of the mold after silicone casting. 
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Figure 9. Connector from indirect 3D printing: (a) cast part in rGFRPs (30% wt., 200 μm, top) and rCFRPs (30% wt, 200 μm, bottom); (b) cast part in rCFRPs; (c) detail of the cast part in rCFRPs. 
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Figure 10. 3D model of the part from the automotive case study (Modified version for UV-assisted DIW). 






Figure 10. 3D model of the part from the automotive case study (Modified version for UV-assisted DIW).



[image: Applsci 13 05848 g010]







[image: Applsci 13 05848 g011 550] 





Figure 11. Trials for UV-assisted DIW: (a) 3D printing of the lateral part; (b) lateral part in rGFRPs (55% wt., <80 μm). 
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Table 1. 3D Printing parameters (3D printed mold parts).
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Part

	
Parameters

	
Units

	
Values






	
Rigid molds (PETG)

	
Perimeters

	
//

	
2




	
Top/bottom layers

	
//

	
4




	
Infill

	
%

	
20




	
Infill (interlocking—bonding)

	
%

	
40




	
Speed

	
mm/s

	
45




	
Layer height

	
mm

	
0.3




	
Nozzle diameter

	
mm

	
0.6




	
Temperature (nozzle)

	
°C

	
235




	
Temperature (bed)

	
°C

	
85




	
Silicone counter molds (PLA)

	
Perimeters

	
//

	
2




	
Top/bottom layers

	
//

	
3




	
Infill

	
%

	
20




	
Speed

	
mm/s

	
70




	
Layer height

	
mm

	
0.3




	
Nozzle diameter

	
mm

	
0.6




	
Temperature (nozzle)

	
°C

	
215




	
Temperature (bed)

	
°C

	
60
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Table 2. 3D Printing parameters (final part—UV-DIW).
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Formulation

	
Parameters

	
Units

	
Values






	
55% wt. GFRP recyclate (<80 μm) [20]

	
Perimeters

	
//

	
2




	
Top/bottom layers

	
//

	
2




	
Infill

	
%

	
100




	
Flow

	
%

	
100




	
Speed

	
mm/s

	
10–15




	
Layer height

	
mm

	
0.25




	
Nozzle diameter

	
mm

	
1











[image: Table] 





Table 3. Experimental tensile strength, elongation at break and elastic modulus values from the tensile tests for the formulations used in this work.
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	AM

Process
	Formulation
	Tensile Strength

(MPa)
	Elongation

at Break (%)
	Elastic Modulus

(GPa)





	Indirect

FFF
	30% wt. rGFRPs

(1 mm)
	46.3 ± 2.7
	1.3 ± 0.1
	4.8 ± 0.7



	Indirect

FFF
	30% wt. rGFRPs

(200 μm)
	40.5 ± 1.9
	1.7 ± 0.2
	3.6 ± 0.4



	Indirect

FFF
	30% wt. rCFs

(200 μm)
	44.8 ± 8.5
	1.1 ± 0.2
	5.8 ± 1.2



	Indirect

FFF
	20% wt. rCFs

(63 μm)
	46.6 ± 3.1
	1.8 ± 0.2
	4.2 ± 0.2



	UV-DIW
	55% wt. rGFRP

(<80 μm) [20]
	33.6 ± 5.9
	0.9 ± 0.2
	5.5 ± 1.0
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Process 1: Indirect FFF 3D Printing
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rGFRPs or rCFs Reinforced liquid resin Poured part Final part
(63 pm, 200 pm, Tmm) (20-30% wt.) (In-situ cross-linking) (Complete cross-linking)

Process 2: UV-assisted DIW
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rGFRPs 3D printable ink 3D printed part Final part
(<80 pm) (55% wt.) (In-situ hardening) (Complete cross-linking)
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