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Abstract

:

In this work, the effect of silicon carbide (carborundum, SiC), as a boosting agent of the mechanical response of the polycarbonate (PC) polymer, was investigated. The work aimed to fabricate nanocomposites with an improved mechanical performance and to further expand the utilization of 3D printing in fields requiring an enhanced material response. The nanocomposites were produced by a thermomechanical process in various SiC concentrations in order to evaluate the filler loading in the mechanical enhancement. The samples were 3D printed with the material extrusion (MEX) method. Their mechanical performance was characterized, following international standards, by using dynamic mechanical analysis (DMA) and tensile, flexural, and Charpy’s impact tests. The microhardness of the samples was also measured. The morphological characteristics were examined, and Raman spectra revealed their structure. It was found that SiC can improve the mechanical performance of the PC thermoplastic. A 19.5% increase in the tensile strength was found for the 2 wt.% loading nanocomposite, while the 3 wt.% nanocomposite showed a 16% increase in the flexural strength and a 35.9% higher impact strength when compared to the unfilled PC. No processability issues were faced for the filler loadings that have been studied here.
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1. Introduction


Thermoplastics are in increasing demand in various industries, such as automotive, medical, and electronics, because they are lightweight materials that are easy to process and they are cost-effective [1,2]. Polycarbonate (PC) is a popular thermoplastic that is used in various everyday applications, such as packaging and consumer goods [3], but also in advanced applications, such as nanoelectronics [4], sensors [5], and laser applications [6]. In the medical field, PC has been used in orthopedics [7], in stents [8], and in antibacterial applications [9]. Therefore, in the literature, it has been thoroughly studied for its mechanical (dynamic loading [10], tensile response [2], creep [11], and hardness [1]) and thermal properties [2,10], in pure form or as a matrix material in composites, with fillers, such as carbon fillers or carbon nanotubes [2,10,12,13]. In material extrusion (MEX), 3D printing (3DP), in which the fused filament fabrication (FFF) process belongs, the parts are built with thermoplastics. In this process, polylactic acid (PLA) [14] is the most popular thermoplastic that is used. Thermoplastics are used as pure or as matrix materials, for the development of composites and nanocomposites, in aiming to study their performance and to improve their properties [15,16,17,18,19,20,21]. The PC polymer has been thoroughly investigated in the MEX 3DP process for its mechanical properties [22] and various other aspects of its performance, which are presented further below. The impact of the parameters that are utilized in the 3DP process on the mechanical response of the PC polymer have also been investigated and optimized with statistical modeling tools [23,24,25,26]. The flow of the material during the MEX process has been investigated with numerical modeling tools [27] and the effect of weathering on the mechanical properties of the parts that are made with additive manufacturing (AM) has been studied. It was reported that weathering has a significant effect on the mechanical properties [28]. The thermal properties of the 3DP PC samples have also been reported in the literature [29,30]. PC has been used as a matrix material in MEX 3DP for the development of composites, aiming to improve its performance and to provide multi-functional characteristics to the developed materials [29,31,32,33]. PC in 3DP is used for medical [34,35,36,37] and acoustic applications [38], among others, and it has been proven to be an eco-friendly biopolymer for indoor applications [39].



Silicon carbide (SiC) is a robust ceramic material [40], and one of the hardest materials available [41]. Due to its excellent properties (oxidation resistance [40], hardness [41], high temperature resistance [42], and high strength [43]), it has been utilized in different applications, such as nuclear [40,44], batteries [45], optics [46,47], photonics [48], high temperature applications [42], semiconductors and electronic devices [49,50,51,52], coatings [53], friction, defense applications [43,54], healthcare applications in medical implants and devices [41,55], and humidity sensors [56]. SiC is employed as a filler in composites and nanocomposites in order to induce specific properties in the materials and to be able to confront the requirements of demanding applications. The performance of these materials has been presented and investigated in the literature, e.g., high corrosion resistance [56], low cost, flexibility, and antibacterial activity [56], mechanical properties enhancement and thermal stabilization [57], improved mechanical response [58], enhanced thermal conductivity [59], and enhanced mechanical, thermal properties, and moisture absorption [60]. Due to the wide field of applications, it has potential for use in AM applications; however, the literature in this field is still very limited. SiC in AM has been investigated in the selective laser sintering (SLS) process [44,54,61,62,63,64] and the binder jetting AM [65,66]. To the authors’ knowledge, no literature is currently available employing SiC as a filler in MEX 3DP. Regarding the use of SiC as a filler in composites using PC as the matrix material, research focuses mainly on the development and investigation of polymer blends [67,68,69]. To the authors’ knowledge, only one study has reported on PC/SiC nanocomposites in the literature, with the subject of the work not including the mechanical response of the prepared materials, which would be useful in the current work for evaluation and comparison purposes [70]. None of these works that are presented in the literature regarding the PC polymer and SiC are related to the AM technology.



In this study, for the first time SiC, in nanopowder form, was introduced as an additive in the PC thermoplastic and nanocomposites were prepared and investigated in MEX 3DP. The nanocomposites were fabricated at different filler loadings in order to study the impact of the additive concentration as a boosting agent of mechanical performance. The feasibility of the process was evaluated, aiming to present materials with enhanced mechanical properties for the 3DP process, exploiting its benefits, and expanding its fields of application. Such enhanced mechanical properties are crucial for the design of the parts, since it leads to the decrease in the mass of the parts and their size and, therefore, to the reduction in required materials. The nanocomposites herein were produced utilizing a thermomechanical procedure. The samples were then 3D printed with the MEX process and were subjected to mechanical testing, following the corresponding international standards. Raman’s analysis was performed in order to investigate the structure of the materials. The morphology of the produced filament was examined with atomic force microscopy (AFM), while on the 3DP samples, scanning electron microscopy (SEM) was employed. The thermal properties of the prepared nanocomposites were determined with thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Overall, for filler loadings up to 3 wt.%, SiC improved the mechanical response of the material when compared to the unfilled PC thermoplastic. This verifies that SiC can serve as a boosting agent in MEX 3DP for the polymer studied herein (PC). Moreover, inducing the SiC additive in nanoscale form into the PC polymer did not compromise the matrix material’s processability or thermal stability. Considering the numerous applications where SiC is used, such results show the potential of using it as a filler in 3DP.




2. Materials and Methods


2.1. Materials


PC of type EMERGE 8430-15 was the matrix material used in this study (tensile strength of 70.0 MPa, density of 1.20 g/cm3). It was procured from Styron Europe GmbH (Styron Europe GmbH, Horgen, Switzerland) in powder form. The filler of the study (SiC) in nanopowder form, was sourced directly from its manufacturer (Nanographi, Ankara, Turkey), having the following specifications: a cubic shape, true density of 0.05 g/cm3, purity of 99.5+%, specific surface area of 40–85 m2/g, size of 50–70 nm, and melting point of 2700 °C.




2.2. Production of the Nanocomposites in Filament Form


The methodology followed in the work for the preparation and the characterization of the PC/SiC nanocomposites is presented in Figure 1.



The raw materials were used to produce a filament that was compatible with the MEX 3DP process (1.75 mm in diameter), with a thermomechanical process successively repeated twice, to achieve good additive dispersion in the matrix. Different mixtures (four) of the matrix material and the filler were made, at different weight-to-weight concentrations (filler loading of 1, 2, 3, and 6 wt.%), to produce nanomaterials with the extrusion process, with corresponding filler loadings. Each material’s mixture was vigorously mixed for 30 min in a high-power blender. To prevent the powder from spreading throughout the air of the room, the procedure was carried out in a glovebox. Any moisture in the raw materials was initially removed, following a drying process in a laboratory oven (24 h, 60 °C). The drying process was conducted twice, before and after the mixture of the raw materials. The mixtures were then successively fed into a Noztek (Noztek, Shoreham-by-Sea, UK) extruder (featuring a single screw) and the corresponding nanocomposites were produced in filament form. These filaments were shredded into pellets (3devo shredder, Utrecht, The Netherlands). The second step of the thermomechanical process for the nanocomposites production was to convert these pellets again into a filament that was compatible (1.75 mm diameter) with MEX 3D printers (3devo Composer, Utrecht, The Netherlands). In the second step of the process, the extruder used had a special geometry screw for material mixing. The parameters set on the extruder were a screw speed of 4.8 rpm and temperatures set at 200 °C at positions 1–3, and 240 °C at the fourth heating zone (near the hopper). These parameters were determined with preliminary experiments conducted prior to the fabrication of the current work’s filaments. Pure PC filament was also prepared to be used for evaluation purposes.




2.3. 3D Printing of the Samples for Mechanical Testing


The PC/SiC nanocomposites produced with various SiC concentrations in filament form were utilized to fabricate MEX 3DP specimens, in accordance with the corresponding international standards (Figure 2), for the mechanical response characterization of the materials. Five specimens were fabricated from each different material and mechanical test, on an Intamsys, model Funmat HT (Intamsys, Shanghai, China) MEX 3D printer. The required G-codes were compiled utilizing the Intamsuite software v3.8.0 (Intamsys, Shanghai, China). The 3DP parameters were determined with preliminary experiments conducted prior to the fabrication of the current work’s samples. A ±45 degrees line infill pattern was used. The layer thickness was set to 0.2 mm, 3D printer bed temperature was set to 115 °C, nozzle temperature was set to 260 °C, and chamber temperature was set to 65 °C. Two perimeters were built, along with four solid layers on the top and the bottom of the parts. The infill density was set to 100% and the 3D-printing speed was set to 25 mm/s (please see also Supplementary Material Figure S1).




2.4. Nanocomposites Thermal Properties and Structural Analysis


To identify the thermal stability of the produced nanocomposites, and their thermal properties in general, thermogravimetric analysis (TGA) (Perkin Elmer Diamond, Waltham, MA, USA, 40–550 °C, 10 °C/min step, a nitrogen atmosphere) and differential scanning calorimetry (DSC) (TA Instruments 25, New Castle, DE, USA, 25–225 (5 min) −25 °C, 15 °C/min step) were employed.



Raman spectroscopy was conducted by a modified LabRAM HR Raman spectrometer (HORIBA Scientific, Kyoto, Japan). A solid-state laser module at 532 nm central wavelength was used, with a maximum laser output power of 90 mW. A 50× microscopic objective lens with a 0.5 mm and a long working distance of 10.6 mm numerical aperture (LMPlanFL N, Olympus, Tokyo, Japan) delivered the excitation light and collected the Raman signals. The laser spot dimensions were approximately 1.7 μm of spot diameter and about 2 μm of axial focal length. A neutral density (ND) filter was used that allowed 5% of laser light to go through, which resulted in 2 mW power on the sample. The Raman spectral resolution was ~2 cm−1 using a 600 groves grating. The acquired Raman spectral range was set from 300 to 3100 cm−1, resulting in 2 optical windows or 2 acquisitions per point. For each measurement, 10 seconds of acquisition time and 5 accumulations were used. All Raman spectra were processed with LabSpec 6 (HORIBA Scientific, Kyoto, Japan). Initially, the background was removed utilizing an internal function operation utilizing a polynomial fit. Data acquired on the measurements were normalized utilizing unit vector, thus achieving increased comparison levels between the samples.




2.5. Evaluation of the Nanocomposites’ Filament Quality and Mechanical Performance


The filament produced before the fabrication of the 3DP specimens was examined for its morphological characteristics and its mechanical strength. The diameter was monitored during its production on the 3devo Composer (Utrecht, The Netherlands) extruder, exploiting the real-time diameter-measuring sensor of the extruder. Afterward, it was measured with a high-quality caliper in random positions to evaluate the automatic measurements and to ensure that its diameter was compatible with the 3DP process requirements. Additionally, its side surface morphological characteristics were investigated with atomic force microscopy (AFM) (MicroscopeSolver P47H Pro, Moscow, Russia, 300 kHz) to identify the impact of the additive introduction on the surface quality, which affects the processability of the material. The mechanical performance of the nanocomposites at this stage was evaluated with tensile testing on an Imada MX2 (Northbrook, IL, USA), utilizing a customized special fixture to fix the filaments in the machine. The results of these tests, although they were not following an international standard, due to the geometry of the samples, provided a preliminary indication of the performance of the nanocomposites. Additionally, they can be correlated with the 3DP specimens’ mechanical test results to analyze the impact of the 3DP procedure on the mechanical performance of the nanocomposites in a qualitative manner.




2.6. 3DP Specimens’ Mechanical Strength Characterization


For the mechanical characterization of the fabricated 3DP specimens with the produced nanocomposites in the study, five different mechanical tests were conducted, following the corresponding standards, as follows:




	
Dynamic mechanical analysis (DMA): Three-point-bending, 30–200 °C, step 5 °C/min, and a magnitude of 30 μm oscillation was set, utilizing a frequency of 1 Hz, and applying a preload of 0.1 N, following the ASTM D4065-12 standard, on a TA Instruments DHR 20 (New Castle, DE, USA) apparatus, prismatic specimen 122 mm × 12.7 mm;



	
Tensile test: A Type V specimen was utilized (dogbone with 6.5 mm × 10 mm × 3.2 mm thickness), setting the elongation speed at 10 mm/min, according to the ASTM D638-02a standard, on an Imada model MX2 (Northbrook, IL, USA) apparatus;



	
Flexural test: A three-point-bending test was carried out, with a span of 52 mm. Tests were conducted with an elongation speed of 10 mm/min, according to the ASTM D790 standard, on an Imada model MX2 (Northbrook, IL, USA) apparatus, prismatic specimen 64 mm × 12.7 mm × 3.2 mm thickness;



	
Impact test: The type of test was Charpy notched. In all experiments, the release height was selected to be 367 mm, following the ASTM D6110, on a Terco MT 220 (Kungens Kurva, Sweden) device, prismatic notched specimen 122 mm × 12.7 mm × 5 mm thickness;



	
Microhardness measurements: The type of the measurements accorded to the Vickers method, applying a load of 200 gF, for an indentation time of 10 s, following the ASTM E384-17 standard, on an Innova Test model 300 (Maastricht, The Netherlands) apparatus.









2.7. Examination of the Morphological Characteristics of the 3DP Specimens


The morphological characteristics of the 3DP samples were examined with scanning electron microscopy (SEM) (JEOL JSM 6362LV, Peabody, MA, USA, 20 kV, high-vacuum mode, Au-sputtered samples, detector mode SE). To evaluate the quality of the 3DP process, images were acquired from the side surface of the samples. To reveal the fracture mechanism in the tensile tests, images were also acquired from the fracture area of tensile test samples. On un-sputtered specimens, energy-dispersive X-ray analysis (EDX) was also carried out to confirm the chemical composition of the nanocomposites.





3. Results and Discussion


3.1. Nanocomposites Thermal Properties and Structural Analysis


The TGA measurements that were acquired (pure PC, PC/SiC nanocomposites) are presented in Figure 2. All of the materials that were assessed showed no significant degradation up to 440 °C, where an intense weight loss starts to occur. In addition, no significant differences were found between the materials. The addition of the SiC filler shifts the degradation curve to lower temperatures, with an increasing trend, as the loading increases. Still, the differences are not significant between the materials. Figure 2B presents the weight loss rate curves. The introduction of the SiC additive increases the weight loss rate, compared to the unfilled PC thermoplastic. The 6 wt.% nanocomposites (highest loading studies) showed the highest weight loss rate, with an almost 40% increase compared to the pure PC. The highest rate of weight loss is reported at a slightly lower temperature, and a similar behavior with the weight loss curve is depicted. Overall, the temperature of the maximum weight loss rate reduces as the filler loading increases. Figure 3 depicts the DSC results. For the pure PC and the PC/SiC nanocomposites, the differences recorded are not significant, with the characteristic temperatures in the endotherm and the exotherm curves being similar between the different materials. The addition in the pure PC polymer of the additive (SiC) increased the absorbed energy in both the endotherm and exotherm cases, still, the difference between the nanocomposites is negligible, showing that the filler loading does not influence the absorbed energy during the measurements.



The thermal properties in the work showed no significant impact on the PC polymer’s thermal stability with the addition of the SiC filler. Moreover, it was ensured that, for the extrusion and the 3DP process, the nanocomposites were not degraded by the temperatures that were used. The dispersion of the filler (SiC) in the PC thermoplastic was sufficient, with the methodology followed for the preparation of the nanocomposites since, in the SEM images, the agglomerations were not located. In the conducted mechanical tests, the calculated deviation for the mechanical properties was within acceptable limits.



The spectrographic analysis of the unfilled PC and the PC/SiC nanocomposites are presented in Figure 4. Spectroscopy (RS) was performed in order to check the material at the molecular level. As can be seen from the figures, the major contribution comes from the main material PC. In all of the cases, together with the increase in concentration percentage, the photoluminescence signal also increased. Some differences were observed between the different concentrations of SiC within the PC nanocomposite materials. The primary Raman peaks from the analysis of pure PC are shown in Figure 4, along with their associated assignments. The discovered Raman peaks have a range of 573 cm−1 to 3073 cm−1. The measured spectrum matches the polycarbonate from which the assignments are obtained, according to the literature [71,72,73,74].



Comparing the nanocomposite samples with the pure PC thermoplastic shows that the following Raman peaks that are presented in Table 1 are increased in the PC/SiC specimens. In particular, an increase in all of the SiC samples can be found in the antisymmetric stretching of the Si–O bond at 966 cm−1, the C–H bending at 1003 cm−1, and the C–O–C stretching at 1175 cm−1. Two additional Raman lines present an increase, one at 781 cm−1 and the second at 1344 cm−1, both of which are related to Si–O stretching.




3.2. Evaluation of the Nanocomposites’ Filament Quality and Mechanical Performance


The filament diameter measurements were taken during the extrusion process (please see Supplementary Material Figure S2). The measurements indicate that the diameter of the produced filament is compatible with the 3DP process. In the filament tensile test results, it was shown that the addition of the filler has a positive effect on the tensile strength of the filament (please see Supplementary Material Figure S2). The PC/SiC 1 wt.% filament had the highest improvement (7.6%) in the tensile strength when correlating the results with the unfilled PC material. It also exhibited a stiffer response of 7.8%. The PC/SiC 2 wt.% also exhibited enhanced mechanical properties when correlating the results with the unfilled PC material. At higher loadings, the mechanical response decreases, with the 3 wt.% loading having a similar performance to the pure PC and the 6 wt.% showing an intense decrease in its mechanical response. This indicates that a saturation threshold of the SiC additive in the PC thermoplastic is expected when slightly increasing the filler further than 6 wt.%.



The morphology of the side surface of the filaments that has been produced in this work (pure PC and PC/SiC nanocomposites) was captured with AFM. The inclusion of the SiC additive in the matrix material (PC polymer) increases the surface roughness of the filaments when correlating the results with the unfilled PC polymer. No clear trend can be observed for the surface roughness compared with the filler loading (please see Supplementary Material Figure S3).




3.3. 3DP Specimens’ Mechanical Strength Characterization


The graphs of the storage modulus, the loss modulus, and the tan (delta) that were obtained from the DMA experiments for the pure PC and the nanocomposites with the SiC concentrations that have been examined in this work are depicted in Figure 5. All of the materials studied here responded similarly to each of the three values that were determined in the DMA tests, and the patterns of the curves were consistent across all cases. The inclusion of the filler in the nanocomposites had no important impact on the glass transition temperature. The highest storage modulus is reported for the pure PC polymer. The addition of filler overall decreases the storage modulus, indicating a weaker nanocomposites elastic behavior, compared to the unfilled PC material. All of the nanocomposites had similar storage modulus values. Only the 1 wt.% concentration nanocomposite had slightly lower storage modulus values than the remaining nanocomposites. Apart from that observation, overall, the DMA findings suggest that the introduction of the SiC additive had no significant effect on the polymer’s viscoelastic behavior.



The calculated tensile strength results that were acquired by the corresponding tests are presented in Figure 6. A clear enhancement of the performance of the PC polymer in the tensile test is presented, with the introduction of the SiC additive. The highest increase in the tensile strength (19.5%) is reported for the 2 wt.% nanocomposite (Figure 6B). For the SiC loadings up to 3 wt.%, the tensile strength is improved compared to the unfilled PC polymer, indicating that the study achieved its goal and SiC can enhance the strength of the PC polymer in MEX 3DP. In the 6 wt.% nanocomposite (the highest concentration studied herein), the tensile strength is reduced when comparing the experimental results with the unfilled PC polymer, indicating that a further increase in the filler loading would reach the percolation threshold of this specific additive (SiC) in the PC polymer. The use of the SiC filler has also led to an increase in the tensile modulus of elasticity (Figure 6C). The prepared nanocomposites depict a stiffer behavior than the pure PC polymer concentrations of the SiC additive up to 3 wt.%. An increase of 9.6% in the tensile modulus of elasticity was found for the nanocomposite with a 1 wt.% filler concentration. The 2 wt.% nanocomposite had a rather similar response.



The enhancement of the mechanical performance of the nanocomposites with the introduction of SiC in the PC polymer was also verified in the flexural tests, with the results presented in Figure 6D–F. A constant increase in the flexural strength of the samples is reported (Figure 6E) with the increase in the SiC concentration in the nanocomposites, for loadings up to 3 wt.%. A rather similar response is reported for the flexural modulus of elasticity (Figure 6F). An increase of 16% in the flexural strength is reported, when comparing the results with the unfilled PC thermoplastic, and the corresponding flexural modulus of elasticity is 25.4%, both with the 3 wt.% nanocomposite. In the flexural tests, similar to the tensile tests, the 6 wt.% nanocomposite exhibits lower values compared to the unfilled PC polymer.



From the stress compared to strain graphs, which were derived from the tensile and flexural tests, the corresponding tensile and flexural toughness values (the absorbed energy during the test) were calculated as integrals of these curves (Figure 7). These values follow the same pattern as the corresponding tests. The 2 wt.% nanocomposite exhibits the highest value for the tensile test (with a massive 95.8% increase compared to the pure PC) and 3 wt.% loading for the flexural test (25.4% improvement when correlating the results with the unfilled PC). The 6 wt.% nanocomposite in both tests (tensile and flexural) show reduced toughness values compared to the nanocomposites with lower filler concentrations, but the results, in this case, have a different pattern compared to the mechanical test results. The tensile strength of the 6 wt.% nanocomposite is lower than the unfilled PC polymer, while the tensile toughness is significantly increased when comparing the results to the unfilled PC thermoplastic. The flexural strength of the 6 wt.% nanocomposite is also lower than the unfilled PC, while the flexural toughness is about the same as the unfilled PC polymer. These differences indicate that the introduction of the additive had an impact on the energy that the material absorbed when conducting the tests and led to an increase in the strain of the material before it failed in the tests.



The impact test results follow a similar pattern to the flexural test results, with constantly increasing strength values, by increasing up to 3 wt.% of the additive concentration (Figure 7C). A 35.9% increase is reported for the 3 wt.% nanocomposite. The Vickers microhardness measurements (Figure 7D) do not have a similar pattern as the other mechanical tests. The Vickers microhardness shows a decreasing trend with the increase in the filler concentration in the nanocomposites for concentrations up to 3 wt.%. Only the 6 wt.% nanocomposite exhibited increased Vickers microhardness values, which was a 6.6% increase compared to the unfilled PC polymer.



When adding filler at loadings higher than that which exhibited the highest mechanical enhancement, a saturation of the filament in the matrix starts to occur and the mechanical properties start to decrease. The decrease in the mechanical properties is an indication of this saturation. There is a saturation threshold for the loading of each additive in each material, which was not reached in this work, as this was not within the scope of the work. Additional research is required in order to precisely calculate this saturation threshold, which can be the subject of future work. The experimental results of the mechanical tests are summarized in Figure 8. The nanocomposite exhibiting the highest response in each test is indicated.



The results that are presented herein cannot be evaluated with the existing research that is presented in the literature, since no similar nanocomposite has been developed and studied so far, for any production process. As mentioned in the introduction section, similar compounds use blends [67,68,69], therefore, the corresponding results cannot be directly correlated with the results of this work. In one study, a PC/SiC compound was examined, but no mechanical tests were conducted in the respective work [70]. The filament tensile test results of the study can only be qualitatively compared with the 3DP samples’ results, as they were not following a standard. In the filament tensile tests, enhanced mechanical behavior was determined, verifying the results of the study. However, when comparing the 3D-printed samples’ tensile response with the corresponding results for the filament, it can be observed that the tensile properties of the 1 wt.% SiC filament were the highest among all of the materials that were tested, whereas after the 3D-printing process, the highest tensile properties were achieved for the 2 wt.% SiC filled specimen. This difference can be attributed to the fact that the 3D-printed parts are highly dependent on the 3D-printing parameters. The effect of the 3D-printing parameters on the specific nanocomposites that have been developed in this work was not within the scopes of the work. One set of 3D-printing parameters was applied in order to be able to compare the results and evaluate them under the same conditions. The enhancement in the filament was measured to be smaller than the 3D-printed parts (7.6% in the filament and 19.5% in the 3D-printed parts), which also verifies this behavior. Additionally, the filament was tested under different conditions than the 3D-printed samples. The 3D-printed samples were tested according to a standard (ASTM D638), while that was not the case for the filament. Finally, due to the additional extrusion process that the material undergoes in the 3D printer head, it is possible that its properties are slightly altered in terms of the rheological characteristics and the homogenization of the additive in the matrix.




3.4. Examination of the Morphological Characteristics of the 3DP Specimens


The micrographs of the pure PC polymer that were acquired by SEM are presented in Figure 9. The images of the side surface (Figure 9A,B) show an excellent 3DP quality, with defects being minimum and not affecting the structure of the part. This indicates that the 3DP settings were appropriate for the manufacturing of the part. The fracture area images of a tensile sample (Figure 9C,D) show deformation in the strands, indicating a rather ductile fracture mechanism. In the 30× magnification image, the voids that are shown are expected due to the structure of the 3DP parts, which causes porosity in them. Any voids showing filament strands that are separated can be attributed to the failure of the 3DP structure, during the experiment, which led to the failure of the part.



Figure 10 shows the side images of the different SiC concentration nanocomposites that were prepared in this work. As the SiC concentration increases, the 3DP quality seems to be reduced, with the layer interfusion having visible defects. At the highest filler concentration of 6 wt.% (Figure 10G,H), only a few layers can be distinguished in the micrographs and the surface of the strands is not smooth. This is reflected in the mechanical performance of the 6 wt.% nanocomposite, which is decreased compared to the nanocomposites with a lower filler concentration. Moreover, the worsening of the layer fusion with the increase in the filler concentration is an indication that the material is harder to process as the filler concentration increases. Figure 11 presents the fracture surface of one randomly selected tensile test sample from each nanocomposite fabricated in the work. With the increase in the SiC concentration in the nanocomposites, the fracture area becomes rougher. In the 1 wt.% (Figure 11A,B) and the 2 wt.% (Figure 11C,D) nanocomposites, a rather brittle fracture area is observed, with minimum deformation on the part’s structure. In the nanocomposites with higher filler loadings (Figure 11E,H), internal cavities are observed and the 3DP structure is not clearly visible. This has an increasing trend with the increase in the SiC concentration in the nanocomposites. Higher magnification micrographs of 5000× (Figure 12E–G) were also taken in order to investigate the fracture areas for the agglomerations of the SiC material in the nanocomposites. No agglomerations were located in the examined areas. In the higher magnification images, Energy-dispersive X-ray spectroscopy (EDS) graphs were produced (Figure 12H), and the elements in the materials were verified. The identified elements with the EDS process were those that were expected for the materials investigated for all of the concentrations that were studied (Figure 12A–D).





4. Conclusions


In this study, in MEX 3DP, the effect of using SiC as an additive in the PC matrix for the enhancement of the polymer’s mechanical performance was verified. For these materials, in any production process, there are no studies of a similar nature in the literature. In this work, the impact of the concentration of the additive in the matrix material was also considered, with the 3 wt.% nanocomposite showing the highest improvement in the mechanical performance overall among the materials that were tested herein. The highest filled nanocomposite (6 wt.%) showed a reduced mechanical performance, showing that, with the process that was followed, an enhanced mechanical response can be achieved with low filler concentrations.



The nanocomposites were prepared for MEX 3DP with a thermomechanical process. The process was proven to be feasible, with any processability issues appearing at the higher filler loadings. Therefore, the process can be directly adapted to industrial-scale environments. Additionally, the thermal properties investigation verified the stability of the materials that were prepared. With this process, the inferior mechanical properties of the 3DP parts can be compensated, with the development of nanocomposites having enhanced the mechanical performance in 3DP.



Finally, this process can be characterized as cost-effective. With the process followed herein, any increase in the cost is owed to the additional cost of the SiC additive in the required raw materials. Considering that in commercial filaments the cost ratio between the raw material and the filament is about 1/10, it can be assumed that the main cost is the cost of the preparation and not the expense of sourcing the raw materials. With the methodology that has been followed here, there is a rather negligible increase in this cost, with the addition of the SiC cost, for the preparation of the nanocomposites. Considering that the 3 wt.% showed the most enhanced response, the quantities of reinforcing the materials that are required are low. The cost of the PC polymer is about EUR 0.04/gr, while the cost of the SiC additive is about EUR 0.76/gr. With these laboratory-scale prices, for the 3 wt.% nanocomposite the cost of the raw materials would be EUR 0.042/gr. This is an increase of 5% in raw materials cost. In addition, these prices can be significantly reduced in industrial-scale environments. In future work, the process can be further optimized and the required steps for its industrialization can be determined and evaluated as well.



Overall, the concluding remarks from this work are as follows:




	
It is feasible to produce PC/SiC nanocomposites with a thermomechanical extrusion process;



	
SiC can act as a boosting agent for the mechanical response of the PC polymer;



	
Such a reinforcing process, apart from improving the mechanical properties, exploits the benefits of 3DP in fields where special demands for enhanced mechanical performance of the parts are sought;



	
In MEX 3D printing overall, the 3 wt.% loading nanocomposite achieved the highest response in the mechanical tests;



	
The loadings that are higher than 3 wt.% lead to inferior mechanical properties, indicating the saturation of the filler in the matrix;



	
The process that was followed here is cost-effective. Only the cost of the raw materials was increased, increasing the total cost of the process for the preparation of the materials by a negligible amount;



	
The process can be directly adopted for industrial use.
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Figure 1. Methodology of the current work. 
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Figure 2. Pure PC and PC/SiC nanocomposites TGA results: (A) graph of the weight loss (%) compared to temperature (°C); (B) graph for the mass degradation rate (dw/dT) compared to temperature (°C). 
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Figure 3. Pure PC and PC/SiC nanocomposites DSC results (endotherm and exotherm heat flow graph, W/g, compared to temperature, °C) for PC: (A) pure, (B) SiC 1 wt.%, (C) SiC 2 wt.%, (D) SiC 3 wt.%, (E) SiC 6 wt.%, and (F) zoom on the exotherm graphs for comparison purposes. 
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Figure 4. Pure PC and PC/SiC nanocomposites Raman spectra results. 






Figure 4. Pure PC and PC/SiC nanocomposites Raman spectra results.



[image: Polymers 14 03492 g004]







[image: Polymers 14 03492 g005 550] 





Figure 5. DMA tests results (storage modulus, loss modulus, and tan (delta)), PC: (A) pure, and nanocomposites with SiC at loadings of (B) 1 wt.%, (C) 2 wt.%, (D) 3 wt.%, (E) 6 wt.%, and (F) glass transition temperature Tg (°C) at 25 °C, and the corresponding storage modulus values. 
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Figure 6. Experimental results of the tensile and the flexural tests (tests were terminated at 5% strain, in accordance with the instructions of the ASTM D790 standard): (A) stress compared with strain graphs, (B) mean calculated tensile strength and the corresponding calculated deviation out of the five samples tested (C) mean calculated tensile modulus of elasticity and the corresponding calculated deviation out of the five samples tested, (D) stress compared with strain, (E) mean calculated flexural strength, and the corresponding calculated deviation out of the five samples tested, and (F) mean calculated flexural modulus of elasticity and the corresponding calculated deviation out of the five samples tested. 
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Figure 7. (A) Mean calculated tensile toughness (MJ/m3) and the corresponding calculated deviation of the five samples tested, (B) mean calculated flexural toughness (MJ/m3) and the corresponding calculated deviation of the five samples tested, (C) experimentally calculated impact strength (kJ/m2) and the corresponding calculated deviation of the five samples tested, and (D) measurements of the Vickers microhardness and the corresponding calculated deviation of the five samples tested. 






Figure 7. (A) Mean calculated tensile toughness (MJ/m3) and the corresponding calculated deviation of the five samples tested, (B) mean calculated flexural toughness (MJ/m3) and the corresponding calculated deviation of the five samples tested, (C) experimentally calculated impact strength (kJ/m2) and the corresponding calculated deviation of the five samples tested, and (D) measurements of the Vickers microhardness and the corresponding calculated deviation of the five samples tested.
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Figure 8. Overview of the results of the mechanical tests. The darkened region indicates the mechanical response of the unfilled PC. The material exhibiting the highest performance is indicated in the figure, on the right side. 
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Figure 9. SEM micrographs of the 3D-printed sample of pure PC polymer: (A) 30× magnification of the side surface, (B) 150× magnification of the side surface, (C) 30× magnification of the fracture surface, and (D) 300× magnification of the fracture surface. 






Figure 9. SEM micrographs of the 3D-printed sample of pure PC polymer: (A) 30× magnification of the side surface, (B) 150× magnification of the side surface, (C) 30× magnification of the fracture surface, and (D) 300× magnification of the fracture surface.



[image: Polymers 14 03492 g009]







[image: Polymers 14 03492 g010 550] 





Figure 10. SEM micrographs of the side surface of the prepared PC/SiC nanocomposites: (A) 30× magnification, 1 wt.%, (B) 150× magnification, 1 wt.%, (C) 30× magnification, 2 wt.%, (D) 150× magnification, 2 wt.%, (E) 30× magnification, 3 wt.%, (F) 150× magnification, 3 wt.%, (G) 30× magnification, 6 wt.%, and (H) 150× magnification, 6 wt.%. 
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Figure 11. SEM micrographs of the fracture surface of the prepared PC/SiC nanocomposites: (A) 30× magnification, 1 wt.%, (B) 300× magnification, 1 wt.%, (C) 30× magnification, 2 wt.%, (D) 300× magnification, 2 wt.%, (E) 30× magnification, 3 wt.%, (F) 300× magnification, 3 wt.%, (G) 30× magnification, 6 wt.%, and (H) 300× magnification, 6 wt.%. 
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Figure 12. PC/SiC nanocomposite EDS graphs: (A) 1 wt.%, (B) 2 wt.%, (C) 3 wt.%, and (D) 6 wt.%. PC/SiC nanocomposites at 5000× magnification SEM micrographs of the fracture surface: (E) 1 wt.%, (F) 6 wt.%, (G) 3 wt.%, and (H) EDS graph on the area marked in Figure 12G. 
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Table 1. The Raman spectra differences in behavior (clear PC and PC/SiC nanocomposites).
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	Wavenumber (cm−1)
	Assignment
	Change





	781
	Si–O stretching
	Increase of peak for SiC 6% sample [75]



	966
	Antisymmetric stretching of Si–O
	Increase of peak for SiC samples [75]



	1003
	C–H bending
	Increase of peak for SiC samples [73]



	1175
	C–O–C stretching
	Increase of peak for SiC samples [73]



	1344
	Si–C
	Increase of peak for SiC 6% sample [76]
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