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Abstract

:

In this work, we present an effective process easily adapted in industrial environments for the development of multifunctional nanocomposites for material extrusion (MEX) 3D printing (3DP). The literature is still very limited in this field, although the interest in such materials is constantly increasing. Nanocomposites with binary inclusions were prepared and investigated in this study. Polylactic acid (PLA) was used as the matrix material, and cuprous oxide (Cu2O) and cellulose nanofibers (CNF) were used as nanoadditives introduced in the matrix material to enhance the mechanical properties and induce antibacterial performance. Specimens were built according to international standards with a thermomechanical process. Tensile, flexural, impact, and microhardness tests were conducted. The effect on the thermal properties of the matrix material was investigated through thermogravimetric analysis, and Raman spectroscopic analysis was conducted. The morphological characteristics were evaluated with atomic force microscopy (AFM), scanning electron microscopy (SEM), and energy-dispersive X-ray (EDS) analyses. The antibacterial performance of the prepared nanomaterials was studied against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) bacteria, with a screening agar well diffusion method. All nanocomposites prepared exhibited biocidal properties against the bacteria tested. The tested PLA/1.0 CNF/0.5 Cu2O material had 51.1% higher tensile strength and 35.9% higher flexural strength than the pure PLA material.
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1. Introduction


Additive manufacturing is an increasingly used manufacturing process [1]. Several polymers are employed in the process for the manufacture of parts because they are easy to process, with low associated costs, resulting in extensive research in the field [1]. Current research is focused on the study of the mechanical properties polymers in various types of tests (tensile, flexural, and impact tests, among others) [2,3], the optimization of 3D printing parameters [4,5,6], and their sustainability [7,8], among others. To enhance the performance of polymers and to expand their functionality, additives are introduced in polymer matrices for the development of composites featuring advanced characteristics compared to pure polymers [9,10,11,12].



Polylactic acid (PLA) is a biocompatible and biodegradable thermoplastic polymeric material found in nature with higher mechanical strength than other thermoplastics [13], as well as ease of processing [14]. Due to its specifications, it is widely used in various types of applications, mainly in packaging, the food industry [15], and various types of medical applications, such as implants, scaffolds, sutures, membranes [16], tissue engineering, and drug delivery systems [17], among others. In such applications, the main advantages of polylactic acid include its biocompatibility, biodegradability, easy processing, and high mechanical strength compared to other polymers. As a matrix material, it has great potential in nanocomposite development because of the combination of properties such as biocompatibility, processability, and in situ hydrolytic degradation [18]. In Additive manufacturing (AM), it is the most popular material for material extrusion (MEX) 3D printing [19]. In 3D printing, polylactic acid has been thoroughly studied in the literature for its mechanical properties (tensile strength) [20,21,22,23,24], its surface and dimensional accuracy [25], its recycling behavior [26], its performance in medical applications [27,28], and as a matrix material in nanocomposites [29,30]. Additionally, it has been studied for its response in hybrid additive manufacturing (HAM) technology [31]. Copper (Cu) is a commonly used additive in polymers because it induces electrical [32] and antibacterial properties in matrix materials [33,34]. Its oxides, such as cuprous oxide (Cu2O), have also been used in 3D printing for the development of nanocomposites with multifunctional behavior and antibacterial properties, among others [35]. In MEX 3D printing, copper and its oxides have been mixed with PLA polymer for the development of composites for biomedical applications [36,37], electrical applications [37,38,39], and enhancement of mechanical properties [40,41,42]. Cellulose is an ecofriendly biomass material derived from plants. It is biodegradable and renewable [43,44]. Although cellulose does not possess antibacterial properties, it had been commonly used as a filler in various medical applications, enhancing the performance of metal additives [45]. In nanofiber form (cellulose nanofiber, CNF) it has been used in 3D printing as to enhance the mechanical properties of PLA and other polymers [46,47,48,49,50]. Additionally, research on mixing of PLA with cellulose in 3D printing has been focused on biocomposite development [51,52,53], medical treatment [54,55], and scaffolds with antimicrobial performance [56]. Still, no research is available in the literature that explores the combination of Cu2O and CNF nanofillers with a PLA matrix material to determine their effect on the specifications of the material. Cu2O is known for its antibacterial performance, as mentioned above, whereas CNF is popular in medical applications as an agent used to improve the antibacterial performance of the additives with such performance. CNF has also been used as an additive for the mechanical enhancement of materials. Therefore, to achieve multifunctional performance in nanocomposites with enhanced mechanical performance and antibacterial properties, these two fillers were combined in this work in the developed nanocomposites. The effect of CNF on the antibacterial performance of the nanocomposites was also investigated. Nanocomposites were prepared with various CNF loadings to investigate the possibility of CNF enhancing the medical performance of the Cu2O additive, as stated in the literature for other types of additives and matrix materials.



In this work, we explore the possibility and industrial merit of developing nanocomposites with multifunctional behavior with a rigorous and effective process that can be easily adapted to industrial environments. To that end, for the first time, the effect of binary inclusions, i.e., Cu2O and CNF in nanoscale form, in a PLA matrix was investigated. Moreover, binary inclusion nanomaterials were prepared for MEX 3D printing to consider the effect of 3D printing on their performance and expand their use into 3D printing, exploiting its advantages. The aim of the present study was to develop multifunctional nanocomposites with antibacterial behavior suitable for biomedical applications, such as parts for medical devices, fixtures, and tools requiring an enhanced mechanical response. Such materials have a high industrial potential for various types of applications, especially when 3D printing is the manufacturing process employed. Nanomaterials were prepared with a thermomechanical material extrusion process from raw materials in various concentrations, and specimens were 3D-printed following international standards for experimental investigation, i.e., American Society for Testing and Materials (ASTM) D638-02a for tensile tests, ASTM D790-14 for flexural tests, ASTM D6110-04 for the Charpy’s impact test, and ASTM E384-11 for Vickers’s microhardness measurements. We also assessed the thermal properties (degradation and degradation rate of the material vs. temperature) and spectroscopic response (Raman spectra) of the prepared nanocomposites. Their morphological characteristics were investigated with atomic force microscopy (AFM) (the surface roughness of the side surface of the produced filaments) and scanning electron microscopy (SEM) (structure of the side and the fracture surface of the 3D-printed tensile specimens). Finally, the antibacterial performance was investigated with a screening agar well diffusion process for Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus). We found that binary inclusions further enhance the mechanical response of the matrix material compared to nanocomposites with only one of the tested two fillers. Saturation of the material was reached with the studied concentrations. All of the tested nanocomposites containing Cu2O filler showed a sufficient antibacterial performance against the tested bacteria, with the concentration of CNFs further enhancing this response.




2. Materials and Methods


The process for the synthesis of the nanocomposites is summarized in Figure 1. Figure 1(1) presents the preparation of the raw materials, with weights and quantities, to achieve correct filler loadings in the nanocomposites. Figure 1(2) shows the filament preparation process in the filament extruder, with the filament coming out of the extruder and passing through the real-time filament diameter sensor and the extruder’s rollers. Figure 1(3) shows the drying process of the produced filament in a Memmert laboratory oven (Memmert GmbH, Schwabach, Germany). Figure 1(4) shows the 3D printing process with an Intamsys Funmat HT 3D printer (Intamsys Technology Co., Ltd., Shanghai, China). The 3D printer’s head is shown printing a tensile test specimen. The steps for the characterization of the prepared nanocomposites are presented in Figure 2. Figure 2(1) presents the instrument used to obtain the Raman spectra (LabRAM HR Raman Spectrometer). Figure 2(2) shows the TGA process on Perkin Elmer diamond instruments. Specifically, the weights of the device are shown. Figure 2(3) shows a tensile test on a 3D-printed specimen on the Imada MX2 (Imada Inc., Northbrook, IL, USA) instrument. The standardized grips of the instrument are shown, and the image was captured after failure of the specimen in the tensile test. Figure 2(4) shows the 3-point bending flexural test on a 3D-printed specimen on the Imada MX2 instrument (Imada Inc., Northbrook, Illinois, USA). Figure 2(5) shows the topography of a filament’s side surface captured in by atomic force microscopy (AFM) on a Microscope Solver P47H Pro device. Figure 2(6) shows a tensile test specimen fracture surface image at 5000× magnification acquired with scanning electron microscopy on a JEOL JSM 6362LV instrument. Figure 2(7) shows a Petri dish with a specimen inspected by an optical microscope during the agar well diffusion screening process. The bacterium cultures and the inhibition zone were observed with a microscope. Figure 2(8) shows the developed inhibition zone of a specimen tested with the agar well diffusion screening process.



For the preparation of the nanocomposites, raw materials were procured in powder form. More specifically, 3052D-grade (molecular weight, 116.000 g/mol,) PLA was procured from Kritis SA (Heraklion, Greece). Cu2O (average particle size, 80 nm; purity, 99.5%; melting point, 1240 °C) and CNFs (329 °C decomposition temperature, 1.50 g/cm3 density) were procured from Nanografi (Nanografi Inc., Ankara, Turkey). Materials were dried in a laboratory oven before they were mixed at the concentrations studied herein. More specifically, mixtures of PLA with one of the two fillers were prepared for comparison purposes, i.e., nanocomposites with PLA and 0.5 wt.% CNF and PLA with 0.5 wt.% Cu2O. These materials, along with the pure PLA polymer, were used as control samples for the study. Additionally, the effect of each filler in the PLA material was evaluated. Then, nanocomposites combining the two additives were prepared in order to evaluate the effect of binary inclusions in comparison with the control samples. The Cu2O loading was kept constant in all cases at 0.5 wt.%, and CNF was added at various concentrations, i.e., 0.5, 1.0, 2.0, and 3.0 wt.%, to evaluate the effect of CNF concentration in the nanocomposite. With this approach, the potential of CNF to enhance mechanical properties was assessed, along with its effect on improving the antibacterial performance of Cu2O in the nanocomposites.



The powder mixtures were fed into a Noztek Pro extrusion system (Noztek, Shoreham-by-Sea, UK) and processed at 180 °C as a first step for the dispersion of the additives in the nanocomposites. The produced filament was then shredded to pellets on a 3D Evo laboratory shredder (3D Evo B.V., Utrecht, The Netherlands). The pellets were then fed into a 3D Evo 450 composer single-screw extruder (3D Evo B.V., Utrecht, The Netherlands), which is suitable for 1.75 mm diameter filament production for MEX 3D printing. It also features a special screw design for polymers and additive mixing, according to the manufacturer. Materials without CNFs were processed at the following temperatures: 180 °C in heating zone 1, closer to the nozzle; 190 °C in heating zone 2; 185 °C in heating zone 3; and 180 °C in heating zone 4, closer to the hopper. Materials with CNFs were processed at the following temperatures: 190 °C in heating zone 1, closer to the nozzle; 190 °C in heating zone 2; 185 °C in heating zone 3; and 185 °C in heating zone 4, closer to the hopper. Along with the nanocomposites, pure PLA filament was also produced for comparison purposes. The temperatures in the filament extruders were adjusted based on experimental data determined before the production of the filament for this work.



The filament was evaluated for its thermal properties, its surface morphology, and its spectroscopic response. The thermal properties were determined through thermogravimetric analysis (TGA) (temperature range of 40 °C to 550 °C, temperature ramp of 10 °C/min) on a Perkin Elmer Diamond TGA/DTGA (Waltham, MA, USA) apparatus. The surface morphology of the filament was evaluated with atomic force microscopy (AFM). A P47H Pro microscope solver (NT-MDT, Moscow, Russia) apparatus was used, and the surface roughness of the side of the filament was measured. The identification of the surface roughness on the side of the filament with AFM is an index related to the quality of the extrusion process and the effect of the filler loading increase. The surface roughness value measurement in each filament cannot be utilized by itself, but the change in this value with variation of the filler and its loading is an indication of the extrusion process. The filament produced for the MEX 3D printing process is measured for its diameter, which has to be as close as possible to 1.75 mm in this study; however, this by itself is not enough for efficient 3D printing. The surface quality of the filament should also be satisfactory for extrusion to be possible.



Raman measurements were performed with a modified LabRAM HR Raman spectrometer (HORIBA Scientific, Kyoto, Japan). Raman excitation was achieved with a 532 nm central wavelength solid-state laser module with a maximum laser output power of 90 mW. The microscope was coupled with a 50× microscopic objective lens with a 0.5 numerical aperture and a 10.6 mm working distance (LMPlanFL N, Olympus) that delivered the excitation light and collected the Raman signals. A neutral density filter of 5% transmittance was used, which resulted in 2 mW of power on the sample. The laser spot size was proximately 1.7 μm laterally and about 2 μm axially. Grating of 600 groves was used, resulting in a Raman spectral resolution of around 2 cm−1. The Raman spectral range was set in the range of 300 to 3100 cm−1, resulting in 2 optical windows per point. The acquisition time for each measurement was 10 s, with 5 accumulations at each point. Importantly, Raman spectroscopy shows whether new bonds are generated between the PLA and the additive materials. Such a bond could trigger studies regarding material strength improvement.



Afterward, the produced filament was used for specimen fabrication on an Intamsys Funmat HT MEX 3D printer (Intamsys Technology Co., Ltd., Shanghai, China) for mechanical characterization of the produced materials. The 3D printing settings and the produced specimen specifications followed the corresponding international standards, i.e., American Society for Testing and Materials (ASTM) D638-02a for the tensile tests, ASTM D790-14 for the flexural tests, ASTM D6110-04 for the Charpy’s impact test, and ASTM E384-11 for the Vickers’s microhardness measurements, as shown in Figure 3. Six specimens were manufactured in each mechanical test, and five were tested according to the standards (an extra specimen was prepared as a spare in case of a defective specimen).



The produced specimens were tested for determination of their mechanical response in tensile (ASTM D638 [57]), flexural (ASTM D790 [58]), and Charpy impact (ASTM D6110 [59]) tests. Tensile (Figure 2(3)) and flexural tests (Figure 2(4)) were carried out on an Imada MX2 (Imada Inc., Northbrook, IL, USA) apparatus with a suitable setup for each case (standard grips in the tensile tests and three-point bending with a 52 mm support span in the flexural tests), with 10 mm/min elongation speed. Impact tests were carried out on a Terco MT 220 (Terco AB, Kungens Kurva, Sweden) apparatus (initial hammer height, 367 mm). Additionally, the Vickers microhardness of the specimens was measured (ASTM E384 [60]) on an Innova Test 400-Vickers (Innova Test Europe BV, Maastricht, The Netherlands) apparatus (0.2 kg force scale, 10 s indentation, indenter apex angle of 136°). Scanning electron microscopy (SEM) was employed to reveal the morphological characteristics and the fracture mechanism of the specimens (Figure 2(6)), and images were captured at various magnifications on gold-sputtered specimens at 20kV. A JEOL JSM 6362LV apparatus (JEOL, Ltd., Tokyo, Japan) was used. Additionally, on the same apparatus, energy-dispersive x-ray spectroscopy (EDS) was applied to verify the elements in the nanocomposites by studying unsputtered specimens.



Finally, the antibacterial response of the nanocomposites was tested with a screening agar well diffusion process [61] for Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative Escherichia Coli (E. coli) bacteria. Petri dishes (85 mm diameter) were procured that contained the bacterium growth agent, which differs for each bacterium. More specifically, Petri dishes with MC.2, C.010066 for E. coli and Chapman, C.010068 for S. aureus were used as bacterium growth agents. Initially, they were placed in a laboratory oven for about half an hour in order to remove any moisture. Each bacterium was acquired with a syringe and dissolved in a natural serum to create a bacterium solution. The concentration of the bacterium in the solution was sufficient (developing dense bacterium colonies as observed under an optical microscope) for the process, with the same concentration used for all tests performed. The solution was homogenized and then inspected optically. The specimens were numbered, with each number corresponding to a specific specimen, i.e., a specific material. Corresponding numbered specimens were also placed in the Petri dishes. The solution was placed in a test tube and acquired with a swab. With the swab, the bacterium solution was uniformly smeared in the bacterium growth agent in the Petri dishes. Specimens were placed on the Petri dishes with the corresponding number close to their center. The Petri dishes were placed in a laboratory oven for 24 h at 37 °C. The developed inhibition zones (IZs) were measured afterward using optical equipment, following the same process for each specimen.




3. Results


3.1. Filament Evaluation


The TGA and derivative thermogravimetry (DTGA) graphs for all materials tested in this work as shown in Figure 4. No significant changes in material degradation can be observed (Figure 4A), with the graphs shifting to slightly lower temperatures with increased filler concentration. A small increase in the weight of samples presented in the inset graph of Figure 4A is typical behavior during the TGA. This is an artifact of the machine at the point at which the material changes its behavior until the machine is stabilized. As shown in Figure 4B, the increase in the filler reduces the weight loss rate, and the maximum rate occurs at lower temperatures; however, the differences between the tested materials are not significant.



For evaluation of the surface quality of the produced filament, surface measurements were taken with AFM. The surface morphology of all tested materials is presented in Figure 5. No specific trend in the recorded surface roughness values can be observed between the different materials. The highest surface roughness values are reported for the PLA/CNF 0.5 wt.% and the lowest for the PLA/Cu2O 0.5 wt.% material. The results show that the addition of two fillers does not significantly affect the surface quality of the filaments. Based on these results, it can be assumed that the addition of the studied fillers does not significantly affect the processability of the materials and their ability to be extruded.



As is shown in Figure 6, the major Raman peaks are associated with pure PLA. The PLA sample with 0.5 wt.% CNF shows no significant changes. The PLA sample with 0.5 wt.% Cu2O presented a very high photoluminescence signal that could not be removed during background subtraction. This high photoluminescence was expected from Cu2O, as clearly described in the literature [62]. When mixed with CNF, this photoluminescence is reduced is due to the high absorption of CNF. The PLA sample with 0.5 wt.% Cu2O and 0.5 wt.% CNF, the PLA sample with 0.5 wt.% Cu2O and 1.0 wt.% CNF, the PLA sample with 0.5 wt.% Cu2O and 2.0 wt.% CNF, and the PLA sample with 0.5 wt.% Cu2O and 3.0 wt.% CNF did not present the same high characteristic photoluminescence as Cu2O but exhibited a significant increase in the Raman line at 2945 cm−1 related to C-H stretching and bending. The remaining photoluminescence from Cu2O was successfully removed by background subtraction.



The major Raman peaks identified in analysis of pure PLA, as well as their related assignments, are presented in Table 1. The range of the identified Raman peaks is between 870 cm−1 and 1996 cm−1.




3.2. Material Characterization and Morphological Evaluation


The tensile experiment results are shown in Figure 7 in the form of typical stress vs. strain graphs for all the tested materials. An enhancement can be observed with the introduction of additives in the matrix material. The maximum recorded strain does not significantly differ between the cases, indicating that the ductility of the matrix material is not affected. The enhancement of the tensile properties with the addition of the fillers is also verified in Figure 7B, in which the calculated average tensile strength is presented for all the materials tested. The highest tensile strength is reported for the nanocomposite with 0.5 wt.% Cu2O and 1.0 wt.% CNF, with an enormous 51.1% increase compared to the pure PLA material. Increasing the CNF loading decreases the tensile strength of the materials, with the highest loading of 3.0 wt.% resulting lower strength than the pure PLA. This is an indication that saturation of the fillers in the matrix was reached. The exact saturation point was not determined, as when further increasing the fillers loadings, processability issues occurred, preventing the preparation of nanocomposite materials and specimens with higher filler loadings. A similar trend is observed for the tensile modulus of elasticity (Figure 7C), with the additives making the polymer stiffer. An improvement of 35.9% is reported for the 0.5 wt.% Cu2O and 1.0 wt.% CNF nanocomposite compared to the pure PLA, and a descent in the modulus of elasticity at higher CNF loadings is again reported.



The flexural tests follow a similar trend to the tensile tests regarding the calculated strength (Figure 8A,B). Again, the highest value is reported for the nanocomposite with 0.5 wt.% Cu2O and 1.0 wt.% CNF, with an improvement of 23.2% compared to the pure PLA. The flexural modulus of elasticity does not follow the same trend, with the stiffer response reported for the 0.5 wt.% Cu2O and 0.5 wt.% CNF, with an improvement of 36.9% compared to the pure PLA. Still, the addition of the fillers induces a stiffer behavior in the polymer, and this behavior decreases for CNF loadings higher than 0.5 wt.%. The highest CNF loading of 3.0 wt.% results in a stiffer behavior than the 2.0 wt.% loading, although still following the decreasing stiffness trend.



The calculated tensile and flexural toughness are depicted in Figure 9. This parameter is calculated as the integral of the corresponding stress vs. strain graphs, and it is an indication of the absorbed energy of the material during the tests. For both tests, a similar trend with the corresponding strength values is reported. This is in agreement with the fact that the strain and therefore the ductility of the materials was not significantly affected by the introduction of the additives.



The impact test results are presented in Figure 10A. The additives improve the overall impact strength of the polymer. Only the PLA 0.5 wt.% and 3.0 wt.% CNF has lower strength than the pure PLA, as in the previous tests, again indicating a possible saturation threshold for the nanocomposites. The highest impact strength is reported for the PLA with 0.5 wt.% and 0.5 wt.% CNF, with an improvement of 29.9% compared to the pure PLA material. A similar trend with the impact tests is observed for the Vicker’s microhardness measurements (Figure 10B). Only the highest CNF loading results in values lower than those of pure PLA, and an improvement of 25.8% was measured for the PLA/Cu2O 0.5 wt.%. Nanocomposites with both fillers showed improvement in microhardness relative to the pure PLA but lower values than the PLA/Cu2O 0.5 wt.% nanocomposite. Again, only the nanocomposite with the highest CNF loading results in lower values than the pure PLA material. The nanocomposite with PLA/CNF 0.5 wt.% shows no improvement in microhardness compared to the pure PLA, which partly justifies the response of the nanocomposites containing CNFs in these measurements.



The morphological characteristics of the pure PLA were investigated, and the SEM images are shown in Figure 11. In Figure 11A, the side surface of the specimen is shown. The layer height was verified, and an excellent 3D printing process is depicted, with flawless layer fusion and no voids or defects present. The fracture surface (Figure 11B) shows a rather brittle fracture mechanism, with strands in most of the fracture failing with no visible deformations.



SEM images of the side surfaces of all the tested nanocomposites are shown in Figure 12. A flawless 3D printing process is presented in most cases, with minimal voids shown in specific cases (Figure 12D). Only in the case of PLA/Cu2O 0.5 wt.% and 3.0 wt.% CNF can defects in the layer fusion be observed, justifying the reduced response of the nanocomposite in all the mechanical characterization tests. These defects can be attributed to the possible saturation of the fillers in the matrix, which affected the processability of the material during the 3D printing process.



Figure 13 presents SEM images of the fracture surfaces of tensile specimens of the nanocomposites tested in this work. No severe deformation can be observed in the images, indicating a rather brittle fracture mechanism. The CNFs can be observed in the images, and no agglomerations were detected at this magnification level.



EDS graphs verifying the elements in the nanocomposites were acquired from higher magnification SEM images of uncoated samples (Figure 14). In the higher magnification images, no agglomerations were detected, and the CNFs are visible in the images, indicating a good dispersion of the filler in the matrix material. No additional fillers (elements) that might affect the results of the study were detected in the nanocomposites.



The mechanical characterization results are summarized in Figure 15. Overall, the introduction of the fillers enhances the mechanical response of the pure PLA polymer. The PLA with 0.5 wt.% Cu2O and 1.0 wt.% CNF nanocomposites had the highest mechanical response in most of the tests, indicating a further enhancement in the pure PLA material with the binary inclusions studied herein.




3.3. Antibacterial Activity of the Nanocomposites


The antibacterial activity of the nanocomposites for the two bacteria studied is presented in Figure 16 (E. coli) and Figure 17 (S. aureus), in which the developed inhibition zones (IZs) for each case are presented. All the nanocomposites showed biocidal behavior toward these two bacteria, developing sufficient IZs. Still, the response was different for each bacterium. In Gram-negative E. coli, the introduction of CNFs improved the biocidal performance of the nanocomposites, increased with increased CNF loading. In Gram-positive S. aureus, the opposite behavior was recorded, with the introduction of CNFs reducing the biocidal performance at low loadings when compared to nanocomposites with only the Cu2O filler. The nanocomposite with the highest CNF loading studied herein achieved in the Gram-positive S. aureus screening test had the same IZ as the nanocomposite with only the Cu2O filler. In the case of Gram-positive S. aureus, the addition of CNFs did not further improve the antibacterial performance of the Cu2O filler (and act as an antibacterial property enhancement agent, as stated in the literature for other materials), which has known antibacterial properties.





4. Discussion


With the aim of developing multifunctional nanocomposites for MEX 3D printing, a binary inclusions strategy was followed to enhance the mechanical performance and induce antibacterial properties in the tested materials. A thorough characterization process was followed in this work to investigate the performance of the developed nanocomposites, as well as the effect of fillers in the matrix material. Pure PLA and nanocomposites with one of the two fillers were also prepared and tested for comparison purposes. Such nanocomposites with solitary inclusions (PLA with one filler) have already been investigated in the literature, but no research has yet reported on the effect of simultaneously adding these two fillers in the PLA matrix material for MEX 3D printing or any manufacturing process. The effect of the filler loading was also considered in the present study. Comparing the existing work results with those reported in the literature, PLA/Cu2O nanocomposite mechanical test results (tensile and flexural) are in agreement with corresponding results for PLA/Cu nanocomposites prepared by MEX 3D printing [40,42]. PLA/CNF nanocomposite mechanical test results are also in good agreement with corresponding results reported in the literature [49,52,53]. Any deviations can be attributed to the different grades of the materials and the different equipment used in these research works. Comparison the results obtained in the current study with those reported in the literature further justifies the reliability of the current research results.



Through investigation of thermal properties, we found that the addition of the fillers does not significantly affect the thermal stability of the material. Additionally, the temperatures used for filament extrusions and the 3D printing process were lower than the temperatures at which the developed materials started to degrade. Therefore, these parameters do not affect the experimental results. The surface quality measurements showed that the addition of the fillers does not significantly affect the surface quality of the produced filament.



The preparation of the nanocomposites consisted of steps aiming to achieve good dispersion of the filler in the matrix material with simple processes and equipment. First, the powders were vigorously mixed in a high-power blender for a sufficient time. Then, a first extrusion process was implemented to provide an initial distribution of the fillers in the matrix material. Afterward, the produced nanocomposite filament was shredded into pellets and underwent a second extrusion process in a special MEX 3D printing extruder capable of mixing materials and additives, owing to the geometry of its screw, according to the manufacturer. The good dispersion level achieved with this process for the prepared nanocomposites was verified by the characterization process. In the tests, deviation in the results was within an acceptable limit in all cases. Furthermore, in the morphological investigation process, no agglomerations were observed, and the visible CNFs indicated a rather good dispersion of the filler in the matrix material.



The mechanical characterization tests showed a clear enhancement in the response of the materials with the addition of the fillers. This enhancement was more intense in the nanocomposites containing both fillers, and a similar result pattern was found in most of the tests conducted. This indicates a rather good interaction between the nanofillers and the creation of a fine nanoparticle network. At the highest CNF filler loading, a plausible saturation in filler loading resulted in a decreased mechanical response from the nanocomposite. Morphological investigations on the side surface of the specimens revealed a fine 3D printing quality in all cases, except the case with the highest CNF loading, which is in agreement with the results of mechanical tests carried out in the present study. Morphological investigations of the fracture surface of the tensile specimens revealed a rather brittle fracture mechanism on the filament strands. In the antibacterial performance tests, all the nanocomposites exhibited biocidal properties, with the addition of the CNFs further enhancing the performance of the nanocomposites. Overall, the addition of the CNFs had a positive impact on the material performance at low concentrations. With increased CNF loading, at the highest concentration studied, a plausible filler saturation was reached, as the mechanical properties at this loading were drastically decreased compared to lower filler concentrations. At the highest concentration studied, as expected, only the antibacterial performance increased, developing increased IZ in the tests for the Gram-negative E. coli. For the gram-positive S. aureus, the addition of CNFs at low concentrations negatively affected the antibacterial performance of the Cu2O. At the highest CNF concentration studied, the antibacterial performance of the binary inclusion nanocomposite was the same as that of the nanocomposite with only a Cu2O additive. Higher concentrations could not be achieved due to processability issues.



An agar well diffusion screening process was employed in this work for comparison in order to evaluate the effect of the filler on the antibacterial response. The findings of the screening process were assessed optically. It cannot be safely assumed that the additives induce a radical antibacterial improvement in the materials; however, the prepared nanocomposites have biocidal properties, given that inhibition zones developed during the process. The matrix material alone cannot inhibit bacterial growth, and no inhibition zone was developed with the matrix material in this test, as expected. With this process, the differences between the nanocomposites with different additives and the effect of the binary inclusions in the matrix material were revealed. The differences were found to be marginal in this test.




5. Conclusions


In this work, nanocomposites were developed with binary inclusions for MEX 3D printing. The aim was to develop multifunctional nanocomposites that further expand the usability of the materials and the 3D printing process. More specifically, in the most popular polymer in MEX 3D printing (PLA), Cu2O and CNF nanoparticles were included, which are known in the literature for their effect as fillers in nanocomposites, although they have never been introduced together in a composite. An enhanced mechanical response from the prepared nanocomposites, along with antibacterial properties, was expected to be achieved. This was verified in the work with the characterization processes followed for the prepared nanocomposites. The effect of CNF loading in the nanocomposites was also considered, and a saturation threshold was reached at the highest loading concentration studied herein. This indicates that low CNF loadings are sufficient for inducing a multifunctional character in the nanocomposites. Good synergistic behavior between these two fillers can be assumed, as the addition of the CNFs further enhanced the performance of the materials studied. Overall, the PLA with 0.5 wt.% Cu2O and 1.0 wt.% CNF exhibited the highest mechanical performance, with a 51.1% increase in tensile strength, a 35.9% increase in tensile modulus of elasticity, a 23.2% increase in flexural strength, and a sufficient response in the other mechanical tests conducted compared to the pure PLA polymer. Regarding the antibacterial performance, all the prepared nanocomposites exhibited such properties for the two bacteria tested. The addition of CNFs did not affect the antibacterial performance of the nanocomposites any significant way, so no solid conclusions can be derived. In the screening tests, an increase was achieved with the addition of CNFs in the nanocomposites for the Gram-negative E. coli bacterium. For the Gram-positive S. aureus bacterium, the opposite result is reported, with a slight decrease in the antibacterial performance in the screening tests at low CNF concentrations, with an increasing trend with increased CNF concentration. The nanocomposites prepared and studied herein can be easily adapted for industrial-scale use, with potential to expand MEX 3D printing for applications requiring enhanced mechanical performance and antibacterial properties. In future work, these material loadings can be further optimized, and the process can be expanded for industrial-scale use.
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Figure 1. Process for the synthesis of the nanocomposites: (1) raw material preparation, (2) filament extrusion (3D Evo Composer), (3) filament drying, and (4) 3D printing of specimens (Intamsys Funmat HT). 
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Figure 2. The characterization process for the prepared nanocomposites: (1) Raman spectra (LabRAM HR Raman spectrometer), (2) thermogravimetric analysis (Perkin Elmer Diamond), (3) tensile test (Imada MX2), (4) 3-point bending flexural test (Imada MX2), (5) surface morphology of the filament side surface in atomic force microscopy (Microscope Solver P47H Pro), (6) morphological investigation with SEM (JEOL JSM 6362LV), (7) antibacterial investigation with agar well diffusion screening process (inspection of the bacteria cultures with an optical microscope), (8) inhibition zone developed by a specimen 3D-printed with PLA/0.5 wt.% Cu2O nanocomposite by the agar well diffusion screening process on S. aureus bacterium. 
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Figure 3. 3D printing settings and specimen geometry according to international standards. 
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Figure 4. TGA results for all materials tested: (A) weight loss (%) vs. temperature; (B) DTGA graph depicting the weight loss ratio vs. temperature. 
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Figure 5. Filament surface morphology of all tested nanomaterials, PLA with: (A) 0.5 wt.% CNF, (B) 0.5 wt.% Cu2O, (C) 0.5 wt.% Cu2O and 0.5 wt.% CNF, (D) 0.5 wt.% Cu2O and 1.0 wt.% CNF, (E) 0.5 wt.% Cu2O and 2.0 wt.% CNF, and (F) 0.5 wt.% Cu2O and 3.0 wt.% CNF. 
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Figure 6. Raman spectra graphs depicting the characteristic peaks for all tested materials. 
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Figure 7. For all materials tested: (A) tensile stress vs. strain graph, (B) tensile strength and deviation (five specimens were tested), (C) tensile modulus of elasticity and deviation (five specimens were tested). 
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Figure 8. For all materials tested: (A) flexural stress vs. strain graph, (B) flexural strength and deviation (five specimens were tested), (C) flexural modulus of elasticity and deviation (five specimens were tested). 
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Figure 9. For all materials tested: (A) tensile toughness (MJ/m3) and deviation (five specimens were tested), (B) flexural toughness (MJ/m3) and deviation (five specimens were tested). 
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Figure 10. For all materials tested: (A) impact toughness (kJ/m2) and deviation (five specimens were tested), (B) Vicker’s microhardness (HV) and deviation (five measurements were taken). 
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Figure 11. SEM images for the pure PLA material 3D-printed tensile specimen: (A) side of the specimen, (B) fracture surface. 
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Figure 12. SEM images at 160× magnification for the side surface of the 3D-printed tensile specimens made with the nanocomposites tested in this work, PLA with: (A) 0.5 wt.% CNF, (B) 0.5 wt.% Cu2O, (C) 0.5 wt.% Cu2O and 0.5 wt.% CNF, (D) 0.5 wt.% Cu2O and 1.0 wt.% CNF, (E) 0.5 wt.% Cu2O and 2.0 wt.% CNF, and (F) 0.5 wt.% Cu2O and 3.0 wt.% CNF. 
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Figure 13. SEM images at 500× magnification for the fracture surface of the 3D-printed tensile specimens made with the nanocomposites tested in this work, PLA with: (A) 0.5 wt.% CNF, (B) 0.5 wt.% Cu2O, (C) 0.5 wt.% Cu2O and 0.5 wt.% CNF, (D) 0.5 wt.% Cu2O and 1.0 wt.% CNF, (E) 0.5 wt.% Cu2O and 2.0 wt.% CNF, and (F) 0.5 wt.% Cu2O and 3.0 wt.% CNF. 
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Figure 14. SEM images at 5000× magnification and the corresponding EDS graphs for PLA with: (A,B) 0.5 wt.% CNF, (C,D) 0.5 wt.% Cu2O, (E,F) 0.5 wt.% Cu2O 0.5 wt.% CNF, (G,H), 0.5 wt.% Cu2O 1.0 wt.% CNF, (I,J) 0.5 wt.% Cu2O 2.0 wt.% CNF, and (K,L) 0.5 wt.% Cu2O 3.0 wt.% CNF. 
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Figure 15. Spider graph summarizing the mechanical test results for all the tested materials. The material with the highest measured value in each test is indicated on the right side. 
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Figure 16. Antibacterial screening process for nanocomposites performance against E. coli bacterium: (A) typical E. coli morphology, (B) 0.5 wt.% Cu2O, (C) 0.5 wt.% Cu2O, 0.5 wt.% CNF, (D) 0.5 wt.% Cu2O, 1.0 wt.% CNF, (E) 0.5 wt.% Cu2O, 2.0 wt.% CNF, and (F) 0.5 wt.% Cu2O, 3.0 wt.% CNF. 
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Figure 17. Antibacterial screening process for nanocomposites performance against S. aureus bacterium: (A) typical E. S. aureus morphology, (B) 0.5 wt.% Cu2O, (C) 0.5 wt.% Cu2O, 0.5 wt.% CNF, (D) 0.5 wt.% Cu2O, 1.0 wt.% CNF, (E) 0.5 wt.% Cu2O, 2.0 wt.% CNF, and (F) 0.5 wt.% Cu2O, 3.0 wt.% CNF. 
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Table 1. Major identified Raman peaks and their related assignments.
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	Wavenumber (cm−1)
	Raman Peak Assignment





	870
	C-COO stretching [63]



	1115
	CH3 rocking [63]



	1374
	C-H bending of CH3 [64]



	1449
	CH3 bending [63]



	1761
	C=O stretching [63]



	2888
	C-H antisymmetric stretching [65]



	2945
	C-H stretching and bending [64]



	2996
	CH3 asymmetric stretch [65]
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