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Abstract

:

Additive manufacturing, also known as 3D printing or digital fabrication technology, is emerging as a fast-expanding technology for the fabrication of prototypes and products in a variety of applications. This is mainly due to the advantages of 3D printing including the ease of manufacturing, the use of reduced material quantities minimizing material waste, low-cost mass production as well as energy efficiency. Polylactic acid (PLA) is a natural thermoplastic polyester that is produced from renewable resources and is routinely used to produce 3D-printed structures. One important feature that makes PLA appealing is that its properties can be modulated by the inclusion of nano or microfillers. This is of special importance for 3D-printed triboelectric nanogenerators since it can enhance the performance of the devices. In this work we investigate the influence of SiC micron-sized particles on the mechanical, electrical, and optical properties of a PLA-SiC composite for potential application in triboelectric energy harvesting. Our result show that the ultimate tensile strength of the pure PLA and 1%-doped PLA decreases with the number of fatigue cycles but increases by about 10% when SiC doping increases to 2% and 3%, while the strain at max load was about 3% independent of doping and the effective hardness was increased reaching a plateau at about 2 wt% SiC, about 40% above the value for pure PLA. Our results show that the mechanical properties of PLA can be enhanced by the inclusion of SiC, depending on the concentration of SiC. In addition, the same behavior is observed for the dielectric constant of the composite material increases as the SiC concentration increases, while the optical properties of the resulting composite are strongly dependent on the concentration of SiC.






Keywords:


polylactic acid (PLA); composite; 3D printing; mechanical properties; dielectric constant












1. Introduction


Additive manufacturing (AM), also known as 3D printing (3DP), has been established over the last few years as an industrial process in various applications including automotive, electronics, energy, healthcare, and aerospace [1,2,3]. The main advantages of AM, compared to other manufacturing processes, is the ability to produce a variety of structures ranging from simple to complicated designs with low material waste and reduced manufacturing time and cost. It is not surprising that AM technologies are very significant for the fourth industrial revolution which is characterized by digitalization, automation, and interconnected systems [4].



Material extrusion techniques such as Fused deposition modelling (FDM) and Fused Filament Fabrication (FFF) are the most common 3D printing techniques. In both cases a thermoplastic filament is heated to its melting point and then delivered layer-by-layer upon a heated platform to form a 3D structure [5]. These processes have been widely used to build fully functional products with low cost [6]. Thermoplastic materials used for FDM/FFF printing include polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), polypropylene (PP) or polyethylene (PE) as well as thermoplastics filaments with higher melting temperatures such as PEEK and PMMA.



The polylactic acid (PLA) filament is a recyclable, natural thermoplastic polyester that is produced from renewable resources. PLA is routinely used in 3D printing due to its low cost compared to other thermoplastics, while also being very forgiving during the printing process. Moreover, PLA is biodegradable under certain conditions, biocompatible, non-toxic and does not contribute to environmental pollution. PLA-printed structures can be recycled, although the mechanical properties of the recycled parts may differ from the original material [7,8]. Regarding its mechanical properties, PLA has high strength although its rigidity is moderately low [9].



PLA properties can be altered by the inclusion of nanofillers. Anwer et al. [10] investigated the mechanical behavior of composite PLA reinforced with different carbon nanofiber concentrations and they concluded that the tensile modulus of the composite PLA shows a rise of almost 50% at 15 wt% carbon fiber content, compared to the undoped PLA. Yao et al. [11] studied the mechanical properties of printed carbon-fiber-reinforced PLA structures. They demonstrated that the tensile strength increases, and the flexural strength of the reinforced PLA increased by 70% and 18.7%, respectively, compared to non-reinforced specimens. Ferreira et al. [12] studied the mechanical properties of PLA and PLA reinforced with short carbon fibers in a weight fraction of 15% produced by 3D printing based on fused filament fabrication. They concluded that the elastic modulus of the reinforced PLA was higher compared to the original material and that the enhancement depended on the printing direction. Fabijanski [13] studied the influence of PLA filled with macaroni chalcedonite in the amount of 5%, 10%, 15%, 20% and 30% by weight. Their results indicated that the concentration of macaroni chalcedonite in the composite had a significant effect on changing the properties of the obtained material. Mansour et al. [14] investigated the influence of nanodiamonds and carbon fibers on the mechanical behavior of reinforced PLA. The mechanical behavior of 3D-printed structures using the reinforced PLA was evaluated under a series of tests. Their results showed that the incorporation of nanodiamonds into the PLA matrix enhanced the elastic modulus, strength, and hardness of the 3D-printed specimens.



Dichtl et al. [15] investigated whether the properties of “as-printed” PLA are suitable as functional materials for electronic devices or as an experimental setup for electrical measurement. These researchers conducted a set of experiments including temperature and frequency-dependent analysis of its dielectric properties and compared their results to partially crystalline and completely amorphous PLA. They concluded that the dielectric properties of “as-printed” PLA are like the latter. In addition, they demonstrated that the electrical conductivity of PLA can be enhanced by mixing it with an ionic liquid such as trihexyl tetradecyl phosphonium decanoate. Kuzmanić et al. [16] investigated the influence of printing parameters, such as infill pattern and density, on the relative dielectric constant in the additive manufacturing of the printed ship’s spare parts. Their results showed that the dielectric constant of PLA ranged from 1.7778 and 2.8141.



In this work we investigate the influence of SiC microparticles on the mechanical, electrical, and optical properties of SiC-doped PLA for the potential application in 3D-printed tribogenerators [17,18]. To our knowledge the inclusion of SiC particles in PLA and its evaluation for triboelectric mechanical harvesting has not been reported in the literature. The performance characteristics of the SiC-PLA tribogenerator are reported in another paper [19].




2. Materials and Methods


2.1. Materials


PLA pellets (REVODE 101, Luminy LX175), used as the matrix for the composite material, were obtained from TotalEnergies Corbion (Gorinchem, The Netherlands). SiC powder (#1200 mesh, about 8.3 μm grain size) was obtained from Struers (Copenhagen, Denmark). The PLA pellets were dried for 24 h at 100 °C. The SiC powder was thoroughly mixed with the PLA in a heated bowl at 75 °C with the simultaneous addition of a few drops of acetone to enable adhesion of the SiC powder to the pellets. The mixture was dried again at 100 °C for 24 h and stored in a desiccator till extrusion. A schematic of the full fabrication process is shown in Figure 1.



Five types of composites were prepared with 1, 1.5, 2, 2.5 and 3 wt% SiC corresponding to calculated values of about 0.4, 0.6, 0.8, 1.05 and 1.3 vol%, respectively (taking the density of PLA and SiC as 1.3 g/cm3 and 3.15 g/cm3, respectively).




2.2. Preparation of the SiC-Doped PLA Filaments and Test Samples


The dried mixture was transferred to a single-screw extruder (Felfil Evo, Felfil, Turin, Italy) to produce a continuous composite filament that was 1.75 mm in diameter. The extrusion temperature was 185–195 °C, and the extrusion rate was 50 cm per minute. Pure PLA filament was also produced after identical drying conditions and extrusion method were used.



The various specimens that were used in this study were fabricated with the produced filament using a CREALITY CR20 Pro 3D printer (Creality 3D Technology Co., Ltd., Shenzhen, China). The specimens were 3D printed using the following parameters: filament diameter = 1.75 mm, nozzle temperature = 200–210 °C, bed temperature = 55 °C, nozzle size = 1 mm and printing speed = 50 mm/s.



For the fabrication of the capacitors used in the electrical characterization, circular samples of 32 mm in diameter were 3D printed and polished for each different material. The measured thickness for all samples is given in Table 1. Thickness measurements were performed using a micrometer, with a minimum graduation of 10 μm. For the electrical characterization, 200 nm thick Al contacts were deposited through a mechanical shadow mask on both sides of the samples, creating circular parallel plate capacitors of 25 mm in diameter.




2.3. Mechanical Characterization


The six different materials examined (PLA with 0, 1, 1.5, 2, 2.5 and 3% SiC) were characterized by measurements of their tensile strength before and after fatigue as well as abrasion resistance, Shore D hardness and resistance to Hertzian ball loading. All mechanical tests were carried out on specimens conditioned at 23 ± 2 °C and 50 ± 10% relative humidity.



2.3.1. Tensile Testing to Failure after Fatigue


Tensile loading tests to failure were carried out according to the guidelines in the ISO 527-1 standard [20]. The specimens used were flat and “dog-bone” shaped with a nominal gauge length of 40 mm, gauge width of 6 mm and gauge thickness of 2 mm. The tests were carried out on an INSTRON 1026 (Instron, Norwood, MA, USA) tensile loading frameat a displacement rate of 545 μm/min using pneumatic grips. Load data were recorded on a computer via a conditioner module with a precision of 0.1 N while displacement accuracy was estimated at 0.1 mm.



Specimens were tested under tensile loading before and after fatigue cycling to determine remaining strength. Fatigue of the tensile specimens was carried out under a mixed tension-bending mode on a specially built system shown in Figure 2a. The specimens were cycled between about 50% of maximum expected tensile deformation and about 50% of maximum expected bending deformation for up to 400 cycles at a rate of about 0.5 Hz (2 s per cycle).



The load–extension curves obtained were analyzed to obtain the ultimate tensile strength (UTS, stress at maximum load) and the strain at maximum load.




2.3.2. Shore D Hardness


Shore D hardness was measured on various points on the surface of 3DP specimens with diameter of 32 mm and thickness of 7 mm using a hand-held durometer calibrated on the Shore D scale. The hardness is given by a unitless number between 1 and 100.




2.3.3. Abrasion Resistance


The resistance of the materials to 2-body abrasion was investigated on specimens with diameter of 32 mm and thickness of 7 mm on an adapted rotating polishing facility, based on a Struers DAP-7 grinder/polisher (Struers, Copenhagen, Denmark) with a PEDEMIN-2 specimen holder at 125 rpm. Three specimens were tested together, and each specimen was loaded with 10 N load (average stress on each specimen 12 kPa) and tested against a fresh #1000 SiC paper for 1 min with continuous water supply to remove any loose particles and avoid 3-body abrasion. The specimens were dried and weighed before and after testing to a precision of 1 mg and the abrasion resistance is given by the reciprocal of the weight loss per unit specimen area with units m2/kg.




2.3.4. Hertzian Point Compression


The resistance of the materials to point loading was measured under “Hertzian point contact” loading conditions using a hardened steel pin with a radius of curvature of 2.5 mm at a displacement rate of 500 μm/min on an INSTRON 5982 (Instron, Norwood, MA, USA) loading frame (Figure 2b). The specimens tested had a diameter of 32 mm and nominal thickness of 7 mm and loading was recorded until the pin had penetrated to a depth of 0.5 mm. The resistance to Hertzian point loading is given by the slope of the tangent to the load–depth curve at a penetration depth of 0.5 mm in units of N/mm.





2.4. Electrical Characterization


Samples were characterized electrically using a probe station (Figure 3) for the electrical contacts. Capacitance measurements were performed using an HP 4284A LCR meter (Hewlett-Packard, Palo Alto, CA, USA). Measurements were performed for frequencies ranging from 1 kHz to 1 MHz and for biases ranging from 0 V to ±2 V. Leakage current measurements were performed using an HP4140B pA meter (Hewlett-Packard, Palo Alto, CA, USA).



Capacitance measurements were used to calculate each specimen’s dielectric constant using the following equation:


    C   x   =     ε   ο   ·   ε   x    · A    d    



(1)




where Cx is the measured capacitance, εo = 8.854 × 10−12 CV−1 m−1 is the dielectric permittivity of vacuum, εx is the composite material dielectric constant, A is the capacitor area and d is the material thickness.




2.5. Optical Characterization


For the optical characterization of the PLA-SiC composite samples, a SPECORD PLUS UV/Vis spectrometer from AnalytikJena (Jena, Germany) was used, along with its integrating sphere component which allows for the characterization of solid samples. The samples measured were PLA-SiC disks with 0%, 1%, 1.5%, 2%, 2.5% and 3% wt. SiC with 15 mm diameter and 5 mm thickness. Reflectance spectra were collected for all samples in the range between 200 nm and 450 nm.





3. Results and Discussion


3.1. Microstructural Characterization


3.1.1. SiC Powder


The microstructure of the SiC powder is shown in the SEM micrograph in Figure 4. The powder is irregular and angular with a maximum grain size (largest dimension) of about 8.3 μm corresponding to a mesh size of #1200.



A quantitative assessment of the grain size distribution based on the SEM micrographs showed that the powder had an average grain size of about 7 μm and a range of 4–8.3 μm.




3.1.2. Fracture Surfaces


Typical fracture surfaces of a PLA-3%SiC specimen after fatigue and fracture in tension are shown in Figure 5. A predominantly quasi-ductile fracture is visible with some evidence of brittle fracture as evidenced by some fine striations (visible in Figure 5a). The SiC particles are well coated by the PLA but occasionally they are exposed as in Figure 5b.



A semi-quantitative estimation of the areal density of SiC on the surface of the 3 wt% specimens indicated values of between 1 and 1.5 areal% which is in a general agreement with the 1.3 vol% of SiC calculated for such materials.



An EDX spectrum of a PLA-3%SiC specimen at low (×100) magnification is shown in Figure 6 where the Si peak is partly covered and slightly obscured by a gold peak.





3.2. Mechanical Characterization


At least five specimens with up to 3 wt% SiC were tested under tensile loading before and after mixed-mode fatigue and the results are shown in Figure 7a (Ultimate tensile strength, UTS) and Figure 7b (Strain at maximum load). The UTS appears to decrease with the number of fatigue cycles by about 10% after about 100 cycles for pure PLA and 1%SiC, probably by the accumulation of fine microcracks which results in localized stress concentrations. On the other hand, UTS appears to increase by about 10% after about 100 cycles when SiC doping increases to 2% or 3%, possibly because of the entanglement of microcrack networks with the SiC particles which can reduce the localized stress concentrations by localized blunting of the main crack. In addition, at SiC contents greater or equal to about 2%, the tangles of SiC particles can act as “anchors” for any microcracks growing during fatigue, delaying their development.



The strain at maximum load of the PLA composite is shown in Figure 7b. In all cases, the strain at the maximum load was about 3% and no significant difference in strain was found in up to 400 cycles of mixed-mode fatigue. This indicates that no or few significant microcracks are generated by mixed-mode fatigue in these materials, at least up to 400 cycles.



The results obtained for Hertzian ball compression are shown in Figure 8a (average load–depth curves) and Figure 8b (average gradients). The gradient (calculated between 0.3 and 0.45 mm penetration depth for all curves) of the load–depth curves can be considered as a measure of “effective hardness”, i.e., plastic deformation and the results indicate that the effective hardness increases after about 1–1.5%, with SiC reaching a plateau at about 2 wt% SiC, about 40% above the value for pure PLA.



The increase in effective hardness after about 1–1.5% SiC is probably due to the obstacles presented by the networks of SiC particles to the plastic deformation of the PLA matrix. At only 1% the SiC particles are possibly too far from each other to form continuous networks, but by 1.5% the particles are close enough to each other to present relative barriers to further plastic deformation, increasing hardness.



The increase in effective hardness observed for SiC doping greater than about 1% are confirmed by measurements of Shore D hardness shown in Figure 9a as well as abrasion resistance in Figure 9b. Shore D hardness is relatively unaffected up to about 1% SiC but increases sharply thereafter and reaches a plateau at about 2% SiC. On the other hand, abrasion resistance increases sharply even with as little as 1% SiC since SiC is much harder than PLA and it shields the PLA matrix from the abrading grains.




3.3. Electrical Characterization


A characteristic example of a capacitance versus frequency measurement at 0 bias voltage for all samples appears in Figure 10. It can be seen that the capacitance is almost constant, as expected for the frequency range of the measurements. Small variations of the capacitance of each sample are most probably due to the presence of interface charge traps between the PLA and Al. More importantly though, a distinct difference in measured capacitance exists between the samples.



Using the measured capacitance at 10 kHz, the dielectric constant for each sample was calculated using Equation (1). The results are presented in Figure 11. The error bars have been calculated using the error associated with the material thickness measurement.



A clear increase in dielectric constant with SiC concentration can be seen from Figure 11. The dielectric constant of PLA with 0% SiC is measured to be 3.2, which is a little higher than previously reported values ranging from 2.5 to 3.11 [21,22]. This value increases monotonically with SiC concentration to 3.9 for the PLA with the 3% SiC sample. Considering that the SiC has a dielectric constant of almost 15 [23], in its powder form, the observed increase in dielectric constant with SiC concentration is not surprising. In fact, this type of effect has been shown in the literature for a variety of material shapes [24].



The leakage current (I) as a function of applied voltage (V) for all samples is presented in Figure 12. The current was measured for voltage ramps starting at 0 V and increasing to +10 V and back to 0 V and then to −10 V and back to 0 V. The results presented in Figure 12 reveal that the magnitude of the leakage current is at the noise floor of our measurement system which is almost 5 × 10−13 A. We can then use our samples’ dimensions to calculate the resistivity of the PLA composites examined. By doing so, we conclude that the resistivity is larger than 6 × 1014 Ω·cm for all composites. This value is consistent with reports on the volume resistivity of pure PLA ranging from 5 × 1014 Ω·cm [24] up to 4 × 1017 Ω·cm [25].



Another interesting observation concerning the leakage current is that there is a hysteresis of the current voltage curves with respect to applied bias. This hysteresis must be due to charge trapping within the PLA material. Interestingly, the addition of SiC seems to reduce the perceived trapping without increasing the leakage current and, thus, the volume resistivity of the composite material. In fact, the resistivity seems to decrease with increasing SiC content, even though the measurements are very close to the noise floor of our instrumentation and the SiC content is smaller than usually reported additive contents [25,26]. We need to stress at this point that SiC is not a conducting material, which is a significant difference between these cases and other reported additives in PLA in the literature.




3.4. Optical Characterization


From the reflectance curves of the different samples (Figure 13a), it is evident that an increase in the SiC percentage results in a significant reduction in reflectance in the 260 nm–350 nm range, as the incident radiation is absorbed by the dispersed SiC microparticles. Using the Kubelka–Munk function for indirect bandgap semiconducting materials (SiC) [27]


     ( F    R    × E )      1   2      = ( E   −      E   g   )  



(2)




where F(R) is the ratio of the absorption coefficient over the scattering coefficient of the sample, E is the incident photon energy and Eg is the energy of the bandgap, we can extract information about the optical energy gap of nanocomposite materials, as illustrated in Figure 13b.



From the obtained spectra the optical bandgap is calculated to range between 2.75 and 3 eV, without showing a direct correlation to the SiC content of the samples. In the literature, the electronic energy gap of compact β-SiC has been calculated to be 2.3 eV, while in the case of SiC nanorods, the energy gap has been found to be approximately 3.1 eV [28]. From the above, it appears that the addition of SiC microparticles to PLA in percentages ranging from 1% to 3% leads to nanocomposite materials in which a significant influence of SiC properties on the optical characteristics of the samples is observed.





4. Conclusions


In this work we investigated the influence of SiC microparticles on the mechanical, electrical, and optical properties of SiC-doped PLA. PLA composites were characterized using measurements of their tensile strength before and after fatigue, abrasion resistance, Shore D hardness and resistance to Hertzian ball loading. Our result shows that the ultimate tensile strength of the pure PLA and 1%-doped PLA decreases with the number of fatigue cycles but increases by about 10% when SiC doping increases to 2% and 3%. These results could indicate that SiC microparticles act as an “anchor” for any microcracks growing during fatigue, delaying their development. At the same time the strain at the max load was about 3% independent of doping for all samples up to 400 cycles of the mixed-mode fatigue. This indicates that no or few significant microcracks are generated by mixed-mode fatigue in these materials, at least up to 400 cycles. Hertzian ball compression experiments showed that the effective hardness increases after about 1% SiC reaching a plateau at about 2 wt% SiC, which is about 40% above the value for pure PLA. This increase in effective hardness is probably due to the obstacles presented by the networks of SiC particles to the plastic deformation of the PLA matrix. These results are confirmed by measurements of Shore D hardness as well as abrasion resistance experiments.



Regarding the influence of SiC microparticles on the electrical properties of the PLA composite, a clear increase in the dielectric constant was observed. The dielectric constant of PLA increased monotonically with SiC from 3.2, for pure PLA, to 3.9, for PLA doped with 3% SiC. Moreover, the resistivity of all composites is larger than 6 × 1014 Ω·cm, indicating that the addition of SiC does not deteriorate the insulating properties of PLA. A hysteresis of the current voltage curves with respect to applied bias was observed. This is maybe due to charge trapping within the PLA material. The addition of SiC appears to decrease this charge trapping without increasing the observed leakage current and thus the dielectric properties of the PLA material.



Finally, from the UV-Vis experiments the optical energy gap does not appear to depend on the SiC content in the samples. This indicates that the addition of SiC microparticles to PLA in percentages ranging from 1% to 3% leads to nanocomposite materials in which a significant influence of SiC properties on the optical characteristics of the samples is observed.



Overall, our results show that the mechanical properties of SiC-doped PLA are enhanced compared to undoped PLA. This is of importance for the development of 3D-printed triboelectric nanogenerators, that operate in contact-separation (where the two triboelectric surfaces undergo continuous vertical impact) as well as in sliding mode (where friction appears between the two triboelectric surfaces due to their relative sliding motion). Moreover, the inclusion of SiC particles increases the dielectric constant of the PLA resulting in increased production of surface charge on the triboelectric surfaces and thus enhancing the output performance of the tribogenerators.
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Figure 1. Schematic of the fabrication process. 
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Figure 2. (a) The specially designed fatigue apparatus applying a cyclic tension-bending load on the tensile specimens prior to tensile testing; (b) the Hertzian point loading arrangement on the INSTRON 5982. 
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Figure 3. The probe station used for the electrical characterization of the samples. 
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Figure 4. SEM micrograph of the irregular SiC powder of mesh size #1200 used in this work. 
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Figure 5. Typical SEM micrographs of a PLA-3%SiC specimen after failure in tension (a) and after abrasion testing (b). Some SiC particles are visible (circled). 
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Figure 6. EDX spectrum of a 3%SiC specimen. 
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Figure 7. (a) Ultimate tensile strength of PLA composite after mixed-mode fatigue. (b) Strain at max load of SiC-doped PLA after mixed-mode fatigue. 
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Figure 8. Results for specimens with 1–3wt% SiC for (a) Hertz contact force with the compression test data and (b) effective hardness. 






Figure 8. Results for specimens with 1–3wt% SiC for (a) Hertz contact force with the compression test data and (b) effective hardness.



[image: Jcs 08 00079 g008]







[image: Jcs 08 00079 g009] 





Figure 9. Results for (a) Shore D hardness and (b) abrasion resistance. 
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Figure 10. Capacitance vs. frequency at zero bias voltage for all samples. 
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Figure 11. Dielectric constant of the PLA-SiC composite material as a function of SiC concentration. 
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Figure 12. Leakage current as a function of applied voltage for all samples. The measurements were performed using voltage ramps from +10 V to 0 V to −10 V to 0 V. 
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Figure 13. (a) Normalized reflectance spectra of PLA and PLA-SiC samples with 0%, 1%, 1.5%, 2%, 2.5% and 3% wt. SiC. (b) Calculated optical bandgap of SiC-doped PLA samples using the Kubelka–Munk equation. 
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Table 1. Thickness measurements of the circular samples used for the electrical characterization.
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	Sample
	Thickness (μm)
	δThickness (μm)





	0% SiC
	400
	10.0



	1% SiC
	390
	10.0



	2% SiC
	420
	10.0



	3% SiC
	420
	10.0
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