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Abstract

:

Conductive Polymer Composites (CPCs) have recently gained an extensive scientific interest as feedstock materials in Fused Filament Fabrication (FFF) Three-dimensional (3D) printing. Polylactic Acid (PLA), widely used in FFF 3D printing, as well as its Carbon Black (CB) nanocomposites at different weight percentage (wt.%) filler loadings (0.5, 1.0, 2.5 and 5.0 wt.%), were prepared via a melt mixing filament extrusion process in this study and utilized to manufacture FFF 3D printed specimens. The nanocomposites were examined for their electrical conductivity. The highest loaded 3D printed CPC (5.0 wt.%) was tested as an electrothermal Joule heating device. Static tensile, flexural, Charpy’s impact and Vickers microhardness mechanical properties were investigated for the neat and PLA/CB 3D printed nanocomposites. Dynamic Mechanical Analysis (DMA) revealed a stiffening mechanism for the PLA/CB nanocomposites. Scanning Electron Microscopy (SEM) elucidated the samples’ internal and external microstructural characteristics. The PLA/CB 5.0 wt.% nanocomposite demonstrated also antibacterial properties, when examined with a screening process, against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). It can be envisaged that the 3D printed PLA/CB CPCs exhibited a multi-functional performance, and could open new avenues towards low-cost personalized biomedical objects with complex geometry, amongst others, i.e., surgery tools, splints, wearables, etc.
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1. Introduction


Additive Manufacturing (AM) is in the forefront of research, receiving a continuous industrial interest for potential applications in the fields of engineered polymer composites [1], printed electronics [2], personalized health and biomedical equipment [3], civil engineering infrastructure i.e., buildings, bridges, etc. [4], amongst others. AM enables the manufacturing of components and end-use products with customizable geometries. It is an efficient technology, especially when small batches are required, which are implausible for conventional manufacturing processes that present several limitations and freedom to fabricate parts with complex shapes [5]. Three-dimensional (3D) printing, which is one of the most famous AM technologies, has recently attracted interest on both academia, as well as various industrial sectors for objects’ manufacturing and/or prototyping purposes [6]. To that end, it is worth mentioning that 3D printing is a cutting-edge technology allowing the production of 3D objects with more complex geometry compared to conventionally machined parts [5]. Among the increasing number of 3D printing processes, the most well-known ones are: (i) Fused Filament Fabrication (FFF), (ii) Stereo-lithography, (iii) Selective Laser Sintering (SLS), (iv) Binder Jetting, (v) Material Jetting and Drop on Demand (DOD) and (vi) Digital Light processing (DLP) [7].



FFF is the most famous, widely employed and extremely emerging 3D printing technique for applications ranging from scientific development, home 3D printing and Rapid Prototyping, up to manufacturing parts at industrial scale (especially for high performance advanced 3D components). Moreover, FFF has recently penetrated various industrial sectors and became a mature technology, replacing conventional ones, i.e., Plastic Forming (PF), Computer Numerical Control (CNC) machining, (plastic) joining and injection molding [6]. In FFF, a thermoplastic polymeric material is used as the feedstock in filament form. It is being heated above its Melting Point (Tm) and extruded with a movable nozzle in the X–Y direction to create a 3D structure via a layer-by-layer addition manner [8]. FFF could offer thus numerous advantages and a direct solution to: (i) the acute shortage of goods, as for instance in the COVID-19 pandemic situation [9], (ii) freedom of design of 3D objects, (iii) mass customization and (iv) reduced material’s consumption leading to waste minimization [10].



Great achievements have been made so far regarding the FFF 3D printing technology, as for instance: (i) the 3D printer’s hardware parts i.e., the heated bed, the preheated chamber of the filament, etc., (ii) the FFF 3D printers’ automation and accuracy and (iii) the extruder head (metallic materials’ properties towards optimum heat flow for homogeneous heat transfer to the polymeric filament and melt properties), allowing high quality AM filamentous 3D printing, that could significantly affect the 3D printed final object “bulk” properties. Nevertheless, FFF is limited by the availability of functional thermoplastic materials, with most of the existing stock filament materials properties being investigated and reported in literature so far [11,12,13] and a lot of research presented for the development of new polymeric materials for AM in general [14].



Functional thermoplastic filaments can endow additional functionalities to the final 3D printed object, as for instance enhanced physicochemical properties e.g., electrical, thermal, magnetic, mechanical, melt-rheological properties (allowing better processing), etc., giving an added value to the 3D printed final end-product [15]. To that end, is of great interest to investigate the thermoplastic polymer engineering part, by tuning the filament’s melt rheological properties via additives, such as viscosity modifiers, polymer blends, nanoparticulate additives, etc., resulting into higher quality 3D printed parts (extensive interlayer fusion), high production rate and production yield of the FFF printing process [16].



To date, there is an increasing demand for FFF 3D printable materials exhibiting multifunctional properties, i.e., materials with enhanced physical and mechanical properties [5]. Namely, functional thermoplastic materials as filaments i.e., electrically conductive and thermoelectric [17], magnetically active [18], capacitive and piezoresistive [19], flexible and stretchable [20], mechanically reinforced [21], antimicrobial [22], etc., have been used for FFF 3D printing, yielding multifunctional 3D objects with tunable properties. Therefore, polymer nanocomposites could offer a unique strategy towards novel filaments and by extension FFF 3D printed derived objects. Specifically, for the polymer nanocomposites, one should consider the nanoparticle filler geometry, density and surface chemistry. Additionally, the nanoscale interactions should be assessed, e.g., the well-known filler-filler interaction and the filler-matrix interactions that have profound implications on the macroscopic behavior of the 3D printed nanocomposite objects as well as to the 3D printing process [23].



Polylactic acid (PLA) is a high performance biocompatible and biodegradable thermoplastic in nature engineering polymeric material, already being widely used and several times reported in FFF 3D printing [24]. In general, polymer/carbon nanoparticulate nanocomposites have attracted a significant attention over the last decade, as lightweight and flexible electrically conductive materials [25,26]. The resulting Conductive Polymer Composites (CPCs) could find numerous applications, due to the material’s conductive behavior, which can be tuned by the nanoparticle filler loading, the particle aspect ratio, surface area and surface chemistry, as well as the processing/mixing parameters. Carbon black (CB) is an allotrope of carbon, while it has been widely utilized as a nanoadditive in various polymer matrices to increase specific properties, such as fracture toughness [27], tensile strength [28], electrical [29] and thermal conductivity [30]. Polymer/CB CPCs have demonstrated sensing functionalities i.e., (i) gas or liquid chemical and/or electrochemical sensors, (ii) strain sensors for wearables or touch/pressure sensors via a piezoresistive or a piezoelectric under-lying mechanism and (iii) temperature sensors [31]. PLA/CB conductive nanocomposite thermoplastic materials could be ideal feedstock materials for AM FFF 3D printing processes, and therefore systematic investigations are required to highlight the fundamental process-structure-property relationship.



CPC multifunctional filaments with electrical properties have been fabricated and utilized for FFF 3D printing towards biomedical sensors [32], piezoresistive strain sensors [33], actuators [34] and resistors for Joule-heating [35]. Specifically, Joule resistive heating or Ohmic heating is the effect when an applied electric current pass through an electrical conductor, resulting in heat generation. In principle, when voltage difference is applied between two points of a conductive network, an electric field is being generated, which accelerates charge carriers in the field direction, resulting in higher kinetic energy. Then, electrons collide within the conductor’s ions and the particles are being scattered. Under this atomic scale electronic charge carrier transport mechanism, electrical energy is converted to thermal energy [36]. From Joule’s first law, it arises that the consumed power of heating, which is generated by an electrical conductor, is proportional to the electrical resistance and the square of the current: P = I2·R, where P: Power (W), I: Current (A) and R: Resistance (Ohm). According to the Ohmic conductor model, the transduction of electrical power into Joule-heating is given by the relation P = V2/R, where V (V) denotes the applied input voltage, or otherwise known as voltage bias (Vbias). Nowadays, there are several applications of resistive heating with numerous solutions already existing in the market [37], while 3D printed CPCs could be ideal lightweight candidates for advanced applications.



Aumnate et al. reported on reinforcing Polypropylene (PP) with graphene-polylactic acid microcapsules for FFF 3D printed objects. At low graphene loading (0.75 wt.%), the 3D printed construct showed neither shrinkage nor warping. Graphene nanocomposite 3D printed constructs with 70% infill exhibited higher mechanical performance, when compared to neat PP [38]. In another study related to isotactic polypropylene/graphene 3D printed nanocomposites, the authors reported that the presence of graphene induced shear thinning during extrusion (improved processability aspect), while at 5% and 10% of graphene loading, the storage modulus decreased considerably; namely nearly 50% for the 10% loading [39]. Recently, Lei et al. reported on FFF 3D printed carbon black (CB)/polypropylene composites with excellent microwave absorption performance [40], while Kwok et al. reported on PP/CB electrically conductive nanocomposite filaments for FFF 3D-printed circuits and sensors [41], both focusing only onto the electrical properties of the 3D printed composites. CPC filaments for FFF 3D printing and electrically conductive 3D objects have been reported so far, especially focusing on the electrical and thermoelectric properties of 3D printed nanocomposites, as reported elsewhere [42]. In the 3D printing technology, Polyethylene/graphene nanocomposites have been investigated for heat diffusion applications and advanced electronic devices [43], Low Density Polyethylene (LDPE) composite filled with copper particles and Sn95Ag4Cu1 has been studied for compressive sensing applications [44], while Acrylonitrile Butadiene Styrene/graphite has been examined for electrochemical sensor development [45]. PLA/CB studied in this work has been employed in electrochemical sensors [46], electronic components and circuits [47] and electrodes [48], with none of these studies focusing on the characterization of the material, which was commercial in some cases [47]. Additionally, the material developed did not have multifunctional performance, with research focusing to cope with the requirements of specific applications in 3D printing.



Although there is a lot of interest in literature for the development of conductive materials in AM in general, the effect of specific fillers on properties (mechanical, thermal, electrothermal, antibacterial, etc.) of various matrices is not yet reported. Additionally, the methodology for the preparation of conductive nanocomposites suitable for 3D printing has many technological aspects that need to be investigated, in order to be optimized. Finally, in literature the electrical conductivity is studied in different composites, but the development of nanocomposites suitable for 3D printing with multifunctional performance is still not available in literature. To the best of the author’s knowledge, a detailed study of PLA/CB conductive nanocomposites focusing on the electrical percolation threshold as a function of the filler loading, as well as a detailed static mechanical and thermomechanical analyses of the 3D printed samples has not been reported yet.



In this work PLA/CB nanocomposites at 0.5, 1.0, 2.5 and 5.0 wt.% filler loadings were produced by a thermomechanical melt mixing process, to produce 1.75 mm, suitable for 3D printing. Neat PLA and PLA/CB nanocomposites in filament form were then utilized as feedstock material for the specimens FFF 3D printing manufacturing step. FFF process is based on the extrusion principle. All 3D printed specimens were then fully investigated for their static and thermomechanical properties, according to international standards. The highest reinforcement regarding the tensile properties was found for the PLA/CB of 0.5 wt.%, while in the flexural, impact and microhardness tests, the highest values were observed for the PLA/CB 2.5 wt.% nanocomposites.



The PLA/CB nanocomposites were then fully characterized in terms of their electrical conductivity. The PLA/CB 5.0 wt.% also performed as a Joule heater device, as well as a conductive circuitry resistor, evaluating the multi-functional nature of the 3D printed nanocomposites prepared and investigated in this work. The PLA/CB nanocomposites exhibited an electrically conductive behavior from the 2.5 wt.% loading. The electrical conductivity increased with the increase of the filler loading up to the highest loading of 5.0 wt.% prepared in this work. The highest electrical conductivity (σ) was obtained at the “cross-layer” direction for the PLA/CB 5.0 wt.% nanocomposite (~0.9 S/m), which also exhibited an electrothermal “Joule-heating” function upon being exposed to a voltage bias (Vbias) of 15 V. Scanning Electron Microscopy (SEM) fractographic analyses revealed the underlying fracture mechanisms of the tensile tested specimens, while Raman spectroscopy revealed the graphitic nature of CB and the PLA matrix characteristic spectroscopic fingerprints. Thermogravimetric Analysis (TGA) showed the effect of filler loading on the thermal properties of the fabricated nanocomposites. Enhanced thermal stability was observed for all the PLA/CB nanocomposites prepared in this work. Finally, the antimicrobial properties of the 3D printed PLA/CB nanocomposites of this work were examined with a screening process against E. coli and S. aureus bacteria. A mild antibacterial performance was found only at the nanocomposite with the highest filler loading. Overall, the FFF 3D printed PLA/CB CPCs manufactured herein verified their multifunctional nature and could be employed in various applications as flexible conductors, resistors for circuitry, as well as piezoresistive sensors for strain sensing, etc., while their antibacterial performance is an additional asset in biomedical, hygienic and other health-related applications.




2. Materials and Methods


2.1. Materials


Polylactic Acid (PLA), the matrix material in this study, was of 3052D grade, with molecular weight of 116,000 g/mol. It was procured from Plastika Kritis SA (Heraklion, Greece) in the form of coarse powder. A highly conductive Carbon Black (CB) grade (C-NERGY Super P Conductive Carbon Black) was received from Nanografi Nanotechnology AS (Tallinn, Estonia) as a mechanical reinforcing and electrically conductive agent.




2.2. Fabrication of Filaments and FFF 3D Printing Process of PLA and PLA/CB Nanocomposites


PLA and CB filler mixtures were prepared under five (5) different filler ratios. Mixing percentages were of 0.1%, 0.5%, 1.0%, 2.5% and 5.0% in a weight to weight (w/w) percentage ratio (wt.%). Pure PLA was also produced as a reference material for all nanocomposite materials. Adequate quantity of each material was weighted and mixed using mechanical mixing equipment. To ensure the lack of humidity in all material mixtures/formulations, drying procedures were implemented throughout the process steps. Namely, PLA coarse powder was dried for 24 h at 50 °C using a laboratory oven. Further drying was applied after the mixing process for all materials, in this case for 5 h at 50 °C.



Extruded filaments with 1.75 mm in diameter suitable for FFF 3D printing were produced, with a melt mixing thermomechanical process, using a 3D Evo (3D Evo B.V., Utrecht, the Netherlands) single screw extruder. Specifically, 3D Evo Composer 450 was employed, which features an optimized and appropriate screw for mixing/compounding purposes during the consecutive extrusion procedure. Its chamber has four (4) heating zones, and the device also features a filament diameter real-time measurement system. In this way, produced filament quality control is implemented and monitored in real-time with the extrusion/production process, determining the filament diameter accuracy and adjusting in real-time the extrusion parameters automatically, to maintain the required accuracy tolerances. The extruded filament diameter was measured to be in all cases 1.68 mm ± 0.07 mm, which is an adequate accuracy for consistent and high-quality 3D printing. All the produced materials, i.e., pure PLA and the five different PLA/CB nanocomposites were processed under the same extrusion parameters. Temperatures were set to each heating zone; 175 °C at heat zone 4 (closer to hopper), 205 °C at heat zone 3 and 2 (middle stage) and 195 °C at heat zone 1 (closer to extruder’s nozzle). Screw rotational speed was set to 7.4 rpm (extruder’s range is 2.5–15 rpm) and the built-in winder rotational speeds were automatically adjusted to achieve the requested diameter. Additional quality control tests were also manually conducted with random diameter measurements to the filament diameter, using a high-quality electronic caliper and optical quality control for defects. The produced filaments were then dried at the same conditions, before being used to produce the various 3D printed specimens. The filament diameter was inserted in the 3D printer slicer software, to calculate the necessary feed rate during the entire 3D printing process.



Fused Filament Fabrication (FFF) was selected to manufacture the neat PLA as well as the PLA/CB nanocomposite specimens. An Intamsys (Shanghai, China) 3D Printer was chosen, using an extruder’s nozzle of 0.4 mm. Specifically, the Intamsys HT 3D printer was used for specimens’ fabrication through AM. Initial trails were performed to obtain the optimum FFF 3D printing parameters (set of parameters) for high quality 3D printing for the pure PLA and the PLA nanocomposites. For the mechanical characterization, the electrical conductivity and the antibacterial test measurements, all 3D geometric models were designed employing the 3D design Autodesk® Fusion 360™ (Autodesk®, Inc., San Rafael, CA, USA) software platform. 3D geometry was finally exported to Standard Tessellation Language (STL) files from the Computer Aided Design (CAD) software platform.



Figure 1 shows the flow chart illustrating the methodology followed in this study to produce and characterize the PLA and the PLA/CB nanocomposites. Figure 2 summarizes the complete list of the 3D printing parameters used to fabricate the specimens in the 3D printer, after an initial screening optimization approach. All other parameters, not mentioned in Figure 2 were set to their default values, in the Intamsuite software tool (after choosing PLA as the reference material in the 3D printer software tool), which was used as the slicer software tool for this study.




2.3. Characterization Techniques


Raman spectroscopy was performed for the pure PLA and CB, as well as the PLA/CB nanocomposite 3D printed specimens, using a Labram HR-Horiba (Kyoto, Japan) scientific micro-Raman system. An optical microscope equipped with a 50× long working distance objective was utilized for delivering the excitation light and collecting the back-scattering Raman activity. An Ar+ ion laser line (514.5 nm) at 1.5 mW power at the focal plane was utilized for the Raman excitation. All acquired spectra shown in this work have been treated with a baseline correction through subtraction of a linear or polynomial fit of the baseline from the raw spectra, to remove tilted baseline variation caused by various noises, i.e., fluorescent background, etc.



Thermogravimetric Analysis (TGA) was carried out for the 3D printed samples, namely the neat PLA, as well as the PLA/CB nanocomposites in oxygen atmosphere. The measurements were performed with a Perkin Elmer Diamond TG/TDA (Waltham, MA, USA) with a heating cycle from 30 °C to 550 °C with a heating step of 10 °C/min.



SEM characterization was used to analyze the nano/micro structuring of both the 3D printed specimens’ side surface, as well as the fractured surfaces of 3D printed tensile specimens. SEM microstructural analyses were performed using a JEOL JSM 6362LV (Jeol Ltd., Norwood, MA, USA) electron microscope in high-vacuum mode at 20 kV acceleration voltage. Prior to SEM investigations, samples were sputter-coated with gold (Au) to avoid charging effects.



The through-thickness (through-layer) as well as in-plane (cross-layer) electrical conductivity of 3D printed PLA/CB nanocomposite samples was determined using square-shaped samples of 10.0 by 10.0 mm2 and 3.2 mm thickness. Ag paste (room temperature fast curing curing/drying silver paste received from Agar scientific, Stansted, Essex, United Kingdom) was applied in the appropriate surfaces to contact the samples for the respective through-layer and cross-layer conductivity measurements. Afterwards, 2-point probe electrical resistance measurements were performed with an Agilent Multimeter (Agilent 34401A6½, Agilent, Santa Clara, CA, USA) to derive the electrical resistivity (ρ) and conductivity (σ), respectively, considering the specific sample dimensions.



Thermal images demonstrating the nanocomposite samples capability to function as electrothermal Joule heating materials were captured with a Seek Thermal Compact PRO Compact XR Imaging Camera IR Infrared Imager (Santa Barbara, CA, USA) with a temperature working window of −40 to 330 °C.



Specimens were tested for the determination of their mechanical properties in room temperature (23 °C). Specifically, quasi-static tensile test experiments were carried out at room temperature (23 °C) following the ASTM D638-02a international standard. According to the standard, a type V specimen of 3.2 mm thickness was chosen, and a total of six (6) specimens were manufactured and tested for each case. An Imada MX2 (Imada Inc., Northbrook, IL, USA) tension/flexure test apparatus in tensile mode using standardized grips was utilized to carry out the tensile test experiments at an elongation rate of 10 mm/min.



Flexural (three-point bending) tests were carried out also at room temperature conditions on 3D printed specimens (64.0 mm length, 12.4 mm width and 3.2 mm thickness), according to the ASTM D790-10 international standard (three-point bending test with 52.0 mm support span). Flexural test specimens were manufactured with the same 3D printing parameters as for the tensile test specimens. An Imada MX2 machine in flexural mode setup was employed for the three-point bending tests. The same speed of 10 mm/min was set for the testing procedure, and a total of six (6) specimens were manufactured and tested for the neat PLA, as well as PLA/CB nanocomposites.



Impact tests were performed according to the ASTM D6110-04 international standard. Specimens were 3D printed with the following dimensions: 80.0 mm (length) by 8.0 mm (width) by 10.0 mm (thickness). Six (6) notched specimens in total were tested using a Terco MT 220 (Terco, Kungens Kurva, Sweden) Charpy’s impact apparatus. Release height of the apparatus hammer was the same for all the experiments (367 mm).



Microhardness measurements were conducted according to the ASTM E384-17 international standard. The specimens’ surface was fully polished before each set of measurements. An Innova Test 300-Vickers (Innovatest Europe BV, Maastricht, The Netherlands) apparatus was employed, while the applied force was set to 100 gF and duration of 10s was selected for indentation. Imprints were measured under six (6) different specimens for each one of the PLA and PLA/CB nanocomposites.



Dynamic Mechanical Analysis (DMA) was performed using a TA Instruments DMA850 instrument (New Castle, DE, USA). Samples were 3D printed in dimensions of length 58.0–60.0 mm, width 14.0–15.0 mm and thickness 2.7–3.2 mm. Due to the samples having rough side edges from the FFF manufacturing process, all samples were polished in two steps using 240 and 400 grain sandpaper under water flow. Prior to testing, samples were dried at a temperature of 35 °C for a minimum of 48 h. The DMA testing procedure consisted of a temperature ramp from room temperature to 130 °C (and in some cases up to 135 °C), at a rate of 3 °C min−1. Testing was conducted using the three-point bending fixture. Samples were preloaded to 0.1 N. A sinusoidal displacement was applied to the samples with a constant amplitude of 30.0 µm and a frequency of 1.0 Hz throughout the tests. Data was collected by the instrument at a sampling rate of 0.33 Hz. The recorded parameters were the storage modulus, loss modulus, tan δ, temperature, time and oscillation angular frequency.



The antibacterial performance of the nanocomposites of this work, was investigated with the agar well diffusion method [49] implemented in a microbiological lab, for two different bacteria, i.e., E. coli and S. aureus. Petri dishes (850 mm in diameter) with suitable bacterium growth material (MC.2, C.010066 for the E. coli and Chapman, C.010068 for the S. aureus), were employed for the tests. Two rectangular specimens (one for each bacterium) of 12.4 mm by 12.4 mm and 3.2 mm height were 3D printed with the same parameters described above, from pure PLA and each one of the different nanocomposite materials prepared in this work. The bacteria were inoculated in the corresponding Petri dishes and the specimens were placed near the center of the Petri dishes, with one specimen placed in each Petri dish. The Petri dishes were placed in an oven at 37 °C for 24 h for the diffusion of the antimicrobial agent into the nanocomposite and inhibit germination and growth of the test microorganism. Then, the width of the inhibition growth zone was measured.





3. Results and Discussion


3.1. Raman Analysis of PLA, CB and PLA/CB Nanocomposites


Figure 3 shows the Raman spectrum of PLA, CB and PLA/CB nanocomposite (at 2.5 wt.% of filler loading) at the spectral region 300–3300 cm−1. It is worth mentioning that the Raman spectra of PLA/CB nanocomposites at higher filler loadings were governed by the carbon nanoadditive “characteristic” spectroscopic responses, which are highly resonant to the 532 nm laser excitation source, without any visible peaks arising due to the PLA polymeric matrix. It can be very clearly observed in the CB and in the PLA/CB spectra the characteristic D-band and G-band peaks of CB graphitic carbon allotrope materials, centered at ca. 1345 cm−1 and 1565 cm−1, respectively [50].



The graphitization and degree of crystallinity of carbon nanoallotrope materials have been previously correlated to the relative intensity ratio of the corresponding D and G-bands (ID/IG) [51]. Specifically, the ID/IG intensity band ratio of CB utilized as electrically conductive and mechanical reinforcing filler in this study is 0.86 (indicated also as inset in the corresponding Raman spectrum in Figure 3). For the PLA/CB spectrum, there are characteristic peaks attributed to the PLA matrix, as well as the graphitic fingerprints of CB (indicated with dashed lines). Specifically, the PLA characteristic fingerprints attributed to the PLA macromolecular chains’ chemistry (backbone chain, side and end-terminal groups) are the following: 465 and 589 cm−1 (C–O–C vibration), 655 cm−1 (C=O stretching vibration), 936 cm−1 (C–COO vibration), 1249 and 1320 cm−1 (CH deformation vibration), 1361–1385 cm−1 (CH3 deformation vibrations of PLA), 1587–1596 cm−1 (asymmetric C=O stretching vibrations of carboxylate groups of PLA) and 2947 cm−1 (CH3 symmetric and asymmetric stretching vibration) [21], while only few of them are visible in the PLA/CB nanocomposite, due to the intense peaks of CB.




3.2. Thermogravimetric Analysis (TGA) of 3D Printed Neat PLA and PLA/CB Nanocomposites


TGA investigations revealed the critical degradation temperature of the neat PLA, as well as the PLA/CB nanocomposites under oxygen, simulating thus any plausible degradation may occur during the melt mixing filament extrusion process and the 3D printing consecutive process for the specimen’s manufacturing/preparation.



Figure 4 shows the TGA (Figure 4a), and the DTG (Figure 4b) corresponding graphs of the 3D printed neat PLA, as well as the PLA/CB nanocomposites in the temperature window of 50–550 °C. Three distinct thermal windows can be observed. The first one is up to ~270 °C that all materials exhibited thermal stability without any observed weight loss (%). From 270 °C up to 374 °C, there is a second temperature window, corresponding to the materials’ thermal degradation and decomposition with the onset temperature of decomposition (Ton) at 273 °C. In the third temperature window (>370–380 °C up to 550 °C), all the PLA substance for all samples’ formulation has been fully decomposed.



The inset TGA scan in Figure 4a shows more precisely (i) the remnant material attributed to the CB nanofiller above 370–380 °C, as well as (ii) the slightly increased materials’ (PLA) thermal stability induced by the CB nanofiller at all particle loadings, due to the CB thermal properties. It is worth mentioning that all materials exhibited similar decomposition characteristics, especially for the behavior of the polymer substance used as the matrix, corroborating the extremely high control of the filament extrusion and 3D printing process upon applying the same parameters and resulting, thus, in the same thermal treatment history for all the 3D printed/manufactured samples. The overall thermal stability of the 3D printed specimens does not seem to be impacted; however, it is even enhanced by the addition of the CB, which nanoparticles are well-known for their thermal conductivity; endowing an enhanced thermal degradation performance of the PLA/CB nanocomposites.




3.3. Scanning Electron Microscopy of 3D Printed Sample’s Side Surface


SEM microstructural analyses of the 3D printed tensile test samples’ side surface morphology (at two different magnifications) were performed to examine the 3D printed specimens’ external structure, revealing more precisely the 3D printed samples’ interlayer fusion. Figure 5 depicts the side surface morphology of neat PLA and PLA/CB 3D printed nanocomposites at two different magnifications: namely neat PLA (Figure 5a,b), as well as 0.5 wt.% (Figure 5c,d), 2.5 wt.% (Figure 5e,f) and 5.0 wt.% (Figure 5g,h) nanocomposites. For all samples, an excellent interlayer fusion can be observed between the different AM layers, apart from the PLA/CB at 5.0 wt.% (Figure 5g,h) where some defects and discontinuities can be seen. For 3D printed AM specimens, the fusion between the layers affects the stress transfer between the 3D printed filaments’ layers, resulting in an optimum interfacial shear strength of the adjacent layers and filaments of the 3D printed parts. This is a prerequisite towards high mechanical performance 3D printed nanocomposite parts, exhibiting an enhancement and reinforcement mechanism due to the presence of the nanofillers.



The high quality of the interlayer fusion for the majority of the samples in this study indirectly proves: (i) the optimum 3D printing parameters initially determined and applied in this study, as well as (ii) homogeneously dispersed CB nanofiller in the PLA extruded filaments, since nanoparticle aggregation in the feedstock filament could significantly affect the 3D printing quality introducing inhomogeneities, defects, discontinuities, etc. It is well-known that the existence of micro-aggregates in the filament feedstock could impart structural defects in the final 3D printed samples, since it can affect the polymer melt rheological properties, causing thus nozzle clogging phenomena. In the 3D printed nanocomposites herein, it is worth mentioning that only in the case of PLA/CB (5.0 wt.%) nanocomposite the SEM side surface microstructure reveals some inhomogeneity in the 3D printed layer thickness, as well as some discontinuities and defects/holes between the layers. This is most likely attributed to the increased polymer melt viscosity hampering during the 3D printing filamentous extrusion process.




3.4. Electrical Conductivity of 3D Printed PLA/CB Nanocomposites


Figure 6a illustrates schematically the two-probe electrical resistance measurements performed in this study to determine the electrical conductivity of the 3D printed PLA/CB nanocomposites. The electrical conductivity has been derived in two different directions of the 3D printing process, to examine any plausible anisotropic electrical conductivity behavior, typically known in additive manufacturing produced specimens.



Figure 6b shows the electrical conductivity of the PLA/CB nanocomposites at 1.0, 2.5 and 5.0 wt.% CB content, all of which are above the electrical percolation threshold, exhibiting typical “conductor” characteristics (the 1.0 wt.% is slightly above the percolation threshold; the samples are not showing a fully insulating behavior, which is expected when measuring a polymeric matrix). Conductivity values of the percolated samples are given for the two different measurement directions: namely the “through layer” or through thickness, as well as the “cross-layer” or in-plane direction. It can be easily observed that for all 3D printed PLA/CB CPCs, the cross-layer conductivity values are a bit higher than the through thickness ones. This is a direct proof that the 3D printed nanocomposite samples exhibit “anisotropic” electrical transport properties induced by the FFF process. This finding is in good agreement with other 3D printed CPCs reported elsewhere [32]. Namely, the highest conductivities were determined for the 5.0 wt.% PLA CPC nanocomposites, i.e., 0.3 ± 0.2 S/m and 0.9 ± 0.5 S/m for the “through layer” and “cross-layer” directions, respectively. Nevertheless, the slight difference in the electrical conductivity values at the two directions reveal a high quality and extent of interlayer fusion between the 3D printed consecutive layers: resulting in an almost homogeneous and identical “bulk” electrical conductivity behavior.



Figure 6c represents the electrical conductivity percolation curve for the 3D printed PLA/CB nanocomposites at different filler loadings; namely 0.1, 0.5, 1.0, 2.5 and 5.0 wt.% CB filler content (all values correspond to the “cross-layer” conductivity). As it can be observed, a conductive behavior for the PLA/CB nanocomposites is achieved at CB filler loading of 1.0 wt.%, increasing further with the increase of the filler content. The percolation curve exhibits a typical “S-shaped", otherwise known as sigmoidal curve shape, which is typical for randomly dispersed conductive fillers in an insulating polymer matrix [52].



Figure 6d depicts the Joule heating electrothermal performance of the highest electrically conductive PLA/CB nanocomposite sample (5.0 wt.%), upon applying a DC voltage bias (Vbias) of 15 V (using a conventional DC power supply). The infrared thermography (IR-T) image has been captured after a time duration of t = 30 s that the DC voltage has been applied at the two terminals of the specimen. As it is shown in the figure, the sample’s surface temperature raises at approximately ~35 °C.



The exploitation of the electrothermal, otherwise known as “Joule-heating” effect, has been widely studied by the research community for different scopes and in various sectors utilizing conductive nanoparticle nanocomposites [53]. Figure 6e represents the operation of an LED device when current is passing through a 5.0 wt.% filled PLA/CB nanocomposite in a closed circuit, upon applying a voltage bias (Vbias) of 15 V, demonstrating the potential use of the PLA/CB nanocomposites as lightweight resistors. Figure 6d,e represent two significant demonstration scenarios for various practical applications of the 3D printed PLA/CB nanocomposites, arising from the electrically conductive nature of the 3D printed PLA/CB samples induced by the dispersed CB conductive phase. These two representative experiments reveal the multifunctional character of the 3D printed PLA conductive nanocomposites fabricated in this study, which could enable practical future applications such as flexible circuitry, flexible wires and flexible and wearable sensors, expanding further the well-known and emerging field of 3D printed electronics.




3.5. Mechanical Properties


3.5.1. Tensile Properties of 3D Printed Neat PLA and PLA/CB Nanocomposites


In Figure 7, the tensile properties of 3D printed neat PLA, as well as PLA/CB nanocomposites with 0.1, 0.5, 1.0, 2.5 and 5.0 wt.% CB filler loadings are presented. More specifically, Figure 7a illustrates the comparative and representative stress–strain curves for the different specimens. Figure 7b shows the average tensile strength values, and Figure 7c the tensile modulus of elasticity average values, along with the corresponding standard deviations, all as a function of the filler loading. The CB imparts a negligible knock down effect at the lowest filler loading, while it yields enhanced tensile strength and modulus values for the rest i.e., 0.5, 1.0, 2.5 and 5.0 wt.% filler loadings. Accordingly, the PLA/CB with 0.5 wt.% CB exhibits the best performance and the highest reinforcing mechanism; namely ~17.1% increase for the tensile strength and ~14.1% increase for the tensile modulus, respectively.



By increasing further, the CB content in the PLA matrix, the CB efficiently enhances the tensile properties as compared to the reference neat PLA; however not as much prominently as the 0.5 wt.% loading. This could be explained by decreased filamentous interfacial strength between adjacent filaments in the bulk 3D printed sample and/or limited interdiffusion of the polymeric chains from one filament to another by the presence of CB fillers, preventing an extended polymer chain mobility in the melt state at higher filler loadings. These findings also corroborate some small defects, inhomogeneities and interlayer voids observed by the SEM side surface images at the highest filler loading of 5.0 wt.%. It can be deduced then that 0.5 wt.% of CB content is the mechanical percolation threshold of the 3D printed PLA/CB nanocomposites, endowing the optimum mechanical properties of the 3D printed specimens in quasi-static tension mode.




3.5.2. SEM Fractography Microstructural Analysis


Figure 8 depicts the fractography microstructural investigations of FFF 3D printed PLA nanocomposites after the tensile test experiments. The SEM images reveal both the specimens’ fractured area characteristics and the specific fracture mechanism (“ductile” or “brittle” fracture mechanism), as well as the 3D printed sample’s internal microstructure i.e., existence of voids, extent of the adjacent filament fusion, etc. Specifically, neat PLA (Figure 8a,b) compared to 0.5 wt.% (Figure 8c,d), 2.5 wt.% (Figure 8e,f) and 5.0 wt.% (Figure 8g,h) CB filler loading SEM fractographic images are shown at two different magnifications, to elucidate the different underlying fracture mechanisms.



An excellent interdiffusion between the filaments, with no visible voids in the fractured surface can be seen only in the case of neat PLA. On the other hand, for all nanocomposites, some discontinuities and defects in the specimen’s internal structure can be observed, with a general trend the internal structure to become worse with the increased filler loading. Furthermore, a relatively “brittle” fracture mechanism occurs for all the samples, seen from the low magnification images, since no filaments have been found to be pulled-out from the specimens’ fractured surfaces.



At high magnification images, all samples exhibited almost similar characteristics with the surface microstructure PLA/CB nanocomposites exhibiting a slightly increased micro-roughness compared to the neat PLA. From the SEM fractographic analyses, some important findings and speculations could be deduced i.e., (i) no microaggregates could be observed in the nanocomposites’ fractured surfaces even up to 5.0 wt.% filler loading, indirectly proving a sufficient CB nanodispersion (especially seen by the high magnification images), and (ii) a high-quality internal structure can be observed only for neat PLA, whereas PLA/CB nanocomposites exhibit some structural defects e.g., voids, etc., with the worst case at 5.0 wt.% filler loading. The fact that the neat PLA exhibited an excellent internal structure suggest that optimum set of printing parameters have been used in this study.




3.5.3. Flexural Properties of 3D Printed Neat PLA and PLA/CB Nanocomposites


Figure 9 summarizes the flexural properties of 3D printed neat PLA and PLA/CB nanocomposite specimens with 0.1, 0.5, 1.0, 2.5 and 5.0 wt.% CB filler loadings. Figure 9a shows representative flexural stress–strain curves for the different tested samples. Figure 9b illustrates the average flexural strength response, while Figure 9c, shows the average flexural modulus of elasticity of the 3D printed specimens. In all cases, the average values along with the calculated standard deviations are presented. Regarding the CB reinforcement in the flexion mode, interestingly enough, the 0.1 and 0.5 wt.% of CB impart a slight knock down effect compared to the reference neat PLA, both in the flexural strength and modulus. However, at 1.0, 2.5 and 5.0 wt.% the flexural properties are promising and a clear enhancement trend was observed, with the 2.5 wt.% PLA/CB exhibiting the best performance and the highest reinforcing mechanism; namely ~38.3% increase for the flexural strength and ~31.2% increase for the flexural modulus, respectively. By increasing further, the CB content in the PLA matrix and reaching 5.0 wt.%, CB efficiently enhances the flexural properties as compared to the reference neat PLA; however not as much prominently as the 2.5 wt.% loading. Overall, it can be presumed that at 2.5 wt.% of CB content, the mechanical percolation threshold is reached for the applied flexural strain field of the 3D printed PLA/CB nanocomposites.



Although the highest calculated flexural strength was not developed on the same filler loading with the tensile tests, flexural tests results follow a similar trend to the tensile tests results. This verifies the reliability of the specimens’ preparation process, since no significant differences or large deviations were observed between the tests results.




3.5.4. Impact Properties and Micro-Hardness of 3D Printed Neat PLA and PLA/CB Nanocomposites


Figure 10a shows the average values of the Charpy’s notched impact strength (kJ/m2) results for neat PLA and PLA/CB nanocomposites at different filler loadings. Figure 10b presents the respective micro-hardness (Vickers (HV)) response of the neat PLA and PLA/CB nanocomposites. The impact strength mean values are presented for the different 3D printed specimens in Figure 10a. As it can be observed, the impact strength is increasing by the presence of CB in the polymer matrix for all the filler loadings, while a very slight and negligible decrease could be observed for the 5.0 wt.% nanocomposite. Specifically, the highest impact strength improvement was found for the 1.0 wt.% nanocomposite (~24.6%). The slight decrease of the impact properties at 5.0 wt.% might be attributed to (i) some “critical” number of interlayer voids in the samples’ side and internal structure at this CB nanoparticle loading, discussed in more detail in the SEM fractography analyses section, as well as (ii) a possible hampered polymer chain interdiffusion between the different layers and the adjacent filaments during melt deposition, due to the increase of the melt viscosity with the increased particle filler loading, accompanied with hindered polymer chain mobility.



Regarding the micro-hardness (Figure 10b), the PLA/CB nanocomposites follow exactly the trend of the flexural properties with respect to the different filler loadings. Especially, the biggest improvement was observed for the 2.5 wt.% nanocomposite (~6.6%). The enhancement in the microhardness values is directly associated with the stiffening of the material induced by the CB nanoparticles in the PLA polymer matrix. Namely, micro-hardness slightly decreases for the 0.1 and 0.5 wt.% nanocomposites, while it slightly increases for the 1.0 and 2.5 wt.%, with a slight decrease finally at the highest filled PLA at 5.0 wt.%.





3.6. Thermomechanical Analysis of 3D Printed Neat PLA and PLA/CB Nanocomposites


Figure 11 illustrates the 3D printed specimens’ thermomechanical response, i.e., the storage modulus (E’, MPa), loss modulus (E”, MPa) and Tan δ, as a function of temperature, derived from the DMA thermomechanical experiments. Storage moduli values at low temperatures (~30 °C) coincide with the flexural moduli of the tested material, with the highest increase and reinforcing mechanism for the 2.5 wt.% nanocomposite. However, the 5.0 wt.% nanocomposite show also a promising thermomechanical reinforcement mechanism, which is an opposite behavior with regards to the flexural and the tensile properties. This interesting finding is attributed to the nature of the DMA set-up conditions and the samples’ significantly lower dimensions, where statistically a plausible much smaller number of defects and discontinuities is present in the tested specimens affecting the bulk mechanical property.



The storage modulus reveals a decreasing tendency with the increase in temperature. The highest damping is recorded up to 0.1 wt.% doped samples, and marginally decreased for the 0.5, 1.0, 2.5 and 5.0 wt.% nanocomposites. The Tan δ values for all samples exhibit an increasing trend up to the temperature range of 62 °C, indicating that up to this temperature range the mechanical energy is stored elastically in the polymeric macromolecular chains; however, with a decreased ability as the temperature increases, manifested by the decreased storage moduli values. On the other hand, >60–65 °C the Tan δ values show a drop, revealing the softening of the material before fusion, and the transition to the viscoelastic regime. It is worth mentioning that the increase in the storage moduli for all the nanocomposite samples found by the DMA experiments is associated with the stiffening of the polymeric chains in the presence of CB nanofillers. The highest storage modulus value was observed for the 2.5 wt.%, which was also almost identical with the 5.0 wt.% nanocomposite, exhibiting an increase of approximately 40% when compared to the neat PLA.




3.7. Antibacterial Performance of the PLA/CB 3D Printed Nanocomposites


Figure 12 demonstrates the antibacterial results after the 24 h bacteria culture for the highest concentration PLA/CB nanocomposite studied in this research work (5.0 wt.%). A mild clearly visible antibacterial activity was observed, while non-measurable antimicrobial activity has been found for the PLA/CB at lower filler loadings and no antibacterial performance was found for the neat PLA, with the process followed. The developed Inhibition Zone (IZ) was almost the same for both Staphylococcus aureus and Escherichia coli bacteria. The antibacterial results presented in Figure 12 show that the addition of CB in the PLA matrix can introduce antibacterial properties to the polymer, at least for the two bacteria tested in this study. It should be mentioned that the agar well diffusion method employed in this work exposes the specimens in a severe bacteria environment and it is suitable mainly as a screening process, providing information regarding the potential of the material’s antibacterial performance. Still, this is an important finding, considering that the developed nanocomposites were 3D printed, making it possible to build on-demand parts with FFF 3D printing process exhibiting antibacterial properties.





4. Conclusions


PLA/CB nanocomposites at 0.5, 1.0, 2.5 and 5.0 wt.% filler loadings were produced by melt mixing followed by a filament extrusion process, to produce the feedstock material utilized for the FFF 3D printing consecutive manufacturing of PLA/CB. All filament extrusion and 3D printing parameters have been initially optimized, yielding high quality specimens and an efficient 3D printing process. Raman spectroscopy revealed the graphitic nature of CB, as well as the corresponding PLA matrix characteristic fingerprints, and the PLA/CB nanocomposites (at 2.5 wt.% filler loading) peaks, due to the constituent matrix and dispersed filler phases. TGA analysis proved that the temperatures employed during the extrusion and the 3D printing process are appropriate for the materials prepared and tested in this work and the overall thermal stability of the samples does not seem to be impacted. The PLA/CB 3D printed nanocomposites have been fully investigated for their static and thermomechanical properties; while they have been fully analyzed in terms of their electrically conductivity and demonstrated as (i) Joule heater devices and (ii) conductive circuitry resistor multi-functional nanocomposites.



The electrical percolation threshold was studied, with the nanocomposites exhibiting an electrically conductive behavior from the 2.5 wt.% loading and increasing by increasing the filler loading up to 5.0 wt.%. The nanocomposites showed an anisotropic electrically conductive behavior in the “through” thickness and “cross-layer” 3D printing specimens’ measurement directions. The highest electrical conductivity (σ) was obtained at the “cross-layer” direction for the PLA/CB (5.0 wt.%) nanocomposite (~0.9 S/m), while it exhibited an electrothermal “Joule-heating” function with its surface temperature raising at ~35 °C within 30 sec. upon being to a voltage bias (Vbias) of 15 V. It is worth to be mentioned that PLA/CB (10.0 wt.%) electrically conductive filaments were also produced; however, they were not processable towards a continuous FFF 3D printing process, hence they are not included this work.



Detailed mechanical investigations i.e., tensile, flexural, impact, microhardness and Dynamic Mechanical Analysis (DMA) tests revealed the structure-property relationship of the fabricated 3D printed nanocomposite materials, as well as elucidating the mechanical reinforcement mechanisms under static and dynamic mechanical loadings for the PLA/CB nanocomposites. Scanning Electron Microscopy (SEM) fractographic analyses revealed the underlying fracture mechanisms of the tensile tested specimens. Additionally, the agar well-known diffusion method revealed a mild antibacterial performance of the nanocomposite at the highest filler loading of 5.0 wt.% prepared in this work. The overall results especially related to the mechanical performance of the 3D printed nanocomposites manufactured and tested in this study are summarized in Figure 13. As it is shown, 0.5 wt.% PLA/CB CPC had the highest tensile strength enhancement, although higher loadings had similar tensile strength results. In the remaining mechanical properties, the 2.5 wt.% PLA/CB CPC had the most enhanced performance, making it overall the best filler loading, regarding the mechanical response of the nanocomposite studied in this work.



It could be envisaged that the proposed multi-functional 3D printed PLA/CB CPC manufactured nanocomposites with enhanced mechanical and electrical properties, Joule-heating capability and antibacterial properties could create the seeds for future 3D shaped multifunctional objects where complex 3D architectures and customizability are required; i.e., low-power demanding applications such as wearables, flexible conductors, resistors for circuitry, IoT sensors and personalized biomedical components (wearable strain sensors, antimicrobial splints, etc.).
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Figure 1. Flow chart illustrating the different steps to manufacture the filaments, as well as the 3D printed specimens and the characterization of the nanocomposites fabricated in this work: (a) powders’ drying process, (b) filaments’ drying process, (c) filaments’ extrusion process, (d) tensile test specimens’ morphological characterization on SEM, (e) tensile test specimens, (f) thermogravimetric analysis on the nanocomposites, (g) electrical conductivity measurements on the specimens, (h) flexural test on specimen, (i) antibacterial screening process on the nanocomposites. 
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Figure 2. The optimum FFF 3D printing parameters followed in this study and set up to slicer software to manufacture the neat PLA, as well as the PLA/CB different nanocomposite specimens. 
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Figure 3. Raman spectra of PLA, CB and PLA/CB nanocomposite (at 2.5 wt.% of filler loading) at the spectral region 300–3300 cm−1. 
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Figure 4. (a) Thermogravimetric Analysis (TGA) and (b) Differential Thermogravimetry (DTG) plots of 3D printed neat PLA and PLA/CB nanocomposites (inset TGA scan in Figure 4a shows the nanocomposites’ remnant due to CB, as well as the increased thermal stability induced by the CB nanofiller at all particle loadings). 
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Figure 5. Side surface morphology of 3D printed tensile test specimens of neat PLA (a,b), as well as PLA/CB with 0.5 wt.% (c,d), 2.5 wt.% (e,f) and 5.0 wt.% (g,h) CB filler loading. 
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Figure 6. (a) schematic illustration of the electrical conductivity measurements for the 3D printed PLA/CB CPC specimens at two different directions; (b) electrical conductivity of the 3D printed conductive nanocomposites at 1.0, 2.5 and 5.0 wt.% CB content (at two different measurement directions; namely the “through layer” and the “cross-layer”), as well as (c) a detailed plot of the PLA/CB electrical conductivity at various filler loadings (0.1, 0.5, 1.0, 2.5 and 5.0 wt.% CB filler content), demonstrating the PLA/CB CPC percolation curve; (d) a real sample digital image (with the two deposited electrodes), as well as an IR-T image showing the electrothermal Joule heating performance of the PLA/CB (5.0 wt.%) nanocomposite at an applied DC Vbias of 15 V; (e) LED in operation when current is passing through a PLA/CB (5.0 wt.%) nanocomposite in a closed circuit applying a Vbias of 15 V. 
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Figure 7. (a) Tensile stress (MPa) vs. strain (%) representative curves for neat PLA and PLA/CB nanocomposites. (b) average tensile strength, and (c) average tensile modulus of elasticity values along with the calculated standard deviation values, both as a function of CB filler loading (wt.%). 
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Figure 8. Fractured surface morphology of PLA/CB 3D printed nanocomposites after tensile tests: neat PLA (a,b) compared to 2.5 wt.% (c,d), 5.0 wt.% (e,f) and 10.0 wt.% (g,h) CB filler loading, respectively. 
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Figure 9. (a) flexural stress (MPa) vs. strain (%) representative curves for neat PLA and PLA/CB nanocomposites. (b) flexural strength and (c) flexural modulus of elasticity average values, along with the calculated standard deviation values, both as a function of the CB different filler loadings (wt.%). 
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Figure 10. (a) Charpy’s notched impact strength test results (kJ/m2), and (b) micro-hardness (Vickers (HV)) performance of the neat PLA compared to the PLA/CB nanocomposites (both properties are shown as the calculated average values together with their corresponding standard deviation). 
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Figure 11. Storage modulus, loss modulus and Tan δ plots of the neat PLA and PLA/CB nanocomposites at different filler loadings: (a) pure PLA, (b) PLA/CB wt.% 0.1, (c) PLA/CB wt.% 0.5, (d) PLA/CB wt.% 1.0, (e) PLA/CB wt.% 2.5, (f) PLA/CB wt.% 5.0. 
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Figure 12. Agar well diffusion method pictures after 24 h culture showing the Inhibition Zone (IZ) of (a) Escherichia coli bacteria against PLA/CB (5.0 wt.%) (b–d) and Staphylococcus aureus against PLA/CB (5.0 wt.%) (e,f). 
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Figure 13. Overall results on the mechanical properties and performance of neat PLA compared to PLA/CB 3D printed nanocomposites. 
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