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Abstract

:

The structural, thermal, and mechanical properties of unreinforced and reinforced polylactic acid (PLA) were investigated. The PLA was a biopolymer that was reinforced with four fillers (i.e., graphene oxide (GO) and silver (Ag); vermiculite (VMT) and silver (Ag); and two organically modified vermiculites). The processing technique for the production of the composite materials were carefully planned. The PLA nanocomposites were investigated by examining their morphological aspects, changes in PLA phases and transitions and, most importantly, the effect on certain final properties. X-ray diffraction and differential scanning calorimetry (DSC) analysis indicated that the sample was completely amorphous. Thermogravimetric analysis (TGA) results indicated that the presence of reinforcing particles in the PLA matrix did not affect the thermal degradation of these composites. Furthermore, the local mechanical properties were investigated using the microindentation method to evaluate the effect of different nanofillers. Scanning electron microscopy (SEM) and a VHX-500 optical digital microscope (Keyence International, Mechelen, Belgium) were also used to examine the surface morphology of the PLA polymer composites. These results can help to select suitable fillers to enhance the PLA performance of biopolymers.
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1. Introduction


Biodegradable polymer composites are widely used in food packAging and Agricultural films and have applications in many fields such as artificial joints, wound treatment, related drug delivery, and orthopedic devices.



Polylactic acid (PLA) is a biobased polymer that has recently gained popularity due to its good properties, processability, and relative high availability compared to other commercially used biodegradable thermoplastic polyesters [1,2,3].



Polylactic acid (PLA) is polyester with high strength and biocompatibility that is widely used in biomedical applications [4,5,6,7,8]. PLA is a biodegradable material made from renewable resources. It is cost-effective and can be used for 3D printing. In an amorphous state, it is light and transparent, has high rigidity, and can be used in contact with food in a variety of thicknesses. It acts as a barrier to fat, oil, odor, and water, and it has a low-sealing temperature [9].



As per some research, many hydrolytic degradation tests on PLA have been executed to simulate its compatibility with the human body and natural sites such as soil or compost [10,11,12]. PLA is a transparent, glossy, rigid polymer made up of semi-crystalline polymers with glass transition and melting temperatures of approximately 55 and 180 °C, respectively [13,14]. PLA, as some analyses have shown, has many benefits that make it a popular polymer, but it also has some disadvantages that limit its use significantly. Susceptibility to hydrolytic degradation during melt processing, high brittleness, and a low glass transition temperature are among them. Furthermore, according to some sources, PLA is hydrolyzed and produces water-soluble oligomers. PLA’s critical degradation rate has limited its use, and several scientists have tried to prove the degradation rate (often to increase speed) and improve PLA for biomedical or environmental applications [1,4,15]. Neat PLA has many limitations in packAging applications, such as food packaging materials, where nanocomposites must have effective antioxidant activity Against many human pathogenic bacteria [16,17,18,19].



Therefore, as a result, the addition of inorganic and organic nanofillers and nanohybrids is thought to be an appropriate alternative for overcoming these issues, thereby increasing the possibility of PLA-based packaging materials [20,21]. The preparation of reactive blends of polylactide with other biodegradable polymers [15,22] is another solution that allows for the expansion of the field of application, primarily in terms of improving toughness. The use of inorganic fillers in the fabrication of PLA-based composites has created numerous opportunities for modification, leading to the polymer’s widespread use [23]. Fillers can change the crystal structure; improve thermomechanical properties [24], thermal conductivity [25], and barrier properties [26]; reduce flammability [27]. Furthermore, when fibrous fillers, such as glass or basalt fibers, were used, the mechanical properties improved significantly [28,29].



Furthermore, Wu et al. [30] confirmed that the viscoelasticity of PLA polymers could be increased by including nanofillers as reinforcement. Viscoelasticity is closely related to the dispersion state of the nanofillers and the interaction between the nanofillers and the polymer matrix. Therefore, elastic and viscosity trends are considered separately to highlight their contributions. However, elastic and viscous behaviors are intrinsically linked and often cannot be separated. For this reason, choosing a good, efficient nanofiller has a powerful impact [31].



Among numerous nanofillers [32,33,34,35], vermiculite (VMT), silver (Ag), and graphene oxide (GO) nanofillers are operational in improving the physical properties and crystallization of PLA owing to their excellent physical properties, comprising their high aspect ratio and imperative surface area [36,37,38,39,40].



Silver (Ag) nanoparticles are known to improve the antimicrobial properties of polymeric materials and are widely used as an antimicrobial additive in food applications. Silver nanoparticles (Ag) have also received a lot of attention in biomedical and food packaging products due to the fact of their optical, antibacterial, and thermal properties as well as their very large surface area. Because of the enhancement of antibacterial, antifungal, and antivirus activity of Ag at the nanoscale, Ag nanoparticles are effective Against bacteria and can destroy 650 different types of bacteria, viruses, and fungi [41,42,43]. When compared to other antibacterial Agents, these nanoparticles are more durable, effective, and simple to use.



Vermiculite (VMT) is a type of clay that can be used to strengthen polymers. VMT is a layered silicate of the mica type. VMT is a silicate that is more plentiful, less expensive and has a higher cation exchange capacity. Zhang et al. [44] used microwave-assisted in situ polymerization to create PLA/vermiculite nanocomposites. Vermiculite’s effect on the emplacement effect and material properties was investigated. Ye et al. [45] used a twin-screw extruder to melt blend poly-L-lactide (PLLA)/vermiculite primary nanocomposites and investigate the diffusion state of vermiculite as well as the effect of vermiculite on its thermodynamic properties.



Graphene oxide (GO) has incredible properties such as high mechanical strength and a very large surface area [46]. Several studies have been conducted to investigate the enhancement of PLA by GO [47]. Pinto et al. demonstrated that the addition of GO increased the elastic modulus by 115% and the yield strength by 95% [48]. Other research has found that biopolymer-based GO reinforcements are biocompatible, promote cell adhesion and proliferation, and improve composite wettability [38,46,47,49,50,51].



Other research has found that biopolymer-based GO reinforcements are biocompatible, promote cell adhesion and proliferation, and improve composite wettability [16,21].



Several studies on the micro indentation [32,52] of injection-molded polymers indicate that crystallinity influences both modulus and hardness [53,54]. According to several research works, a good dispersion of nanofillers in the matrix is very important. To reach a good and uniform dispersion, a limited mass fraction of nanofillers must be added to avoid Agglomeration and high density in the reinforced PLA [55]. Thus, the molded polymers could experience uneven cooling rates between the outer and inner parts. Consequently, the amplified crystallization rate stimulated by the integration of vermiculite (VMT), silver (Ag), and graphene oxide (GO) may affect surface properties. The addition of vermiculite (VMT), silver (Ag), and graphene oxide (GO) into PLA leads to a rise in the complex viscosity, storage modulus, and loss modulus, which is more prominent in the low-frequency range than the high-frequency range. This indicates that the reinforced PLA nanocomposites are more elastic than neat PLA, which can lead to the hesitation effect cited above in the micro-injection molding process.



The main idea and novelty of this work were to produce PLA-based nanocomposites reinforced with nanofillers by extrusion and to evaluate their thermal stability, crystallization ability, and mechanical response (under different solicitation or isothermal conditions). The nanofillers used in this work are known to have antimicrobial properties. The PLA used was PLA designed for 3D printing due to the intended future applications. Hence, on the following nanocomposites after extrusion, we focused on the morphological aspects revealed as well as the effects of the interaction between the PLA matrix and the nanofillers. Many techniques are critical to this study, including transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction analysis, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and micro indentation test. The purpose of this study was to investigate the effect of different nanoparticles on the thermal, mechanical, and barrier properties of PLA polymer matrices. The funding contributed to selecting the adequate reinforced nanocomposite to use for various biomedical applications as well as the packaging materials and materials for 3D printing.




2. Materials and Methods


2.1. Materials


Granular polylactide (PLA) of a technical grade mainly used for 3D printing was supplied by Plasty Mladeč, Czech Republic (density of 1.24 g·cm−3, flow in the melt (MFI) of 6 g per 10 min and averAge molecular weight 189,000 g mol−1); natural vermiculite from a Palabora deposit (South Africa) was supplied by Grena a.s., Czech Republic, with a particle size below 40 μm and cation exchange capacity (CEC) 89 cmol(+)/kg; natural graphite flakes (99%), supplied by Sigma Aldrich, Czech Republic, were used as the starting materials for the preparation of fillers and polymer nanocomposites. Graphene oxide was prepared from the graphite flakes using a modified Hummers’ method. Vermiculite was modified in the first step using sodium chloride and in the second step using hexadecyl pyridinium bromide (HDP, >98%) or hexadecyltrimethylammonium bromide (HDTMA, >99%). Silver was anchored on vermiculite and graphene oxide surfaces using AgNO3 (>98%). All chemicals, including those used for Hummers’ method (i.e., potassium permanganate (KMnO4), sulphuric acid (H2SO4), and hydrogen peroxide (H2O2)), were supplied by Sigma-Aldrich, Prague, Czech Republic. Ultrapure MilliQ water (Merck) was used for all the aqueous solutions.




2.2. Methods of Preparation


2.2.1. Preparation of HDTMA and HDP-Modified Vermiculites (VMT + HDP and VMT + HDTMA)


The preparation of organically modified vermiculites was carried out following the procedure outlined in [37,39,40,56]. Natural vermiculite was saturated with Na+ cations to prepare the monoionic form of vermiculite (denoted as Na-VMT). Consequently, 100 g of Na-VMT was treated with aqueous solutions of HDP+ or HDTMA+ cations in quantities ensuring approximately 100% of cation exchange capacity (1.0 × CEC). The prepared organovermiculites were washed repeatedly with demineralized water to remove halide ions (tested by AgNO3 solution). Then, the samples were dried at 50 °C and stored in the dark at the laboratory temperature. The samples were denoted as VMT + HDP and VMT + HDTMA.




2.2.2. Preparation of VMT + Ag


Silver-modified vermiculite was prepared by intercalation of silver cations to the vermiculite structure from an aqueous solution, where 8.4 g of AgNO3 was dissolved in 50 mL of demineralized water and 5 g of natural vermiculite was added to the solution. The suspension was shaken on a laboratory shaker for 24 h at the laboratory temperature and then heated to 70 °C for 3 h [36]. Finally, it was washed with demineralized water, dried at 50 °C, and stored in the dark at the laboratory temperature. The sample was denoted as VMT + AG.




2.2.3. Preparation GO and GO + Ag


Graphene oxide (GO) was prepared by a modified Hummers’ method [55]. Briefly, 10 g of graphite was stirred with 250 mL of sulphuric acid (concentrated); then, 30 g of potassium permanganate was added, and the suspension was stirred for 3 h. Consequently, demineralized water was slowly added to the reaction mixture. Finally, 50 mL of hydrogen peroxide (30 wt.%) was added. The process was performed twice. The suspension was washed with demineralized water and dried at 50 °C and stored in dark.



For anchoring of Ag on the GO surface, 0.1 g of prepared GO was redissolved in demineralized water together with 11 g AgNO3 in 100 mL of demineralized water. The suspension was stirred for 24 h at a laboratory temperature, then washed by demineralized water, dried at 50 °C, and stored in the dark at the laboratory temperature. The prepared sample was denoted as GO + Ag [38].




2.2.4. Preparation of Reinforced PLA Nanocomposite


Polymer nanocomposites were prepared by mixing 4 g of the granulated PLA with the individual fillers VMT + HDTMA, VMT + HDP, VMT + Ag, and GO + AG in a quantity of 1 wt.%. The mixture was homogenized using a Haake™ MiniLab polymer blender (ThermoFisher Scientific, Prague, Czech Republic) at 170 °C and 30 rpm for 5 min, then extruded in the shape of a string. The molecular weight of the PLA foils after the extrusion was checked by GPC; it was 184,500 ± 700 g/mol. The molecular weight of the original PLA pellets was 189,000 g/mol. The degradation reached approximately 2.4%; thus, it was from this point of view very low. It was confirmed also by XRD and FTIR analyses, the results of which were very similar. Strings of the polymer nanocomposite were pressed into a plate on a heat press at a temperature of 200 °C for 5 min; then, the formed plate was moved to a cold press until it cooled down. The prepared samples of reinforced PLA were denoted as PLA + VMT + HDTMA, PLA + VMT + HDP, PLA + VMT + AG, and PLA + GO + AG.






3. Methods of Characterizations


Several methods were used for the physicochemical characterization of prepared fillers and reinforced PLA. Efficient intercalation and anchoring processes were confirmed using the X-ray powder diffraction (XRD) method with an X-ray diffractometer Rigaku Ultima IV in the reflection mode, Bragg–Brentano arrangement, CuKα1 radiation (RIGAKU Analytical devices, Inc., Wilmington, MA, USA) in the ambient atmosphere under constant conditions (40 kV, 40 mA). The content of Ag on the vermiculite and graphene oxide surfaces was confirmed using ICP-OES VISION EOP (SPECTRO Analytical Instruments GmbH, Kleve, Germany). The content of HDTMA+ and HDP+ cations in the inorganic vermiculite structure was determined by phase carbon analysis on the multi-phase carbon and water analyzer RC612 (LECO, St. Joseph, MI, USA).



The optical digital microscope, VHX-500 (Keyence International, Mechelen, Belgium), and a scanning electron microscope (SEM) were used for a surface morphology study of polymer composites. SEM was performed using samples sputter-coated with a thin film of gold by an electron microscope Quanta 450FEG (FEI, Hillsboro, OR, USA) with the following working conditions: accelerating voltAge 10.0 kV, working distance 8.0 mm, and probe current 100 mA.



Thermogravimetric analysis (TGA) was conducted on a thermal analyzer STA 409EP (NETZSCH-Gerätebau GmbH, Selb, Germany) using an Al2O3 crucible in air and argon atmospheres with a heating rate of 10.0 K min−1 from 30 to 600 °C. The heat response of the nanocomposite samples was measured using a differential scanning calorimeter (DSC) DSC131 EVO (SETARAM Instrumentation, Caluire, France) in an Al crucible of 30 μL. The samples were heated from −20 to 200 °C at a rate of 5 K min−1 in an argon atmosphere.



A CSM Micro-Hardness Tester using Vickers diamond indenter working with a nominal angle of 136° was used. For the tests, the micro-indentation parameters used approached speeds of 50 mm/min, contact loads of 20 mN, load rates of 2000 mN/min, unload rates of 2000 mN/min, maximum loads of 1000 mN, and 20 s of pause. In addition, this micro indentation test could be released in four steps: (1) Vickers indenter pecks the surface; (2) loading phase up until the maximum, and the maximum load used was 1000 mN; (3) holding the load, and it was completed to keep away from the creep influence on the unloading characteristics; (4) in the final step in the unloading phase [35,57].



The specific indication that we faced with the micro indentation test was the indentation depths, which are shown in Figure 1:



ht is the whole depth below a load, Pt;



he is the elastic rebound depth for the unloading duration;



hf is the depth of the residual impression;



ha is the surface displacement at the perimeter;



hp is the depth of the contact indentation.



The hardness, VHN, in this work is well defined as the test force divided by the indentation apparent area at maximal force:


  VHN =  P A   








where P is the maximum load, and A is the deep-sensing instrument.



The apparent elastic modulus was calculated from the following equation:


  E =   1 −  v s P     1   E r    −   1 −  v i 2     E i       








where Ei is the diamond indenter elastic modulus (1141 GPa), vi is the Poisson’s ratio of the diamond indenter (0.07), Er is the reduced modulus of the indentation contact, and vs is the Poisson’s ratio of the bone (0.3).




4. Results and Discussion


4.1. Fillers Characterization by X-ray Diffraction


XRD analyses confirmed the presence of silver atoms on graphene oxide and vermiculite surfaces as well as the presence of HDTMA+ and HDP+ in the vermiculite structure. Data are not presented here.



The quantity of Ag anchored on graphene oxide and vermiculite matrices was determined to be 61 ± 10 wt.% and 8.94 ± 1.35 wt.%, respectively. The difference in the Ag content on GO and vermiculite surfaces was conducted by a different method of modification, but it was corresponding as one can see: in the case of GO, a higher quantity of Ag+ was used, while for GO + Ag the Ag+/GO ratio was 6.35 and for VMT + AG it was 1.07.



The number of the organic cations, HDTMA+ and HDP+, in the VMT matrices was confirmed by the phase carbon analysis. The organic carbon content in the vermiculite structure was determined to be 24.5 and 20.2 wt.%, respectively. It proved that the intercalation was successful; the cation exchange was 120 and 90%, respectively, which corresponds with our previous findings in Plachá (2008, 2010) [39,56].




4.2. Morphological and Structural Characteristics of Reinforced PLA Nanocomposite


Reinforced PLA samples were characterized using the optical digital microscope (KEYENCE) and a scanning electron microscope (SEM) to describe surface morphology. In Figure 2, the individual polymer nanocomposites together with the pure PLA polymer are presented. There was a clear difference comparing the pure PLA and the PLA containing various fillers. The surface of reinforced PLA samples seemed to be smooth and the fillers were distributed in the whole area. The particle size of fillers was not uniform, and the composites contained both nano- and microparticles.



Figure 3 represents SEM imAges of the pure PLA and reinforced PLA samples. While the pure PLA had a smooth surface without any particles, the composites contained particles that rose to the surface of the composites. The least uniform particles were contained in the PLA + GO + Ag, and the PLA filled with organically modified vermiculites seemed to be the most homogenous.




4.3. Thermal Stability by Thermogravimetric Analysis


Thermogravimetric analysis of polymer composites together with the sample of the pure PLA was performed in air and argon atmospheres. No information on the composition of the technical PLA was given by the vendor. The TGA showed the thermal stability of the prepared composites under rising temperatures. The results are presented in Figure 4. It was observed that the pure PLA followed the one-step degradation between 330.4 and 368.2 °C in the air atmosphere (Figure 5) and 336.1 and 374.4 °C (Figure 4b) in the argon atmosphere, which corresponds with observations reported elsewhere.



Thermal degradation of the reinforced PLA samples in the air atmosphere (Figure 4a) was shifted to lower temperature values, except for PLA + GO + Ag, where the initial degradation temperature (329.9 °C) was almost identical to the start of degradation for the pure PLA, and the end of degradation was set at a higher temperature of 370.9 °C. Reinforcement of PLA using GO + Ag did not impair the thermal stability of PLA. In the case of PLA with modified-vermiculite loadings, the degradation temperature ranges shifted to lower temperatures: 327.2–364.7, 328.7–367.4, and 328.3–366.2 °C for PLA + VMT + AG, PLA + VMT + HDTMA, and PLA + VMT + HDP, respectively (Figure 4a). In the argon atmosphere (Figure 4b), the temperature degradation proceeded faster, and the temperature interval narrowed compared to the pure PLA. The temperature range was 335.2–369.9, 337.3–368.6, 324.1–361.4, and 327.9–364.6 °C for PLA + GO + Ag, PLA + VMT + Ag, PLA + VMT + HDTMA, and PLA + VMT + HDP, respectively. In all cases, the thermal degradation started earlier the in the pure PLA except for PLA + VMT + AG, and the final temperature was shifted in all cases to the lower temperatures by 6 °C or more. The composites PLA + VMT + HDTMA and PLA + VMT + HDP showed the worst thermal stability in the inert atmosphere.



The effect of reinforcement on thermal stability was precisely analyzed using first derivative (DTG) curves (Figure 4c,d). The peak at a particular temperature shows the degradation temperature of the polymer specimens. It was confirmed that in the air atmosphere (Figure 4c), GO + Ag filler increased the thermal stability of the pure PLA by 2.3 °C, and the VMT + HDTMA and VMT + HDP fillers were comparable even if they had lower thermal stability than the pure PLA. The filler VMT + Ag showed the worst thermal stability of the composite. In the inert atmosphere (Figure 4d), all reinforcements showed lower thermal stability than the pure PLA, the reinforcements containing Ag by approximately 6 °C, in the case of the organically modified vermiculites by 12.7 and 8.9 °C for VMT + HDTMA and VMT + HDP.




4.4. Thermal Properties by DSC


Table 1 summarizes the observed DSC results of the pure and reinforced PLA, namely, the glass transition temperature (Tg), cold crystallization temperature (Tc), and melts temperature (Tm). Representative DSC curves are shown in Figure 5. We can observe a slight variation in the PLA and the reinforced PLA curves around 60–61 °C relative to the Tg of PLA. The Tg of PLA practically did not change in the presence of reinforcements; it very slightly decreased. A cold crystallization peak (Tc) for PLA was at 105.85 °C. There was a gentle drop of the Tc for PLA + VMT + HDTMA and PLA + VMT + HDP to 104.67 and 105.23 °C, respectively. However, in PLA + GO + AG and PLA + VMT + Ag, the Tc value shifted to higher values of 122.54 and 109.76 °C.



Two peaks, Tm1 and Tm2, for the melting temperature of PLA occurred at 147.15 and 153.62 °C, respectively. The double peak in the PLA curve can be explained by the fact that the heating rate was so low that smaller PLA crystals could melt and recrystallize. Addition or reinforcements to the PLA did not influence the melting temperature values, except for GO + Ag. In that case, only one melting temperature peak was observed at 151.07 °C, influenced by the formation of a disordered alpha phase and the existence of more than one crystalline structure.




4.5. Mechanical Response


Microhardness measurements were accomplished to preliminarily evaluate the mechanical response displayed by these materials after their treatment. The load-displacement curves for the neat PLA and each reinforced PLA are presented in Figure 6. These curves contribute to evaluating the elastic to plastic behavior of the samples at the surface. Figure 6 presents the P–δ interactions of different charges, such as VMT + Ag, GO + Ag, VMT + HDP, and VMT + HDTMA additives specimens, which were obtained using an indentation apparatus.



According to the neat PLA, as shown in Figure 7, the reinforced PLA sample displayed a significantly higher indentation load (P) for some of the types of charges, e.g., the value of P roughly increased by 28.07%, 31.44%, 49.70%, and 60.70% with the addition of VMT + Ag, GO + Ag, VMT + HDTMA, and VMT + HDP, correspondingly, at δ = 5 µm. This means that the reinforcement particles created a significant contribution to the whole reinforced PLA indentation response. The same inspection can be created for the indenter displacement.



Certainly, as shown in Figure 8, with the addition of the VMT + HDP and VMT + HDTMA particles, there was an increase in stiffness and, consequently, a decrease in the displacement at a force of 1000 mN. In comparison to neat PLA, the displacement decreased by 1.04%, 4.22%, 7.54%, and 12.68% with the addition of GO + Ag, VMT + Ag, VMT + HDTMA, and VMT + HDP, respectively (Figure 6). In this case, we can prove that these additives contributed to obtaining a good toughness for the PLA matrix. For both PLA and reinforced PLA specimens, the indentation deformation was not able to improve after unloading, which implies that their deformations were not elastic; there is dissimilarity concerning the loading curves and unloading. In this figure, it is possible to detect that as the type of the additive changed, the rigidity of the material also changed.



Figure 9 shows the considered apparent elastic modulus depending on the additive of reinforcement. The addition of VMT + HDTMA and VMT + HDP into the PLA matrix presented improved resistance of the interfacial, thus increasing the apparent elastic modulus from 5.372 to 6.620 GPa. This enhancement is owed to the high aspect ratio and intrinsic mechanical performance of VMT + HDP and VMT + HDTMA in comparison to the PLA matrix. However, adding VMT + Ag and GO + AG into the PLA matrix decreased the mechanical performance, thereby decreasing the apparent elastic modulus from 5.372 to 3.820 GPa.



In this work, PLA + VMT + HDP exhibited a high apparent elastic modulus, demonstrating its superior structural performance compared to neat PLA and other present reinforced PLA. As previously stated, the apparent elastic modulus increased with increasing filler loading, because the fillers absorb the stress transferred from the PLA matrix. In other words, as the concentration of reinforced PLA polymer increased, so did the chain entanglements and solution viscosity which, in turn, increased the viscoelastic force.



Figure 10 demonstrates that the reinforced PLA matrices with the VMT + HDTMA and VMT + HDP additives had much better resistance to indentation than the individual neat PLA stiffness. However, the addition of GO + Ag and VMT + Ag additives contributed to degrading the material performance of the PLA. It made the material less stiff and affected the material’s life and frAgility in front of the fatigue; it cannot be resistant for a long time.



Figure 11 confirms the effect of a different kind of charge content on the hardness of the reinforced PLA. An enhancement in the hardness was detected with the addition of VMT + Ag, GO + Ag, VMT + HDP, and VMT + HDTMA. The neat PLA samples exhibited a hardness of 25.196 Vickers, which increased to 38.855 (54.212%), 38.581 (34.69%), 53.123 (56.77%), and 54.953 (118.102%) with the addition of VMT + Ag, GO + Ag, VMT + HDTMA, and VMT + HDP, correspondingly. This increase in hardness was due to the reliable distribution and interfacial bonding concerning nanoadditives and the PLA matrix (Table 2).



The Print Effects


The value of the Vickers HV hardness is given by the ratio of the load applied to the projected area of the residual impression. It is deduced from the dimensions of the diAgonals of the residual imprint produced on the surface of the material according to Equation (1).


  1 ×   10  3  ×  P   A S    = 2 ×   10  3    P . sin  (   α 2   )     d V    2    = 0.0018544 ×  P   d V    2     



(1)




where P is the load applied in N, As is the actual surface area of the cavity in mm2, dV is the averAge of the diAgonal lengths d1 and d2 of the cavity in mm, α is the angle between the faces of the indenter (136°), and HV is in GPa.



Here, one can mention that surface area has a significant effect on the hardness of materials. In Figure 12 and depending on the variation of the surface area of the print with each material, one can mention it can give an impression of the kind of reaction material and its resistance. In our example, it is remarkable that the big surface area of the footprint was only with the PLA reinforced with VMT + Ag which explains its brittle reaction of surface material. However, the smallest area was observed with PLA reinforced with VMT + HDTMA which explains their good performance and resistance to impact imposed from the indenter, which is why we can prove that the print gives us an impression on the hardness of the surface from one surface area to another.






5. Conclusions


In this study, unreinforced and reinforced PLA nanocomposites were investigated. Their morphology, changes in the PLA phase and its transformation, and some final properties, such as thermal stability and mechanical behavior, were systematically investigated.



The Tg of PLA did not change with the reinforcement, it only decreased very slightly. However, for PLA + GO + Ag and PLA + VMT + Ag, the Tc values shifted to higher values of 122.54 and 109.76 °C. In an air atmosphere, the GO + Ag filler improved the thermal stability of pure PLA by 2.3 °C, while the VMT + HDTMA and VMT + HDP fillers exhibited comparable, albeit lower, thermal stability. The filler VMT + GO + Ag composite had the lowest thermal stability.



In an inert atmosphere, the thermal stability of all reinforcements was lower than that of pure PLA for VMT + HDTMA and VMT + HDP, approximately 6 °C for AG reinforcement and 12.7 and 8.9 °C for organically modified vermiculite, respectively. Furthermore, it was established that including VMT + HDTMA in a PLA matrix reduced the depth of indentation (d) and increased the apparent elastic modulus (E), stiffness (S), and hardness (H). The results of this report indicate that the reinforced PLA with VMT + HDTMA has higher potential as a structural material



In this work, we concluded that the fillers used to reinforce the PLA’s performance are similar from the point of view of physicochemical properties, but in terms of mechanical properties, they present an evident difference.



Ultimately, these polymeric nanocomposites could be used for biomedical applications such as temporary body implants (fracture fixation screws, stents, absorbable sutures, bandAges, etc.) or antimicrobial surgical devices (catheters and others).



For that reason, the following intention for the use of prepared nanocomposites is to test their antimicrobial properties, which will be manifested in a longer time horizon to prevent long-term biofilm formation and also to test their ability to be material for 3D printing.
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Figure 1. Indentation machine and representative plot of the load versus displacement. 
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Figure 2. Optical microscopy (KEYENCE) of the different polymer composites. 
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Figure 3. SEM imAges of different polymer composites. 
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Figure 4. TGA curves of the pure PLA and reinforced PLA specimens (a) in the air atmosphere; (b) in the inert atmosphere. DTG curves of the pure PLA and the reinforced PLA specimens (c) in the air atmosphere; (d) in the inert atmosphere. 
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Figure 5. DSC curves of the pure and reinforced PLA. 
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Figure 6. Indentation profiles for the different materials. 
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Figure 7. Effect of the additives on the displacement of the reinforced PLA. 






Figure 7. Effect of the additives on the displacement of the reinforced PLA.



[image: Jcs 06 00112 g007]







[image: Jcs 06 00112 g008 550] 





Figure 8. Effect of additives on the local mechanical behavior using indentation tests. 
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Figure 9. Effect of additives on the apparent elastic modulus. 
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Figure 10. Effect of additive type on stiffness. 
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Figure 11. Effect of additives type on the reinforced PLA’s hardness. 
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Figure 12. Effect of the hardness of the samples on the print surface area. 
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Table 1. DSC results of the pure PLA and reinforced PLA specimens.
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	Temperature

(°C)
	PLA
	PLA + GO + Ag
	PLA + VMT + Ag
	PLA + VMT + HDTMA
	PLA + VMT + HDP





	Tg
	60.86
	60.71
	60.77
	60.34
	60.18



	Tc
	105.85
	122.54
	109.76
	104.67
	105.23



	Tm1
	147.15
	-
	147.90
	146.72
	147.42



	Tm2
	153.62
	151.07
	153.52
	154.52
	154.92
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Table 2. Representative table of the averAge and error barres of each plaque.
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Neat PLA

	
PLA

VMT + Ag

	
PLA

GO + Ag

	
PLA

VMT + HDTMA

	
PLA

VMT + VDP






	
E (GPa)

	
AverAge

	
5.372

	
4.972

	
3.820

	
5.833

	
6.620




	
SD

	
0.161

	
0.286

	
0.0553

	
1.100

	
0.366




	
Hv (Vickers)

	
AverAge

	
25.196

	
38.855

	
38.581

	
39.501

	
54.953




	
SD

	
18.349

	
3.987

	
1.891

	
0.526

	
7.452




	
S (mN/µm)

	
AverAge

	
337.569

	
271.123

	
233.747

	
356.687

	
343.598




	
SD

	
3.099

	
15.004

	
11.450

	
69.461

	
4.554




	
D (µm)

	
AverAge

	
15.330

	
14.300

	
14.810

	
14.580

	
12.960




	
SD

	
0.0566

	
0.594

	
0.584

	
0.329

	
0.650
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