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Abstract

:

Additive Manufacturing (AM) offers remarkable advantages in relation to traditional methods used to obtain solid structures, such as the capability to obtain customized complex geometries adapted to individual requirements. The design of novel nanocomposites suitable for AM is an excellent strategy to widen the application field of these techniques. In this work, we report on the fabrication of metal/polymer nanocomposites with enhanced optical/electrical behaviour for stereolithography (SLA). In particular, we analyse the in situ generation of Ag nanoparticles (NPs) from Ag precursors (AgNO3 and AgClO4) within acrylic resins via SLA. Transmission electron microscopy (TEM) analysis confirmed the formation of Ag NPs smaller than 5 nm in all nanocomposites, providing optical activity to the materials. A high density of Ag NPs with a good distribution through the material for the larger concentration of AgClO4 precursor tested was observed, in contrast to the isolated agglomerations found when the precursor amount was reduced to 0.1%. A significant reduction in the electrical resistivity up to four orders of magnitude was found for this material compared to the unfilled resin. However, consumption of part of the photoinitiator in the formation process of the Ag NPs contributed to a reduction in the polymerization degree of the resin and, consequently, degraded the mechanical properties of the nanocomposites. Experiments with longer curing times showed that, for the higher AgClO4 concentrations tested, post-curing times of 300 min allowed an 80% degree of polymerization to be achieved. These conditions turned these materials into promising candidates to obtain solid structures with multifunctional properties.
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1. Introduction


Additive Manufacturing (AM) is gaining interest and is experiencing a significant evolution in industry due to a number of advantages including customization and complex geometries [1,2,3,4,5,6,7,8]. AM techniques consist of the fabrication of 3D objects of any shape by the sequential deposition of material layers [9]. Initially, this technology was used to produce prototypes before large-scale production [10,11], but nowadays it is also suitable for the fabrication of final pieces intended for a range of broad applications, covering sectors such as optics [12], electronics [13], and medicine [14], among others.



Within AM techniques, those using photocurable resins are expanding their application field. Stereolithography (SLA) and Digital Light Processing (DLP) are particularly interesting due to the high resolution and smooth surfaces obtained in the final printed objects compared to other AM techniques, such as Fused Filament Fabrication (FFF) [1,15]. SLA was developed in the 1980s by 3D Systems (Valencia, CA, USA) and it is a tank-based technique where a photocurable liquid resin is solidified by local radiation (ultraviolet laser, UV) with a certain wavelength. This technique allows a high level of accuracy to be achieved through the use of thinner deposition layers which are able, for instance, to reduce the porosity [16,17].



In order to expand the application field of SLA, research has been intensified in the last few years to obtain new composite materials with tailored properties that can be processed by this technology [2,4,5,18], for example by adding metal or ceramic phases to improve their mechanical and functional properties [19,20,21]. Within this context, there are reported works that focus on the incorporation of different types of nanoparticles (NPs) in commercially available acrylate resins to modify the electrical [22], optical [23], mechanical [24], and thermal [25] behaviour, among others. Metallic NPs offer appealing physicochemical properties, i.e., optical, and electronic properties, due to their high surface area to volume ratio. In particular, the optical properties of Ag NPs have been historically exploited in decorative pigments for jewellery/handicrafts, staining glass, or ceramics [26,27,28,29]. Over the last decades, Ag NPs have found use in many areas, such as catalysis [30,31], optical and electro-optical devices [23,32], surface-enhanced Raman spectroscopy (SERS) [33,34], and antimicrobial agents [14,35]. Ag NPs are promising nanofillers to obtain composites with electrical and optical properties to extend the applicability of SLA including the electronic or biomedical fields [13,14,36,37,38,39].



Processing hybrid (metal/polymer) compound materials by SLA involves taking into account further considerations. The addition of NPs to the resin could modify the solution viscosity and the light penetration depth, affecting the photopolymerization of the resin that occurs during the printing process and degrading the quality of final pieces. The sedimentation of NPs during the process could also occur which is detrimental for the homogeneity of the macroscopic properties of solid printed objects. Some of these issues could be overcome by generating the Ag NPs in situ within the polymer during the printing process, where the photoreduction of a metal precursor is coupled to the photopolymerization of the acrylic matrix. In situ approaches have been considered, for example, to obtain Ag nanocomposite cellulose fabrics with antibacterial activity for hospital bed materials, using simple and environmentally friendly bioreduction/hydrothermal methods for the generation of Ag NPs [40,41]. In situ approaches have also been previously considered in AM techniques. For DLP photopolymers, Fantino et al. [36] reported on the generation of Ag NPs in acrylic resins in a UV curing process applied after a DLP process, resulting in non-homogeneous NPs distributions. These authors also reported on the thermal reduction of Ag NPs within the acrylic resin after the DLP process, which resulted in different electrical conductivities for the different temperatures and times tested [42]. In SLA, customized equipment has been proposed to fabricate structures with silver-patterned surfaces by modifying the laser settings during the 3D printing process, which would be suitable for resistive switching devices [43,44]. Scancialepore et al. [45] proposed the in situ fabrication of 3D printed pieces with Ag NPs using low Ag precursor contents (Ag acetate), obtaining only a slight decrease in the electrical resistivity, and the same order of magnitude of the pristine resin. At the sight of this previous work, optimizing the synthesis parameters and exploring different photocurable resins and Ag precursors from those reported so far in the literature is evidenced to be relevant to reach the desired electrical conductivity in these SLA composites to expand their application field.



The combination of optically and electronically functional materials with the ability of additive manufacturing to create complex 3D geometries allows the creation of devices that are not possible with conventional methods. Examples include multilayer circuit boards, organic light emitting diodes (OLEDs), and biosensors, among others. Understanding the science behind these novel materials is essential to contribute to the development of objects with applications in technologies as relevant to today’s society as the aerospace, automobile, or biomedical industries.



Inspired by the above-mentioned studies, we analysed the effect of using different acrylic resins and Ag precursors to fabricate Ag nanocomposites with tailored optical and electrical properties in a single-step synthesis during the printing process, which broadens the field of study of SLA materials. For that, in the present work, two precursors (AgNO3 and AgClO4) were compared to achieve the in situ generation of Ag NPs in an acrylic resin by SLA in order to create promising conductive nanocomposites. The resin formulation used contained a photoinitiator responsible for initiating the photopolymerization of the acrylic resin during the printing process. This photoinitiator was also used for the photoreduction of the Ag precursor, which simplified the process and avoided the addition of extra compounds to the resin that could have affected the printing process. Because of this, a competitive reaction for the photoinitiator took place which defined both the optical and electrical properties of the composite (determined by the Ag NPs density) and its mechanical properties (determined by the degree of resin polymerization achieved). The effect of the concentration and nature of the Ag precursors in these properties is evaluated and discussed, together with the effect of increasing the duration of the post-curing treatment to improve the mechanical properties.




2. Materials and Methods


2.1. Materials


Clear photopolymer standard resin (a mixture of proprietary acrylic monomers and oligomers and phenylbis (2,4,6-trimethyl benzoyl)-phosphine oxide as a photoinitiator) was purchased from XYZprinting, Inc (XYZprinting, New Taipei City, Taiwan). Silver nitrate (AgNO3) was purchased from VWR Chemicals, silver perchlorate (AgClO4) was purchased from Alfa Aesar, and isopropanol (IPA) was purchased from Scharlau. All products were used as received.




2.2. Sample Preparation


Different precursors with 0.1 and 1 wt% AgNO3 and 0.1, 1, and 3 wt% AgClO4 were prepared to fabricate the composites. An Ultrasonic Cleaner USC500T provided by VWR (VWR International, Radnor, PA, USA) and working at 45 kHz was used for the sonication processes (30 min). Solid specimens were printed by SLA with Nobel 1.0, XYZprinting, Inc. (XYZprinting, New Taipei City, Taiwan), using a 405 nm laser with an output power of 100 mW and a spot size that allowed an XY resolution of 300 µm. Dogbone specimens according to ASTM D638 (type 1BA) for mechanical tests, flat discs of 2 mm thickness and 65 mm diameter for electrical measurements, and monolayers of 0.1 mm thickness and 65 mm diameter for optical testing were printed. Moreover, a complex cubic structure with hollows and curved parts (2 × 2 × 2 cm3) was also made. All samples were printed with a layer height of 100 µm. Once printed, the samples were washed in IPA for several minutes. Post-processing of the samples was performed inside a UV chamber with a light source of 405 nm and a power of 1.25 mW/cm2 (FormCure, Formlabs, Somerville, MA, USA) heated at 60 °C for 60, 180, and 300 min. Small pieces of the dogbone specimens were used for the DSC measurements.




2.3. Characterization


Electrical resistivity was measured following ASTM D257 using a Keithley 6517B electrometer (Keithley, Cleveland, OH, USA) with a voltage of 500 V. At least three measurements were performed for each composite. The results were averaged with standard deviations presented as error bars.



UV-Vis spectra were measured using a Varian Cary 50 Conc spectrophotometer. The range between 200 and 800 nm was monitored with a scan rate of 10 nm/s.



Tensile testing of at least five specimens of each nanocomposite was performed in a Universal Testing Machine (Shimadzu, Japan) at a constant speed of 1 mm/min, according to ASTM D638. The results were averaged and standard deviations were presented as error bars.



The curing enthalpy of the different samples was determined by Differential Scanning Calorimetry (DSC) with a Q20 (TA Instruments, New Castle, DE, USA). DSC curves were obtained by performing a temperature sweep from room temperature (25 °C) to 320 °C at 10 °C/min under a nitrogen atmosphere. A subsequent cooling and heating sweep at 10 °C/min was performed to confirm the complete polymerization of the resin in the first sweep.



Electron-transparent thin films of about 70 nm of the nanocomposites for transmission electron microscopy (TEM) analyses were obtained using a Leica EM UC7 ultramicrotome equipped with a diamond knife.



High angle annular dark field scanning TEM (HAADF-STEM), high resolution TEM (HRTEM), and Energy-dispersive X-ray (EDX) measurements were performed using a Thermo Scientific TALOS F200S (Thermo Fisher Scientific, Waltham, MA, USA) working at 200 kV.





3. Results


3.1. Fabrication of Nanocomposites


Three-dimensional objects were fabricated by SLA following the process schematized in Figure 1a. Initially, the formulations were prepared by adding different amounts of Ag NPs precursors (AgNO3 or AgClO4) to the resin and sonicating the mixture to disperse the precursors and to homogenize the solution. In order to obtain a large number of Ag NPs to increase their effect in the nanocomposite properties, an amount of precursors reaching the solubility limit were considered. The two precursors had a different solubility within the resin. Thus, up to 3 wt% AgClO4 approximately dissolved in the resin before a solid precipitate was observed, whereas this amount was reduced to 1 wt% for AgNO3. In order to understand the effect of the composition of the Ag NPs precursors in the properties of the nanocomposite, different values up to the solubility limit were considered: 0.1 and 1 wt% for AgNO3, and 0.1, 1, and 3 wt% for AgClO4. For clarity, from here on the specimens are labelled with a number indicating the precursor concentration and letters pointing to the precursor nature, as shown in the table in Figure 1b. The solutions changed from light yellow to brown after sonication. This colour change suggests that the initial formation of Ag NPs is started by ambient light [46]. However, it was expected that a larger number of NPs would be formed after the printing process, ideally ensuring the complete photo-reduction of the Ag precursor.



Once the solutions were prepared, they were poured into the SLA tank. When the photoinitiator was irradiated with the printer laser, it was activated, triggering the radical polymerization of acrylic monomers (i.e., the curing of the resin) while simultaneously Ag+ was reduced into Ag0 [47,48,49]. It was observed that all the nanocomposites were successfully printed for all the concentrations tested, as shown in Figure 1c. However, in the case of 3Cl, the polymerization of the resin reached lower degrees of cure, as some objects presented slight irregularities. This could be due to the high amount of Ag precursor used, which may have consumed a large fraction of the photoinitiator involved in the photopolymerization process. Despite this, Figure 1d shows a printed object of sample 3Cl showing the ability to produce complex geometries.



After the fabrication of the nanocomposites, a post-curing process inside an UV chamber at 60 °C for 60 min was applied to increase their polymerization degree. It was observed that the UV post-processing darkened the printed nanocomposites, suggesting that the density of Ag NPs increased. In the following, we focus the analysis on the structural and functional properties of the nanocomposites in the pieces after the UV post-curing process.




3.2. Structural and Compositional Characterization


In order to analyse whether Ag NPs were formed within the acrylic resin in the process described above and to understand the effect of the nature and amount of the precursor used, the nanocomposites fabricated were studied by TEM. It must be mentioned that acrylic resins are electron beam-sensitive materials, as are most polymers [50], and because of this care should be taken in their analysis by this technique to avoid artefacts due to deterioration of the material. An exhaustive analysis was carried out to obtain low-dose conditions that allowed the material to be studied, and avoided artefacts due to beam damage and will be published elsewhere. Figure 2a displays a HRTEM image of the 1N sample evidencing the content of the NPs within the acrylic resin. The inset shows the fast Fourier transform (FFT) of the observed NPs, which demonstrates that the NPs were crystalline. Figure 2b shows a HAADF-STEM image of sample 3Cl. Since the HAADF contrast scales with the Z number, the brighter regions observed in Figure 2b are likely Ag NPs. In order to confirm this point, EDX analyses were carried out and are shown in Figure 2c. In EDX, Ag and C mapped signals are displayed in pink and blue, respectively. These results confirm that Ag NPs were synthetized in situ during the photopolymerization of the resin by SLA. Ag NPs were observed in the nanocomposites fabricated using both the AgNO3 and the AgClO4 precursors.



With the aim to understand the effect of the nature and concentration of the precursor on the characteristics of the Ag NPs formed, TEM analysis was carried out in all the nanocomposites fabricated, and the results are shown in Figure 3. Figure 3a shows a HAADF-STEM image of the 0.1N sample. In general, a very low density of NPs was found in this composite. Figure 3b, corresponding to the 1N specimen, shows a larger amount of Ag NPs, which was expected due to the increased precursor concentration used (10 times larger). Interestingly, the size of the NPs was quite small, with approximately 80% of the NPs with a size smaller than 5 nm. However, the distribution of the NPs was not homogeneous; there were coexisting neighbouring areas with a high and low density of NPs. This was likely due to a heterogeneous distribution of the precursor in some areas of the polymer due the high viscosity of the resin that complicated the dispersion of the precursor by sonication, giving rise to the aggregation of Ag NPs. Figure 3c,d show HAADF-STEM images of the 0.1Cl and 1Cl composites, respectively. As can be observed, more NPs were formed when AgClO4 was used compared to AgNO3, and again there was a higher density when the precursor concentration was increased. The formation of a higher amount of Ag NPs with AgClO4 than with AgNO3 could be related to the better solubility of this precursor in the acrylic resin mentioned earlier, facilitating the interaction with the photoinitiator present in the acrylic resin. On the other hand, for both precursors, noticeable agglomerations of NPs were found in the composites. However, it is worth highlighting that for 1Cl, besides the agglomeration of NPs, isolated NPs were observed and are marked with arrows in Figure 3d. A homogeneous dispersion of isolated NPs is highly desirable to enhance the macroscopic electrical/optical properties of the material. Figure 3e,f show HAADF-STEM images of the 3Cl nanocomposite. Figure 3e shows an agglomeration of Ag NPs, analogous to those observed in the other nanocomposites studied. However, in this sample, in addition to these agglomerates, homogeneously distributed NPs with small diameters (<5 nm) were found through the material, as is clearly shown in Figure 3f. This distribution is very promising for the enhancement of the electrical/optical properties of the nanocomposites, suggesting uniform properties. Sciancalepore et al. [45] also obtained a good distribution of Ag NPs within an acrylate resin (of different composition than the one used in this work) by SLA using silver acetate as a Ag precursor. However, the larger size of the NPs obtained (10–25 nm) in that work entailed a lower density of NPs for the same amount of Ag precursor, which hindered the achievement of the percolation threshold for electrical conductivity. Additionally, the authors found that silver acetate precipitated at concentrations above 1 wt%, analogously to the results obtained here for AgNO3. Non-uniform distributions of larger Ag NPs have also been observed for DLP in situ Ag NPs generation [36].




3.3. Analysis of the Electrical and Optical Properties


Electrical measurements were performed on the nanocomposites in order to evaluate the possible variations produced in the volumetric resistivity due to the formation of the Ag NPs observed by TEM. For these analysis, disks of the composites containing the Ag precursors with the concentrations considered were printed. Figure 4a shows the values of the electrical resistivity measured for each nanocomposite after the post-curing process. The pure acrylic resin (reference specimen, without Ag precursors, from now on referred to as unfilled resin) presented an electrical resistivity in the range of 1016 Ωcm, which means it had a strong insulating behaviour. As can be observed, when the amount of Ag precursors increased, the electrical resistivity decreased as expected due to the high conductivity of metallic NPs. In the case of nanocomposites with AgNO3, an improvement in the electrical resistivity of more than one order of magnitude when adding 0.1 wt% (0.1N specimen) and up to two orders of magnitude when adding 1 wt% (1N specimen) was noticed. For AgClO4 nanocomposites, a major enhancement in the electrical properties was observed. Thus, a decrease in the electrical resistivity of more than one order of magnitude for 0.1Cl nanocomposites was found, and a decrease of three orders of magnitude for 1Cl nanocomposites. Remarkably, the electrical resistivity reduced four orders of magnitude to 1012 Ωcm when 3 wt% AgClO4 was added to the acrylic resin (3Cl specimen). These variations are clearly related to the amount and distribution of Ag NPs observed by TEM in each nanocomposite (determined by the concentration and solubility of each precursor), where composites 1Cl and 3Cl showed a better distribution of Ag NPs through the material and, consequently, a stronger reduction in electrical resistivity was found. However, the electrical resistivity values measured still correspond to insulator materials rather than to semiconductor/conductor materials. This is partially due to the extremely high electrical resistivity of the unfilled resin used (1016 Ωcm, as mentioned above). Fantino et al. [36] recently reported on the fabrication of conductive nanocomposites by introducing Ag NPs in polyethylene glycol diacrylate (PEGDA) as a polymer matrix, which has an initial electrical resistivity of 108 Ωcm. Here, by decreasing the electrical resistivity only three orders of magnitude, it fell into the range of dissipative/resistive materials. Thus, our results are very promising for resins with lower initial values of electrical resistivity. For the specific acrylic resin used in this work, a larger amount of Ag NPs would be needed to achieve the desired electrical conductivity. As solubility has been shown to be a limiting factor to increase the amount of Ag precursor used, experiments are in progress to evaluate the effect of using intermediate solvents to increase the amount of precursor that can be dissolved in the resin, as this could increase the density of Ag NPs.



On the other hand, UV-Vis spectrophotometry measurements were carried out to analyse the optical characteristics resulting from the formation of the Ag NPs observed by TEM in the acrylic resin. Ag NPs have a characteristic absorption band in the range 400–450 nm corresponding to the oscillation of the conduction electrons that takes place at the surface of the NPs, normally referred to as Localized Surface Plasmon Resonance (LSPR) [51,52]. Unfortunately, the absorption band of the photoinitiator of the acrylic resin also lies within this spectral region [53]. Therefore, the composite spectra obtained were normalized taking as a reference this band from an unfilled resin used as control. Figure 4b shows the spectra corresponding to the unfilled resin and to the considered nanocomposites. The characteristic peak of the metal NPs around 420 nm appeared in every nanocomposite, meaning that the Ag precursors can tune the optical behaviour of the obtained nanocomposites. In particular, a slight blue-shift of the absorption band for the samples obtained using AgNO3 compared to those obtained using AgClO4 can be seen. This could be related to small changes in the average size of the NPs in the materials. The size of the NPs has a dramatic effect on the LSPR and, consequently, on the optical properties of the NPs, through different mechanisms [51]. In general, for small NPs (<50 nm), the absorption peak blue-shifts as the NPs size decrease [54,55]. However, for NPs smaller than 10 nm, it has been reported that a strong red-shift occurs when the size decreases [56]. This is in good agreement with our results, where an increase in the average size of the NPs was observed for nanocomposites obtained with AgNO3 which could induce the observed slight blue-shift of the absorption band. Additionally, it is worth mentioning that a progressive increase in the normalized absorbance for increasing precursor concentrations was found, which can be related to an increase in the density of the Ag NPs in the material.




3.4. Mechanical Characterization


Tensile tests were carried out to analyse the effect of the Ag NPs in the mechanical behaviour of the materials considered in this work. Figure 5a shows representative strain–stress curves corresponding to the different nanocomposites and the unfilled resin. The AgNO3 nanocomposites and 0.1Cl curves were quite similar to that of the unfilled resin. However, there was a large difference for the 1Cl and 3Cl composites, where a clear reduction in both Young’s modulus and tensile strength can be observed. This difference is more evident in Figure 5b–d, which show average values of Young’s modulus, tensile strength and elongation at break of the different nanocomposites. While Young’s modulus for 1N or 0.1Cl only decreased around 20–30% with respect to the unfilled resin (whereas tensile strength and elongation at break only present slight variations), for 1Cl and 3Cl nanocomposites there was a drastic reduction of almost 50% both in the Young’s modulus and tensile strength. Analogous results have been previously reported for SLA composites based in acrylic resins with Ag/Cu NPs of larger size [38]. The significant reduction in the mechanical properties observed could be partially due to a poor compatibility between the surface of the Ag NPs and the matrix, which is essential for an additive to be able to act as reinforcement in polymeric composites. This is magnified in the regions of agglomerations of NPs observed by TEM, which could act as potential fracture regions. The irregular distribution of NPs could also be responsible for the large scatter in the mechanical results obtained, as this introduces regions of variable strength in the material. Additionally, the decrease in the mechanical properties observed could be caused by a lower degree of cure of the acrylic resin due to the high amount of Ag precursor present in the nanocomposite, which partially consumes the photoinitiator. The reduction of Ag+ to Ag0 may affect the degree of cure of the nanocomposites, which can be correlated to their mechanical properties, as we have previously observed in these type of nanocomposites [57].




3.5. Analysis of the Degree of Cure of the Nanocomposites


To test the influence of the Ag precursor on the photopolymerization of the acrylic resin, thermal analyses of the resins were carried out by DSC. Figure 6 shows the DSC curves for the liquid resin (i.e., totally non-cured) and for the unfilled nanocomposites after the UV post-curing process. The liquid resin presented an exothermic peak at 185–220 °C. This peak corresponds to the cure enthalpy (∆Hcure), since in these conditions it can be assumed that all the monomers of the resin precursor are available for polymerization, and the energy observed corresponds to the thermal polymerization of the acrylic resin. On the other hand, for the 3D-printed and post-cured composites, the values obtained from the DSC sweeps correspond to the residuary cure enthalpy (∆Hresiduary) [57]. Hence, the degree of cure can be calculated following Equation (1):


  Degree   of   cure   ( % )   =    (  1 −   Δ  H  residuary     Δ  H  cure      )  × 100  



(1)







As can be observed in Figure 6, the DSC curve of the unfilled resin did not show any noticeable band in the range studied, meaning that the application of a post-processing treatment during 60 min in the UV chamber allows a full degree of cure to be achieved. Similar results were observed for 0.1N, 1N, and 0.1Cl nanocomposites, as the measured DSC thermograms were flat. This seems to indicate that the amount of photoinitiator consumed for the formation of the Ag NPs observed by TEM was not high enough to affect the polymerization of the resin and this is in well-agreement with the mechanical testing results, which showed similar properties than the unfilled resin. However, a small band can be observed in the DSC curves at 200–220 °C for 1Cl and 3Cl nanocomposites, indicating the presence of unreacted monomer in the resin after the post-processing in the UV chamber. In these cases, a degree of cure of approximately 75% was calculated. This could be related to the higher density of Ag NPs observed by TEM in these composites that would require a larger amount of photoinitiator to be synthetized, affecting the photopolymerization of the resin and it is likely to be the reason for the significant decrease in the mechanical properties for these nanocomposites. In general, these results are in agreement with previous research, which show that a decrease in the degree of cure of a photosensitive resin has a direct effect on the mechanical properties of the material [24,57].



In order to evaluate whether the resin with the larger amount of AgClO4 (3 wt%) could achieve a higher degree of cure to improve its mechanical properties, UV post-curing processes were carried out for longer times, in particular for 180 and 300 min. For these processes, the degree of cure was calculated by DSC, and its influence on the mechanical properties of the material was analysed. Figure 7a shows the DSC thermograms of the 3Cl nanocomposites after UV post-curing processes at 60 °C for 180 and 300 min. The curves corresponding to the liquid resin and to the post-curing process of 60 min are also included for clearer interpretation. As can be observed, the DSC peaks were reduced when the post-curing time increased. Hence, by increasing the post-curing to 300 min, an increase in the degree of cure up to 81% was calculated. This shows that for larger amounts of Ag precursor, in this case AgClO4, which are expected to consume a larger amount of photoinitiator obtaining a higher density of Ag NPs, the resin requires longer times to fully polymerize, and for curing times as long as 300 min (5 times larger than required for the unfilled resin) the photopolymerization process is still incomplete.



Figure 7b,c show the mechanical properties measured in the nanocomposites with UV post-curing processes of 60, 180, and 300 min. When the post-curing time was increased, the nanocomposites showed an improvement in the Young’s modulus of 20% (from 696.6 MPa to 914.9 MPa) and in the tensile strength of 10% (from 25.2 MPa to 30.7 MPa), with a slight reduction in elongation at break (5.9% to 4%). For SLA nanocomposites, lower crosslinking density induced lower mechanical properties and thus less rigidity and earlier failure. However, the exposition to UV light after the printing process continued the polymerization and, thus, the number of covalent bonds increased, enhancing the degree of cure and, consequently, the mechanical resistance of the material.



However, this improvement did not allow the values observed for the unfilled resin in Figure 5, or for the nanocomposites containing lower precursor concentrations, where the Young’s modulus and the tensile strength were approximately 15% and 37% larger, to be reached. As explained above, the likely reasons for this fact include both an incomplete curing of the resin and fragilization due to the presence of the Ag NPs. These results show that composites with higher concentration of Ag NPs, showing enhanced electrical/optical performance, hinder the successful photopolymerization of the acrylic resin, since there is an actual competition of the Ag precursor with the monomers for the photoinitiator. In this case, a compromise between the mechanical properties and the electrical/optical properties of the material should be acquired according to application specifications. Further strategies will be explored in order to obtain conductive resins without a detriment in their mechanical properties, such as including additional photoinitiator in the mixture prior to the SLA process.





4. Conclusions


In this paper, we demonstrated that the SLA process can simultaneously reduce Ag precursors (AgNO3 and AgClO4) to obtain in situ Ag NPs while polymerizing the liquid acrylic resin into a solid matrix of complex geometries. Our results show that the higher solubility of AgClO4 (compared to AgNO3) in the acrylic resin allows the formation of Ag NPs with size of few nms all through the material for the higher concentrations tested, which modifies the optical and electrical behaviour of the pristine resin. A remarkable reduction of four orders of magnitude in the electrical resistivity was achieved for the higher AgClO4 concentration studied (3 wt%). However, the competitive reaction for the photoinitiator did not allow the complete photopolimerization of the resin for larger precursor concentrations, which had a detrimental effect on the mechanical properties of the composites. Our results show that this could be partially compensated for by increasing the duration of the UV post-curing treatment, increasing both Young’s modulus and tensile strength. The results obtained in this work show that 3D printable acrylic based-nanocomposites containing Ag NPs are potential competitive alternatives in the electronic and optical markets due to the possibility of tailoring their physical properties. Knowledge on the relationship between the functional and the structural properties of these materials paves the way for further development in order to be used in such important fields today as biomedicine and aerospace.







Author Contributions


Conceptualization, L.M.V., M.H., M.d.l.M. and S.I.M.; methodology, L.M.V., A.S.d.L. and F.J.D.; validation, M.H., M.d.l.M. and S.I.M.; formal analysis, L.M.V., M.H. and M.d.l.M.; investigation, L.M.V.; data curation, L.M.V., M.H., M.d.l.M.; writing—original draft preparation, L.M.V.; writing—review and editing, M.H., M.d.l.M., A.S.d.L., F.J.D. and S.I.M.; supervision, M.H. and M.d.l.M.; funding acquisition, M.d.l.M. and S.I.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been co-financed by the 2014–2020 ERDF Operational Programme and by the Department of Economy, Knowledge, Business and University of the Regional Government of Andalusia (Ref: FEDER-UCA18-106586). Co-funding from UE and Junta de Andalucía (research group INNANOMAT, ref. TEP946) are also acknowledged. L. M. Valencia thanks FPI UCA Program. A.S. de León acknowledges Ministry of Science, Innovation and Universities for his Juan de la Cierva Incorporación postdoctoral fellowship (IJC2019-041128-I). TEM/STEM measurements were carried out at the DME-SC-ICyT-ELECMI-UCA.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Taormina, G.; Sciancalepore, C.; Messori, M.; Bondioli, F. 3D printing processes for photocurable polymeric materials: Technologies, materials, and future trends. J. Appl. Biomater. Funct. Mater. 2018, 16, 151–160. [Google Scholar] [CrossRef]

	



Farahani, R.D.; Dubé, M.; Therriault, D. Three-Dimensional Printing of Multifunctional Nanocomposites: Manufacturing Techniques and Applications. Adv. Mater. 2016, 28, 5794–5821. [Google Scholar] [CrossRef] [PubMed]

	



Boparai, K.S.; Singh, R.; Singh, H. Development of rapid tooling using fused deposition modeling: A review. Rapid Prototyp. J. 2016, 22, 281–299. [Google Scholar] [CrossRef]

	



Wang, X.; Jiang, M.; Zhou, Z.; Gou, J.; Hui, D. 3D printing of polymer matrix composites: A review and prospective. Compos. Part B Eng. 2017, 110, 442–458. [Google Scholar] [CrossRef]

	



Li, N.; Huang, S.; Zhang, G.; Qin, R.; Liu, W.; Xiong, H.; Shi, G.; Blackburn, J. Progress in additive manufacturing on new materials: A review. J. Mater. Sci. Technol. 2019, 35, 242–269. [Google Scholar] [CrossRef]

	



Savolainen, J.; Collan, M. How Additive Manufacturing Technology Changes Business Models?—Review of Literature. Addit. Manuf. 2020, 32, 101070. [Google Scholar] [CrossRef]

	



Hales, S.; Tokita, E.; Neupane, R.; Ghosh, U. 3D printed nanomaterial-based electronic, biomedical and bioelectronic devices. Nanotechnology 2020, 31, 172001. [Google Scholar] [CrossRef] [PubMed]

	



Challagulla, N.V.; Rohatgi, V.; Sharma, D.; Kumar, R. Recent developments of nanomaterial applications in additive manufacturing: A brief review. Curr. Opin. Chem. Eng. 2020, 28, 75–82. [Google Scholar] [CrossRef]

	



Gibson, I.; Rosen, D.W.; Stucker, B. Rapid Prototyping to Direct Digital Manufacturing; Springer: Boston, MA, USA, 2015; ISBN 9781441911193. [Google Scholar]

	



Hofmann, M. 3D printing gets a boost and opportunities with polymer materials. ACS Macro Lett. 2014, 3, 382–386. [Google Scholar] [CrossRef]

	



Gross, B.C.; Erkal, J.L.; Lockwood, S.Y.; Chen, C.; Spence, D.M. Evaluation of 3D printing and its potential impact on biotechnology and the chemical sciences. Anal. Chem. 2014, 86, 3240–3253. [Google Scholar] [CrossRef] [PubMed]

	



Heinrich, A. 3D Printing of Optical Components; Springer: Cham, Switzerland, 2021; Volume 233, ISBN 978-3-030-58959-2. [Google Scholar]

	



Yang, Y.; Chen, Z.; Song, X.; Zhu, B.; Hsiai, T.; Wu, P.I.; Xiong, R.; Shi, J.; Chen, Y.; Zhou, Q.; et al. Three dimensional printing of high dielectric capacitor using projection based stereolithography method. Nano Energy 2016, 22, 414–421. [Google Scholar] [CrossRef]

	



Sa, L.; Kaiwu, L.; Shenggui, C.; Junzhong, Y.; Yongguang, J.; Lin, W.; Li, R. 3D printing dental composite resins with sustaining antibacterial ability. J. Mater. Sci. 2019, 54, 3309–3318. [Google Scholar] [CrossRef]

	



Pazhamannil, R.V.; Govindan, P. Current state and future scope of additive manufacturing technologies via vat photopolymerization. Mater. Today Proc. 2020, 43, 130–136. [Google Scholar] [CrossRef]

	



Quan, H.; Zhang, T.; Xu, H.; Luo, S.; Nie, J.; Zhu, X. Photo-curing 3D printing technique and its challenges. Bioact. Mater. 2020, 5, 110–115. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Qin, Q.; Wang, J. A review of stereolithography: Processes and systems. Processes 2020, 8, 1138. [Google Scholar] [CrossRef]

	



Wu, H.; Fahy, W.P.; Kim, S.; Kim, H.; Zhao, N.; Pilato, L.; Kafi, A.; Bateman, S.; Koo, J.H. Recent developments in polymers/polymer nanocomposites for additive manufacturing. Prog. Mater. Sci. 2020, 111, 100638. [Google Scholar] [CrossRef]

	



Liu, Y.; Lin, Y.; Jiao, T.; Lu, G.; Liu, J. Photocurable modification of inorganic fillers and their application in photopolymers for 3D printing. Polym. Chem. 2019, 10, 6350–6359. [Google Scholar] [CrossRef]

	



Manapat, J.Z.; Mangadlao, J.D.; Tiu, B.D.B.; Tritchler, G.C.; Advincula, R.C. High-Strength Stereolithographic 3D Printed Nanocomposites: Graphene Oxide Metastability. ACS Appl. Mater. Interfaces 2017, 9, 10085–10093. [Google Scholar] [CrossRef] [PubMed]

	



Ambrosi, A.; Pumera, M. Self-Contained Polymer/Metal 3D Printed Electrochemical Platform for Tailored Water Splitting. Adv. Funct. Mater. 2018, 28, 3–9. [Google Scholar] [CrossRef]

	



Nagarajan, B.; Arshad, M.; Ullah, A.; Mertiny, P.; Qureshi, A.J. Additive manufacturing ferromagnetic polymers using stereolithography—Materials and process development. Manuf. Lett. 2019, 21, 12–16. [Google Scholar] [CrossRef]

	



Smirnov, A.A.; Kudryashov, A.; Agareva, N.; Afanasiev, A.; Gusev, S.; Tatarskiy, D.; Bityurin, N. In-situ monitoring of the evolution of the optical properties for UV LED irradiated polymer-based photo-induced nanocomposites. Appl. Surf. Sci. 2019, 486, 376–382. [Google Scholar] [CrossRef]

	



Miedzińska, D.; Gieleta, R.; Popławski, A. Experimental study on influence of curing time on strength behavior of sla-printed samples loaded with different strain rates. Materials 2020, 13, 5825. [Google Scholar] [CrossRef] [PubMed]

	



Kalsoom, U.; Peristyy, A.; Nesterenko, P.N.; Paull, B. A 3D printable diamond polymer composite: A novel material for fabrication of low cost thermally conducting devices. RSC Adv. 2016, 6, 38140–38147. [Google Scholar] [CrossRef]

	



Melessanaki, K.; Mateo, M.; Ferrence, S.C.; Betancourt, P.P.; Anglos, D. The application of LIBS for the analysis of archaeological ceramic and metal artifacts. Appl. Surf. Sci. 2002, 197–198, 156–163. [Google Scholar] [CrossRef]

	



Jembrih-Simbürger, D.; Neelmeijer, C.; Schalm, O.; Fredrickx, P.; Schreiner, M.; De Vis, K.; Mäder, M.; Schryvers, D.; Caen, J. The colour of silver stained glass—Analytical investigations carried out with XRF, SEM/EDX, TEM, and IBA. J. Anal. At. Spectrom. 2002, 17, 321–328. [Google Scholar] [CrossRef]

	



Fernandes, P.; Vilarigues, M.; Alves, L.C.; da Silva, R.C. Stained glasses from Monastery of Batalha: Non-destructive characterisation of glasses and glass paintings. J. Cult. Herit. 2008, 9, 5–9. [Google Scholar] [CrossRef]

	



Berrie, B.H. Rethinking the history of artists’ pigments through chemical analysis. Annu. Rev. Anal. Chem. 2012, 5, 441–459. [Google Scholar] [CrossRef] [PubMed]

	



Maldonado, C.; Fierro, J.L.G.; Birke, G.; Martinez, E.; Reyes, P. Conversion of methanol to formaldehyde on TiO2 supported Ag nanoparticles. J. Chil. Chem. Soc. 2010, 55, 506–510. [Google Scholar] [CrossRef]

	



Aho, A.; Eränen, K.; Lemus-Yegres, L.J.; Voss, B.; Gabrielsson, A.; Salmi, T.; Murzin, D.Y. Ethylene epoxidation over supported silver catalysts—Influence of catalyst pretreatment on conversion and selectivity. J. Chem. Technol. Biotechnol. 2018, 93, 1549–1557. [Google Scholar] [CrossRef]

	



Boyne, D.A.; Savage, A.M.; Orlicki, J.A.; Beyer, F.L.; Griep, M.H. Macroscopic Alignment of Silver Nanoplates in an Adaptable Dichroic Polarizer. Plasmonics 2019, 14, 547–553. [Google Scholar] [CrossRef]

	



Visaveliya, N.; Lenke, S.; Köhler, J.M. Composite Sensor Particles for Tuned SERS Sensing: Microfluidic Synthesis, Properties and Applications. ACS Appl. Mater. Interfaces 2015, 7, 10742–10754. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Jaakola, J.; Säynätjoki, A.; Tervonen, A.; Honkanen, S. Sers-active silver nanoparticles in ion-exchanged glass. J. Nonlinear Opt. Phys. Mater. 2010, 19, 527–533. [Google Scholar] [CrossRef]

	



Gawish, S.M.; Mosleh, S. Antimicrobial Polypropylene Loaded by Silver Nano Particles. Fibers Polym. 2020, 21, 19–23. [Google Scholar] [CrossRef]

	



Fantino, E.; Chiappone, A.; Roppolo, I.; Manfredi, D.; Bongiovanni, R.; Pirri, C.F.; Calignano, F. 3D Printing of Conductive Complex Structures with in Situ Generation of Silver Nanoparticles. Adv. Mater. 2016, 28, 3712–3717. [Google Scholar] [CrossRef]

	



Taormina, G.; Sciancalepore, C.; Bondioli, F.; Messori, M. Special resins for stereolithography: In situ generation of silver nanoparticles. Polymers 2018, 10, 212. [Google Scholar] [CrossRef] [PubMed]

	



Aktitiz, İ.; Varol, R.; Akkurt, N.; Saraç, M.F. In-situ synthesis of 3D printable mono- and Bi-metallic (Cu/Ag) nanoparticles embedded polymeric structures with enhanced electromechanical properties. Polym. Test. 2020, 90, 106724. [Google Scholar] [CrossRef]

	



Mubarak, S.; Dhamodharan, D.; Kale, M.B.; Divakaran, N.; Senthil, T.; Wu, L.; Wang, J. A Novel Approach to Enhance Mechanical and Thermal Properties of SLA 3D Printed Structure by Incorporation of Metal–Metal Oxide Nanoparticles. Nanomaterials 2020, 10, 217. [Google Scholar] [CrossRef] [PubMed]

	



Siengchin, S.; Boonyasopon, P.; Sadanand, V.; Rajulu, A.V. Nanocomposite cellulose fabrics with in situ generated silver nanoparticles by bioreduction method. J. Ind. Text. 2020, 1–18. [Google Scholar] [CrossRef]

	



Deeksha, B.; Sadanand, V.; Hariram, N.; Rajulu, A.V. Preparation and properties of cellulose nanocomposite fabrics with in situ generated silver nanoparticles by bioreduction method. J. Bioresour. Bioprod. 2021, 6, 75–81. [Google Scholar] [CrossRef]

	



Fantino, E.; Chiappone, A.; Calignano, F.; Fontana, M.; Pirri, F.; Roppolo, I. In situ thermal generation of silver nanoparticles in 3D printed polymeric structures. Materials 2016, 9, 589. [Google Scholar] [CrossRef] [PubMed]

	



González Flores, G.A.; Bertana, V.; Chiappone, A.; Roppolo, I.; Scaltrito, L.; Marasso, S.L.; Cocuzza, M.; Massaglia, G.; Quaglio, M.; Pirri, C.F.; et al. Single-Step 3D Printing of Silver-Patterned Polymeric Devices for Bacteria Proliferation Control. Macromol. Mater. Eng. 2022, 307, 1–9. [Google Scholar] [CrossRef]

	



Roppolo, I.; Castellino, M.; Bejtka, K.; Rizza, G.; Perrone, D.; Coulon, P.E.; Chiappone, A.; Rajan, K.; Bocchini, S.; Ricciardi, C.; et al. Resistive Switching in Polymer Nanocomposites by Matrix-Controlled in Situ Nanoparticles Generation. J. Phys. Chem. C 2017, 121, 14285–14295. [Google Scholar] [CrossRef]

	



Sciancalepore, C.; Moroni, F.; Messori, M.; Bondioli, F. Acrylate-based silver nanocomposite by simultaneous polymerization–reduction approach via 3D stereolithography. Compos. Commun. 2017, 6, 11–16. [Google Scholar] [CrossRef]

	



Bhainsa, K.C.; D’Souza, S.F. Extracellular biosynthesis of silver nanoparticles using the fungus Aspergillus fumigatus. Colloids Surf. B Biointerfaces 2006, 47, 160–164. [Google Scholar] [CrossRef] [PubMed]

	



Hada, H.; Yonezawa, Y.; Yoshida, A.; Kurakake, A. Photoreduction of silver ion in aqueous and alcoholic solutions. J. Phys. Chem. 1976, 80, 2728–2731. [Google Scholar] [CrossRef]

	



Barbieri, A.; Accorsi, G.; Armaroli, N. Luminescent complexes beyond the platinum group: The d10 avenue. Chem. Commun. 2008, 2185–2193. [Google Scholar] [CrossRef] [PubMed]

	



Król-Gracz, A.; Michalak, E.; Nowak, P.M.; Dyonizy, A. Photo-induced chemical reduction of silver bromide to silver nanoparticles. Cent. Eur. J. Chem. 2011, 9, 982–989. [Google Scholar] [CrossRef]

	



Libera, M.R.; Egerton, R.A.Y.F. Advances in the Transmission Electron Microscopy of Polymers. Polym. Rev. 2010, 50, 321–339. [Google Scholar] [CrossRef]

	



Garcia, M.A. Surface plasmons in metallic nanoparticles: Fundamentals and applications. J. Phys. D Appl. Phys. 2011, 44, 283001. [Google Scholar] [CrossRef]

	



Lu, X.; Rycenga, M.; Skrabalak, S.E.; Wiley, B.; Xia, Y. Chemical synthesis of novel plasmonic nanoparticles. Annu. Rev. Phys. Chem. 2009, 60, 167–192. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.K.; Shin, M.; Kim, B.; Park, J.W.; Lee, H. A visible light-curable yet visible wavelength-transparent resin for stereolithography 3D printing. NPG Asia Mater. 2018, 10, 82–89. [Google Scholar] [CrossRef]

	



Wang, B.; Tian, C.; Zheng, C.; Wang, L.; Fu, H. A simple and large-scale strategy for the preparation of Ag nanoparticles supported on resin-derived carbon and their antibacterial properties. Nanotechnology 2009, 20, 025603. [Google Scholar] [CrossRef] [PubMed]

	



Pyatenko, A.; Yamaguchi, M.; Suzuki, M. Synthesis of spherical silver nanoparticles with controllable sizes in aqueous solutions. J. Phys. Chem. C 2007, 111, 7910–7917. [Google Scholar] [CrossRef]

	



Peng, S.; McMahon, J.M.; Schatz, G.C.; Gray, S.K.; Sun, Y. Reversing the size-dependence of surface plasmon resonances. Proc. Natl. Acad. Sci. USA 2010, 107, 14530–14534. [Google Scholar] [CrossRef] [PubMed]

	



De León, A.S.; Molina, S.I. Influence of the degree of cure in the bulk properties of graphite nanoplatelets nanocomposites printed via stereolithography. Polymers 2020, 12, 1103. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 14 01168 g001 550] 





Figure 1. (a) Scheme depicting the fabrication of the nanocomposite printed objects using SLA; (b) table defining the nanocomposite solutions; (c) 3D printed parts of the different nanocomposites: from left to right, unfilled resin, 0.1N, 1N, 0.1Cl, 1Cl and 3Cl; (d) 3Cl object printed by SLA. 
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Figure 2. (a) HRTEM image of a 3D printed part of the sample 1N. The inset shows the Fast Fourier Transform pattern of the image in (a), exhibiting the crystallinity of the nanoparticles; (b) HAADF-STEM image of the 3Cl nanocomposite; (c) EDX map of the image in (b) showing C from the acrylic resin (blue) and Ag from the nanoparticles (pink). 
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Figure 3. HAADF-STEM images of 3D printed structures containing acrylic resin and different concentrations of silver precursor. (a) 0.1N; (b) 1N; (c) 0.1Cl; (d) 1Cl; (e) 3Cl; (f) 3Cl (different area). 
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Figure 4. (a) Electrical resistivity and (b) UV-Vis spectra of the different Ag nanocomposites after the post-curing process. 
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Figure 5. (a) Representative stress-strain curves of the samples; (b) Young’s modulus; (c) tensile strength and (d) elongation at break for the Ag nanocomposites studied. 
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Figure 6. DSC thermograms of the liquid and post-cured resins containing the silver precursors. 
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Figure 7. (a) DSC thermograms of the liquid resin and 3Cl composites subjected to UV post-curing processes at 60 °C and different times: 60, 180 and 300 min; (b) typical stress-strain curves and (c) average Young’s modulus, tensile strength, and elongation at break of the different post-cured nanocomposites. 
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