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Abstract

:

Fused deposition modelling (FDM) has attracted researchers’ interest in myriads of applications. The enhancement of its part using fillers to print nanocomposites is a cutting-edge domain of research. Industrial acceptance is still a challenge, and researchers are investigating different nanofillers and polymer matrix combinations to investigate FDM-printed nanocomposites. Carbon nanotubes, graphene, and cellulose are heavily studied nanofillers because of their astonishing properties, biocompatibility, and ability to tailor the final performance of the FDM-printed nanocomposite part. This work presents a comprehensive review of polymer nanocomposites based on these nanofillers. Important examples, case studies, and results are discussed and compared to elaborate the understanding of the processing of nanocomposites, filaments, printing, and the characterisation of these nanocomposites. A detailed and exhaustive discussion of the prospective computational models, with challenges and a future road map, is provided, enabling the scientific community to understand these nanocomposites and their FDM processing for wider industrial applications and acceptance.
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1. Introduction


Fused deposition modelling (FDM), developed by Stratasys in 1989, is an additive manufacturing (AM) technology that has a global market share of 40% [1]. AM started around 1980 with the first patent for stereolithography (SLA) [2]. SLA is a process that is different from FDM in terms of material use and the energy required for the processing of materials. In SLA, liquid resins are used as inputs or raw materials, which are then solidified via ultraviolet light. The FDM process involves the melting of filaments followed by their extrusion as rasters and subsequent layers. Fused deposition modelling can be used to rapidly manufacture materials of complex sizes and geometries, reducing cost and time investments [3,4,5,6,7]. FDM’s advantages over conventional manufacturing methods, such as extrusion or injection moulding, are reasons why it has attracted the interest of researchers [8,9]. This has made FDM an emerging candidate in the production industry, with a current projected cumulative annual growth rate (CAGR) of 21% for the period of 2022–2030 [10]. Its development has increased the demand for its application in various sectors, such as medicine, biomedicine, automotive, aerospace, and construction [11,12,13,14]. FDM, also referred to as fused filament fabrication (FFF), provides the real-time manufacturing of complex shapes with cost-effectiveness. The method utilises a simple layer-by-layer technique of depositing molten material to fabricate a complete part. The most popular materials include polymers such as polylactic acid (PLA), acrylonitrile–butadiene–styrene (ABS), polyethylene (PE), polycarbonate (PC), polyethylene terephthalate (PET), thermoplastic urethane (TPU), polyether–ether-ketone (PEEK), and nylon [14,15,16,17,18]. Despite the advantages of this technique, the final printed parts lack in performance compared to the parts derived from conventional manufacturing methods such as injection moulding. Many process parameters, such as layer height, raster orientation, infill density, and many more, have been studied to determine how they affect the final product’s properties [15,19,20,21,22,23]. For improving performance, it is also reported that the input feedstock material, in the form of a filament, affects the print quality because of its characteristics. The FDM process involves the melting of filaments, followed by their extrusion as rasters and subsequent layers. Therefore, the solidification time (curing) and temperature also play vital roles in controlling the printed part’s performance. This has motivated researchers to find solutions, and consequently, composites have become a topic of research interest. Carbon fibres (short, continuous), single-walled and multi-walled carbon nanotubes (SWCNTs/MWCNTs), graphene, and carbon black have been popular materials to study. Other choices, such as natural fibres (jute, bamboo, coconut, and husk), metals, and their nanofillers, have also attracted interest [24,25,26].



This study presents a detailed discussion of CNT, graphene, and cellulose-based nanocomposites, together with case studies discussing the characterisation and effect of these fillers on the final performance of FDM parts. There are many recent review articles in the literature focusing on FDM and its process, parameters, and materials. Ahmad et al. [27] discussed natural fibre-reinforced thermoplastic composites for FDM. Their short review details the rheological properties, processing, and effect of these fillers on the polymer matrix in the FDM method but is only restricted to one class of materials, with no discussion on nanofillers, and Almuallim et al. [28] reviewed composite materials only for thermal conductivity applications. The authors reviewed metallic and carbon-based non-metallic fillers. Their study did not discuss any of the computational techniques used to characterise the printed parts, and its discussion was also restricted because of the authors’ vast filler choices. Sandanamsamy et al. [29] presented a detailed review work focusing on the PLA material matrix only. This is an interesting but limited work since the myriad materials available that demonstrate excellent properties when combined with nanofillers were not discussed. Parnian et al. [30] produced a detailed review work only focusing on CNTs as nanofillers, and Roudny et al. [31] also restricted their discussion to thermal conductive applications. Park et al. [32] presented a detailed article in which they mainly discussed matrix materials and fillers for different application areas in additive manufacturing. Penumkala et al. [19] also presented a similar study focused on thermoplastic polymer composites. These investigations are detailed and present a complete picture of the composites used in FDM, but because of the large volume of content to discuss, many recent and important studies have been missed.



The present work is focused on presenting the recent advancements and challenges in processing the CNT, graphene, and cellulose nanofillers in the polymer matrix for FDM. The effects of such fillers on the final properties of printed products are discussed and compared with important findings and challenges. Furthermore, a detailed, exhaustive discussion is presented, along with a conclusion discussing the future roadmap for nanocomposites and possible solutions to the challenges associated with these nanocomposites. One important aspect of this study is its discussion of computational models, which is of the utmost necessity because studies on such FDM-printed nanocomposites are missing from the literature. This paper is organised as follows: In Section 2, the fundamentals of the FDM process are discussed, along with feedstock filament processing. This is followed by a discussion of CNT, graphene, and cellulose nanocomposites in Section 3. The paper concludes with a holistic, detailed discussion and conclusion in Section 4 and Section 5, respectively.




2. FDM Process


The schematic of FDM is shown in Figure 1a, a wired filament passing through an extruder heated, melted, and extruded through a nozzle opening and deposited on a surface. Though the process is simple, there are many parameters and challenges governing the entire FDM technique. Focusing on the initial stage, i.e., filaments, the parameters such as the filament diameter, glass transition temperature (Tg), processing temperature, and rheology of the polymer are very important to be controlled. The FDM printers are generally standardised for a diameter of 1.75 mm or 2.85 mm [33]; therefore, the diameter of the filament needs to be consistent to be continuously fed into the printer, either in a direct head extruder (which feeds the filament directly into nozzle) or via a Bowden tube (a plastic tube is used to guide the filament into extruder). Another issue with inconsistent diameter is that, even if it passes into the extruder and manages to come out of the nozzle, the flow rate of output will be altered, hence the deposition of material, finally deteriorating the final part. The extruder melting temperature should be carefully controlled; if the temperature is too high, it will deteriorate the polymer, and when too low, it will not melt [34]. Once the filament is melted, the molten mix is pushed out of the nozzle, inducing a shear effect between the nozzle wall and the molten mix. The inlet diameter will be larger (1.75 or 2.85 mm) than the outlet diameter (about 0.3–0.8 mm); this induces the shear and elongation flow. Therefore, the molten mix must demonstrate shear thinning behaviour; at a low shear rate, the viscosity should be high to prevent premature extrusion, and for a high shear rate, the viscosity must decrease to allow the molten mix to pass through the nozzle [35]. In the literature, it has not been quantified what should be the range of viscosity for a proper filament of the FDM process [36]. The reason is that it is extremely difficult to measure the actual or exact shear stress during the printing of polymer. Another factor that affects the viscosity is the die swell at the exit of the nozzle. For low viscosity at a high shear rate, the polymer molecules move rapidly, lowering the high elastic energy and reducing the die swell. With a high shear stress region (near the small area of the nozzle), the polymer chains tend to align themselves, which is reversed when the chains tend to go back to their initial state. This happens because after exiting the nozzle, the diameter of the molten mix is increased, and cooling takes place by the heat transfer mechanism. Therefore, it is of utmost importance to understand and characterise the polymer material before processing it in the FDM method. Once this stage is completed, the molten polymer is deposited layer over layer to complete the print. Several factors, such as the process parameters (layer height, raster orientation, etc.), bed temperature, printing speed, and ambient temperature (controlling the heat transfer between the melted polymer and environment), etc., control the print quality [37]. The next section discusses the important factors and parameters in filament feedstock of the FDM method when processing nanofillers.



2.1. FDM Filament Production


The most common filament materials because of printability, visual quality, and mechanical properties are polylactic acid (PLA), acrylonitrile–butadiene–styrene (ABS), polycarbonate (PC), nylon (PA), and polyethylene terephthalate (PET). To improve the final performance of the printed parts with these materials, researchers blended polymers with fillers as composite materials. These materials or structures are referred to as multi-material/structure filaments and are mostly used as core–shell filaments [38]. Such a class of filaments comprises one core material and one shell. To process these into filaments, two single-screw extruders, one as the core and the other as the shell, are used simultaneously. Both these extruders are attached to a common circular die opening, combining the two separate materials into one filament, as shown in Figure 1b. The main objective to create core–shell filaments is to improve the final properties of the FDM parts, such as print quality, fracture toughness, and impact resistance. Also, when printing semi-crystalline polymers, it is very difficult to achieve a high print quality due to the large volume change in crystallisation [39]. A study reported that to improve the toughness, the core–shell manufacturing technique was employed. PC/ABS, together with high-density polyethylene (HDPE) or low-density polyethylene (LDPE), was used as the core and shell materials, respectively. The resulting filament had high toughness because of the low ductility of polyethylene. Another method, termed as the thermal drawn method, is reported in the literature to create core–shell filaments [40]. There are other composite filaments, continuous fibre polymer composites, and short fibre polymer composites, which are not discussed because they are beyond the scope of this work and can be referred to [19,41] for details.



To increase the ease of printing and improve the final performance, scientists have turned towards nanocomposite materials [42,43,44]. Thermoplastic polymers such as PLA, ABS, or others have been used as the matrix with nanoparticles such as graphene, carbon nanotubes, and others to create printable filaments. In general, the chemical solution method (solution casting) or mechanical processing (melt processing) method is employed to create nanocomposite filaments. The former produces better dispersion and less agglomeration of nanoparticles than the latter. However, mechanical processing is quite simple and easy to carry out. The methods are detailed below graphically and textually.




2.2. Chemical Solution Method


This method involves chemical treatment to produce the filament. A solvent is used to disperse the nanoparticles, which are sonicated for some time. The main objective of sonication is to increase the dispersion, which reduces the agglomeration of nanoparticles together. If the nanoparticles agglomerate heavily, it induces the stress concentration in the final composite and reduces the mechanical strength of the part [45]. The next step involves the preparation of the polymer matrix solution. One way is by directly dissolving the polymer into the nanoparticle solution or preparing a separate polymer solution and then mixing it. The former method reduces extra steps and requires less solvent, but the latter will ensure proper dissolution of solid polymer in solvent. Care must be taken for selecting the polymer for dissolution; the best to use is the powdered form of polymer or small-size pellets. The polymer–nanoparticle solution should be mixed well using a magnetic stirrer for a couple of hours. Once a homogeneous nanocomposite solution is obtained, thin sheets are prepared, which will allow the solvent to evaporate. These sheets are further shredded or pelletized to prepare to extrude the nanocomposite for filament making. The following points must be taken care of: (i) The selection of solvent and the chemistry of the solvent with nanoparticles and polymer must be known. Otherwise, the chemical reaction between the solvent–nanoparticles or solvent–polymer will change or deteriorate the final composite material. (ii) The pellets or shredded nanocomposite particles must be heated in an oven (convection or vacuum) for a very long time to remove as much solvent as possible. Chemical solution methods have been reported heavily in the literature. Podsiadly et al. [46] prepared ABS-CNT filaments, dispersing CNTs in acetone and sonicating for 20 min. The authors mixed the polymer–CNT mix for about 5 h, and the sheets were dried overnight to evaporate the solvent. One interesting method of preparing the nanocomposite filament is the local enrichment method. This method has not been reported substantially and needs further investigation. Shi et al. [47,48] prepared the PLA-CNT nanocomposites by coating the PLA filament with a CNT thin layer. The process is shown in Figure 2, which details the layer preparation on PLA filament using chemicals. The prepared nanocomposite filament later, when characterised, showed excellent improvement in the properties of FDM prints.




2.3. Mechanical Processing


To create a nanocomposite, an extruder is used to mix the nanoparticles and polymer matrix. Before mixing, the materials should be dried if they have a hygroscopic nature to remove any traces of moisture. A high rotation rate is employed near 90–100 rpm to produce high shearing for better mixing and the dispersion of nanoparticles. The final nanocomposite is converted into powder, pellets, or shredded for filament extrusion. To achieve as much homogeneity as possible, Dul et al. [49,50] mixed CNTs with ABS polymer in a counter-rotating mixer at 190 °C at 90 rpm for 15 min. Later, the prepared nanocomposite was granulated and processed for filament into the extruder, as shown in Figure 3a for the MWCNTs and SWCNTs [49]. Jing et al. [51] used a shear pan-milling mixer to mix the low-density polyethylene (LLDPE) with graphene nanoparticles, as shown in Figure 3b. The cycles were repeated four times to obtain a homogeneous mixture of the nanofillers and polymer matrix. To dissipate the heat generated, an internal water-cooling system was installed in the miller. Huang et al. [52] prepared a dual matrix CNT nanocomposite using the melt-mixing method, as shown in Figure 3c,d. The authors used a mixer rate of 750 rpm for about 1 h to mix TPU and PLA. Further, the MWCNTs were added in the required proportion and mixed for 2 h. Before processing the nanocomposite mix, it was dried for about 8 h to remove any traces of moisture that could hinder the surface quality and diameter tolerance of the filament. Figure 3e shows the morphology of the prepared nanocomposite filament, which shows that both polymer matrices are in phase separation, and the CNTs are distributed evenly but in agglomerated form.




2.4. Extrusion


The nanocomposite as pellets or granules are fed into an extruder machine with a die opening of the required filament diameter. In general, 1.75 mm and 2.85 mm are preferred for nanocomposite filament because most FDM printers use this setting. The higher diameter filament could be processed depending on the type of printer in use. The choice of the extruder is independent, and the literature reports some extruders with die openings as the filament final diameter and then using water- and air-cooling systems. The basic principle of the extruding filament is that, firstly, the granulated polymers are dried and fed into the feedstock hopper, which is melted into the heated chamber of the screw. The polymer melt is homogeneously mixed here while passing through the heated barrel via the screw. Finally, this melt is pushed out of a die opening where the filament is cooled (water or air) and wounded over a spool. The entire process is schematically represented in Figure 4. This melt processing of polymer into filament is affected by several controlling parameters that affect the filament homogeneity [53]. Especially for composite filaments, the extrusion process controls the orientation of the fillers in the final filament [54]; such CNTs tend to orient in the direction of extrusion [55]. The process parameters, such as the feed rate, temperature, speed of the screw, and pulling speed of the filament, can be controlled to control the filament printability. The two types of extruders used, the single screw and double screw (twin), differ in the number of rotating screws inside the barrel. The single-screw extruder is simple, offering a low cost and maintenance, but since it only has one screw, good mixing is a challenge [56]. The rotation of the screw causes friction between the barrel surface and the screw, causing the melt to pass through the opening die [57]. However, single-screw extruders possess one challenge: Upon increasing the rotational speed, high thermal energy is generated because of the increased friction forces, making it unsuitable for heat-sensible polymers. For the extrusion of composites, proper homogeneous mixing is a challenge because of the single screw producing low shear. Therefore, twin- or double-screw extruders could be used. The two parallel screws to the barrel produce high shear and better and homogeneous mixing of the polymers or matrix-fillers [53]. Another advantage of the twin-screw extruder is that the direction of the screw’s rotation can be controlled. For better mixing of the filler particles, opposite rotation of the screws (counter-rotation) proves to be effective in comparison to co-extrusion (same direction rotation) because the counter-rotation produces more shear forces [58,59].



For automation, complete automated extruders are designed especially for FDM filament production, such as the composer by 3devo Ltd. (Utrecht, The Netherlands) [60], detailed in Figure 4b. The extruder is very simple to use and does not require any specific knowledge of the process. It comes with a hopper to input pellets of about 0.4 mm in size (a high size would affect the filament diameter). The single screw heated by four heating zones ensures the uniform heating of the melt inside the screw. A downward vertical opening guides the melt (cooled by twin fans) through an optical sensor-controlled wheel. This wheel ensures the consistency of the desired filament diameter, which is collected over a rotating spool. This is just one good extruder available for FDM filament; there are multiple nowadays on the market, and they can be chosen according to one’s budget and necessity. The factors to be taken care of are (i) the consistent diameter of the filament, which is difficult to achieve in one extrusion. Therefore, the extrusion process must be repeated multiple times to attain consistency in the filament diameter. (ii) The temperature profile for a new nanocomposite material must be selected by hit and trail for consistent filaments free from any lumps or porosity.





3. Filler Types


3.1. Carbon Nanotube Polymer Nanocomposite


Carbon nanotubes have demonstrated excellent properties, such as their low density and thermal, mechanical, and electrical properties [31,61,62], for vast applications such as sensors, energy storage, etc. [63,64]. In comparison to conventional manufacturing methods, such as casting or coating the structure with nanofillers, additive manufacturing offers low costs and rapid fabrication in real time [65,66]. Oran et al. [67] investigated multi-walled carbon nanotube (MWCNTs)-ABS nanocomposites printed via FDM for morphology, electrical, and mechanical properties. The author reported the optimum temperature and loading ratio as 250 °C and 10% by weight. The nanoparticle and polymer matrix physical interaction increases with the nanoparticle content, which increases the viscosity of the nanocomposite [68]. As shown in Figure 5, the melt flow index (MFI) decreases significantly with the CNT content.



Scanning electron microscopy was used by the authors to investigate the morphology of the nanocomposites, as shown in Figure 5d. The foam-like porous morphology is reported because of the CNT agglomeration in the nanocomposite. The average size of 1 μm was calculated, which is associated with the better mixing efficiency of the extruder. This signifies that for better dispersion, the extrusion process should be repeated multiple times. Another detrimental effect of agglomeration is represented in Figure 5b. The elastic modulus increased for the 3% CNT concentration in the polymer matrix and then decreased because of the entanglement of nanotubes among themselves. The impact strength decreases upon dispersing the rigid nanoparticles in a tough polymer matrix [69,70].



Le et al. [71] experimentally characterised the MWCNT-ABS nanocomposite parts. The authors prepared 0.5%, 1%, 1.5%, 2%, 3%, and 4% by weight MWCNT-ABS samples and analysed the morphology and mechanical properties experimentally. The morphology analysis produced significant findings, reporting that the fracture surface exhibited less shear lip and few voids for the lower nanofiller content, but the shear lips increased with voids, as shown in Figure 6, upon increasing the nanofillers content. The tensile test demonstrated that for 2 wt% CNTs, a 40% increase in tensile strength can be achieved compared to the neat ABS.



Wang et al. [72] studied the effect of nanoparticles on material printability and adhesion quality. Upon dispersion of CNTs in the ABS matrix, the nanoparticles generally disperse into styrene–acrylonitrile (SAN) than the polybutadiene (PB) phase. Figure 7a shows the electron microscopic image of a 5 wt% nanocomposite sample with PB in spheres. Upon comparing the neat ABS with the nanocomposite sample, it is reported that the adhesion area and voids were almost similar. Therefore, a conclusive remark was suggested that until 8 wt%, the adhesion and printability of the material do not change relative to neat polymer. The porosity analysis showed that for a small concentration of up to 8 wt%, the printed parts demonstrate the same porous concentration as of neat polymer. But, besides these unaffected properties, mechanical properties showed significant improvement. The author reported a 10.25% and 40% increase in the modulus for the 1 wt% and 8 wt% samples relative to the neat ABS, respectively, as shown in Figure 7b.



Podsiadly et al. [48] characterised the FDM-printed CNT-reinforced ABS nanocomposite parts for their electrical and mechanical properties. The mechanical results demonstrated that the nanoparticles in the polymer matrix resulted in a decrease in ultimate tensile strength up to 5 wt%; after that, it increased. Below the 9 wt% threshold, the nanoparticles demonstrate less entanglement in their structure, thereby decreasing the cross-sectional area of the polymer and finally reducing the tensile strength. If the concentration is increased, the entanglement increases, and hence the mechanical strength as well [73,74]. The electrical conductivity was measured in terms of resistivity. For lower concentrations < 2 wt%, the FDM parts were almost nonconductive (200 M   Ω m )  . Upon increasing the CNT content, the resistivity showed a decreasing effect; for 4.76 wt%, a resistivity of 2.5   Ω m   was obtained, and for 9 wt%, the resistivity was further reduced to 0.15   Ω m .   This is because, for a lower nanoparticle content, the conductive path is not complete or continuous in comparison to a higher content, as shown in Figure 8. Figure 8 shows the tunnelling effect in FDM-printed nanocomposites. The current–voltage (I–V) characteristics for the threshold content demonstrated a non-linear decreasing behaviour in resistance upon increasing the voltage. The physics behind this phenomenon could be interpreted as, with an increase in electrical current the temperature also increases, which decreases the resistance of FDM-printed nanocomposites for higher voltages. The CNT-based nanocomposites were reported as negative temperature coefficient (NTC) resistive. It means that electrical resistivity is inversely proportional to the current [75,76,77]. In conclusion, the electrical percolation threshold could be estimated at around 4.76 wt% and mechanical to be 9 wt%.



Some other studies were also reported while considering CNT-ABS nanocomposites, investigating their electrical and mechanical properties. Sezer et al. [78] studied, for the first time, 10 wt% MWCNT-ABS FDM-printed nanocomposite and reported 210% increases in the ultimate tensile strength. Improvement in electrical properties, as shown in Figure 9, was also observed. The authors also analysed the effect of raster orientation on the mechanical properties and electrical properties of such nanocomposites. The parts printed with a 45–45-degree raster shows lower properties when compared to 0–90 because of the CNT path discontinuity resulting from crossed layers. From this experimental analysis, it is evident that for the lower CNT content, the properties are not improved very much because of the agglomeration of CNTs. The mechanical threshold in most of the studied literature is reported to be around 9–10 wt%. The electrical conductivity because of the tunnelling effect is of the NTC type. For higher CNT contents, the resistivity decreases very substantially and was reported in the practical application domain. In another work, Pan et al. [79] prepared a polyphenylene sulphide (PPS)-CNT nanocomposite and investigated the mechanical and tribological properties. The printed nanocomposite demonstrated an increase of 26% and 29% in its tensile and bending strengths. The studies only focussed on the experimental characterisation of the FDM nanocomposite samples with the maximum CNT content reported to be 10 wt%. The challenges for higher concentrations were related to higher agglomeration, poor dispersion, nozzle clogging, higher brittle nature of the composite, and poor ductility [80]. Other polymer matrices have been studied with CNTs using the FDM method. High-density polyethylene/MWCNTs 3D-printed nanocomposites were investigated for their thermal properties compared to conventional plain polymers [81]. Han et al. [82] investigated MWCNTs dispersed in polyamide 12 polymer-printed parts for the electromagnetic wave absorption properties. The authors selected the 7 wt% to 12 wt% concentration of carbon nanotubes because the literature reported poor electrical properties for less CNT concentration.



The authors compared the properties of 12 wt% CNT nanocomposite with the injection-moulded parts. The morphology of the filament is shown in Figure 10, demonstrating no voids and spaces, as reported. The mechanical properties, tensile strength, impact resistance, and flexural modulus were 94.45%, 85.51%, and 92.94% of the injection-moulded part. The electrical resistivity was low because the FDM part is less dense than the injection-moulded parts. The wave absorption performance of the FDM part was observed close to the moulded part. The lowest reflection loss, shown in Figure 10b, was lower than the moulded counterpart because of the favourable orientation of the nanotubes in the polymer matrix. Therefore, the FDM method was recommended for such an application.



The piezoelectric energy harvester, as an alternate source of energy, was a popular field of research but was dominated by conventional methods [83,84]. Fused deposition modelling has attracted researchers’ attention in the alternate energy domain such as energy harvesters. The MWCNT-polyvinylidene fluoride (PVDF)-based piezoelectric energy harvester, having a porous structure [85] and using heat during the printing, was printed. The studied method of foaming was reported to not affect the geometry parts. Figure 11a shows the graphical explanation of the entire process of printing the PVDF-MWCNTs energy harvester. A 1 wt% and 2 wt% nanocomposite’s electronic image is shown in Figure 11b, detailing the dispersion of the nanoparticles in the polymer matrix phase. The authors demonstrated that the compressive strength increases from 509.09 kPa to 675.50 kPa for a 2 wt% nanocomposite energy harvester [85]. The dispersed nanoparticles behave as a stress conductor supporting the polymer matrix phase. This induces increased compressive strength. The electrical output, as shown in Figure 11c,d in terms of voltage, increases with the CNT content up to 1% as expected, but with a further increase, it decreases. The reason behind this fall is that the MWCNTs failed to maintain the high aspect ratios in dispersion and became agglomerated. The application of the energy harvester is demonstrated by the running and jumping tests generating up to 25 V and 45 V, respectively.



Biocompatible materials such as FDM-printed nanocomposites have also been investigated. Verma et al. [86] studied CNT-polypropylene random copolymer (PPR) because PPR has a lower glass transition temperature and melting point than polypropylene. This reduces the warping of the part during the printing, making it more ideal as an FDM filament than polypropylene. The authors studied the mechanical performances for 4 wt%, 6 wt%, and 8 wt% of CNT loading. The mechanical performance of the printed parts is shown in Figure 12. For longitudinal loading, the printed parts were strong, with the highest tensile strength and elastic modulus of 8 wt%. A similar trend was observed in transverse-direction loading with a relatively less increase. This was reported to be attributed to the fact that interraster adhesion is weaker in transversion printing than longitudinal. The piezoresistive response of the nanocomposites was investigated in terms of the gauge factor (k)   =   Δ R   Δ ε   R   0      , where     R   0     is the noload resistance,   Δ R   is the change in resistance at any load in the composite, and   Δ ε   is the change in the imposed strain. When the mechanical loading is applied to the nanocomposite parts, the distance between the conductive path increases, causing the resistance to change. For low concentrations, this change is high because of fewer conductive paths, but for higher concentrations, the resistivity change decreases because of the high number of conductive path clusters in the PPR matrix.



Chen et al. [87] studied polyetherimide (PEI) as a polymer matrix with CNTs to improve the bond strength and reduce the porosity in the FDM parts.



The microscopic images show that the dispersion of CNTs in PEI reduces the porosity in the printed parts for all raster orientations. The other advantage reported was the reduction of warping, as shown in Figure 13c, for a 0.6 wt% CNT concentration. The warping in Figure 13a before annealing was improved by up to 40%, and after annealing (b), by up to 46% because the annealing increased the molecular entanglement between different rasters.



Investigations have been carried out for the combination of carbon nanotubes with biocompatible PLA. Petousis et al. [88] used 3D printing of PLA/CNTs nanocomposites together with the carbon dioxide laser-cutting method. The authors studied this new manufacturing technique for the improved properties of printed parts. Kotsilkova et al. [89] reported a rheological study of PLA/CNTs nanocomposites. Yang et al. [90] reported that a 4% CNT addition to PLA improves the electromagnetic shielding properties of the 3D-printed nanocomposites. The authors also reported that by keeping the concentration constant, the properties can be tailored further by altering the process parameters of the FDM process. Shi et al. [46] studied the CNT-PLA nanocomposites experimentally using a local enrichment method. The method involved depositing a thin layer of nanotubes over the PLA filament, making a locally enriched (LES-PLA/CNT) nanocomposite filament. This is a completely different process than those discussed here, which involves the bulk dispersion of nanotubes and can be termed R-PLACNT nanocomposites. The author compared the printed parts from the filaments prepared using both methods and reported that the LES-PLA/CNT is more electrically conductive than the R-PLA/CNT, as shown in Figure 14. The method offers the huge advantage of saving lots of incurred costs and time in the preparation of bulk dispersed nanocomposites. This method could be used in future research and must be explored for further applications by characterising it for more properties, such as mechanical or tribological ones. Antibacterial properties are very important for any material for biomedical applications. PLA is a biocompatible polymer that was studied by Yang et al. [90] as an MWCNT nanocomposite. Yang et al. [91] showed that the addition of 6 wt% of CNT in PLA resulted in a 64.12% and 29.29% increase in tensile and flexural strength of the FDM-printed part, as shown in Figure 15. The higher layer thickness was suggested to be selected for printing to achieve better improved electrical properties.



Bortoli et al. [92] reported that the CNT-PLA nanocomposites could demonstrate improved mechanical and other properties at low CNT concentrations when CNTs are functionalised. CNT coils, when dispersed in the polymer matrix, were reviewed. This causes poor stress conduction and, hence, detrimental mechanical performance. For improving the PLA-CNT nanocomposite performance, functionalised carbon nanotubes (f-CNT) were used as nanoparticles with a PLA matrix instead of commercial CNTs (c-CNT). The authors used nitric acid to create a functionalised group of CNTs. The effect of this oxidisation of CNTs was studied by Raman spectroscopy, as shown in Figure 16a. The       I   D       I   G       value is defined as the measure of more sp3 carbon caused by the increased defects on CNTs due to the addition of an oxygen group after functionalization. The       I   D       I   G       value for f-CNT and c-CNT was reported as 0.64 and 0.49, demonstrating increased sp3 carbon. The effect of oxidisation was also investigated by differential scanning calorimetry (DSC) analysis. Figure 16b,c shows the first and second heating DSC scans for pure PLA, c-CNT/PLA, and f-CNT/PLA. It was observed that during the first scan, no crystallisation peaks were identified for pure PLA, but for f-CNT, crystallisation peaks were demonstrated to make it a better nucleating agent. In the second DSC scan, the authors reported an increase in     T   g     from 62 °C (pure PLA, c-CNT) to 65 °C (f-CNT). This could be because the attached oxygen groups might restrict the movement of PLA chains in the f-CNT/PLA nanocomposite.



Upon comparing the performance of the ABS and PLA as a polymer matrix, a similar effect of CNTs was observed in the reviewed literature. This leads to a conclusion that in general, CNTs have the following: (i) A decreasing effect of mechanical properties for lower concentrations because of agglomeration. (ii) There is an increase in elastic modulus and strength beyond the mechanical threshold because of more entangled CNTs increasing the surface area of the matrix. (iii) The electrical properties show an increase beyond the percolation threshold because of the more complete conductive path. (iv) The electrical properties in CNT-filled nanocomposites are because of the tunnelling effect and are of an NTC nature, becoming affected by the heat. Strain sensors need high stretchability together with better electrical properties. The conventional polymers used in FDM, such as PLA, ABS, polyamide, etc., are not suitable because of their linear elastic behaviour [93]. Scientists have reported using polyurethanes (TPUs) because of their low elastic modulus and high strain. Walin et al. [94] reviewed the printing of elastic materials with AM methods and reported that the TPU is the best candidate for FDM as compared to other soft materials such as silicone and hydrogels. It is demonstrated that the TPU can provide about 400% ultimate elongation in the FDM method.



Tzounis et al. [95] characterised the thermoelectric TPU-MWCNT-based nanocomposites. The authors successfully prepared the nanocomposite filaments, printed them using FDM, and characterised them mechanically. It was reported that out of 1.0%, 2.5%, and 5.0%, the last showed the highest tensile modulus. The study utilised two different types of CNTs, commercially available NC-MWCNTs, and long-diameter LC-MWCNTs, both exhibiting different properties. The morphological study, as shown in Figure 17, revealed that the dispersion was homogeneous. The LC-MWCNT-printed samples demonstrated high roughness at the fracture surface in comparison to the others because of the longer nanotubes. The study reported that for 5% TPU-MWCNTs, the samples could be strained up to 110% and 129%, as shown in Figure 17. The reason attributed could be because of either CNT’s small micro agglomeration acting as a stress concentration or the poor interlayer bonding between the layers of the printed parts.



The printed parts reported anisotropic behaviour in electrical conductivity. The cross-layer conductivity is higher in comparison to along the layers because of the more oriented CNTs during the printing in that direction, as interpreted by the authors. Li et al. [96] proposed a novel method to develop TPU-CNTs auxetic nanocomposite structures. The authors printed the structures using the FDM method, subsequently coating them with CNTs in an ultrasonic bath, as shown in Figure 18.



The nanocomposite auxetic structures demonstrated a 0.8 Poisson’s ratio with a 300% strain, as shown in Figure 18. The deformed morphology is shown in Figure 18c for different CNT concentrations. Recently, many other matrix compositions have started to attract scientists’ attention. Studies have been reported for combinations such as TPU/PLA/CNTs [97], biobased TPU [98], and ABS-PBT-CNT [99]. Table 1 summarises the latest polymer nanocomposites studied using the FDM method.




3.2. Graphene Polymer Nanocomposites


A single sheet of graphite with only two dimensions as graphene has reported excellent mechanical and electrical properties [100]. To improve the final performance of FDM polymers, scientists have doped these polymers to print nanocomposites with improved properties [42,101,102,103,104]. Gananasekaran et al. [64] prepared CNT/graphene-based polybutylene terephthalate (PBT) nanocomposite and compared the CNT-PBT and graphene-PBT nanocomposites. The study revealed that the CNT-based nanocomposites demonstrated better mechanical properties than graphene-based ones. The CNT-PBT filament was less brittle than the graphene-PBT filament. The reason attributed to such behaviour was during the evaporation, the moisture associated with graphene sheets creates voids in the printed part. The electrical percolation threshold for CNT-PBT and graphene-PBT was reported to be a minimum of 0.49 wt% and 5.2 wt%, respectively, to make the FDM-printed parts conductive. One challenge faced by researchers in printing such nanocomposite is the abrasive nature of nanoparticles in the matrix. Figure 19 shows the nozzle before printing (a), printing 10 cm of PBT-graphene (b), and 1.5 m of CNT-PBT nanocomposite (c) along with the electronic image of the graphene-PBT printed via an abrasive nozzle (d). The effect can be seen through the images and could be interpreted that CNT-based nanocomposites tend to erode the nozzle relatively higher than those that are graphene-based.



Camargo et al. [105] printed commercially available graphene and ABS nanocomposites and characterised them for their mechanical and electrical properties. The authors reported that the addition of graphene deteriorates the tensile strength of the nanocomposites opposite to PLA-graphene. The study reported a decrease of 104.6% in yield point. A similar decrease is demonstrated in the flexural strength of the printed nanocomposites in the three-point bending test, 94.6% less than ABS. The impact energy of the pure ABS printed parts was 58.5% greater than the nanocomposites. The reason for this decrease is attributed to the molecular chemistry of the polymer matrix. The butadiene part of the ABS is responsible for high mechanical properties, but the graphene weakens the molecular structure of the rubber part and decreases the final performance. The nanocomposite FDM parts were reported as semiconductors using electrical characterisation.



Graphene nanocomposites printed using FDM have been studied for thermal conductivity. Tambrallimath et al. [106] prepared a dual polymer matrix infused with graphene nanofillers. PC-ABS was mixed in a 70:30 ratio and mixed with 0.2 wt%, 0.4 wt%, 0.6 wt%, and 0.8 wt% graphene. The filaments after printing were characterised using the Maxwell and Bruggeman model. The authors reported an increase of about 15% and 40% in thermal conductivity, as shown in Figure 20, for the 0.2% and 0.8% graphene contents. In the literature, authors have reported that because of the addition of graphene in the polymer matrix, there is a reduction in phonon scattering, hence decreasing the thermal conductivity [107,108]. The study did not provide substantial validation and claims for the findings. In a subsequent study, the same authors extended the investigation, and Figure 21 shows the electron images of the nanocomposites [109]. The images show that the graphene dispersed homogenously without any visible agglomeration.



It should be taken that upon increasing the graphene content, it tends to agglomerate because of the presence of van der Walls forces. The mono-layer graphene exhibits better properties because of the warping, crumpling, or folding [110]. The presence of graphene is characterised by the X-ray diffraction (XRD) method. Figure 21d shows the XRD results for the graphene nanocomposites; the sharp peaks in the curve indicate the presence of graphene, and the intensity increases with the content of graphene. The authors analysed the surface roughness of the nanocomposites and reported that with an increase in graphene content, the surface finish increases. A maximum of 40% reduction in surface roughness was reported for the 0.8% graphene content, as shown in Figure 21e. The reason for increasing the impact strength upon the graphene addition is that the nanofiller inhibits the deformation in the polymer matrix along with fewer voids in part. The functional group attached to graphene, such as oxygen, enhances the properties of the nanocomposites. The additional functional group increases the interfacial interaction with the polymer matrix. This motivated the researchers to investigate the effect of reduced graphene oxide (r-GO) in polymer matrix nanocomposites printed using FDM [111]. There are few studies available with graphene as nanofillers in the FDM method. Challenges remain the same because, at higher nanofillers, proper dispersion without agglomeration becomes difficult. Also, the other matrices, such as PC, PLA, PEEK, etc., could be explored for many other applications.



For the FDM method, the viscosity of the melt is a very important feature. The viscosity must not be high for the polymer melt to flow out of the nozzle easily and should not be low to maintain the structural integrity once placed as a layer. Therefore, the addition of nanofillers, such as CNTs and graphene, induces a large degree of orientation among polymer chains during the shearing, and this reduces the viscosity with a better flow out of the nozzle. Once out of the nozzle, the shear reduces abruptly, increasing the viscosity of the melt [112,113,114]. Shmueli et al. [115] investigated this effect in isotactic polypropylene graphene nanoplatelet nanocomposites using the in situ FDM process. The authors studied the 5 wt% and 10 wt% graphene contents and reported that graphene induces shear thinning in FDM nanocomposites. The in situ analysis revealed that the graphene polymer produces a weak lamellar structure, causing a decrease in storage modulus in 5% graphene content. This structure vanishes when the graphene is increased up to 10%, leading to an increase in thermal conductivity.



Shi et al. [45] printed a hybrid PLA/CNTs/graphene nanocomposite cellular structure for an electromagnetic interference (EMI) shielding application. The authors prepared the filament by producing a coating of CNT/graphene nanofillers over PLA particles. These filaments, upon characterisation, demonstrated that the CNT/graphene fillers were attached effectively to the matrix because of the hydrogen bonding physical interactions. These interactions were increased because of the intersected CNTs, together broadening the contact areas for stronger matrix filler interactions. To understand the behaviour of polymer melt in the FDM process, authors have characterised the fluid melt behaviour using finite element simulation (FES), as shown in Figure 22. It was observed that the shear rate distribution was uniform in the channel. Figure 22(a1) represents equally spaced streamlines on the half Y–Z planes in the +Z direction. The steady shear rate in the lower range of 100–103 s−1 was observed at the start, leading to a maximum shear rate of 808 s−1 at the convergence channel. There was no turbulence observed, and the steady flow demonstrated the suitability of the prepared nanocomposite for the FDM process. Figure 22d to e represents the printed nanocomposite samples and the SEM image of the top layer showing the proper dispersion of the nanofillers. The effect of these nanofillers can be seen in Figure 22f,g in the stress–strain curve and tensile strength, respectively. The SEM images shown in Figure 22h after the fracture provide evidence of low deformation in the nanocomposite (h2) in comparison to PLA (h1). Jing et al. [50] investigated the thermal conductive nature of polyethylene graphene nanocomposites. The authors reported increased thermal through-plane conductivity (~3.43 W m−1 K−1) along the printing. The attributed reason was due to the reduction in interfacial thermal resistance along with the long-range connected network of graphene with the polymer matrix [50].



The hybridisation of nanocomposites has been studied by combining two different types of nanofillers. Ivanov et al. [116] studied the commercially available graphene and CNTs in a PLA polymer matrix. The authors investigated the individual nanofibers in a PPLA matrix together with the hybrid graphene/CNTs in PLA. The confirmation of walls in nanotubes and sheets in graphene is characterised by Raman spectroscopy. The spectrum of graphene, as shown in the Figure, is characterised by the G, D, and 2D bands (peaks). The G signifies the in-plane vibrational mode because of the sp2 carbon atoms. The G-band shift towards a higher wavenumber in the spectrum marks the presence of a low number of sheets in graphene. The defects in the lattice of graphene-carbon are associated with the D band. The intensity ratios (ID/IG) and (I2D/IG) give an insight into the quality of graphene and the structural disorder degree—a ratio of 2 signifies defect-free graphene. If the spectrum presents a sharp single 2D peak, it is a confirmation of single-layer graphene. For multilayer graphene, this band splits into multiple bands [117,118]. The spectra of 6 wt% and 1.5 wt% graphene nanocomposites show a D band at 148 cm−1 and 1356 cm−1, respectively, signifying the decreased defects with increased graphene content due to heating and shearing damage in extrusion. For the MWCNT nanocomposites, the D and 2D bands provide information regarding the presence of a disordered carbon lattice and the effect on the vibrational modes due to nanotube–nanotube interactions [119,120]. The figure shows broad D and 2D bands, signifying large diameters, high disorders, and a high number of walls in the nanotubes. The sharpness and intense G bands are demarcations of better dispersion of CNTs in the polymer matrix [121], which is indicated by Figure 23 for the PLA/MWCNTs nanocomposites. The literature presents many polymer matrices in combination with graphene or reduced graphene nanoparticles, but in comparison to the CNTs, there is still more polymer matrix that needs to be studied to expand industrial acceptance.




3.3. Cellulose Polymer Nanocomposites


PLA has been a popular choice for biocompatible polymers besides others, such as WBPUU or WBPU [122,123,124]. Researchers have been using biocompatible nanofillers to enhance the properties of the filament and the final printed parts, together with biocompatibility. Cellulose nanocrystals (CNCs) were reported to improve the thermal and mechanical properties when dispersed in a PLA matrix [125,126,127,128]. The reason for this is that the CNC acts as a crystallising nucleating agent. Therefore, upon loading the nanocomposites, the oriented CNCs in polymer absorb the load, improving the tensile strength of the part [129,130]. The CNCs demonstrate low weight, transparency, biocompatibility, and strength [131,132]. The CNC exhibit 54–88% of crystallinity, which is the reason for its high tensile modulus (105–250) GPa, greater than steel wire and glass fibre [133,134]. But, CNC’s crystallinity acts as a nucleating agent when dispersed into the PLA matrix, affecting the final mechanical properties of the nanocomposites (Figure 24).



Wu et al. [136] studied PLA/CNC nanocomposite, focussed on the homogeneous dispersion of CNCs using the melt-bled method in comparison to the solution method. The authors used polyvinyl acetate (PVAc) to graft with CNC which later compounded with PLA matrix exhibited excellent dispersion. The prepared 5 wt% nanocomposites demonstrated increased melt processibility and interlayer adhesion of filament, finally increasing the tensile break energy (254%), notched impact toughness (57%), and interlayer adhesion (103%). Kusmono et al. [137] reported the effect of nanocrystalline cellulose (NCC) on a neat PLA matrix. The NCCs were extracted from ramie fibres using chemical treatment via sulphuric acid and hydrolysis. The prepared NCC power was mixed with PLA and extruded at 185 °C for 1, 3, and 5 wt%. The authors reported that 1 wt% NCC into the PLA matrix increased the tensile strength by 19.04%. The further increase in concentration deteriorated the mechanical strength of the nanocomposite, which was attributed to an increased agglomeration of nanofillers in the matrix. Agbakoba et al. [135] extracted the CNC from Eucalyptus sawdust using chemical means, which were blended with PLA. The increased flexural strength in the three-point bending test, as shown in Figure 24, is because of the crystallinity of CNC, but due to agglomeration at 1 wt%, there is a slight decrease. The creep behaviour was studied at 35 °C; all specimens showed similar primary creep behaviour, but the nanocomposites demonstrated lowered secondary creep deformation, as shown in Figure 24. This is indicative of a high modulus, which is shown in the results of three-point bending tests. The attributed decrease in tensile modulus and strength is because of the agglomeration of CNC when increased at 1 wt%. It is very evident from the reviewed literature that the hydrophilic nature of CNC and high crystallinity, together with poor dispersion into the polymer matrix PLA, need to be challenged. Wu et al. [138] incorporated TPU droplets at the nanoscale into the PVAc-treated CNC into the PLA polymer matrix to improve the melt processibility of nanocomposites. The authors reported an increase of 418% ductility at 5 wt%. This is a remarkable improvement in comparison to others, which reported a decrease in the mechanical properties when CNC is increased beyond 1 wt% due to agglomeration.



Other forms of cellulose, such as cellulose nanowhiskers (CNW), are more compatible with PLA because of the hydroxyl group due to silylation [139]. Cellulose nanofibres (CNF), another nanofiller class of cellulose, have attracted researchers for study. High-density polyethylene (HDPE) is a challenge to print using FDM because of its high warping and massive shrinkage properties. Therefore, to increase the printability, Dalloul et al. [140] studied chemically modified CNFs as nanofillers in the HDPE matrix. The CNFs, before the mix, were treated with an esterification reaction, converting them to polystearyl acrylate-grafted CNFs. The resulting nanocomposites were characterised experimentally and were reported with improved mechanical properties. For a 10 wt%, an increase of 23% in Young’s modulus was reported with no CNF agglomeration. However, it is to be noted that the authors reported a decrease in the tensile strength of the nanocomposite samples; Figure 25. The reason was the FDM nanocomposites had increased stiffness because of the filler processing, and this reasoning has been attributed to other works as well [141,142].



The flexible polymer matrix polyurethanes have been a popular choice for FDM printing because of their flexibility. These polymers consist of a hard segment formed by isocyanate, a chain extender, and a soft segment of polyol. The rigidity is provided by the hard segment, and the soft is responsible for the flexibility of the polymer, thus varying the precursors while synthesis provides myriad properties in such materials [143,144]. However, to produce more environmentally friendly and biocompatible polyurethanes, such as waterborne polyurethanes (WBPU) and ureas (WBPUU), they have been studied for FDM printing materials. The issue with these materials is that because of their high flexibility, the filament demonstrates entanglements in gears and Bowden extruders due to high friction [145,146]. Therefore, to enhance printability, researchers are focussing on using nanofillers as a solution.



Larraza et al. [147] synthesised the WBPUU polymer and prepared graphene/WBPUU nanocomposites. The biocompatibility of the polymer is tested via cytotoxicity, as shown in Figure 26. The minimum short-term cell viability negative value, as per the ISO 10993-5 standard, is less than 20 for 24, 48, and 72 h. The prepared polymer demonstrated 70% higher values in all cases, signifying the non-toxic nature of the polymer. Furthermore, the study of cells was conducted via cell proliferation and adhesion investigation, as shown in Figure 26b. The authors reported that the samples had high cellular density with very few dead cells. The viable cells showed increased density after a week of study, demonstrating the high compatibility of the polymer as a biomaterial. The nanocomposites were reported to have improved printability and mechanical properties upon characterisation.



Aside from PLA, another polymer matrix in combination with PLA has been studied. Frone et al. [148] prepared cellulose fibres with lignin (CFw), without lignin (CF), and plasticised poly (3-hydroxybutyrate) (PHB) on the properties of PLA. The incorporation of lignin has the effect of improving the thermal properties of the nanocomposites in comparison to those without lignin. Wang et al. [43] showed that the thermal stability and mechanical properties (tensile strength and elongation at break) can be improved by using CNF in PLA. For smart applications and self-healing, a nanocomposite with a polymer matrix of TPU and polycaprolactone (PCL) with CNC was investigated by Bi et al. [149] via the solution casting method and was used to prepare the nanocomposites. The tensile testing of these samples reported an increase in interfacial adhesion because of more crosslinking due to CNC. Further, 1 wt% CNC increases the strain up to 1600%. Without CNC, the dispersibility of PCL in TPU was poor. Upon addition of CNC, the PCL agglomerates decrease in the TPU phase for 0.5 wt% and 1 wt% compared to TPU-PCL without CNC. The cellulose-based nanofillers present many filler types, as reviewed, and many more. The important aspect of these fillers is that they are completely biocompatible, and the nanocomposites with biobased polymer matrix, such as water-based polyurethane or PLA, create improved FDM parts with superior biocompatibility. This opens doors for researchers to investigate the possibility of industrial acceptance of such nanocomposites for biomedical applications.





 





Table 1. Different polymer matrix nanofiller filament preparations.
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	Matrix
	Method
	Properties
	Ref.





	ABS + CNT
	Chemical solution
	Electrical and mechanical properties, mechanical percolation threshold (9%), electrical threshold percolation (4.76%)
	[48]



	ABS + CNT
	Mechanical (melt mixing)
	Rheological, morphological, and mechanical properties, 2% CNT increases strength by 42%
	[68]



	ABS + CNT
	Mechanical (melt mixing)
	Thermal, electrical, and mechanical properties for SWCNTs and MWCNTs
	[49]



	ABS + Graphene
	Mechanical (melt mixing)
	Recycled ABS-graphene for rheological, thermal, magnetometric, and mechanical properties
	[150]



	ABS + Reduced graphene oxide (rGO)
	Chemical solution
	Interface stresses
	[111]



	PC-ABS + Graphene
	Mechanical (melt mixing)
	Tensile strength, low-velocity impact strength, and surface roughness
	[109]



	PC-ABS + Graphene
	Mechanical (melt mixing)
	Thermal conductivity
	[106]



	ABS + Graphene/CNTs
	Mechanical (melt mixing)
	Stiffness, creep stability processability, tensile strength, and electrical properties
	[52]



	Polybutylene terephthalate (PBT) + Graphene/CNTs
	Chemical solution
	Printability, electrical conductivity, and mechanical stability
	[64]



	ABS + Graphene
	Mechanical (melt mixing)
	Mechanical (tensile, flexural, and impact) and electrical properties
	[105]



	Polyethylene + Graphene
	Mechanical (melt mixing)
	Thermal conductivity and mechanical properties
	[50]



	Polyurethane + Cellulose/graphene
	Chemical solution
	Morphological, thermal, mechanical, and thermoelectric properties
	[95,147]



	PLA + CNTs/graphene
	Mechanical (melt mixing)
	Electrical and thermal properties
	[116]



	PLA + CNTs/graphene
	Chemical solution
	Electromagnetic shielding
	[45]



	Polypropylene + Graphene
	Mechanical (melt mixing)
	X-ray scattering and shear study
	[115]



	ABS + CNTs
	Mechanical (melt mixing)
	Morphological, electrical, and mechanical properties
	[67]



	Polyamide + CNTs
	Chemical solution/mechanical
	Electromagnetic wave absorption and mechanical properties
	[82]



	PVDF + CNTs
	Mechanical (mixing)
	Piezoelectric and mechanical properties for energy harvesting
	[83]



	Polybutylene Terephthalate (PBT)/ABS + CNTs
	Mechanical (mixing)
	Mechanical and morphological properties
	[99]



	Polypropylene random copolymer (PPR) + CNTs
	Mechanical (mixing)
	Piezoresistive properties (crystallinity)
	[86]



	Polyetherimide (PEI) + CNTs
	Mechanical (mixing)
	Bond strength, porosity of parts, electrical conductivity
	[87,151]



	PLA + CNTs
	Chemical/mechanical (mixing)
	Thermal, mechanical (dynamic analysis)
	[92]



	ABS + CNTs
	Mechanical (mixing)
	Morphological, thermal, and mechanical properties
	[71,78]



	ABS + CNTs
	Mechanical (mixing)
	Structural, morphological, and dynamic mechanical properties
	[72]



	Polyphenylene sulphide + CNTs
	Chemical solution
	Tensile, bending, diffusion, and thermal properties
	[79]



	PLA + CNTs
	Mechanical (mixing)
	Thermal, mechanical, and electrical
	[88]



	PLA + Graphene/CNTs
	Local enrichment
	Electrical conductivity, electromagnetic interference shielding
	[45,46]



	ABS + Carbon nanofibre
	Mechanical (mixing)
	Tensile, dimensional, surface properties
	[152]



	PLA/TPU + CNTs
	Mechanical (mixing)
	Morphological, interfacial, and mechanical properties
	[51]



	TPU + Conductive carbon
	Mechanical (mixing)
	Biocompatibility, thermal, mechanical
	[153]



	TPU + CNTs
	Mechanical (mixing)
	Warping, interlayer adhesion, thermoelectric properties
	[95,98]



	PLA + Cellulose nanocrystals (CNC)
	Mechanical (mixing)
	Shape memory properties, melt processibility, and inter-fuse adhesion
	[135,136]



	PLA + Cellulose nanofibrils (CNF)
	Mechanical (mixing)
	Thermal stability, mechanical performance, and water absorption
	[43]



	PLA + Nanocrystalline cellulose (NCC)
	Mechanical (mixing)
	Tensile and thermal properties
	[137]



	TPU/polycaprolactone (PCL) + CNC
	Chemical solution
	Chemical structure, mechanical, and thermal properties
	[149]



	Poly(3-hydroxybutyrate) (PHB)/PLA + Cellulose fibres (CF)
	Mechanical mixing
	Structural, morphological, mechanical
	[148]



	PLA/TPU + CNC
	Mechanical mixing
	Melt processibility, shear, and stretching effect
	[138]



	High-density polyethylene (HDPE) + Cellulose fibres (CF)
	Mechanical mixing/chemical solution
	Warping, morphological, and mechanical properties
	[139]










4. Discussion and Concluding Remarks


The present study details an exhaustive review of the CNT-, graphene-, and cellulose-based polymer nanocomposites for the FDM method. The first step in the fused deposition modelling is the feedstock filament, which must be in a printable form. This is a challenging task when processing nanocomposites because dimensional stability is very difficult to achieve.



All the investigation techniques reviewed were experimental methods. There are very limited computational models or methods for investigating the effects of such nanofillers on the performance of FDM-printed parts. Since the parameters of the FDM method, such as the layer height, raster orientation, infill density, etc., affect the final properties of the part, efficient computational models are necessary to understand how these parameters affect the nanocomposites when printed via the FDM technique. Very few studies have been reported that predicted the elastic properties of graphene polymer nanocomposites. Moola et al. [154] demonstrated the application of a representative volume element (RVE)-based approach for nanocomposite printed parts. The model is dependent on the experimental data for investigating the properties. Another computational study by Rinaldi et al. [155] was based on the Piggot model, the Takayanagi I model, and the Takayanagi II model. The authors applied the respective models to study PEEK-CNT nanocomposite filaments, not printed parts. Dul et al. [49] applied the Halpin–Tsai (HT) model to predict the properties of CNT-ABS nanocomposite filaments.



There is an utmost necessity to have efficient and accurate models to eliminate the experimental characterisation of such nanocomposites. Sheikh et al. [156], in a review work, discussed many computational methods and models of composites and nanocomposites. The models can be used in a hierarchical way to create a multiscale computational framework. This will extract the necessary information from a smaller scale and transfer it to a higher scale to take the effect of micro- and nanoscale phenomena, such as agglomeration, dispersion, and aspect ratios, of nanofillers [157,158]. Eshelby–Mori–Tanaka (EMT) [159,160], a micromechanical computation model, has been used by researchers to predict the nanofillers’ effect in final polymer composites. The method does not capture the atomistic interactions of nanofillers and matrix aspect ratios. Another model, Halpin–Tsai (HT), is a simpler version of the EMT model, which takes account of the aspect ratio of the nanofillers but with no dispersion or agglomeration.



Sheikh et al. modelled and used a two-scale volume average homogenisation (VAM) and asymptotic homogenisation (AH) method to investigate neat polymers in the fused deposition modelling parts as laminated composites [22,23,93,161]. In another study, Aslan et al. [162,163] investigated neat polymers using a homogenisation technique. Since these methods have been used for neat polymers in the FDM technique, a proper combination of atomistic- or micro-scale methods, such as EMT and HT in a hierarchical framework, could be a possible computational model to investigate FDM nanocomposites parts in the near future for novel application areas such as environmental air quality sensing [164,165,166].




5. Concluding Remarks


The method of choice among mechanical melt mixing, solutions, or local enrichment must be selected properly because melt mixing is fast, simple, and easy to operate in comparison to the solution-based method. However the former faces challenges in the proper homogeneously dispersion of nanofillers in the polymer matrix. The latter involves sonication and dispersion in solvents and, therefore, produces less agglomeration in the final nanocomposites. The chemical solution method involving chemicals is not pleasant to choose, and therefore, as reviewed in this work, tabulated in Table 1, most of the researchers are choosing the melt-mixing method, but all these works are focused on research-based study. For industrial acceptance, which method should be opted for?



Local enrichment is another technique presented by a few researchers, as discussed in this study. The advantage of this method is demonstrated by the improved properties of the FDM-printed part in comparison to the conventionally prepared (melt-mixing chemical solution) method. The point of interest is that this method does not involve the bulk dispersion of nanofillers but a deposited layer over the polymer. Therefore, it can be said that the filament is a sandwiched structure rather than a proper bulk composite. Since the demonstrated properties are many-fold enhanced, only a few studies have been presented in the literature, and therefore, this must be properly and heavily investigated for wide acceptance, as with the other two methods.



In the chemical solution method, one of the biggest challenges to face is to wait for the preparation of sheets of nanocomposites before they can be processed into filaments. In the literature, all the studies have used the spreading of the nanocomposite solution mix into sheets of the required thickness. This step needs more time, about 24 h or more, to let the solvent evaporate. Furthermore, extra heating is necessary to remove the solvent, or else it will create porosity in the filament, distorting the diameter consistency. Therefore, new or substitute techniques must arrive to expedite this step in improving the filament quality.



Filament processing involves parameters such as the pellet size of feedstock, the moisture content in pellets, the temperature profile, and the cooling medium. These parameters are not much discussed in the literature, which is of utmost importance because they control the printability of the filament. If the particle size is not consistent, it will affect the feed-in rate, creating a difference in the inflow of mass and outflow of mass into the extruder and from the extruder, respectively. The pulling speed of the filament must be controlled because if pulled too fast, the diameter will be decreased, and pulling too fast will increase the filament diameter. A proper database or a standard must be created that signifies the required processing temperature corresponding to every nanofiller and matrix combination. The extruding parameters also control the orientation of the nanofillers in the polymer matrix, which affects the percolation network and the final performance of the FDM-printed part.



The discussed nanofillers, CNTs, graphene, and cellulose overall improve the properties, thermal, mechanical, or electrical. There are some studies that were reviewed that demonstrated the detrimental effect on the performance of the final printed nanocomposites. The attributed reason is the biggest challenge regarding the agglomeration and percolation at low concentrations of nanofillers in the polymer matrix. This study exhaustively reviewed and presented studies that investigated these challenges and tried to improve the final properties, but it was still a challenge. The proper dispersion and agglomeration are affected by the processing method used to make nanocomposite filaments in the extruder, along with the extrusion parameters. Therefore, it is of utmost importance to choose and select the proper parameters while processing the nanocomposites.



A comparative study is needed for the three stages of the FDM technique: (i) The fabrication of nanocomposites, (ii) the fabrication of the filaments, and (iii) the printing of the part. In all these stages, the nanocomposite undergoes melting and solidifying. Therefore, the effect of the temperature in all these steps needs to be studied completely and properly. The filler’s orientation, agglomeration, and dispersion could be affected by multiple melting and solidification.
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Figure 1. (a) Schematic representation of the FDM method. (b) Schematic of core–shell filament processing [38]. 
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Figure 2. (a) Local enrichment process of coating filament with nanofillers. (b) FDM printing of the coated nanocomposite. (c) Local enrichment using two nanofillers (CNTs and graphene) [47,48]. 
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Figure 3. (a) SWCNT (S) and MWCNT (M) nanocomposite filaments [49]. (b) Mechanical mixing (melt-mixing) process to fabricate nanocomposite [51]. (c) PLA/TPU/CNT nanocomposite filament fabrication and printing using FDM. (d,e) Prepared filament and SEM images showing the dispersed phases of the matrix and nanofiller [52]. 
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Figure 4. (a) A schematic representation of twin (double)-screw extruders. (b) Filament extruder from 3devo Ltd. 
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Figure 5. (a–c) MFI, stress–strain measure, and impact strength are affected by CNTs in ABS polymer, respectively. (d) Electronic images of prepared nanocomposites [67]. 
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Figure 6. Morphology of MWCNT and ABS nanocomposites (a–c). (d) Stress–strain graph of the prepared nanocomposite [71]. 
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Figure 7. (a) SEM images of the nanocomposite showing dispersed phases. (b) Tensile strength is affected by the CNTs [72]. 
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Figure 8. (a) Ultimate tensile strength variation with CNT content. (b) CNT percolation in ABS polymer matrix. (c) Electrical resistance variation for different CNT contents. (d,e) Effect of CNTs on resistance for increasing and decreasing voltages [48]. 
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Figure 9. (a) Stress–strain result of various CNT contents in the polymer matrix. (b) Effect of CNTs on the electrical conductivity of printed nanocomposites. (c) CNT agglomeration in the nanocomposite [78]. 
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Figure 10. (a) CNT-polyamide nanocomposite filament and FDM-printed part. (b) Reflection loss performance of the nanocomposite samples [82]. 
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Figure 11. (a) CNT-PVDF nanocomposite preparation following the foam printing using FDM. (b) Detailed images showing dispersed phases of polymer matrix and CNT. (c,d) Electrical performance of the energy harvester [85]. 
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Figure 12. Mechanical and electrical performances of the PPR-CNT FDM-printed nanocomposites are shown for 0° (a) and 90° orientations (b) [86]. 
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Figure 13. (a,b) The warping phenomenon in nanocomposite compared to the PEI without. (c) Filler’s microscopic images of the PEI-CNT showing the voids in the samples [87]. 
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Figure 14. Comparison of electrical conductivity between R-PLA and LES PLA nanocomposites [46]. 
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Figure 15. (a) Melt flow rate varying with increased CNT content demonstrates the inverse effect of nanofillers in polymer matrix together with (b) stress–strain performance of the FDM part [91]. 
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Figure 16. (a) Raman spectra of the c-CNT and f-CNT. (b,c) First cooling and second heating DSC scans of the PLA-CNTs nanocomposites [92]. 
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Figure 17. (a) Morphology showing the dispersion of CNTs in the TPU matrix. (b) Mechanical performance of the TPU-CNT composite. (c,d) Effect of CNTs on the electrical conductivity of the MWCNT-TPU nanocomposites [95]. 
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Figure 18. (a) Schematic representation of the prepared auxetic nanocomposites printed via FDM. (b) Effect of nanofillers on the mechanical performance of the structures. (c) The stretchability of the FDM nanocomposite auxetic structures [96]. 
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Figure 19. Erosion effect of graphene on the nozzle of FDM printer and the microscopic image of nanocomposite (a), printing 10 cm of PBT-graphene (b), and 1.5 m of CNT-PBT nanocomposite (c), along with the electronic image of graphene-PBT printed via an abrasive nozzle (d) [64]. 
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Figure 20. (a) PC-ABS-graphene double-polymer matrix nanocomposite. (b) Thermal performance of the double-matrix nanocomposite [106]. 
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Figure 21. (a) PC-ABS, (b) PC-ABS-0.4% graphene, (c) PC-ABS-0.8% graphene, and (d) XRD spectra of the (a–c) samples. (e) Surface roughness characterisation and (f) impact performance of the nanocomposite samples [109]. 
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Figure 22. (a) Shear rate distribution for the polymer melts on the full channel. (a1) The shear rate curves on the half of Y–Z planes in the +Z direction. (b) Apparent viscosity of polymer and polymer nanocomposites as a function of shear rate. (c,d) Schematic diagram of standard FDM samples. (e) The corresponding microscopic image of the top surface of the printed samples. (f,g) Stress–strain performance of the FDM 3D-printed samples and tensile strength. (h) Microscopic images of the fractured samples of PLA (h1) and PLA2/2 (h2) samples [45]. 
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Figure 23. Raman spectra of pure PLA (a), graphene-PLA (b,c), and CNT-PLA (d,e) [116]. 






Figure 23. Raman spectra of pure PLA (a), graphene-PLA (b,c), and CNT-PLA (d,e) [116].



[image: Carbon 10 00029 g023]







[image: Carbon 10 00029 g024] 





Figure 24. Mechanical characterisation results of PLA-CNC nanocomposites ((a) stress–strain, (b) creep, (c) tensile strength, and (d) tensile modulus) [135]. 
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Figure 25. (a) Improved warping characteristic of HDFE due to esterified CNF nanofillers. (b) Stress–strain graph showing the decreased tensile strength due to nanofiller [140]. 
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Figure 26. (a) Viability result of L929 murine fibroblast cells on the polymer concerning time. (b) Adhesion and viability of L929 cells for 3 and 7 days (left and right), respectively [147]. 
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