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Abstract

:

This work aims to produce a 3D-printable bio-based filament composed of high-density polyethylene (HDPE) and chemically modified cellulose nanofibrils. Printing using HDPE as a raw material is challenging due to its massive shrinkage and warping problems. This paper presents a new method to overcome those difficulties by enhancing the mechanical properties and achieving better print quality. This was achieved using modified cellulose nanofibrils (CNFs) as fillers. Firstly, CNF was converted to a CNF-based macroinitiator through an esterification reaction, followed by a surface-initiated single-electron transfer living radical polymerization (SI-SET-LRP) of the hydrophobic monomer stearyl acrylate. Poly stearyl acrylate-grafted cellulose nanofibrils, CNF-PSAs, were synthesized, purified and characterized with ATR-FTIR, 13C CP-MAS NMR, FE-SEM and water contact angle measurements. A composite was successfully produced using a twin-screw extruder with a CNF-PSA content of 10 wt.%. Mechanical tests were carried out with tensile testing. An increase in the mechanical properties, up to 23% for the Young’s modulus, was observed. A morphologic analysis also revealed the good matrix/CNF compatibility, as no CNF aggregates could be observed. A reduction in the warping behavior for the composite filament compared to HDPE was assessed using a circular arc method. The 3D printing of complex objects using the CNF-PSA/HDPE filament resulted in better print quality when compared to the object printed with neat HDPE. Therefore, it could be concluded that CNF-PSA was a suitable filler for the reinforcement of HDPE, thus, rendering it suitable for 3D printing.
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1. Introduction


Academic and public interest in additive manufacturing (AM), also known as 3D printing, has been growing rapidly during the last decade [1,2,3]. Fused-filament fabrication or fused deposition modeling (FDM) is a 3D-printing technology, which uses a continuous filament as the starting 3D ink material. The FDM process and the construction/building-up of complex 3D-printed objects are based on the layer-by-layer deposition process of a thermoplastic material (filament) extruded through a heated nozzle [4,5]. FDM is an efficient approach for the production of components and objects with complex geometries that are hardly achievable with traditional subtractive machining methods. As a result, 3D objects can be produced relatively rapidly and at a lower cost while using less material, thus, minimizing industrial waste [6,7,8,9].



Nowadays, numerous 3D-printable filaments, mainly composed of amorphous polymers, are commercially available. The most commonly used filaments are acrylonitrile butadiene styrene (ABS) [10], polylactic acid (PLA) [11], high-impact polystyrene (HIPS) [12] and polycarbonate (PC) [13]. This popularity can be explained by the fact that they are nontoxic, exhibit good printability and are available in a wide range of colors with good durability of the printed object.



In contrast, 3D filaments composed of semicrystallized polymers are harder to process due to shrinkage and warpage of the final 3D-printed object after cooling [14], which leads to unsuccessful prints or poorer quality products. A good example of these polymers’ kind is high-density polyethylene (HDPE). HDPE is a semicrystalline polymer and one of the most widely manufactured polymers worldwide. Its potential conversion (or waste reconversion) into a 3D-printable material is crucial for the environment as it would improve significantly its recycling availability, and lower the carbon footprint [15,16]. However, HDPE is a challenging material to print as it crystallizes rapidly upon cooling, leading to a decrease in the object dimension, e.g., shrinkage [17]. Moreover, the low surface energy often results in poor layer–layer adhesion, e.g., layer separation, which when combined with the first layer–print bed (e.g., build surface) adhesion difficulty, automatically leads to warping out of the printing plane [18]. Gudadhe et al. [19] successfully 3D printed numerous objects composed of recycled HDPE through the incorporation of additives in the HDPE formulation. The use of dimethyl dibenzylidene sorbitol (DMDBS) and linear low-density polyethylene (LDPE) as additives allowed to improve the layer adhesion but also avoid warpage-related issues.



Mora et al. [20] reported that the incorporation of carbon nanotubes (CNTs) in the HDPE formulation provided considerable improvements in the printing process while also increasing the final mechanical properties. It can be noted that the mechanical properties of the composite can be improved by adding a filler, a reinforcing agent, to reduce those undesired and unwanted effects (shrinkage and warpage). These modifications lead to better object printability and shape fidelity as already reported elsewhere [21,22]. In contrast to those synthetic fillers, numerous efforts have been made to use natural fibers as reinforcing agents for polymers to address the environmental challenges and offer a greener alternative. Cellulose nanofibrils (CNFs) are among the candidates extensively used to produce lightweight composites with excellent mechanical properties [23,24,25,26,27]. CNF is attractive for its nontoxicity, biodegradability, biological availability and rigidity [28,29].



The main challenge to overcome with a bio-based (nano)composite is the correct adhesion between the filler/reinforcing agent and the host matrix [30]. CNF has an abundant number of hydroxyl groups on its surface, conferring its hydrophilic character, while most thermoplastic polymers are nonpolar and have a hydrophobic matrix. This ultimately results in poor interfacial compatibility between the two components, with a large aggregation of the fibers in the host matrix. To overcome this issue, it is mandatory to decrease the fibril hydrophilicity through chemical surface modification of the nanocellulose [31,32,33,34,35,36].



This work aimed to investigate the potential ability of a polymer-modified CNF to drastically increase the 3D printability of a HDPE bio-based composite through fused deposition modeling (FDM). After careful extraction and a solvent exchange to dimethyl sulfoxide (DMSO), the CNF was converted into a CNF-based macroinitiator, followed by a surface-initiated single-electron transfer living radical polymerization (SI-SET-LRP) of the stearyl acrylate monomer. The purpose of this polymerization reaction was to modify the overall surface polarity and, therefore, improve the compatibility with the hydrophobic HDPE. All these reactions were characterized with ATR-FTIR, CP/MAS 13C-NMR spectroscopy, ultra-high-resolution field emission scanning electron microscopy (FE-SEM) and contact angle measurements. Finally, the poly(stearyl acrylate)-grafted CNF was compounded with HDPE and extruded to produce a 3D-printable filament. This extruded filament was also used to produce standard specimens for mechanical testing through injection molding; therefore, the mechanical properties were evaluated. The effectiveness and compatibility of the composite could also be monitored with scanning electron microscopy (SEM) and analysis of the broken specimen. Finally, its suitability as a 3D-printing filament, its deformation/warping reduction and the shape fidelity of the printed object were studied and compared to pure HDPE and Woodfill (PLA/PHA fine pinewood fibers).




2. Materials and Methods


2.1. Materials


Imidazole (≥99%), dimethyl sulfoxide (DMSO, ≥99%), tris[2-(dimethylamino)ethyl]amine (Me6TREN, 97%), isopropanol, toluene and Cu wire (diameter 1 mm) were purchased from Alfa Aesar. 2-bromo-2-methylpropionate (98%), ethyl 2-bromo-2-methylpropionate (98%) and stearyl acrylate (SA, 97%) were purchased from Sigma-Aldrich. High-density polyethylene was obtained from SABIC (HDPE CC3054). For cellulose nanofibril (CNF) production, a dried elemental chlorine-free (ECF) bleached softwood kraft pulp was obtained from MERCER Stendal GmbH, Germany. The kraft pulp was composed from pine (30–60%) and spruce (40–70%), PFI-milled at 23 °C and 50% of relative humidity. Ultrapure Milli-Q water was used for the solvent exchange procedure. Woodfill (PLA/PHA + fine pinewood fibers) filament was obtained from ColorFabb, Belfeld, The Netherlands.




2.2. Materials Synthesis


2.2.1. Preparation of Cellulose Nanofibrils from Kraft Pulp


An amount of 10 g of dry pulp was shredded and ground using a Herzog grinding machine to achieve a high degree of grinding. The milling vessel was set in the vibrating mill and ground with a certain amount of 215 mL of distilled water for 6 min at 6000 rpm. To determine the grinding rate, the suspension was diluted to 0.24 wt.% and measured using a Schopper–Riegler measuring vessel. The degree of grinding was 92° SR. Then, the suspension was passed through a microfluidizer (MicrofluidicsTM M-100EH-30). This process was completed in two steps, firstly the suspension was passed twice through two thin chambers with orifice widths of 400 µm and 200 µm under 15,000 Psi, and then six times through two thinner chambers of 200 µm and 100 µm under 25,000 Psi. The CNF suspension was then concentrated through centrifugation (SorvallTM LYNXTM 6000 Superspeed centrifuge, Thermo Scientific, Shanghai, China) at 5500 rpm for 45 min.




2.2.2. Solvent Exchange Process


The gel-like CNF (20.4 g, 2.36 wt.%) was firstly mixed with 80 mL of distilled water and stirred for 30 min. DMSO (150 mL) was then added dropwise while maintaining vigorous stirring of the suspension. The obtained CNF/H2O/DMSO suspension was concentrated using centrifugation (12,000 rpm, 20 min). The supernatant was discarded and replaced with fresh DMSO. This process was repeated four times and resulted in a 1.8 wt.% DMSO-based gel.




2.2.3. Preparation of CNF Macroinitiators by Esterification


The macroinitiator was prepared following the same procedure previously reported [37]. From this procedure, a total of 16.7 g of gel (2.1 wt.%) was obtained.




2.2.4. Grafting of Stearyl Acrylate onto CNF (CNF-PSA) Using SET-LRP


A copper wire (length = 50 cm) was first activated by soaking it in concentrated hydrochloric acid for approximately 10 min. After that, the wire was rinsed with water then acetone and finally dried. In a three-neck flask, 15.3 g (2.1 wt.%) of the CNF macroinitiator was dispersed in 240 mL of DMSO. In the meantime, the monomer SA (40 g) dissolved in toluene (120 mL) was passed through an aluminum oxide plug (Al2O3 basic) to remove the inhibitor/stabilizer, and then immediately injected in the CNF suspension. The activated copper wire was then added to the mixture and the reaction flask was then degassed by nitrogen purging at 40 °C. Me6TREN (2 wt.% in DMSO) ligand was finally added and the reaction was allowed to proceed for 16 h at 40 °C under a nitrogen atmosphere. The suspension was then cooled down to room temperature. The CNF-PSA precipitate was collected, suspended in toluene and precipitated with isopropanol. The CNF-PSA was collected through centrifugation (4000 rpm, 10 min). This step was repeated 5 times. Finally, the CNF-PSA was suspended in toluene and the gel was concentrated through centrifugation (4000 rpm, 60 min). The resulting gel was finally dried under vacuum.




2.2.5. CNF Nanocomposite Preparation


A composite of HDPE with 10 wt.% poly(stearyl acrylate)-grafted cellulose nanofibrils (CNF-PSAs) was prepared. CNF-PSA was dried beforehand and chopped into small pellets. HDPE was also dried. Then, both components were mixed in the HAAKE™ MiniLab 3 microcompounder with counter-rotating screws at 150 °C and 100 rpm for 5 min for the first batch.




2.2.6. Filament Extrusion and 3D Printing


Filaments for 3D printing were produced using a HAAKE™ MiniLab 3 microcompounder. The components were loaded and compounded with counter-rotating screws, with a screw speed of 35 rpm at 150 °C. A caliper was used for controlling the filament size (1.75 mm) to ensure that the filament could be used on an Original Prusa i3 MK3S+ printer. The 3D-object STL file was obtained from Thingiverse [38] (creator: SteedMaker, license: CC BY-NC 4.0). The printing parameters were adjusted within the PrusaSlicer software (version 2.4.1). The nozzle temperature was set to 215 °C and the bed temperature to 60 °C. The nozzle diameter used was 0.4 mm and the printing speed was set to 20 mm/s, with a layer height of 0.2 mm. For the infill, a gyroïd pattern was chosen, with an infill percentage of 15%. In addition, for better adhesion, the object was printed on a HDPE sheet. The cooling fan was used starting from the 4th layer, at 50% of its capacity.





2.3. Material Characterization


ATR-FTIR (attenuated total reflection Fourier-transform infrared spectroscopy) was performed using a Bruker Vector 33 FTIR Fourier-transform infrared spectrometer I18500 PS15. Spectra were recorded with 64 scans in the spectral region of 4000–500 cm−1. The spectral resolution was 4 cm−1.



All samples’ CP/MAS 13C-NMR spectra were acquired on a Bruker 500 Avance III HD spectrometer at Larmor frequencies of 125 MHz and 500 MHz for 13C and 1H, respectively. These samples were placed into 4 mm zirconia rotors for magic angle spinning (MAS) at a rotation speed of 8 kHz. Creeping CP/MAS 13C-NMR spectra were recorded with a 13C mutation frequency of 50 kHz and a contact time of 1.5 ms. These spectra were acquired using Fourier transforms of the FIDs, and chemical shifts were referenced to pure tetramethylsilane (TMS).



For tensile testing, the nanocomposite was chopped into pellets and injection molded using a HAAKE™ Minijet II into test specimens for tensile testing with the cylinder temperature at 150 °C, mold temperature at 80 °C and pressure at 400 bar for 4 s. Specimens for tensile testing dimensions were 75 × 10 × 20 mm (according to the DIN EN ISO 527). In accordance with DIN EN ISO 527, the tensile test was performed using a Zwick-Roell universal testing machine with a load cell of 500 N and a ZWICK videoXtens video extensometer. The crosshead speed was 20 mm/min for the plain matrix and 1 mm/min for the composite. An initial load of 1 N was utilized to determine the properties. At minimum 5 and up to 12 specimens were tested, and the average values were obtained.



To measure the warping effect of HDPE and the composite, two 3D models were printed, both of which were flat rectangles. The first was fully filled and the second was hollow. The 3D patterns are presented in Scheme 1. Both models were printed using the same parameters described previously. The 3D prints were composed with various configurations, such as with/without LDPE tape and with/without enclosure. HDPE, composite and Woodfill were printed, placed side-by-side and pictured (Scheme 2). The warping of materials was measured using a circular arc method as illustrated in Scheme 1. Warped and bent materials were assumed to be part of a circular arc.



Both distances, a: which was the length between the two extremities of the bent structure and b: the height from the middle of a to the arc, were measured using ImageJ. The radius of the assumed circle, r, was calculated using the formula below based on these two values. This was used for the quantification of the warping.


  r =        (   a 2   )   2  +  c 2      2   cos  (      tan   − 1    (   a  2 c    )   )     



(1)







Measurements of the contact angle were carried out using a drop shape analyzer (DSA 100, Krüss, Hamburg, Germany). Using the sessile drop method, automatic dispensers dropped 10 μL of Milli-Q water on the surfaces and the angle of static contact was measured using a Basler A6021-2. Both thin and flat films of the CNF and modified CNF were prepared using vacuum filtration followed by air drying. Single measurements were performed within 2 s of droplet deposition and averaged from ten measurements.



The morphologies of the modified CNF and composite were observed via ultra-high-resolution field emission scanning electron microscopy (FE-SEM) with a Hitachi S-800. Modified CNF was dispersed in polyvinyl alcohol, dried and then mounted on sample supports using carbon tape and coated with a 5 nm layer of Pd/Pt under an inert atmosphere. For the composite, samples from mechanical testing were cut at the fracture site and then gold plated with the Biorad SC510 SEM coating system prior to analysis.





3. Results and Discussion


3.1. Chemical Surface Modification of Cellulose Nanofibrils


Several chemical surface modifications of the cellulose nanofibrils (CNFs) were required to ensure better compatibility between the nanocellulose filler and the high-density polyethylene matrix. This surface modification of the nanocellulose through surface-initiated single-electron transfer living radical polymerization (SI-SET-LRP) was previously used and detailed by Navarro et al. [37], and the strategy was applied here as outlined. By grafting stearyl acrylate chains in the fibrils, this process aimed to decrease their hydrophilic character, thus, limiting their aggregation due to fibril–fibril interactions [39,40]. Grafted cellulose could be completely suspended in toluene, which was not possible for pristine nanocellulose [41], providing evidence that chemical properties were effectively altered. Through using this strategy, a better compatibility between the CNF and the HDPE host matrix could be achieved, making CNF a potential candidate as a reinforcing agent for the HDPE composite, enhancing the 3D printability of the HDPE composite.



Following the nanocellulose production with the microfluidizer, it was necessary to perform a solvent exchange from water to DMSO. The surface chemical modification occurred on the hydroxyl groups contained within the cellulose structure through esterification with 2-bromoisobutyric acid (Scheme 2a). This reaction yielded a CNF-based macroinitiator (CNF-MI) suitable for the SET-LRP reaction.
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Scheme 2. (a) Synthetic process of the CNF-based macroinitiator (CNF-MI) and (b) polymerization onto CNF-based macroinitiator with the SA monomer through SET-LRP, yielding CNF-PSA. 






Scheme 2. (a) Synthetic process of the CNF-based macroinitiator (CNF-MI) and (b) polymerization onto CNF-based macroinitiator with the SA monomer through SET-LRP, yielding CNF-PSA.



[image: Fibers 10 00091 sch002]





An easy and robust way of grafting polymer chains onto the surface of the CNF-based macroinitiator was the use of surface-initiated polymerization SI-SET-LRP [42,43,44,45]. The CNF-based macroinitiator could initiate the polymerization reaction of the monomer stearyl acrylate in the presence of copper and a tetradentate tertiary amine ligand (Me6TREN), as shown in Scheme 2b. This resulted in the incorporation of a saturated hydrocarbon chain, which dramatically increased the hydrophobicity of the CNF.



After polymerization, the PSA-grafted CNF was obtained as a translucid gel, and suspended in a nonpolar solvent such as toluene.



The chemical modifications of CNF were evaluated using ATR-FTIR (Figure 1). Pristine nanocellulose characteristic (Figure 1a) bands could be easily identified with bands located at 3320 cm−1 (O-H), 2950 and 2895 cm−1 (C-H), 1430 cm−1 (C-H) and 1161 cm−1 (C-O-C). The CNF-MI was successfully synthesized, and in comparison to the pristine CNF, its spectra (Figure 1b) revealed the presence of an additional absorption band localized at 1733 cm−1, attributed to the ester groups (C=O).



Following the SET-LRP reaction, the spectrum of CNF-PSA (Figure 1c) exhibited a significant increase in the number of bands. The key characteristic absorption bands were localized at 2916 and 2848 cm−1 (C-H), 1736 cm−1 (C=O), 1470 cm−1 (C-H), 1159 cm−1 (C-O-C) and 721 cm−1 (-CH2-).



Unmodified CNF and CNF-PSA were also studied using CP/MAS 13C-NMR, and their spectra are presented in Figure 2 with their respective peak assignments. Typical unmodified CNF peaks (shown in red) were found at 105 ppm for C1, with duplicated contributions for C4 and C6 signals, due to crystalline (89 ppm and 65 ppm) and amorphous (84 ppm and 62 ppm) regions, with the remaining carbon signal (C2, C3 and C5) clustered in the 72–75 ppm region [46]. After the addition of stearyl acrylate, an increase in peak density was observed. There was a peak at 175 ppm corresponding to the carbonyl bonds (C12), and intense peaks in the 40–20 ppm were observed for long alkyl chains grafted onto the CNF (C14 to C20). These results demonstrated the introduction of new esters and abundant methylene groups throughout the overall structure; therefore, successful chemical modification of the CNF could be deduced.




3.2. Surface Wetting Analysis


The modification of the cellulose nanofibrils led to the incorporation of multiple stearyl acrylate chains. The physical characteristics were expected to be altered, with a marked increase in hydrophobicity. To confirm this, the water contact angle of each specimen was measured. Therefore, CNF and CNF-PSA films were prepared for testing. A significant increase in the water contact angle on the films is shown in Figure 3 (from 36° to 105°). This phenomenon proved the high degree of hydrophobicity of CNF-PSA and, hence, the successful chemical modification.




3.3. Composite Production and Characterization


The nanocomposite formulation was composed of HDPE and the modified CNF-PSA, which were both completely dried before compounding. The compounding was carried out using a twin-screw extruder at 150 °C with a filler CNF-PSA content of 10 wt.%. ATR-FTIR was carried out on the extruded CNF-PSA/HDPE nanocomposite at 150 °C, and its spectrum is shown in Figure 1d. The distinctive high-density polyethylene bands [47,48] were easily recognizable, such as at 2912 and 2846 cm−1 (C-H) and the rocking peak near 719 cm−1 (-CH2). However, additional adsorption bands were located at 1741 cm−1 (C=O) and 1165 cm−1 (C-O-C), which proved that ester groups were contained in the extruded filament and, thus, ensured proper integration of the CNF-PSA into the HDPE.




3.4. Mechanical Properties


Depending on the filler’s size, shape, dispersion and interaction/adhesion with the matrix and the inherent properties of the matrix, the composite could have distinct and different mechanical properties [49,50,51,52,53]. Figure 4 shows typical stress–strain curves of neat HDPE and HDPE/CNF-PSA composite. The recorded data after HDPE necking were removed for better observation. The table shows the mechanical properties of the composite and neat HDPE, i.e., the Young’s modulus, tensile strength and strain at the break of each material. A minimum of five samples were run for each case and the values shown, in Table 1, are the averages of these results.



A general improvement in the overall mechanical properties was observed upon the addition of CNF-PSA. The greatest Young’s modulus recorded was 1094 MPa with an improvement of approximately 23% for the composite. However, a slight decrease in tensile strength and a considerable drop in elongation at break were observed. This phenomenon was caused by the increasing stiffness due to the filler possessing this characteristic. This has been reported in other research papers as well [54,55,56]. The fracture of material was driven mainly through crack initiation and propagation, which in turn, with increasing filler content, led to an increase in graininess and agglomeration, resulting in areas requiring lower energy for fracture initiation or propagation [57]. This was supported by the lack of necking elongation of the composite samples under tensile stress as opposed to neat HDPE.




3.5. Morphological Analysis


In order to verify the nanofibrous morphology after the chemical modification, cellulose, CNF-based macroinitiator and CNF-PSA adducts were characterized by field emission scanning electron microscopy (FE-SEM). Images of the cellulose and CNF macroinitiator (Figure 5A,B) revealed a dense network of aggregated fibrils, with very few differences following the initial chemical modification. In contrast, the CNF-PSA images (Figure 5C) contained no discernable fibers, indicating that they were fully embedded in the grafted polymer matrix. This result confirmed that a modification of the properties of the cellulose nanofibrils took place. Successful grafting of poly stearyl acrylate, therefore, led to better compatibility with the hydrophobic polymer.



Figure 6 displays a cross-section of the composite mechanical testing specimen before fracture and extrusion at 150 °C. It could be seen that the surface smoothness was slightly reduced by the occurrence of a few tiny aggregates. Nevertheless, as a whole, we concluded that the surface was clear, without voids or large fiber aggregates. The broken surface was homogeneous, indicating the good adhesion between the CNF-PSA and the HDPE matrix. This demonstrated the CNF strengthening effect on the matrix polymer. Figure 7 shows the fractured cross-section surface of a tested specimen. The absence of cavities and irregularities confirmed that there was good interfacial bonding of the filler and matrix polymer. For comparison, attempts were made to produce composites of unmodified CNF with the HDPE matrix. Unfortunately, this was not possible, mainly due to the large macroscopic aggregation of CNF. The reason for poor dispensability was the hydrophilic properties that were not compatible with the hydrophobic polymer. These data indicated the necessity of having the chemical modification to render the initially hydrophilic CNF into the much more compatible CNF-PSA.




3.6. Printability of Neat HDPE and HDPE Composites


High-density polyethylene has hardly ever been suggested as a filament for fused deposition modeling. Where it is being sold as a 3D-printing filament, it is stated by the manufacturer that no reliable method of printing is available [58]. This is because HDPE is prone to shrinkage, bending and deformation as its temperature cools down [59], which significantly hinders its printing. However, it has been found that composites with improved mechanical properties show better printability [60,61,62]. It was then expected that the composite HDPE/CNF-PSA would have better printability compared to the neat HDPE. Schirmeister and his teammates [63] managed to 3D print complex designs with commercial HDPE while preventing shrinkage, warping and voiding. The surface quality of the printed HDPE was improved by adjusting the printing parameters. The printing parameters employed were: a nozzle temperature of 215 °C and bed temperature of 60 °C.



Designs which were difficult for a semicrystalline polymer to print were chosen to demonstrate the improvement in 3D-printing quality. Two cuboid designs were created, each 60 mm long, 10 mm wide and 3 mm high, one being solid and the second hollow, as shown in Figure 8. The hollow model was expected to undergo less deformation than the solid model. This was due to the fact that the full design contained a greater number of layers that could contribute to the overall deformation. Such models were subject to post-printing deformation problems, such as not adhering to the 3D printer’s surface and warping. These items tended not to remain flat but rather to bend. Thus, to quantify their deformation, the distorted specimens were assumed to belong to an arc of a circle, and the radius was calculated. With less deformation of the cuboid, the size of the circle was larger; hence, the radius was larger. Several parameters affecting print quality were investigated in this experiment, including printing on an LDPE-based tape, which is known to improve the adhesion of HDPE and closure for temperature stabilization [63]. Results are shown in Table 2 and Table 3.



In both models, the HDPE and composite failed to give satisfactory results without the addition of LDPE tape or closure (samples 1–2 and 7–8), reflecting the poor suitability of HDPE for printing. In contrast, improved performance was observed when the LDPE tape was applied to the printer bed. For samples 3 and 4, the composite was able to produce prints, whereas the HDPE was unable to do so. Lastly, for samples 5–6 and 9–12, an increase in radius ranging from 58% (samples 5–6) to 222% (samples 11–12) was observed for the designs produced using the composite filament versus the one produced using HDPE. The increase in radius indicated that there was less deformation. Cuboids printed with CNF-PSA-reinforced composite filament showed significantly less warpage than those printed with HDPE, proving the strengthening and enhancing effect of the filler and, thus, its relevance in allowing HDPE to be 3D printed with a higher definition.



Then, a chess pawn was printed using filaments composed from HDPE, CNF-PSA/HDPE and Woodfill for reference. The production of this pattern was challenging because of some difficulties, such as overhangs, that could hinder the printing process. Figure 9 is a representative picture of the pawns produced using the same printing parameters.



As expected, there were no issues with printing the pawn using Woodfill filament, which was used as a standard. However, the printing using HDPE filament proved to be less successful, because the upper part of the pawn failed to print the set structure and rather collapsed. The pawn produced using CNF-PSA/HDPE filament exhibited significant resolution and overall print quality improvements. Smoother lines, reduced warpage and better layer definition with good dimensional accuracy were achieved.





4. Conclusions


In summary, it can be stated that CNF grafted with poly stearyl acrylate proved to be an efficient filler for producing a new HDPE-based filament suitable for 3D printing. First of all, we converted CNF to a CNF-based macroinitiator through an esterification reaction. Then, the cellulosic fiber surface was hydrophobized through surface-induced radical graft polymerization, SET-LRP, and stearyl acrylate groups were incorporated. A nanocomposite of HDPE with 10% CNF-PSA filler was produced with twin-screw extrusion at 150 °C. Tensile testing of the HDPE and composite demonstrated an increase of 23% in the Young’s modulus (888 MPa to 1094 MPa). The compatibility was confirmed with a morphological analysis (SEM). An improvement in the printing quality was demonstrated with the printing of two models and measurements of their deformation. The warping was quantified with the measurement of the radius corresponding to each specimen, and an increase of 58 to 222% in the radius was noted. The composite was found to exhibit much less warpage compared to neat HDPE. Finally, pawns of chess using Woodfill, composite and pure HDPE filaments were printed. These prints demonstrated that HDPE/CNF-PSA filament had good printability and higher resolution than HDPE neat. The conclusion could be drawn that the CNF-PSA filler exhibited thermoplastic behavior and a high compatibility with HDPE.
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Scheme 1. Circular method: printed 3D models are represented as an arc. 
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Figure 1. ATR-FTIR spectra of pristine CNF (a), CNF-MI (b), CNF-PSA (c) and CNF-PSA/HDPE composite (d). 
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Figure 2. CP/MAS 13C-NMR spectra of unmodified CNF on the lower part and CNF-PSA on the upper part. 






Figure 2. CP/MAS 13C-NMR spectra of unmodified CNF on the lower part and CNF-PSA on the upper part.



[image: Fibers 10 00091 g002]







[image: Fibers 10 00091 g003 550] 





Figure 3. Photographs of the static contact angle measurements of water on unmodified CNF and CNF-PSA films, and the evolution of the contact angle against time. The CNF-PSA film has a contact angle of 105°, while unmodified film has a 36° contact angle. 
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Figure 4. Experimental stress–strain curves of CNF-PSA/HDPE with neat HDPE; HDPE is represented by the black curve and red for the composite. Stress–strain curves (B) are zoomed versions of (A). 
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Figure 5. FE-SEM images of (A) CNF, (B) CNF-based macroinitiator and (C) CNF-PSA. 
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Figure 6. SEM images showing the cross-section of a broken mechanical test specimen composed with CNF-PSA/HDPE. 






Figure 6. SEM images showing the cross-section of a broken mechanical test specimen composed with CNF-PSA/HDPE.



[image: Fibers 10 00091 g006]







[image: Fibers 10 00091 g007 550] 





Figure 7. SEM images of a broken mechanical test specimen composed with CNF-PSA/HDPE at fracture point. 
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Figure 8. Three-dimensional models of full (A) and notched (B) designs; (C) is a representative photo of printed notched models. 
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Figure 9. Three-dimensional printed models: filament used on the left pawn is Woodfill, HDPE for the middle and CNF-PSA/HDPE composite for the right one. 
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Table 1. Summary of the tensile properties of the HDPE and composite of 10 wt.% of CNF-PSA/HDPE.
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	CNF Content in HDPE (%)
	Extrusion Temperature (°C)
	Young’s Modulus (MPa)
	Yield Strength (MPa)
	Strain at Break (%)





	0
	150
	888 ± 135
	21.4 ± 0.3
	38.6 ± 1.4



	10
	150
	1094 ± 77
	18.8 ± 0.1
	11.6 ± 1.3










[image: Table] 





Table 2. Summary of warping measurements of HDPE and composite of 10 wt.% of CNF PSA/HDPE in the full model.
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	Sample
	Material Used
	LDPE Tape
	Closure
	Radius (cm)





	1
	HDPE
	No
	No
	-



	2
	CNF-PSA/HDPE
	No
	No
	-



	3
	HDPE
	Yes
	No
	-



	4
	CNF-PSA/HDPE
	Yes
	No
	11.62



	5
	HDPE
	Yes
	Yes
	7.80



	6
	CNF-PSA/HDPE
	Yes
	Yes
	12.30
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Table 3. Summary of warping measurements of HDPE and composite of 10 wt.% of CNF PSA/HDPE in the notched model.
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	Sample
	Material Used
	LDPE Tape
	Closure
	Radius (cm)





	7
	HDPE
	No
	No
	-



	8
	CNF-PSA/HDPE
	No
	No
	-



	9
	HDPE
	Yes
	No
	9.67



	10
	CNF-PSA/HDPE
	Yes
	No
	23.57



	11
	HDPE
	Yes
	Yes
	7.15



	12
	CNF-PSA/HDPE
	Yes
	Yes
	23.05
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