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Abstract

:

The additive manufacturing (AM) processes and technologies of 3D-printed materials and components using fused deposition modeling (FDM) are currently very popular and widely used for building parts and prototypes. Many manufacturing parameters can affect the strength and strain of the manufactured parts. The manufacturing parameters may be altered to reach an optimum setting for highly effective parts or components. This research studies the influence of the raster angle and the moisture content percentages on the mechanical properties of 3D printed polylactic acid (PLA) material. The three raster angles tested in this research were 0°, 45°, and 90°. The moisture content of the PLA material was altered to verify its effect on the mechanical properties. Twenty-seven specimens were subjected to tensile tests to examine the effect of different manufacturing parameters. The results show the specimens with a 90° raster angle and 10% moisture content have the optimum strength and strain mechanical properties.






Keywords:


fused deposition modeling; PLA; raster angle; moisture content; mechanical properties; process parameters












1. Introduction


In recent years, additive manufacturing (AM) technologies have been used for 3D rapid fabrication that involves different manufacturing disciplines, such as computer-aided design (CAD) and information and material science. 3D printing applications have been expanding rapidly due to the minimal cost of the production process, low supervision and maintenance cost, and simple material change [1]. Different 3D printing processes have been developed using numerous materials and methods [2,3,4,5,6,7,8,9,10,11,12,13,14,15]. One of the most common 3D printing technologies is fused deposition modeling (FDM), which is a layer-by-layer technique using CAD and computer-aided manufacturing (CAM). The main advantages of FDM are the ease of manufacturing complex shapes (i.e., parts with hollow cavities and parts within parts) and the ability to include various materials into a single part (i.e., materials with different colors and mechanical properties). However, the disadvantages of FDM are the limitations in the properties of the available materials [16,17]. Additionally, the strength of the 3D-printed parts made by FDM is lower than the strength of parts made by the same material with a conventional process such as injection molding [18,19].



Polylactic acid (PLA) is an eco-friendly material made of renewable resources, making it biocompatible and recyclable. It is approved by the US Food and Drug Administration (FDA) [20]. PLA has been extensively researched and has become a promising candidate material to replace traditional petrochemical-based polymers in different medical applications (implants) and food packaging due to its non-toxic origin (sugar cane and starch).



FDM is a manufacturing process that is affected by many parameters that may alter the quality and mechanical properties of the part. Many researchers have investigated multiple parameters to improve the performance of the 3D-printed parts and components [5,6,7,8,9,10,11,12,13,14,15]. Chacón et al. [21] investigated how the strength and the ductility of PLA specimens are affected by the layer thickness. The number of layers required to print a specimen increases as the layer thickness decreases. Thus, the manufacturing time and cost increase. They concluded that increasing the layer thickness results in increasing the tensile strength and decreasing the ductility. This can be explained by specimens with increased layer thickness requiring fewer layers and, therefore, fewer layer bonds. Layer bonds decrease the specimens’ strength. Research by Ahn et al. [22] explored the effect of multiple parameters on 3D parts printed from acrylonitrile butadiene styrene (ABS). The parameters were bead width, air gap, model temperature, and raster angle (RA). The study concluded that the raster angle and the air gap affect the specimen’s strength, while the model temperature and bead width have a low effect on the strength. Moreover, Hibbert [23] studied the effect of the interior fill, layer thickness, and raster angle on the quasi-static response of ABS 3D-printed parts. The results show that the layer thickness and the interior fill altered the strength, whereas the raster angle influenced the failure mode. A study by Durgan et al. [24] showed that the build orientation parameter (vertical, horizontal, and perpendicular), known as the specimen position, has a greater effect than the raster angle parameter on the mechanical properties. A recent study by Zhang et al. [25] investigated the effect of the raster angle on Al/PLA composite parts. The results show that the raster angle affects the strength, fracture morphology, strain, and failure mode. Amza et al. [26] studied the inclusion of ultra-high-molecular-weight polyethylene fibers in PLA without major degradation during the melting process. The study concludes that the quality of the fabrication depends on the fiber’s orientation with respect to extrusion pathing.



Natural fibers have almost 6 to 10% moisture content (MC) by weight. The presence of moisture in natural fibers creates voids and bulges in the fiber’s composition. A study by Zaldivar et al. [27] evaluated the performance of several dogbone shape specimens made of ULTEM 9085 filament with different moisture content. The study showed a significant decrease in the strain at fracture and tensile strength as the moisture content increase. Van den Oever et al. [28] found that a moisture content of 0.3 wt% (±0.1%) has minimal influence on the mechanical properties of a printed part. Furthermore, a study by Fujiura et al. [29] showed that mechanical properties decreased due to hydrolysis. The research group revealed the importance of dehydrating PLA to improve the mechanical performance of the PLA specimens. Kariz et al. [30] examined the effect of moisture content on the wood powder and PLA mixture. The study concludes that the modulus of elasticity weakens as the moisture content increases. A study by Halidi et al. [31] showed the effect of moisture content in ABS on the nozzle blockage on the liquefier in a fused deposition modeling (FDM) machine. The nozzle blockage causes physical, morphological, and thermal stability changes to the ABS specimens. Another study by Kim et al. [32] investigated the mechanical properties of FDM-modeled specimens under different moisture and temperature conditions. The results show that specimens built in an environment with higher moisture content have 70% lower strength than specimens built in a dry environment.



In this research, the mechanical properties of PLA 3D-printed specimens were studied. Tensile tests were conducted for PLA specimens built with different raster angles and moisture content. The effect of the raster angle and the moisture content process parameters on the mechanical properties of PLA specimens was examined. Finally, the optimum raster angle and moisture content are identified and presented.




2. Experimental Procedure


2.1. Experimental Material


The properties of the PLA filament used in this research are shown in Table 1. This filament is manufactured by eSUN® (eSUN, Shenzhen, China). The PLA filament is hard yet flexible, and it is the most used material in FDM systems to produce quick products, hard parts, and reliable prototypes. PLA is made with eco-friendly materials and renewable resources that demand low energy (compared to other petrochemical-based materials) for processing. Thus, PLA is used to make many products that are used every day, such as beauty prints, kids’ toys and prototypes, and low-stress applications. The material used was initially characterized by the manufacturer, as in Table 1, which is used later to determine the effect of the raster angle and moisture content.




2.2. Specimens Design


The tensile specimens were designed, prepared, and printed as a flat dogbone shape according to the American Society for Testing and Materials (ASTM) standard. The shapes were tested according to the Test Methods for Tensile Properties of Plastics (ASTM D638) [34], which is widely used for plastic specimens. The specimens are 4 mm thick, and the gauge length is 85 mm. Other geometries and dimensions are illustrated in Figure 1.




2.3. Design of Experiment and Printing Variables


The FDM printer used to fabricate the PLA specimens is a commercial Ultimaker 2 + TM (Ultimaker B.V., Utrecht, The Netherlands) 3D printer known for using a heated glass plate (build plate) with a swappable nozzle and an open filament roll system. The filament roll and nozzle diameter are 2.85 mm and 0.4 mm, respectively. The FDM machine functions at ambient room temperature and has a 180 to 260 °C nozzle temperature. Ultimaker Cura 4.6.2 software integrated with solid modeling CAD SolidWorks program by Dassault Systèmes (Vélizy-Villacoublay, France) is used to operate the 3D printer. The PLA was extruded and melted at the nozzle, then deposited on the build plate in multiple layers following a specific horizontal route to create the specimens. The layers harden and hold together while cooling as a single mass. Voids and defects were avoided during the manufacturing process by setting the thickness of the shell equal to the nozzle diameter. The specimens were built flat (horizontally) on the build plate.



Two design of experiment (DOE) variables are examined in this research: (A) raster angle (RA) and (B) moisture content (MC). The specimens are printed with three raster angles: 0°, 45°, 90°, as shown in Figure 2. The raster angle is defined by the infill orientation or the printing direction of the filament during the FDM process (Figure 2) where 0° is perpendicular to the loading direction and 90° is parallel to the loading direction. The moisture content was altered to 1%, 5%, and 10%. The specimens with 1% moisture content were dehumidified in an electric coiled dryer (BINDER INC., Tuttlingen, Germany) in Figure 3 at 45 °C for 5 h. The specimens with 5% and 10% moisture content were dehumidified at the same temperature for 3 and 1 h, respectively.



The DOE factors are the two variable printing processes: raster angle and moisture content. Table 2 shows these factors with the corresponding levels. Table 3 is the experimental design matrix that shows nine experiments based on the number of levels of each corresponding factor. The specimens with similar raster angle were printed using the same filament. Furthermore, other printing parameters employed in the study are fixed using the recommended standard profile, as shown in Table 4.




2.4. Mechanical Testing Setup


The monotonic tensile tests were performed in accordance with ASTM D638 [34] using an AMETEK load frame (AMETEK STC, Berwyn, Pa, US) with a 5 kN load cell capacity and at 5 mm/min crosshead speed (Figure 4). The tensile tests results were converted from force (N) vs. elongation (%) into stress (MPa) vs. strain (mm/mm) curves. Each level test had three specimens, and the tensile properties were analyzed and averaged to investigate the role of the raster angle and moisture content on the mechanical properties. The study identified the change in the ultimate tensile strength (UTS), strain at fracture (εf), and modulus of elasticity (E). The tensile tests were conducted in a well-controlled ambient temperature.





3. Results and Discussion


3.1. The Influence of the Moisture Content on PLA Mechanical Properties


The monotonic load tensile strength test of the 27 specimens was performed, and the mean values were plotted on a stress–strain graph. The curves show the tensile strength is affected by the moisture content percentage, whereas Young’s modulus (E) and strain at fracture (εf) were less affected by the raster angle (Figure 5). The axial stress load behavior of the 0° RA specimens is shown in Figure 5a, where the highest strength is for the moistest specimen (10% moisture content) and strength decreases as the moisture content percentage decreases (5% moisture content and 1% moisture content). The stress–strain curves in Figure 5b for the specimens with 45° RA show similar behavior of the moisture content effect, yet higher UTS due to the raster angle orientation. The specimens with 10% moisture content and 90° RA Figure 5c have the greatest strength. The moisture content effect on the mechanical properties of PLA filament acts differently on ULTEM9085 filament as in Ref. [27]. The study in Ref. [27] shows that the UTS and strain at fracture decrease as the moisture content increases. However, the experimental results of PLA filament specimens with more moisture content have higher UTS and strain at fracture.




3.2. The Influence of the Raster Angle on PLA Mechanical Properties


The stress–strain curves show the tensile strength is significantly affected by the raster angle orientation. In contrast, the Young’s modulus (E) and strain at fracture (εf) were less affected by the raster angle (Figure 6). The axial stress load behavior of the 0° infill angle specimens is shown in Figure 6a where the highest strength is for the specimen with 10% moisture content, and strength decreases as the moisture content percentage decreases. The stress–strain curves in Figure 6b for the specimens with 45° RA show similar behavior to the 0° RA specimens in Figure 6c, with higher UTS. The specimens with the 90° RA have the greatest strength, with a similar moisture content result as the other RA specimens. The performance of the PLA filament specimens with different raster angles acts in a similar way to ULTEM 9085 filament specimen’s performance presented in Ref. [12]. The UTS and strain at fracture increase as the raster angle is parallel to the loading direction.




3.3. Ultimate Tensile Strength


The ultimate tensile strength of test specimens with various 3D printing parameters of raster angle and moisture content were analyzed. Figure 7 shows the results of different UTS for the 27 sets of specimens. The experimental results show that the UTS for the 0° RA is the lowest, and UTS increases as the raster angle changes from 45° to 90°. The UTS of the 90° RA increases by 36.5% when compared to the 0° RA. The weakness in the 0° RA is due to delamination of the layers during the loading process. Similarly, the results found in Refs. [14,25] shows the influence of the raster angle on the UTS of the PLA specimens increased by approximately 43%. The moisture content shows a significant effect on the UTS. The UTS for the 0° RA specimens decreases as the moisture content decreases. The results in Figure 7 show that the UTS decreased by 24.4% as the moisture content decreased from 10% to 1%. The variance of the UTS values is due to the loss of ductility as the moisture content decreases. Similarly, the effect of the moisture content shows the same effect in the other two raster angles, 45° and 90°. The UTS in the 45° RA decreased by 21.5%, whereas it decreased by 12.6% in the 90° RA. In summary, the highest UTS was obtained at 90° RA and 10% moisture content, whereas the lowest UTS was for the 0° RA and 1% moisture content. The decrease in moisture content decreases the UTS values.




3.4. Strain at Fracture


The strain at fracture of test specimens with various 3D printing parameters of raster angle and moisture content are analyzed. The strain at fracture differs as the raster angle and moisture content change, as shown in the experimental results in Figure 8. The summarized data in Figure 8 show the significant effect of the raster angle on the strain at fracture. The experimental results show that the strain at fracture for the 0° RA is the lowest, whereas it increases as the raster angle increases from 45° to 90°. The strain at fracture of the 90° RA increases by 28% when compared to the 0° raster angle. Similar behavior was found in Refs. [14,25] where the influence of the raster angle on PLA specimens increased the strain at fracture by approximately 25%. However, the moisture content shows an insignificant effect in the strain at fracture. The strain at fracture for the 0° RA specimens slightly decreases as the moisture content decreases. The results in Figure 8 show that the strain at fracture decreased by 13.6% as the moisture content decreased from 10% to 1%. Similarly, the effect of the moisture content shows the same slight effect in the other two raster angles, 45° and 90°. The strain at fracture in the 45° RA decreased by 12.1% whereas it decreased by 3.6% in the 90° RA. In summary, the highest strain at fracture was reached at 90° RA and 10% moisture content, whereas the lowest strain at fracture was for the 0° RA and 1% moisture content.




3.5. Modulus of Elasticity


The modulus of elasticity of test specimens with various 3D printing parameters of raster angle and moisture content are analyzed. The modulus of elasticity varies as the raster angle and moisture content changes as per the experimental data in Figure 9. The results in Figure 9 show a minor effect of the raster angle on the modulus of elasticity and a negligible effect of the moisture content on the modulus of elasticity. The lowest modulus of elasticity value is for the 0° RA, whereas it increases as the raster angle increases. Similar behavior of the influence of the raster angle on PLA specimens was found in Refs. [14,25] where the modulus of elasticity slightly increased (4%) as the raster angle increased. However, the moisture content has a negligible effect on the modulus of elasticity.




3.6. Fractured Specimens


The fracture zones of the PLA 3D-printed specimens after tensile tests are shown in Figure 10. The specimens with 0° and 90° raster angles have flat fractured surfaces that are directed perpendicular to the loading direction. However, the fracture direction of the 45° RA specimens has a 45° slant surface. The fractured surface for the 0° and 45° RAs shows clearly that failure is due to the delamination of the layers while the 90° fractured surface shows failure due to filament breakage. The explanation of the variation in the fracture surface is the orientation of the built layers and the bonding between these layers during melting and cooling of the PLA filament, as shown in various studies [35,36,37,38]. Moreover, the fractured surface in all 27 specimens was relatively smooth, and no necking was observed. This fracture behavior is due to the brittleness property of pure PLA filament. The crack initiation and propagation for some specimens occurred in its middle part and for other specimens occurred in its end part. The differences in the crack initiation location are due to the FDM printing flaws which are caused by many factors such as machine vibration, uneven infill density, overheating, under-extrusion, or air gaps. Specimens with printing flaws are prone to high-stress concentration causing cracks to initiate and propagate.





4. Conclusions


Recent years have shown growth in research into three-dimensional printing techniques for additive manufacturing, investigating different fabrication techniques and parameters and their effect on the microstructure and mechanical properties of the printed objects. Predicting the mechanical behavior and performance of 3D-printed parts and components is vital in designing and engineering parts. In this study, an experimental investigation using tensile tests was carried out to assess the effect of raster angle and moisture content process parameters on the mechanical properties of PLA printed specimens. The conclusion of the research is as follows:




	
The raster angle and moisture content have a significant effect on the UTS. The UTS increased by 36% by reorienting the raster angle from 0° to 90°. In addition, the UTS decreased by 24.4% as the moisture content decreased from 10% to 1%.



	
The raster angle has a considerable effect on the strain at fracture, while the moisture content has an insignificant effect on the strain at fracture. The strain at fracture increased by 28% by reorienting the raster angle from 0° to 90°.



	
The infill angle has a minor influence on the modulus of elasticity, while the moisture content has a negligible effect on the strain at fracture. The modulus of elasticity increased by 18% by reorienting the raster angle from 0° to 90°.



	
The fractured surface in all 27 specimens was relatively smooth, and no necking was observed.












Author Contributions


Conceptualization, M.A.; methodology, M.A.; formal analysis, M.A.; resources, M.A.; writing—original draft preparation, M.A.; writing—review and editing, M.A.; visualization, M.A.; supervision, M.A.; project administration, M.A.; funding acquisition, M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This project was funded by the Deanship of Scientific Research (DSR), King Abdulaziz University, Jeddah, under grant No. (J: 8-829-1440). The author, therefore, gratefully acknowledge the DSR technical and financial support.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Balani, S.B.; Chabert, F.; Nassiet, V.; Cantarel, A. Influence of printing parameters on the stability of deposited beads in fused filament fabrication of poly (lactic) acid. Addit. Manuf. 2019, 25, 112–121. [Google Scholar] [CrossRef]

	



Goh, G.D.; Yap, Y.L.; Tan, H.K.J.; Sing, S.L.; Goh, G.L.; Yeong, W.Y. Process–structure–properties in polymer additive manufacturing via material extrusion: A review. Crit. Rev. Solid State Mater. Sci. 2020, 45, 113–133. [Google Scholar] [CrossRef]

	



Wu, W.; Geng, P.; Li, G.; Zhao, D.; Zhang, H.; Zhao, J. Influence of layer thickness and raster angle on the mechanical properties of 3D-printed PEEK and a comparative mechanical study between PEEK and ABS. Materials 2015, 8, 5834–5846. [Google Scholar] [CrossRef] [PubMed]

	



Wu, W.; Ye, W.; Wu, Z.; Geng, P.; Wang, Y.; Zhao, J. Influence of layer thickness, raster angle, deformation temperature and recovery temperature on the shape-memory effect of 3D-printed polylactic acid samples. Materials 2017, 10, 970. [Google Scholar] [CrossRef] [PubMed]

	



Domingo-Espin, M.; Puigoriol-Forcada, J.M.; Garcia-Granada, A.-A.; Llumà, J.; Borros, S.; Reyes, G. Mechanical property characterization and simulation of fused deposition modeling Polycarbonate parts. Mater. Des. 2015, 83, 670–677. [Google Scholar] [CrossRef]

	



Casavola, C.; Cazzato, A.; Moramarco, V.; Pappalettere, C. Orthotropic mechanical properties of fused deposition modelling parts described by classical laminate theory. Mater. Des. 2016, 90, 453–458. [Google Scholar] [CrossRef]

	



Rankouhi, B.; Javadpour, S.; Delfanian, F.; Letcher, T. Failure analysis and mechanical characterization of 3D printed ABS with respect to layer thickness and orientation. J. Fail. Anal. Prev. 2016, 16, 467–481. [Google Scholar] [CrossRef]

	



Sood, A.K.; Ohdar, R.K.; Mahapatra, S.S. Parametric appraisal of mechanical property of fused deposition modelling processed parts. Mater. Des. 2010, 31, 287–295. [Google Scholar] [CrossRef]

	



Ning, F.; Cong, W.; Jia, Z.; Wang, F.; Zhang, M. Additive manufacturing of CFRP composites using fused deposition modeling: Effects of process parameters. In Proceedings of the International Manufacturing Science and Engineering Conference, Blacksburg, VA, USA, 27 June–1 July 2016; pp. 451–462. [Google Scholar]

	



Vaezi, M.; Chua, C.K. Effects of layer thickness and binder saturation level parameters on 3D printing process. Int. J. Adv. Manuf. Technol. 2011, 53, 275–284. [Google Scholar] [CrossRef]

	



Farzadi, A.; Solati-Hashjin, M.; Asadi-Eydivand, M.; Osman, N.A.A. Effect of layer thickness and printing orientation on mechanical properties and dimensional accuracy of 3D printed porous samples for bone tissue engineering. PLoS ONE 2014, 9, e108252. [Google Scholar] [CrossRef]

	



Zaldivar, R.J.; Witkin, D.B.; McLouth, T.; Patel, D.N.; Schmitt, K.; Nokes, J.P. Influence of processing and orientation print effects on the mechanical and thermal behavior of 3D-Printed ULTEM® 9085 Material. Addit. Manuf. 2017, 13, 71–80. [Google Scholar] [CrossRef]

	



Pastor-Artigues, M.-M.; Roure-Fernández, F.; Ayneto-Gubert, X.; Bonada-Bo, J.; Pérez-Guindal, E.; Buj-Corral, I. Elastic asymmetry of PLA material in FDM-printed parts: Considerations concerning experimental characterisation for use in numerical simulations. Materials 2020, 13, 15. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, R.T.L.; Amatte, I.C.; Dutra, T.A.; Bürger, D. Experimental characterization and micrography of 3D printed PLA and PLA reinforced with short carbon fibers. Compos. Part B Eng. 2017, 124, 88–100. [Google Scholar] [CrossRef]

	



Ahmed, M.; Islam, M.; Vanhoose, J.; Rahman, M. Comparisons of Elasticity Moduli of Different Specimens Made Through Three Dimensional Printing. 3D Print. Addit. Manuf. 2017, 4, 105–109. [Google Scholar] [CrossRef]

	



Vyavahare, S.; Kumar, S.; Panghal, D. Experimental study of surface roughness, dimensional accuracy and time of fabrication of parts produced by fused deposition modelling. Rapid Prototyp. J. 2020, 26, 1535–1554. [Google Scholar] [CrossRef]

	



Kumar, S.; Prasad, L.; Patel, V.K. Effect of hybridization of glass/kevlar fiber on mechanical properties of bast reinforced polymer composites: A review. Am. J. Polym. Sci. Eng 2017, 5, 13–23. [Google Scholar]

	



Lee, C.S.; Kim, S.G.; Kim, H.J.; Ahn, S.-H. Measurement of anisotropic compressive strength of rapid prototyping parts. J. Mater. Process. Technol. 2007, 187, 627–630. [Google Scholar] [CrossRef]

	



George, M.; Shen, W.-Z.; Montemagno, C. Development and property evaluation of poly (lactic) acid and cellulose nanocrystals based films with either silver or peptide antimicrobial agents: Morphological, permeability, thermal, and mechanical characterization. J. Polym. Text. Eng. (IOSR-JPTE) 2016, 3, 33–43. [Google Scholar]

	



Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in widespread applications—A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367–392. [Google Scholar]

	



Chacón, J.M.; Caminero, M.A.; García-Plaza, E.; Núnez, P.J. Additive manufacturing of PLA structures using fused deposition modelling: Effect of process parameters on mechanical properties and their optimal selection. Mater. Des. 2017, 124, 143–157. [Google Scholar] [CrossRef]

	



Ahn, S.H.; Montero, M.; Odell, D.; Roundy, S.; Wright, P.K. Anisotropic material properties of fused deposition modeling ABS. Rapid Prototyp. J. 2002, 8, 248–257. [Google Scholar] [CrossRef]

	



Hibbert, K. The Influence of FDM Build Parameters on the Mechanical Properties of 3D-Printed Acrylonitrile Butadiene Styrene. Master’s Thesis, Howard University, Washington, DC, USA, 2017. [Google Scholar]

	



Durgun, I.; Ertan, R. Experimental investigation of FDM process for improvement of mechanical properties and production cost. Rapid Prototyp. J. 2014, 20, 228–235. [Google Scholar] [CrossRef]

	



Zhang, X.; Chen, L.; Mulholland, T.; Osswald, T.A. Effects of raster angle on the mechanical properties of PLA and Al/PLA composite part produced by fused deposition modeling. Polym. Adv. Technol. 2019, 30, 2122–2135. [Google Scholar] [CrossRef]

	



Amza, C.G.; Zapciu, A.; Eyþórsdóttir, A.; Björnsdóttir, A.; Borg, J. Embedding ultra-high-molecular-weight polyethylene fibers in 3D-printed Polylactic Acid (PLA) parts. Polymers 2019, 11, 1825. [Google Scholar] [CrossRef]

	



Zaldivar, R.J.; McLouth, T.D.; Ferrelli, G.L.; Patel, D.N.; Hopkins, A.R.; Witkin, D. Effect of initial filament moisture content on the microstructure and mechanical performance of ULTEM® 9085 3D printed parts. Addit. Manuf. 2018, 24, 457–466. [Google Scholar] [CrossRef]

	



Van den Oever, M.J.A.; Beck, B.; Müssig, J. Agrofibre reinforced poly (lactic acid) composites: Effect of moisture on degradation and mechanical properties. Compos. Part A Appl. Sci. Manuf. 2010, 41, 1628–1635. [Google Scholar] [CrossRef]

	



Fujiura, T.; Sakamoto, K.; Tanaka, T.; Imaida, Y. A study on preparation and mechanical properties of long jute fiber reinforced polylactic acid by the injection molding process. Wit Trans. State Art Sci. Eng. 2015, 88, 109–118. [Google Scholar]

	



Kariz, M.; Sernek, M.; Kuzman, M.K. Effect of humidity on 3D-printed specimens from wood-PLA filaments. Wood Res. 2018, 63, 917–922. [Google Scholar]

	



Halidi, S.N.A.M.; Abdullah, J. Moisture effects on the ABS used for Fused Deposition Modeling rapid prototyping machine. In Proceedings of the 2012 IEEE Symposium on Humanities, Science and Engineering Research, Kuala Lumpur, Malaysia, 24–26 June 2012; pp. 839–843. [Google Scholar]

	



Kim, E.; Shin, Y.-J.; Ahn, S.-H. The effects of moisture and temperature on the mechanical properties of additive manufacturing components: Fused deposition modeling. Rapid Prototyp. J. 2016, 22, 887–894. [Google Scholar] [CrossRef]

	



Makemike Co. Data Sheet of eSUN 3D Filament. Available online: https://makemike.com/filamentos/esun/pla/1-75mm.html (accessed on 13 January 2020).

	



ASTM International. Standard Test Method for Tensile Properties of Plastics ASTM-D638; ASTM International: West Conshohocken, PA, USA, 2010. [Google Scholar]

	



Wickramasinghe, S.; Do, T.; Tran, P. FDM-Based 3D Printing of Polymer and Associated Composite: A Review on Mechanical Properties, Defects and Treatments. Polymers 2020, 12, 1529. [Google Scholar] [CrossRef]

	



Rajpurohit, S.R.; Dave, H.K. Effect of process parameters on tensile strength of FDM printed PLA part. Rapid Prototyp. J. 2018, 24, 1317–1324. [Google Scholar] [CrossRef]

	



Pei, E.; Lanzotti, A.; Grasso, M.; Staiano, G.; Martorelli, M. The impact of process parameters on mechanical properties of parts fabricated in PLA with an open-source 3-D printer. Rapid Prototyp. J. 2015, 21, 604–617. [Google Scholar]

	



Wang, S.; Ma, Y.; Deng, Z.; Zhang, S.; Cai, J. Effects of fused deposition modeling process parameters on tensile, dynamic mechanical properties of 3D printed polylactic acid materials. Polym. Test. 2020, 86, 106483. [Google Scholar] [CrossRef]








[image: Polymers 13 00237 g001 550] 





Figure 1. Dogbone dimensions in mm. 
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Figure 2. Printed specimens from top to bottom 0°, 45°, 90°, respectively (A). Raster angle (infill orientation) of tests specimens: (a) 0°, (b) 45°, (c) 90° (B). 
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Figure 3. Specimen setup in the dryer. 
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Figure 4. The setup of the AMETEK load frame with 5 kN load capacity. 
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Figure 5. Tensile stress–strain curves for (a) 0° RA, (b) 45° RA, and (c) 90° RA. 
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Figure 6. Tensile stress–strain curves for (a) 10% MC, (b) 5% MC, and (c) 1% MC. 
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Figure 7. The ultimate tensile strength (UTS) for all specimens with different raster angles and moisture content. 
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Figure 8. Strain at fracture in mm/mm for all specimens with different raster angles and moisture content. 
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Figure 9. Elasticity in (MPa) for all specimens with different raster angles and moisture content (%). 
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Figure 10. Specimens fractured due to tensile load. Specimens from top to bottom, (a) 0°, (b) 45°, and (c) 90°. 
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Table 1. Polylactic acid (PLA) material characteristics by the manufacturer [33].






Table 1. Polylactic acid (PLA) material characteristics by the manufacturer [33].





	Ultimate Tensile Stress
	Density
	Strain at Fracture
	Elasticity





	62.63 MPa
	1.24 g/cm3
	0.044 (mm/mm)
	2504 MPa
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Table 2. Process factors and levels.
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Control Factors

	
Level






	
A: Raster Angle

	
0°

	
45°

	
90°




	
B: Moisture Content

	
1%

	
5%

	
10%
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Table 3. Combination of parameters.






Table 3. Combination of parameters.





	Experiment No.
	Factors
	Level





	1
	0°
	1%



	2
	0°
	5%



	3
	0°
	10%



	4
	45°
	1%



	5
	45°
	5%



	6
	45°
	10%



	7
	90°
	1%



	8
	90°
	5%



	9
	90°
	10%
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Table 4. Fixed printing parameters.






Table 4. Fixed printing parameters.





	Nozzle diameter
	0.4 mm
	Deposition line width
	0.48 mm



	Nozzle extrusion temp.
	240 °C
	Deposition layer thickness
	0.1 mm



	Heated bed temp.
	60 °C
	Printing speed
	30 mm/s



	Infill density
	100%
	Fill gaps between walls
	Everywhere
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