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This study evaluates the mechanical strength of 3D-printed objects of composite material. The composite material considered in this study comprises onyx as the base material with glass fiber and carbon fiber as the internal reinforcements. 3D printing using composite materials generally involves laminating fiber reinforcements in the form of layers within the printed part. To analyze the effect of such reinforcements on the printed parts, specimens were prepared by varying the number of layers and arrangement conditions of the reinforcement. The analysis shows that the tensile strength of the composite increases with the number of reinforcement layers due to the effect of the fibers on the longitudinal direction and a larger bonding area between the internal Onyx and the fibers. Furthermore, higher tensile strength is observed when the reinforcements are laminated at regular intervals than when they are arranged in the center. This study serves as a database for 3D printing fiber-reinforced composites aiding future research in comparing and optimizing their strength according to the 3D printing conditions.
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1 INTRODUCTION
Three-dimensional (3D) printing is an additive manufacturing method that receives 3D modeling data, melts various materials, and stacks them to create a 3D structure, in contrast to the cutting process used in conventional manufacturing (Cheng et al., 2020; Yan et al., 2021; Sun and Wu, 2022). In 3D printing, innovative techniques are used to customize shapes and textures by fabricating objects into precise 3D shapes. It generally proceeds quickly from the design stage to prototype production and testing and is extremely economical (Le Tohic et al., 2018; Eisenberg et al., 2013). Additive manufacturing in 3D printing includes several methods, including selective laser sintering (SLS) (Fina et al., 2017; Shirazi et al., 2015; Awad et al., 2020), stereolithography (SLA) (Martín-Montal et al., 2021; Wang et al., 2016; Manapat et al., 2017), polyjet (Tee et al., 2020; Kabandana et al., 2022), and fused deposition modeling (FDM) (Kollamaram et al., 2018; Montero et al., 2001; Rahim et al., 2019). In the SLS method, powder-type materials are temporarily melted with a laser and then fused together into the desired shape. In the SLA method, the laser beams of a specific wavelength are reflected off a mirror to harden the liquid resin. In the polyjet method, a photocurable liquid resin is sprayed through a nozzle, which is solidified c using a UV light source. Thus, 3D printing includes various types of additive manufacturing methods, each with its own characteristics as well as advantages and disadvantages. FDM is the most widely used additive method. In this method, a filament-type thermoplastic material is melted in a nozzle and stacked up from the bottom while the melted material is solidified in the required part. The size and detail of the layer are determined by the speed and force with which the material is melted and extruded through the nozzle.
Recently, have investigated the use of FDM for printing composite materials. In addition, composite material 3D printing has garnered worldwide attention owing to the promising research in this field. Various studies have scrutinized the different types and structures of composite materials and conducted comparative analyses of tensile strength according to filling patterns, isotropic fiber (Mei et al., 2019; Kriz and Stinchcomb, 1979) and concentric fiber method (Araya-Calvo et al., 2018; Morales U et al., 2021). Research has also been extended to comparing the thermal conductivity and elasticity of composite materials with applications in a wide range of industries and experiments. Typically, even a small amount of reinforcement (fiber) added to the main material (filament) results in composite parts with enhanced mechanical properties and specific strength superior to that of steel. Current 3D composite printing uses onyx with reinforcement layers. Onyx has been measured to be 1.4 times stronger and stiffer than ABS, has a flexural strength of 81 MPa and a flexural stiffness of 2.9 Gpa. Additionally, it has high tensile strength and heat resistance, is easy to print, and is robust in assembly (Bárnik et al., 2019). Furthermore, it combines well with continuous filament fabrication (CFF)-based (Galati et al., 2021; Parmiggiani et al., 2021) fiber materials such as carbon fiber (CF) (Newcomb, 2016) and glass fiber (GF) (El-Tayeb and Gadelrab, 1996). However, owing to its vulnerability to moisture absorption the filament requires careful management (Moreno-Núñez et al., 2023). Onyx is used in most composite material 3D printers as it has good bonding strength with various fiber reinforcements, such as CF, GF, and Kevlar (Morales M A et al., 2021; Tian et al., 2021). Among them, CF is extremely light and does not deform easily, its strength is comparable to aluminum, which is a popular 3D printing material, and possesses excellent heat resistance and impact resistance. In addition, its mechanical properties are superior to those of GF composite materials and it is an ultra-lightweight alternative to next-generation metals. CF is 6 times stronger and approximately 18 times harder than onyx fibers. GF is most often used in fiber-reinforced plastics, has excellent heat-insulating properties, does not rust, and is easy to process. GF composite materials are less expensive than other composite materials, have excellent durability, have no electrical conductivity, and have excellent resistance to impact damage. GF is 2.5 times stronger and 7 times harder than onyx. Therefore, it is used as a general-purpose material that complements the mechanical properties of onyx-based composite materials. However, CF and GF are approximately 13 and 8 times more expensive than onyx, respectively.
Therefore, to print efficiently, the printing process must be optimized while maintaining the mechanical strength of the printed parts. Such optimization requires a database on the effects of various thicknesses and arrangement positions of CF and GF layers inside onyx on the properties of the printed part. Therefore, in this study, the mechanical strength characteristics of composite printed parts were analyzed according to the type and arrangement of reinforcements. Onyx was selected as the base material, CF and GF were selected as reinforcements, and the mechanical behavior was studied according to the change in thickness and position of the CF and GF layers.
2 MATERIALS AND METHODS
2.1 Test specimen
The tensile test standard used in this study was performed by citing the international test standard ISO 527-4, which defines test conditions for isotropic and orthotropic fiber-reinforced plastic composites. ISO 527-4 presents a standardized size for tensile testing of specimens (Pisanu et al., 2021). According to the above standard, the size of the test specimen was set as shown in Figure 1A. 3D modeling was performed to obtain a test specimen 150 mm long, 10 mm wide, and 2.5 mm thick, and the gauge length was set to 50 mm. The conditions that were set for composite material 3D printing are as follows. The composite material for 3D printing was set to 30% of the internal filling density in a grid-type pattern to proceed with the evaluation under conditions similar to the grid pattern of 30% of the PLA material. The onyx thickness of the upper shell and lower surface of the specimen was set to the recommended level of 4-layer to achieve superior finish quality and waterproofing. The side layer of the specimen was set to the recommended level of 2-layer for surface finish and waterproofing to ensure that the reinforcement could be arranged well within the onyx. CF and GF were used as fiber reinforcements inside the composite material. They were selected owing to their inexpensiveness, strength, and bonding strength when combined with onyx. The selected fiber reinforcement was laminated in the form of a plane inside the onyx through the 3D printing process to form a layer.
[image: Figure 1]FIGURE 1 | Composite specimen geometry and cross section. (A) Tensile test specimen shape, (B) 1-layer reinforcement, (C) 2-layer reinforcement, (D) 3-layer reinforcement, (E) 4-layer reinforcement, (F) 1/3 Arrangement of reinforcement, (G) 2/3 Arrangement of reinforcement.
2.2 Layer arrangement
Table 1 shows the physical properties of the materials used in this study. The setting is shown in Figure 1, with the internal reinforcement arrangement based on the center of the specimen. As shown in Figures 1B–E, the output was set to be arranged from 1-layer to 4-layer according to the location of the center of each layer. Consequently, the reinforcement thickness becomes thicker with an increase in the number of reinforcement layers. To analyze the effective arrangement position of the fiber reinforcement instead of merely adjusting the center of the specimen, the tensile strength was compared and analyzed by setting the arrangement differently based on the location of the center under conditions that enable symmetry. Furthermore, the stacking arrangement of the internal reinforcement was varied; in one iteration, it was positioned at one-third the height of the upper shell from the centerline, as shown in Figure 1F. In another iteration, it was positioned at two-thirds the height of the upper shell from the centerline, as shown in Figure 1G. In all the experiments, the reinforcement was layered using the isotropic fiber method.
TABLE 1 | Material properties.
[image: Table 1]2.3 3D printing conditions
The 3D printer used in this study was the mark-two by Markforged to print the composite material. The tensile test was performed by applying a tensile force at a tensile speed of 2 mm/min through a grip of 17.5 mm, according to the test standard. Each specimen was printed seven times, and the average value was calculated and compared, excluding the maximum and minimum values that differed the most from the average value. Finally, the specimen most similar to the average value was selected and analyzed.
3 RESULTS AND DISCUSSION
In this study, the mechanical strength of onyx-based composites printed using a 3D printing process was investigated. The composite material specimens comprising a matrix of onyx and reinforcement layers of GF and CF were fabricated using a 3D printing process and subsequently analyzed. The results of the tensile tests on the various specimens are shown in Figure 2. As the shape of the specimen, after the tensile test, was similar, regardless of the reinforcements, only the results of the specimens reinforced with CF are presented here. After the tensile test, the cross-sections of all the specimens formed within their gauge length exhibited a similar tendency. Therefore, the results of the tensile test are valid.
[image: Figure 2]FIGURE 2 | Shape after tensile test of composite material specimen using carbon fiber as reinforcement (A) 1-layer reinforcement, (B) 2-layer reinforcement, (C) 3-layer reinforcement, (D) 4-layer reinforcement, (E) 1/3 Arrangement of 2-layer reinforcement, (F) 2/3 Arrangement of 2-layer reinforcement, (G) 1/3 Arrangement of 4-layer reinforcement, (H) 2/3 Arrangement of 4-layer reinforcement.
Figure 3 shows the tensile test results according to the thickness of the GF and CF reinforcements inside the composite material. The composite material of onyx mixed with 1-layer GF experienced a tensile force of 1308.7 N. In the specimen with a 4-layer GF arrangement, the tensile force was found to be 2867.3 N. In the specimen of onyx mixed with CF, the tensile force was 1271.1 N and 3797.0 N for 1-layer and 4-layer CF, respectively. In other words, the tensile force increases as the reinforcement layer inside onyx becomes thicker. In addition, the composite materials with a 1-layer reinforcement of either CF or GF did not experience significantly different tensile forces. However, as the thickness of the reinforcement increased, CF-reinforced onyx exhibited a considerably higher tensile strength. As shown in Table 1, the larger increase in tensile strength can be attributed to the elastic modulus and tensile strength of CF, which are higher than those of GF. In general, the change in elastic properties of composite materials appears to depend on the volume fraction of the matrix material and the fiber material (Zhou et al., 2017; Makarian and Santhanam, 2020; Yun et al., 2022a; Yun et al., 2022b; Yun et al., 2022c). As the volume fraction increases, i.e., as the thickness of the reinforcement inside the composite material increases, the strength of the composite material increases. Therefore, high-strength components can be printed by increasing the ratio of the reinforcement inside the composite material.
[image: Figure 3]FIGURE 3 | Tensile force according to the type of reinforcement and number of layers.
Figure 4 shows the displacement of the specimen according to the tensile test. In the onyx/GF composite material specimen, when the reinforcement GF was included in 1 layer, the gauge length increased by 5.2 mm compared to 50 mm in the specimen without reinforcement. The specimen containing 4-layer GF exhibited a displacement increase of 8.1 mm. In the onyx/CF composite material specimen containing 1-layer CF, the displacement increased by 5.2 mm compared to 50 mm in the specimen without reinforcement but increased by only 4.1 mm in the specimen containing 4-layer CF. No significant difference in displacements was observed after 2-layer CF. This can be attributed to the difference in physical properties of elastic modulus and tensile strength between CF and GF. As the modulus of elasticity is the ratio of the strain to tensile strength, the strain experienced by CF is less because the elastic modulus and tensile strength of CF are higher than those of GF. Therefore, as the number of fiber reinforcement layers inside the composite material increases, the volume fraction of the reinforcement increases, thereby strengthening its effect. Consequently, the composite stiffness increases and its flexibility decreases with increasing CF content.
[image: Figure 4]FIGURE 4 | Specimen displacement according to the type of reinforcement and number of layers.
Figure 5 shows the stress-strain curve according to the number of reinforcement layers. In the onyx/GF specimens, the tensile strength increased as the GF layer became thicker. As shown in Figure 3, the tensile stress applied at the cross-section of the specimen increases as the tensile force of the composite material increases. From Figure 4 and Figure 5, higher specimen displacements correspond to higher strains. In contrast, as the thickness of CF increased in the Onyx/CF specimen, the tensile strength increased, but the strain increased only marginally. The reason for this is related to the Poisson’s ratio and strain of the CF. As the number of CF layers increases, the influence of the CF increases. In general, materials with high strain can be printed using onyx/GF composites but the increase in tensile strength is limited. Conversely, materials with high tensile strength can be manufactured by 3D printing using onyx/CF composites; however, the strain rate is limited.
[image: Figure 5]FIGURE 5 | Stress-Strain curve depending on the number of reinforcement layers.
Tests were conducted on various arrangements of the reinforcement to analyze their effect on the properties of the specimen. Interestingly, the 2-layer reinforcement could be arranged symmetrically based on the center of the cross-section of the tensile test specimen. Consequently, the specimen was printed by stacking the reinforcement at one-third the height of the upper shell from its outer boundary. Another specimen was printed by laminating the reinforcement at two-thirds the height of the upper shell from its outer boundary. Figure 6 shows the tensile force according to the arrangement of the 2-layer reinforcement. The lowest and highest tensile forces were measured when the reinforcement was concentrated at the center and when it was arranged at two-thirds the height of the upper shell from its outer boundary, respectively. In the onyx/GF composite specimen, tensile forces of 1709 N, 2150 N, and 2470 N were measured when the reinforcement was concentrated in the center, layered at one-third height, and at two-thirds the height, respectively. The corresponding tensile forces for the onyx/CF composite specimen were 2296 N, 2579 N, and 2644 N, respectively. This increase in tensile strength can be attributed to the increase in the area where the GF and CF reinforcement layers are in contact with onyx, resulting in a larger tensile force. In general, the main variables of tensile force and tensile strength in composite materials are the bonding force and bonding area between the matrix and reinforcement (Joseph et al., 1996; Zhang et al., 2011). Therefore, the effect of the reinforcement is optimal only when it is mixed with the matrix at an appropriate interval. The results of analyzing the extent of displacement according to the tensile test, shown in Figure 7, are as follows. In the onyx/GF composite specimen, a displacement of 6.8 mm occurred when the reinforcement was arranged in the center. When the GF layer was arranged at one-third or two-third heights, the displacement increased by 0.4 mm–7.2 mm. The onyx/CF composite specimens showed a 0.5 mm decrease in displacement from 3.9 mm to 3.4 mm. This difference in displacement can be attributed to the difference in the Poisson’s ratio and elongation of CF fiber. The stress-strain curves of onyx-based composites from the tensile test were compared, as shown in Figure 8. The comparison shows that arranging the reinforcement near the surface of the specimen improves its tensile strength, confirming that the elongation of the composite material is affected by the physical properties of the reinforcement.
[image: Figure 6]FIGURE 6 | Tensile force according to the position of 2-layer reinforcement.
[image: Figure 7]FIGURE 7 | Specimen displacement according to the position of 2-layer reinforcement.
[image: Figure 8]FIGURE 8 | Stress-Strain curve depending on the position of 2-layer reinforcement.
In addition, the tensile test results of the 4-layer laminated composite material specimens were compared and analyzed. From Figure 9, the 4-layer reinforcement experiences the highest tensile force. In the onyx/GF 4-layer tensile test specimen, tensile forces of 2860 N, 2787 N, and 3204 N were measured when the reinforcement was concentrated in the center, layered at one-third height, and at two-thirds the height, respectively. The corresponding tensile forces for the 4-layer onyx/CF tensile test specimens were 3797 N, 3739 N, and 3854 N, respectively. Figure 10 shows the results of measuring specimen displacement according to the tensile test; the 4-layer composite material specimens do not exhibit significant differences in displacement. In other words, composite material 3D printing output containing four layers of reinforcement or more is greatly influenced by the reinforcement, confirming that displacement is governed by the physical properties of the fiber. Analyses of the stress-strain curves according to the tensile test are shown in Figure 11. In the onyx/GF composite tensile test specimens, changes in tensile strength were observed according to the arrangement. When the GF reinforcement is arranged outside the composite material, higher tensile strength is exhibited. However, in the onyx/CF specimens, the position and arrangement of the reinforcement did not have a significant effect when four layers of CF were laminated. This indicates that the effect of the reinforcement is strengthened as the volume fraction of the reinforcement inside onyx and the number of laminated layers increase, independent of location and arrangement. Therefore, when printing a composite material part using 3D printing, the volume fraction or specific gravity of the reinforcement must be increased to increase the tensile strength and tensile force. For a given quantity of reinforcement, arranging it close to the outer wall of the composite gives the best results in terms of strength.
[image: Figure 9]FIGURE 9 | Tensile force according to the position of 4-layer reinforcement.
[image: Figure 10]FIGURE 10 | Specimen displacement according to the position of 4-layer reinforcement.
[image: Figure 11]FIGURE 11 | Stress-Strain curve according to the position of 4-layer reinforcement.
4 CONCLUSION
In this study, the mechanical strength of 3D-printed onyx-based composites was evaluated. The composite comprised a matrix of onyx reinforced with laminated layers of either GF or CF. The evaluation was performed according to the specifications in ISO 527-4, which stipulates an internal filling of 30%. The number of reinforcement layers, formed using either GF or CF, was set from 1 to 4 in consideration of the output conditions of the composite material specimen. Furthermore, the 2-layer and 4-layer reinforcements were symmetrically set inside onyx to compare and analyze the mechanical strength according to the arrangement of the reinforcements. To analyze the effect of internal stiffeners in composite 3D printed parts based on previous studies, we set up different layers of internal stiffeners (Cofaru et al., 2021; Ojha et al., 2022; Ramezani Dana et al., 2022) While the specimens with 1-layer GF and CF exhibited no significant difference in tensile force, it increased as the number of GF or CF layers increased up to 4. The reinforcement effect of CF exceeded that of GF as the number of layers increased. The displacement exhibited by the composite material specimens increased as the number of layers increased in the GF-reinforced specimens. However, in the CF-reinforced specimens, the displacement decreased. This discrepancy can be attributed to the characteristics of the fiber reinforcement used inside onyx; as the number of fiber reinforcement layers increases, the effect of the fiber strengthens. In addition, arranging the reinforcement in the center results in the most optimal combination of physical properties in the final product. Furthermore, layering the matrix and reinforcement sequentially results in the highest values of tensile strength. The results of our study show that the arrangement and thickness of reinforcement layers are crucial factors in obtaining the desired physical properties in 3D-printed composites. Therefore, a database that summarizes the various combinations of arrangement and thickness and their effects will considerably aid the optimization of composite material 3D printing.
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