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Abstract

:

Thermoplastic polymers are widely used in industry to generate parts with reasonable production costs, lightweight, chemical stability, sustainability, and recyclability compared to other materials such as metals, metalloids, or even thermoset polymers. The innovative additive manufacturing (AM) techniques, e.g., fused deposition modelling (FDM), can be used to fabricate thermoplastic products with complex geometries and specific properties. However, the mechanical integrity of those FDM-printed plastic parts can be greatly impacted by a phenomenon named material anisotropy. In this study, an experimental study on a popular 3D printing polymer material—acrylonitrile butadiene styrene (ABS)—is performed to determine how FDM process parameters affect the mechanical properties of the printed ABS parts. This study uniquely concentrates on investigating mechanical anisotropy in FDM-printed ABS, delving into a combination of key printing parameters for a comprehensive exploration. Meanwhile, a finite-element-based numerical analysis is also utilised to numerically evaluate the influences of infill percentage and build orientations on the mechanical properties of the 3D-printed ABS materials for comparison. It generates a better understanding of material anisotropy and helps to find the optimal FDM process parameters to print high-quality ABS parts and may attract industrial interests in transitioning from traditional ABS part production methods such as injection moulding or hot pressing to additive manufacturing.
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1. Introduction


Additive manufacturing (AM) is innovative and sustainable in comparison to the other two conventional methods of parts production known as formative and subtractive manufacturing [1,2]. This method is based on printing continuous layers of material on top of each other to form the final part with the assistance of a meshed 3D computer model, which is developed using computer-aided design (CAD) software, SolidWorks or similar software to generate a surface tessellation language (STL) file and a slicing software to generate G-codes as a build file of 2D layers for a 3D printer [3,4,5]. In 1986, Chuck (Charles) Hull claimed the discovery of this method [6]. The main advantage of AM to conventional forming and subtractive manufacturing is its ability to generate complex geometries and limit the amount of waste material [7,8,9]. Industries such as automotive, aerospace, and healthcare showed the potential of using AM methods for generating complex, lightweight parts with acceptable performances. The architectural industry by prototyping the small models to the entire building can also gain a huge benefit in saving time and costs in production [4,9,10,11].



A long list of AM methods is now available from which to choose and generate polymeric parts. However, the simplest method that is capable of generating complex geometries, producing less waste and using the relatively cheapest equipment and raw material is fused deposition modelling (FDM) [12], or fused filament fabrication (FFF). Thermoplastic materials, including acrylonitrile butadiene styrene (ABS), high-impact polystyrene (HIPS), nylon, polycarbonate (PC), polyethylene (PE), polyether ether ketone (PEEK), polyethylene terephthalate glycol-modified (PETG), polylactide (PLA), polyoxymethylene (POM), polypropylene (PP), and polyvinyl alcohol (PVA), can be used in conjunction with the FDM method to obtain parts with different mechanical properties [9,13,14,15]. Figure 1 shows a schematic of the typical FDM process.



Since the variation in distinct 3D printing process parameters like layer thickness, raster angle, nozzle temperature [16], infill pattern [17], and infill density can strongly modify the parts’ properties, understanding their influence is a crucial step to guarantee high-quality 3D-printed products. In a study, layer thickness, infill density, and raster angle were found to have significant influences on the mechanical properties of ABS FDM-printed parts. The optimal settings of those three parameters are an infill density of 80%, a 0.5 mm layer thickness, and a raster angle of 65°. In addition, infill density was asserted to have the highest contribution to all mechanical properties [18]. In another research study, Deshwal et al. [19] evaluated the effects of infill density, print speed, and nozzle temperature on the tensile strength of PLA FDM-printed parts. They indicated that increasing infill density and nozzle temperature could lead to an enhancement in tensile strength, as it created a better fusion between adjacent layers, strengthening the internal structure. In a study by Wang et al. [20], the dynamic mechanical properties of FDM parts were the target for improvement when the parts were fabricated with different combinations of layer thickness, extrusion temperature, raster angle, and infill density. The layer thickness was found to have a strong influence on the interlayer bonding strength and a smaller layer thickness should be considered for improving the interlayer bonding strength. The increase in infill density was found to reduce the gaps inside the structures, which enhanced the material properties. Meanwhile, the low nozzle temperature was claimed to affect the fluidity of the deposited materials, weakening the interlayer bonding strength.



Constructing a 3D representative volume element (RVE) is a popular technique to model the internal structure and perform simulations to extract the material properties. From the literature, Hexagon Digimat-FE appeared to be a prominent tool for this purpose. In a study, RVE models of BaTiO3 were developed to extract the effective elastic constant [21]. When the structure comprises regions with different properties or different materials, analytical models such as the rules of mixtures (ROM) can be deployed to determine the overall material properties by considering the contribution of each region or material. In their study, Deng et al. [22] confirmed the feasibility of using ROM to obtain the Young’s modulus and tensile strength of unidirectional carbon-fibre reinforced polymers using 3D printing (CFRP) [22]. However, the ideal ROM assumes the fibres in the composite are aligned unidirectionally and distributed uniformly. That was the reason why in Luo et al.’s study, the original ROM was confirmed to experience discrepancies when the composites consisted of dispersed fibres. The main reason was attributed to the inability of the model to consider stress- and strain-increasing factors due to embedded reinforcements, interface failure, void presence, and so on. To address this issue, the authors developed a modified ROM (MROM) model to capture this nonlinear behaviour of the tensile strength to compensate for the lack of microgeometry analysis [23].



Manufacturing plastic parts using AM, in particular, the FDM process, is drawing a lot of attention recently but despite the benefits they have to offer, some challenges are still preventing the manufacturers from transitioning from conventional methods such as injection moulding and hot pressing to AM methods [24]. The most critical issue when dealing with parts printed by the FDM method is called material anisotropy. The word anisotropy refers to the low layer adhesion and delamination of the deposited layers when the part is under loading. Moreover, the air voids that form between the layers and continue throughout the sample can act as potential pathways for the cracks to propagate. The air gaps, as well as the low interlayer adhesion, can lead to fibre delamination and premature failure of the part when the load direction is perpendicular to the build orientation of the printed parts [9,25,26,27]. The proper selection of the polymer which can show less anisotropy at certain levels, as well as the process parameters can play an important role in mitigating or minimising this anisotropy.



In the preliminary study conducted by the authors [28], mechanical anisotropy phenomena in HIPS and ABS FDM-printed parts were preliminarily investigated. The longitudinal and transverse build orientations have much less influence on HIPS samples than in ABS samples. Lower layer adhesion was found in ABS samples compared to in HIPS samples. As a result, the tensile strength of FDM-printed HIPS is much closer to those to those mould-injected samples. However, other key FDM parameters including printing temperature, infill percentage, and layer thickness were not investigated to optimise the FDM processes. Limited research is available to understand the influences of FDM process parameters and material selection on the degree of material anisotropy in FDM-based printed specimens. The FDM process is one of the most popular methods of additive manufacturing methods, but its inherent structural anisotropy is one of the main drawbacks that may keep industries reluctant to replace this method with their conventional and old means of parts production such as injection moulding or hot pressing.



Although many studies have attempted to study the influence of process parameters, most of them have not incorporated the analysis of internal structures such as SEM or micro-CT to investigate the process parameters’ effects on the degree of anisotropy (DOA). This study has a distinct focus on assessing the structural anisotropy of printed parts. It delves into the impact of altering various printing parameters—such as layer thickness, infill density, nozzle temperature, and raster angle—while maintaining consistency in other factors. Employing this distinctive approach allows for a comprehensive exploration of the influence of each parameter on internal structures through SEM and micro-CT analyses, shedding light on intricate details. Standard tensile samples are printed using the FDM process and tested. The samples are characterised using microstructural analysis including SEM, XRD, TGA, DSC, micro-CT, etc. Although ROM is commonly used for composites that contain at least two materials with different properties, it was not used to extract material properties of 3D-printed polymeric structures except for the authors’ work [24]. From the SEM images, the internal structure of the testing sample is found to comprise two different regions classified by their difference in the alignment of deposited materials. With that gap in mind, the current study develops a systematic methodology to extract the material properties of the 3D-printed samples by first determining the properties of each region using RVE models and then using ROM to compute the final properties. This article is outlined with four main sections. Section 2 provides detailed information on material preparation, 3D printing, and experimental and numerical methods including finite-element (FE) models, ROM, and modified ROM. Section 3 delivers the obtained experimental and numerical results and discusses the effects of the FDM process parameters of interest on the DOA. Section 4 draws conclusions based on the research findings generated in the current research.




2. Materials and Methods


2.1. Material Selection and Filament Preparation


The polymer pellets of ABS were used to extrude filaments with an outer diameter of 1.75 ± 0.08 mm. Pellets of ABS polymer grade PA747 (C8H8·C4H6·C3H3N)n were purchased from ChiMei corporation (Tainan City, Taiwan).



In the first stage, ABS and pellets were extruded into filaments with a diameter of 1.75 mm. To obtain a consistent filament with diameters very close to 1.75 mm, parameters such as extrusion heat zone temperatures, filament winder speeds, cooling systems, and polymer purging speeds were adjusted to an optimum level as listed in Table 1. Before the extruding process began, the as-received polymer pellets of ABS polymers were left to dry overnight at 65 °C in a conventional oven to remove the moisture from the polymer pellets. A single screw extruder—Noztek Xcalibur, Noztek, West Sussex, UK—was used to extrude the polymeric filaments at a temperature ranging between 230 °C and 240 °C. In conjunction with the filament extruder, to obtain filaments with a consistent outer diameter, a filament winder—Noztek winder 2.0—was also employed. Table 1 also shows the extruding and winding parameters that were used throughout the fabrication process to guarantee the consistency of the obtained results.



Figure 2 below shows the employed filament extrusion setup.




2.2. Coupon Design and Testing


The Type V coupon design for tensile testing and morphology analysis was adopted from the ASTM D638 standard and the coupon samples were then designed using SolidWorks 2021® software to generate the STL or 3MF files. Batches of 5 samples were stacked and sliced using Prusa Slicer 2.6.1 software and then printed using a Prusa MK3S printer (Prague, Czech Republic) as shown in Figure 3. All samples were printed in the two different build orientations of transverse and longitudinal, respectively, to investigate the effects of anisotropy on the mechanical properties of the FDM-printed materials. The dimensions of the 3D-printed samples were measured and recorded as 1% varied to the required standard length of tensile coupons. It should be noted that the printing of polymer samples was carried out with a 0.4 mm diameter of the nozzle head. Detailed settings of the important machine parameters used for printing those samples can be found in Table 2.



Figure 3 shows the geometric details, the build position, and the build orientation of the samples on the build plate of the 3D printer.



To investigate the influences of the processing parameters and material selection on the degree of anisotropy on 3D-printed parts in the transverse and longitudinal build orientations, the effects of four process parameters of layer height, raster angle, printing temperature, and infill percentage are investigated for pure polymers. While one process parameter is varied, others are kept at the default settings of the printer with 240 °C nozzle temperature, 0.2 mm layer thickness, 0/90 raster angle, and 100% infill percentage. For example, if the layer thickness is varied at 0.15 mm, 0.25 mm, and 0.35 mm, the other settings are kept constant with 240 °C nozzle temperature, 0/90 raster angle, and 100% infill percentage. To minimise the error and understand the repeatability of the experiments, 5 replications for each parameter were prepared which resulted in a total number of 260 samples printed and tested for mechanical properties. Figure 4 provides a better understanding of the conditions of printing for each polymer type.




2.3. Characterisation Methods


To investigate the tensile strength of the printed samples, a standard material testing machine—Instron 3365 with a 5-kN load cell—was employed. The mechanical degree of anisotropy defined by two indicators in percentage was calculated using the following equation based on the ultimate tensile strength values collected for different build orientations:


    ∆   %   U T S   X   = |     U T S   L   −   U T S   T       U T S   X     |  



(1)




where X is L or T, which denotes the longitudinal and transverse build orientations, respectively. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements were performed by an STA 449 F3 Jupiter TGA-DSC analyser (NETZSCH, Gebrüder, Germany) using closed aluminium pans. The weights of samples were aimed to be kept almost constant at around 8 mg ± 0.5 mg (balance accuracy 0.0001). Specimens were heated from 30 °C to 590 °C at a rate of 10K under a constant flow of Nitrogen gas (25 mL/min, purity > 99%). The test was conducted according to the standard process regulated in ASTM D638. As for morphological analysis, scanning electron microscopy (SEM) was carried out using a Hitachi FlexSEM 1000 II, Tokyo, Japan. The ultra-variable-pressure detector (UVD) feature was used to record images at low-accelerating voltages and low-vacuum conditions.




2.4. Numerical Modelling and Simulations


To capture the anisotropic behaviours of the 3D-printed ABS materials, a mesoscale analysis process was developed, and SEM images of these materials were used to create representative volume elements (RVEs) and finite-element models in the authors’ previous work focusing on numerical modelling [24]. With the current capture of SEM images and softwares’ limitation to construct models at various infill percentages, only one machine parameter of infill percentage was modelled and reported for ABS polymeric parts in this work.



In the proposed mesoscale analysis process, the printing parameters such as a nozzle diameter of 0.4 mm and layer thickness of 0.2 mm along with those manipulated aligned and sparse models were considered to replicate the perimeter and infill regions of the 3D-printed samples, respectively. Based on these parameters, the tensile strength of the 3D-printed ABS material,     X   T o t a l   ,   could be computed using the rule of mixtures (ROM) as shown in Equation (2).


    X   P     V   P   +   1 −   V   p       X   I   =   X   T o t a l       V o i g t   M o d e l    



(2)




where     X   P   ,     X   I     are the tensile strengths in the perimeter and infill regions, respectively. The volume fraction     V   P   ( 0 ≤   V   p   ≤ 1 )   of the perimeter region was defined based on the images obtained from a standard SEM analysis [22,24].



Considering the above-mentioned settings, the original material data were pre-calibrated using those from the 100% infill-density ABS FDM-printed samples and then the same material file was used for other infill percentages as benchmarking. In Hexagon Digimat-FE, the sparse model was devised to construct infill regions at various infill densities while the aligned model was used for building the perimeter regions. Before conducting FEA, a mesh convergence test was performed, and the maximum element size was found at 0.025 mm. The mesh type of all models was set to conforming (tetra) with quadratic elements. After that, the material properties of the samples printed with longitudinal and transverse build orientations were extracted by changing the direction of the loads onto the RVE models.



Although the ROM can be used for predicting the behaviours of the 3D-printed materials, the accuracy can be hugely impacted by varying the FDM printing settings. Therefore, to increase the accuracy of the model, a modification to the formula is required, introducing two extra terms f(x) and g(x) as shown in Equations (3)–(5) accounting for the FDM settings as the functions of the infill density, x, both in a polynomial of degree four as   P   x     defined by Equation (5). The five constant coefficients in both functions (    a   0   ,   a   1   ,   a   2   ,   a   3   ,   a   4   )   were obtained from the collected data processed using MATLAB R2022b. The outcome of this part of the work is expected to assist and increase the accuracy of the future modellings of the 3D-printed samples with different infill percentages made from pure thermoplastic polymers.


    X   P     V   P   + f   x     1 −   V   p       X   I   =   X   T o t a l       M R O M   f o r   t h e   l o n g i t u d i n a l    



(3)






    X   P     V   P   + g   x     1 −   V   p       X   I   =   X   T o t a l       M R O M   f o r   t h e   t r a n s v e r s e    



(4)






  P   x   =   a   4     x   4   +   a   3     x   3   +   a   2     x   2   +   a   1   x +   a   0    



(5)









3. Results and Discussion


3.1. Experimental


3.1.1. Characterisation of the Extruded ABS Filaments


As the first step, ABS pellets were extruded into printable filaments at 1.75 ± 0.07 mm in diameter. To obtain a consistent filament with diameters very close to 1.75 mm, parameters such as the extrusion heat zone temperatures, winder speeds, cooling systems, and polymer purging speeds were adjusted to an optimum level as stated in Table 1. Figure 5a,b show a comparison between the measured diameter of the as-received ABS filament with the extruded filament.



From the TGA results (Figure 6a), the ABS degradation onset temperature was recorded to be around 387 °C. Given that the temperature range required for 3D printing is well below this value (between 220 °C and 280 °C), therefore, no significant changes/degradations in the produced polymers would occur during the FDM printing process. From the DSC results (Figure 6b), the glass-transition temperature Tg related to the polymer samples without additives is in the range of 100 °C–102 °C which indicates that the pre-selected 240 °C printing temperature is well above the glass-transition temperature and can guarantee a good flow of polymer while extruding and printing.



To investigate the material properties of the FDM-printed samples when the FDM key process parameters including the layer thickness, raster angle, infill percentage, and nozzle temperature are varied, mechanical tests were conducted in this study and the experimental results are presented in the following four Section 3.1.2, Section 3.1.3, Section 3.1.4 and Section 3.1.5.




3.1.2. The Effect of Layer Thickness on Anisotropy


Three different layer thicknesses of 0.15 mm, 0.25 mm, and 0.35 mm were selected to investigate the influence of layer thickness on the mechanical properties of ABS parts printed in two longitudinal and transverse build orientations. Figure 7 shows the micro-CT images of the samples before any mechanical force is applied. The lower thickness can cause more air voids and this can potentially increase the chances of crack initiation and propagation in parts. However, the smaller diameter of the extruded filaments can also increase the layer adhesion between the deposited filaments because of the increased surface area. On the other hand, the higher layer thicknesses in Figure 7c show lower layer adhesion and therefore there might be a chance of the sample breaking sooner than the other two-layer thicknesses due to the delamination of the layers.



Figure 8 visualises the SEM images for the samples of ABS printed in the longitudinal build orientation with different layer thicknesses. No mechanical force was applied to these samples and the samples were cut using a microtome. From those images, larger air voids for the higher thickness can be observed.



The mechanical properties of the printed samples (both longitudinal and transverse) were obtained using the Instron machine and the cross-sections of the samples were visualised by SEM. Figure 9 represents the obtained ultimate tensile strengths, elongation at breaks, and Young’s modulus values for ABS samples printed in two build orientations at three layer thicknesses of 0.15 mm, 0.25 mm, and 0.35 mm, respectively. The results show that at a layer thickness of 0.25 mm, the difference between the measured tensile strength and elongation at break for the two build orientations is the maximum. According to the SEM images shown in Figure 8, the 0.25 mm layer thickness created much denser structures than the other two cases, and that is why this layer thickness provided the strongest material. The 0.25 mm thickness results show higher tensile strength properties for longitudinal build orientation, while lower values are recorded for the transverse build orientation. Young’s modulus, on the other hand, showed a drop due to the higher elastic behaviour that this layer thickness can show compared to other layer thickness values. In another study, layer thickness was deemed as the most significant factor and the maximum tensile strength was also found at 0.25 mm [29].



Figure 10 shows the SEM images of samples at the cross-section of the break because of mechanical force. For longitudinal samples printed with a 0.15 mm layer thickness, a smaller and higher number of air voids are observed compared to the 0.25 mm and 0.35 mm layer thickness. This in addition to a smaller interface between the layers results in a lower tensile strength, lower elongation at break, and forming a scattered brittle fracture surfaces (highlighted in yellow when force is applied (Figure 10a)). For longitudinal 0.25 mm and 0.35 mm layer thicknesses (Figure 10b,c), larger diameter filaments result in fewer voids and stronger adhesion between the layers due to a larger interface. From Figure 10b,c, concentric cone-shaped fracture surfaces can be observed which justifies the results of higher tensile and elongation values compared to those from the 0.15 mm layer thickness. The slightly better values for 0.25 mm compared to 0.35 mm could be related to the smaller sizes of filaments and consequently, a higher surface area to adhere with the other adjacent rasters.



For the transverse build orientation (TBO), the mechanical properties behaviour is completely different when changing layer thickness compared to the longitudinal build orientation. In this build orientation, the lowest layer thickness shows the best performance followed by the highest layer thickness value, and then 0.25 mm. In the 0.15 mm layer thickness (Figure 10d), the uneven fractured surface shows a better layer adhesion with fewer air voids compared to 0.25 mm (Figure 10e). In the 0.35 mm layer thickness (Figure 10f), there are no evident air voids, and the layers are well-defused, but the layers are thicker than 0.15 mm and the number of rasters in each layer, as well as their effective surface area, is less and consequently, the tensile stress and strain are slightly lower than 0.15 mm.



The effects of layer thickness on the mechanical properties of the printed ABS samples were investigated and the results of the ultimate tensile strength (UTS) strain at break (Δ), elastic modulus (E), and their associated root square error percentages (SQRT error mean) of the ABS polymer in the two build orientations—longitudinal (LBO) and transverse (TBO)—are mentioned in Table 3.



The mechanical degree of anisotropy for the longitudinal (Δ (UTSL)) and transverse (Δ (UTST)) build orientations at different layer thicknesses for the ABS polymer are shown in Figure 11. Both graphs exhibit comparable trends in terms of anisotropy behaviour. The lowest degree of anisotropy at the 0.15 mm layer thickness for the longitudinal and transverse build orientation was found with values of 65.5% and 39.6%, respectively. At this layer thickness, the longitudinal and transverse build orientations show the lowest difference in tensile strength value which shows an ideal condition for 3D printing a part when isotropic mechanical properties are the priorities. Although the printing time can noticeably increase at this layer thickness, the characteristics of the final printed product can show less profound anisotropy features. At the same time, the elasticity of the part can be compromised because of the build orientation influence which shows less ductile behaviour when printing in the transverse build orientation.




3.1.3. The Effects of Raster Angle on Anisotropy


Two raster angles of 0°/90° and −45°/+45° were selected as the main angles to print samples in two different longitudinal and transverse build orientations. For the 0°/90° setup, the second layer of the deposited filament lays on top of the first layer with the 90° opposite orientation. For the ±45° orientation, the first layer and second layer have an angle of 45° with each other.



Like the layer thickness, the raster angle was identified as an influential machine parameter in the assurance of the anisotropy phenomenon. Figure 12 shows the micro-CT images of samples printed with (a) a +45°/−45° raster angle and (b) a 0°/90° raster angle. The micro-CT images can be a very useful and reliable asset to determine the internal structure of the printed samples without physically damaging or deforming the part. In these images, the sample printed with a +45°/−45° raster angle is showing a structure with potentially more evident air voids compared with the sample printed with a 0°/90° raster angle. This could potentially influence the mechanical integrity of the sample when the part is under load.



Changing the raster angle showed a noticeable influence on the mechanical properties of the printed parts. Figure 13 represents the obtained ultimate tensile strengths, elongation at breaks, and Young’s modulus values for ABS-made samples in the two build orientations—transverse and longitudinal—at two different raster angles of 45°/−45° and 90°/0°.



For the ABS polymer, the ultimate tensile strength for samples printed in the longitudinal build orientation increased by around 7 MPa when the raster angle was switched from +45°/−45° to 90°/0°. The literature also confirmed parts printed at 45°/−45° had lower tensile properties than their counterparts printed at 90°/0° [30,31]. The same trend was also observed for samples printed in the transverse build orientation but with a larger gap of 9 MPa. The elongation at break for samples printed in the longitudinal build orientation was increased by 28% for a +45°/−45° raster angle, whereas the elongation at break for samples printed in the transverse build orientation dropped by 60% for the same raster angle compared to the 90°/0° raster angle. Although Young’s modulus did not change much for the transverse build orientation, samples printed in the longitudinal build orientation dropped by 27% when the raster angle was changed from 90°/0° to +45°/−45°. This means that for samples printed in the longitudinal build orientation, the +45°/−45° raster angle, provides a less stiff structure because of their position to the applied force, whereas the 90°/0° provides a more rigid structure when the load is perpendicular to the rasters. This could be related to the angle that the polymer filaments have to the applied force. When the orientation of the filaments is perpendicular to the direction of the force, the resistance to break comes mostly from the polymer chains and as soon as the rasters find an angle to the applied force, the layer adhesion parameters come into the equation and like the transverse build orientation, the mechanical properties of the printed samples can be affected enormously.



Based on the discussions mentioned above and from the SEM images in Figure 14, it could be seen that the +45°/−45° raster angle shows a weak layer adhesion when printed in the longitudinal and transverse build orientations. The longitudinal build orientation also shows delamination from the perimeter layers.



As the delamination happened in the interface between the perimeter and the inner core of the sample, it confirms that the poor later adhesion when the angle of the load to the polymer changes can be the main reason for the crack initiation, crack propagation, and finally failure of the part. In the transverse build orientation, the smooth fractured surface with evident air voids for +45°/−45° in comparison with the 90°/0° raster angle corresponds to the low layer adhesion of the layers. These air voids which are the potential failure spots in the structure are marked with red arrows and circles in Figure 14c. The uneven fracture surface of the 90°/0° with no obvious interlayer air voids suggests that the part was resisting the layer delamination, as the mechanical testing results suggest. Figure 14 is marked with yellow circles and arrows to show the unevenly broken surfaces of the printed part. The effects of the raster angle on the mechanical properties of the printed ABS samples were investigated and the results are presented in Table 4.



Figure 15 shows the mechanical anisotropy behaviour for the longitudinal (Δ (UTSL)) and transverse (Δ (UTST)) build orientations printed at different raster angles. Similar downward trends for both graphs can be observed. The lowest mechanical anisotropy for the longitudinal and transverse build orientations was recorded when samples were printed at a 90°/0° raster angle, showing a value of 68% and 40%, respectively. This indicates a drop of 70% for samples printed longitudinally and 18% for samples printed transversely when switching from +45°/−45° to 90°/0°.




3.1.4. The Effects of Infill Percentage on Anisotropy


For this study, infill percentages of 40%, 60%, 80%, and 100% were considered for ABS polymers and both build orientations: longitudinal and transverse.



Another influential machine parameter on mechanical anisotropy is infill percentage. Although a lower infill percentage can lead to a faster print and therefore a more profitable production method, the lower infill can tremendously influence the mechanical integrity of the printed part. Figure 16 shows the micro-CT images from uninterrupted samples at different infill percentages. The number and the volume of the air voids reduce enormously when the infill percentage is increased from 40% to 100%.



The tensile strength results for samples printed with ABS polymer in the longitudinal build orientation showed a gradual increase of 1 Mpa when the infill percentage was increased from 40% to 80%. The strength showed a jump of 38% when the infill increased from 80% to 100%. Like the UTS values, Young’s modulus values also increased by 17%, 28%, and 54% when the infills increased from 40% to 100%, respectively. On the other hand, the elongation at break showed a steady decline by increasing the infill percentage. The increased tensile strength and Young’s modulus could be related to the better failure resistance and enhanced material bonding of the part due to a denser internal structure when the infill percentage increases, and the decrease in the elongation at break could be related to a decrease in the number of air voids, as well as the stiffer structure with less flexibility. A similar upward trend for the tensile strength and peak point at 100% infill when the infill percentage changed from 20% to 100% was recorded by Tura et al. [32]. The same trend was also recorded when the transverse build orientation was selected. A steady increase was recorded when the infill percentage was increased from 40% to 100%. The same trend was recorded for the elongation at break. Interestingly, the values of the elongation at break for 100% infill for both the longitudinal and transverse build orientations were very close. Figure 17 represents the obtained ultimate tensile strengths, elongation at break, and Young’s modulus values for ABS-made samples in the two build orientations—transverse and longitudinal—at two different infill percentages of 40%, 60%, 80%, and 100%, respectively.



Like the mechanical testing results for ABS samples, from SEM images for the longitudinal build orientation, no significant structural change can be traced for infill percentages between 40% and 80% (Figure 18a–c). However, at 100% infill, a more unified structure with smaller air voids can be seen (Figure 18d). SEM images for ABS samples printed in the transverse build orientation showed that by increasing the infill percentage from 40% infill to 100%, the air voids shrank, and more uneven fracture surfaces were observed (Figure 18e–h). The uneven broken surface structures suggested a better layer adhesion. However, at lower infills in comparison with the 100% infill, the air voids in the structure and lower layer adhesions between the rasters were dominant and that could be the reason for the lower mechanical properties of the lower infill percentages.



The effects of infill percentage on the mechanical properties of the printed ABS samples were investigated and the results can be seen in Table 5.



From Figure 19, it can be perceived that at 100% infill, the mechanical anisotropy of samples for both build orientations reached their minimum values. Also, by increasing the infill percentage, the degree of anisotropy decreased noticeably for samples, which emphasises the influence of the air voids and layer adhesion on the final mechanical properties of the 3D-printed parts.




3.1.5. The Effect of Nozzle Temperature Variation on Anisotropy


The effect of the printing temperature or nozzle temperature on material anisotropy is less studied in the literature. In this study, temperatures of 220 °C, 240 °C, 260 °C, and 280 °C were selected as the nozzle temperatures for printing ABS samples in the longitudinal and transverse build orientations.



A good understanding of the nature of the polymer and its behaviour when the temperature changes is the key to generating parts with fewer air voids and, consequently, better structure with maximum resistance to deformation and break. Figure 20a–d show the micro-CT images of the ABS samples at different nozzle temperatures.



The effects of print temperature on ABS samples printed in the longitudinal build orientation suggested an optimum temperature of 260 °C. Tensile strength results show an increase of 43% when nozzle temperature was increased from 220 °C to 240 °C followed by another 19% improvement when the temperature was changed from 240 °C to 260 °C. A drop of 9% was recorded when the temperature increased to 280 °C which suggests that the optimum tensile strength can be achieved at 260 °C. The elongation at break showed an increase by increasing the temperature from 220 °C to 280 °C. Almost the same trend for tensile strength was observed for samples printed in the transverse build orientation. A minimal increase from 220 °C to 240 °C followed by a peak of 19 MPa at 260 °C and a drop of 59% at 280 °C print temperature proves the optimum printing temperature condition can be achieved at 260 °C. Figure 21 represents the measured ultimate tensile strengths, elongation at breaks and Young’s modulus values for ABS samples in two build orientations—transverse and longitudinal—at different nozzle temperatures.



The mechanical behaviours of the printed sample based on the mechanical tests can also be confirmed by SEM images. For the longitudinal build orientation, at 220 °C and 240 °C (Figure 22a and b, respectively), the poor layer adhesion can be confirmed by the missing perimeter layers and massive formed air voids in the structure of the samples. By increasing the temperature to 260 °C, layer adhesion improves enormously and more uneven fractured surfaces with fewer air voids compared to lower nozzle temperatures appear. At 280 °C, structural integrity partially persisted but compared to the 260 °C nozzle temperature, the relatively bigger air voids were the main contributing factors in lowering mechanical properties. For samples printed in the transverse build orientation, the 220 °C nozzle temperature, although there are no obvious air voids in the structure, a flat and smooth fracture surface suggests minimal resistance from the layers towards the axial force. This fracture behaviour was changed in the sample printed at 240 °C with a more uneven fractured surface. However, more air voids between rasters are proof of the lack of proper layer adhesion between rasters. At 260 °C, the fracture surface shows almost no obvious air voids, and the uneven break surface justifies the better tensile strength and elongation at break results. For 280 °C like 240 °C, the air voids in the sample became more prominent and can be the reason for the decrease in mechanical properties compared to the 260 °C nozzle temperature. Figure 22 shows the SEM images comparing the two build orientations—LBO and TBO—for samples made of ABS at different nozzle temperatures.



The effects of temperature changes on the mechanical properties of the printed ABS samples were investigated and the results of the ultimate tensile strength (UTS) strain at break (Δ), elastic modulus (E), and their associated root square error percentages (SQRT error mean) of ABS polymer in two build orientations—longitudinal (LBO) and transverse (TBO)—were mentioned in Table 6.



According to Figure 23, for parts printed at 260 °C in both build orientations, the mechanical anisotropy reaches its minimum. This indicates that at this temperature, optimal mechanical properties can be anticipated. Beyond this temperature, the anisotropy increased significantly for both build orientations. This insight can assist in selecting the appropriate polymer when mechanical anisotropy plays a crucial role in the design of the 3D-printed sample.





3.2. Comparisons of Experimental and Numerical Results


Figure 24a and b represent the UTS comparisons between experimental, ROM, and MROM results for ABS samples and printed in the LBO and TBO, respectively. The details of these graphs along with the error percentages for ROM and MROM are also separately placed in Table 7 and Table 8. As can be seen from Figure 24a, although the MROM is a perfect match with the experimental results, the results were not much affected by the ROM, and they could also show an acceptable range. However, in Figure 24b, the ROM did not show an acceptable fit with the experimental results while the MROM was a very close and perfect match for the UTS results for samples printed in the TBO. This first shows how sensitive the TBO is to the infill changes in the system and shows how effective the MROM was in the modelling results.




3.3. Extension to the MROM Modelling Investigation for Samples Printed in TBO


To make sure that the MROM is effective to predict the samples printed in the TBO, an additional investigation was conducted by printing samples with different percentages of 50%, 70%, and 90% and performing modelling processes with both ROM and MROM. Figure 25 and Table 9 show the details of this complementary investigation. The MROM generated the error percentages to fall below 10% for all the samples printed in the TBO. The results for the new samples were also very close to the experimental results, showing the high accuracy of the MROM, regardless of the infill percentage. It clearly shows that the MROM is capable of very accurately predicting the mechanical behaviour of the additional samples.





4. Conclusions


In this research, the influences of four main FDM printing process parameters including the infill percentage, printing temperature, layer thickness, and raster angle on the material anisotropy of the ABS material have been investigated systematically, and the obtained experimental and numerical results demonstrated that these four machine parameters proved to be very influential on the degree of mechanical anisotropy for FDM-printed ABS. According to the results obtained, the following conclusions can be drawn:




	
Although the best mechanical properties for the ABS polymer in the LBO and TBO were recorded at the 0.25 mm and 0.15 mm layer thicknesses, respectively, the minimum mechanical anisotropy for this polymer was recorded at 0.15 mm.



	
In terms of raster angle, samples made of ABS and printed with a 0°/90° raster angle showed the best results with lower mechanical anisotropy values compared to the +45°/−45° raster angle.



	
The infill percentage can enormously influence the integrity of the structure of the FDM-printed parts and consequently the degree of mechanical anisotropy. By increasing the infill percentage, ABS showed an improving trend in mechanical properties, as well as a lower degree of mechanical anisotropy to a point that at 100% infill, the values of mechanical anisotropy reached a very similar value.



	
The layer adhesion and mechanical integrity of the FDM-printed parts are very sensitive to print temperature changes and if the proper temperature can be selected, the mechanical anisotropy can be reduced noticeably. For both the LBO and TBO, 260 °C was found to be the best temperature to print samples.








Considering the numerical analysis on the effect of the infill percentage on the UTS of the 3D-printed ABS polymers in the two build orientations—LBO and TBO—the following research finding can be listed as follows:




	
The UTS of the samples printed in the LBO can be predicted using the ROM method with very accurate results. By contrast, the UTS of those samples printed in the TBO only can be predicted by introducing additional functions with the modified ROM with an increase of 10% in accuracy.



	
It is worth mentioning that the developed MROM provides an effective tool to predict the material proprieties of FDM-printed ABS compared to the original ROM validated by experimental data.








While the primary goal of this study was to systematically introduce and elaborate on the key influential factors contributing to the generation of anisotropy phenomena, further research is warranted to explore additional FDM printing parameters that may have a significant impact. Investigating other types of polymers other than the ones stated in this study could help to provide a better understanding of the formation of the intrinsic and extrinsic air voids within the printed samples. A further investigation can be conducted by incorporating other monomers into the ABS structures in the form of in situ polymerisation to introduce some of the favourable elements into the ABS polymer to increase mechanical isotropies. As for further future work, in terms of the modelling of the results, the other machine parameters need to be investigated more, and developing an accurate model to represent the results for the parameters not covered in this study is crucial. Until then, the outcome of this research can be extremely useful and can be relied on in terms of the effect of the anisotropy on the mechanical properties of the printed samples and will be useful in the material and process design of the 3D-printed polymeric parts.
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Figure 1. Schematic of the FDM process (the components are not to scale). 






Figure 1. Schematic of the FDM process (the components are not to scale).



[image: Applsci 14 01870 g001]







[image: Applsci 14 01870 g002] 





Figure 2. Filament extrusion setup. 
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Figure 3. (a) ASTM D638 samples geometries (unit: mm) [12], (b) longitudinal build orientation, and (c) transverse build orientation. 
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Figure 4. Flowchart showing the samples produced for each polymer type. 






Figure 4. Flowchart showing the samples produced for each polymer type.



[image: Applsci 14 01870 g004]







[image: Applsci 14 01870 g005] 





Figure 5. SEM image of the cross-section of (a) extruded ABS, (b) as-received ABS filaments. 
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Figure 6. (a) TGA and (b) DSC results of the ABS polymer. 
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Figure 7. Micro-CT images show different air voids and layer adhesion qualities at different layer thicknesses of 0.15 mm (a), 0.25 mm (b), and 0.35 mm (c) for ABS samples. 
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Figure 8. SEM images of ABS samples printed with (a) 0.15 mm layer thickness, (b) 0.25 mm layer thickness, and (c) 0.35 mm layer thickness. 
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Figure 9. (a) Tensile strength, (b) elongation, and (c) Young’s modulus values for ABS samples at different layer thicknesses. 
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Figure 10. SEM images of 3D-printed ABS samples: (a) (0.15 mm), (b) (0.25 mm), and (c) (0.35 mm) represent LBO, and (d) (0.15 mm), (e) (0.25 mm), and (f) (0.35 mm) represent TBO. Yellow marks show the unevenly fractured surfaces and red marks represent the air voids. 
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Figure 11. Mechanical anisotropy (Δ (UTSL) and Δ (UTST)) for parts printed at different layer thicknesses. 
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Figure 12. The micro-CT images of the ABS samples printed at (a) a +45°/−45° raster angle and (b) a 90°/0° raster angle. 
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Figure 13. (a) Tensile strength, (b) elongation, and (c) Young’s modulus values for ABS samples when the raster angle values change between +45°/−45° and 90°/0°. 
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Figure 14. SEM images of ABS polymer printed in (a) the longitudinal build orientation with a +45°/−45° raster angle, (b) the longitudinal build orientation with a 0°/90° raster angle, (c) the transverse build orientation with a +45°/−45° raster angle, and (d) the transverse build orientation with a 0°/90° raster angle. 






Figure 14. SEM images of ABS polymer printed in (a) the longitudinal build orientation with a +45°/−45° raster angle, (b) the longitudinal build orientation with a 0°/90° raster angle, (c) the transverse build orientation with a +45°/−45° raster angle, and (d) the transverse build orientation with a 0°/90° raster angle.



[image: Applsci 14 01870 g014]







[image: Applsci 14 01870 g015] 





Figure 15. Mechanical anisotropy (Δ (UTSL) and Δ (UTST)) for ABS parts printed at different raster angles. 
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Figure 16. Micro-CT images of ABS samples showing different air void numbers and sizes when the infill percentage changes; (a) 40%, (b) 60%, (c) 80%, (d) 100%. 
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Figure 17. (a) Tensile strength, (b) elongation, and (c) Young’s modulus values for ABS samples when the infill percentages change from 40% to 100% for the two build orientations of the LBO and TBO. 
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Figure 18. SEM images of 3D-printed ABS samples. (a–d) represent LBO and (e–h) represent the TBO at 40%, 60%, 80%, and 100% infills, respectively. Yellow marks show the unevenly fractured surfaces, whereas the red marks represent the unwanted air voids. 






Figure 18. SEM images of 3D-printed ABS samples. (a–d) represent LBO and (e–h) represent the TBO at 40%, 60%, 80%, and 100% infills, respectively. Yellow marks show the unevenly fractured surfaces, whereas the red marks represent the unwanted air voids.



[image: Applsci 14 01870 g018a][image: Applsci 14 01870 g018b]







[image: Applsci 14 01870 g019] 





Figure 19. Mechanical anisotropy Δ (ABS) for parts printed at infill percentages and build orientations for printed samples. 
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Figure 20. Micro-CT images of the ABS polymer when printing in the LBO and at different nozzle temperatures of (a) 220 °C, (b) 240 °C, (c) 260 °C, and (d) 280 °C. 
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Figure 21. (a) Tensile strength, (b) elongation and (c) Young’s modulus values for ABS samples when the nozzle temperatures change from 220 °C to 280 °C for the two build orientations—LBO and TBO. 
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Figure 22. SEM images of the 3D-printed ABS samples. (a–d) represent LBO and (e–h) represent the TBO at 220 °C, 240 °C, 260 °C, and 280 °C nozzle temperatures, respectively. Yellow marks show the unevenly fractured surfaces whereas the red marks represent the unwanted formed air voids. 






Figure 22. SEM images of the 3D-printed ABS samples. (a–d) represent LBO and (e–h) represent the TBO at 220 °C, 240 °C, 260 °C, and 280 °C nozzle temperatures, respectively. Yellow marks show the unevenly fractured surfaces whereas the red marks represent the unwanted formed air voids.



[image: Applsci 14 01870 g022]







[image: Applsci 14 01870 g023] 





Figure 23. Mechanical anisotropy (Δ (ABS)) for parts printed with different nozzle temperatures for ABS samples. 
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Figure 24. UTS comparison between experimental results with those from ROM and MROM at different infill percentages for ABS samples: (a) samples printed in the LBO, (b) samples printed in the TBO. 
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Figure 25. UTS comparison between experimental results with ROM and MROM at different infill percentages from 40% to 100% by 10% increments for ABS samples printed in the TBO. 
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Table 1. Extrusion parameters for fabricating ABS filaments.
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Parameters

	
Values






	
Extruder bore diameter

	
2.5 mm, blank




	
Temperature

	
Temperatures (°C)

	
Zone 1

	
Zone 2

	
Zone 3




	

	
230

	
240

	
240




	
Extrusion speed

	
9–12 rpm




	
Winding speed

	
8–11 rpm




	
Extruded filament diameter

	
1.75 mm (±0.08 mm)




	
Room temperature

	
22 °C




	
Room humidity

	
<55%











 





Table 2. Printing parameters.
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	Machine Factor
	Value





	Printing temperature (V)
	220 °C, 240 °C, 260 °C, and 280 °C



	Bed temperature (C)
	110 °C



	Raster angle (V)
	±45° and ±90°



	Infill percentage (V)
	40%, 60%, 80%, and 100%



	Fill pattern (C)
	Rectilinear



	Air gap (C)
	0



	Infill speed (C)
	70 mm/s



	Layer thickness
	0.15 mm, 0.25 mm, 0.35 mm



	Raster width (C)
	0.5 mm



	Nozzle diameter (C)
	0.4 mm



	Build orientation (V)
	Longitudinal and transverse







V in the round brackets denotes a varied parameter and C denotes a constant parameter.













 





Table 3. UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different layer thicknesses.






Table 3. UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different layer thicknesses.





	
Longitudinal Build Orientation




	
Layer thickness

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
0.15 mm

	
28.34

	
1.13

	
0.40

	
0.029

	
1880

	
42.21




	
0.25 mm

	
33.31

	
0.45

	
0.59

	
0.062

	
1732

	
189.43




	
0.35 mm

	
31.11

	
0.19

	
0.51

	
0.519

	
1811

	
102.45




	
Transverse Build Orientation




	
Layer thickness

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
0.15 mm

	
17.12

	
0.49

	
0.16

	
0.02

	
1883

	
58.34




	
0.25 mm

	
12.21

	
0.19

	
0.12

	
0.006

	
1645

	
77.61




	
0.35 mm

	
14.28

	
0.36

	
0.15

	
0.016

	
1649

	
102.19











 





Table 4. UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different raster angles.






Table 4. UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different raster angles.





	
Longitudinal Build Orientation




	
Raster angle

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
0°/90°

	
32

	
0.71

	
0.23

	
0.002

	
2285

	
28.06




	
+45/−45

	
25.36

	
0.27

	
0.32

	
0.046

	
1668

	
46.49




	
Transverse Build Orientation




	
Raster angle

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
0°/90°

	
19.03

	
0.61

	
0.22

	
0.018

	
1788

	
51.02




	
+45/−45

	
10.65

	
0.43

	
0.09

	
0.005

	
1747

	
77.91











 





Table 5. Infill percentage UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different layer thicknesses for the ABS polymer.






Table 5. Infill percentage UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different layer thicknesses for the ABS polymer.





	
Longitudinal Build Orientation




	
Infill percentages

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
40%

	
21.41

	
0.35

	
0.45

	
0.023

	
1045

	
16.82




	
60%

	
22.86

	
0.19

	
0.36

	
0.021

	
1266

	
11.33




	
80%

	
23.27

	
0.47

	
0.28

	
0.006

	
1455

	
29.30




	
100%

	
32

	
0.71

	
0.23

	
0.002

	
2285

	
28.06




	
Transverse Build Orientation




	
Infill percentages

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
40%

	
6

	
0.43

	
0.09

	
0.004

	
1144

	
60.37




	
60%

	
7.5

	
0.40

	
0.11

	
0.005

	
1271

	
49.15




	
80%

	
12.8

	
0.40

	
0.16

	
0.024

	
1512

	
48.07




	
100%

	
20

	
0.61

	
0.22

	
0.018

	
1750

	
51.02











 





Table 6. Temperature influences UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different layer thicknesses for ABS polymer.






Table 6. Temperature influences UTS, Δ, and E values for ABS samples printed in the LBO and TBO at different layer thicknesses for ABS polymer.





	
Longitudinal Build Orientation




	
Nozzle temperature

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
220 °C

	
22.6

	
0.27

	
0.24

	
0.019

	
1881

	
70.42




	
240 °C

	
32.42

	
1.36

	
0.26

	
0.005

	
2012

	
43.01




	
260 °C

	
38.75

	
0.34

	
0.30

	
0.005

	
2331

	
13.50




	
280 °C

	
35.19

	
0.22

	
0.318

	
0.027

	
2113

	
90.92




	
Transverse Build Orientation




	
Nozzle temperature

	
UTS(mean)

(MPa)

	
UTS(SQRT Error Mean)

(MPa)

	
Δ(mean)

(%)

	
Δ(SQRT Error Mean)

(%)

	
E(mean)

(MPa)

	
E(SQRT Error Mean)

(MPa)




	
220 °C

	
8.96

	
0.51

	
0.07

	
0.001

	
1793

	
74.95




	
240 °C

	
9.66

	
0.62

	
0.08

	
0.005

	
1988

	
13.59




	
260 °C

	
19.03

	
0.61

	
0.22

	
0.018

	
1788

	
51.02




	
280 °C

	
7.85

	
0.13

	
0.10

	
0.017

	
1626

	
35.21











 





Table 7. Effects of the infill percentage on UTS values obtained from experiments, ROM, and MROM with relative error percentages for ABS samples printed in the LBO.






Table 7. Effects of the infill percentage on UTS values obtained from experiments, ROM, and MROM with relative error percentages for ABS samples printed in the LBO.





	Infill (%)
	Experimental UTS (LBO)
	Calculated UTS from ROM (LBO)
	Calculated UTS from MROM (LBO)
	Error (%) ROM
	Error (%) MROM





	40
	21.4
	19.0
	21.4
	11.3
	0.12



	60
	22.9
	22.3
	22.8
	2.7
	0.40



	80
	23.3
	25.0
	23.2
	7.1
	0.40



	100
	32.0
	33.5
	31.9
	4.5
	0.25










 





Table 8. Effects of the infill percentage on UTS values obtained from experiments, ROM, and MROM with relative error percentages for ABS samples printed in the TBO.






Table 8. Effects of the infill percentage on UTS values obtained from experiments, ROM, and MROM with relative error percentages for ABS samples printed in the TBO.





	Infill (%)
	Experimental UTS (TBO)
	Calculated UTS from ROM (TBO)
	Calculated UTS from MROM (TBO)
	Error (%) ROM
	Error (%) MROM





	40
	6.0
	9.8
	6.0
	63.3
	0.01



	60
	7.5
	10.2
	7.5
	35.7
	0.43



	80
	12.8
	10.7
	12.8
	16.1
	0.04



	100
	20.0
	19.7
	20.0
	1.8
	0.22










 





Table 9. Effects of the infill percentage on UTS values obtained from experiments, ROM, and MROM with relative error percentages for ABS samples printed in the TBO for infills from 40% to 100% with 10% increments.






Table 9. Effects of the infill percentage on UTS values obtained from experiments, ROM, and MROM with relative error percentages for ABS samples printed in the TBO for infills from 40% to 100% with 10% increments.





	Infill (%)
	Experimental UTS (TBO)
	Calculated UTS from ROM (TBO)
	Calculated UTS from MROM (TBO)
	Error (%) ROM
	Error (%) MROM





	40
	6.0
	9.8
	6.0
	63.3
	0.01



	50
	7.0
	10.0
	6.4
	40.4
	9.87



	60
	7.5
	10.2
	7.5
	35.7
	0.43



	70
	8.2
	10.5
	8.5
	27.4
	3.05



	80
	12.8
	10.7
	12.8
	16.1
	0.04



	90
	15.3
	11.1
	14.5
	27.3
	5.55



	100
	20.0
	19.7
	20.0
	1.8
	0.22
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