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Abstract

:

This paper investigates the impact of various manufacturing parameters on the mechanical and tribological properties of high-performance PLA (polylactic acid) parts produced using Fused Filament Fabrication (FFF). It addresses the challenges associated with optimizing additive manufacturing processes, particularly for polymer-based materials, and emphasizes the importance of understanding how factors such as build orientation, layer thickness, and infill density influence the final properties of the printed parts. This study highlights the improvements that can be achieved by incorporating reinforcements such as carbon fibers and graphene nanoplatelets into PLA, enhancing its mechanical strength and wear resistance. Experimental results show that optimizing printing parameters can significantly reduce the coefficient of friction and wear, leading to better performance in applications involving movement and mechanical stress. Key findings include the observation that higher infill densities and specific build orientations improve the fatigue life and tensile strength of PLA parts. Additionally, post-printing thermal treatments can alleviate internal stresses and enhance interlayer adhesion, further improving mechanical properties. The article concludes that with proper optimization, high-performance PLA can be a viable material for industrial applications, offering both environmental benefits and enhanced performance.
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1. Introduction


Additive manufacturing (AM) has significantly transformed the manufacturing landscape by enabling the efficient and cost-effective creation of components with complex geometries. Within this field, polymer additive manufacturing has emerged as a crucial technology due to its wide range of applications and its ability to customize products according to precise specifications.



Polymeric additive manufacturing has proven vital in various industrial sectors such as medical, aerospace, and automotive. Polymers, due to their versatility and adaptable properties, are highly favored materials for AM processes. The capability of these materials to be modified and enhanced has led to significant developments in their application. For example, carbon fiber-reinforced polymers have shown specific strength, approaching that of aerospace-grade aluminum, making them suitable for high-demand applications [1].



The growth of polymer additive manufacturing is notable. It is projected that the global AM polymer market will exceed $20 billion by 2021, driven by its ability to produce customized objects and the integration of advanced technologies, such as Fused Filament Fabrication (FFF), Selective Laser Sintering (SLS), and Stereolithography (SLA) [2]. This growth is also due to advances in nanocomposite materials, allowing greater design flexibility and applications in sectors such as biomedical, electronic, and aerospace [3].



Despite its advantages, the industrial implementation of polymer additive manufacturing presents significant challenges. The large number of parameters governing the process, such as processing temperature, deposition speed, and material rheological properties, complicates the optimization and standardization of AM processes [4]. Additionally, the management of residual stresses and interlayer adhesion are critical issues affecting the quality and durability of manufactured parts. These technical challenges require a deep understanding of process-structure-property relationships to overcome current limitations [5].



Therefore, in recent years, efforts to generate knowledge of these processes have greatly increased. The existing knowledge about the mechanical properties of parts manufactured by AM includes fundamental aspects, such as tensile and compression. However, limited information is available when parts have more complex mechanical requirements, such as bending, and even less so when it comes to tribology. Understanding these advanced properties is crucial for the effective industrial implementation of additive manufacturing.



Bending properties of additively manufactured structures have shown significant variability compared to traditional manufacturing techniques and, while comparable to conventionally manufactured parts in terms of stiffness, they exhibit lower bending strength [6]. This is often linked to manufacturing parameters. The mechanical characterization of polymers printed by additive manufacturing reveals that manufacturing parameters, such as infill percentage and infill angle significantly affect behavior under tension and compression. Studies have shown that fiber orientation and infill density greatly influence the final mechanical properties, with denser and aligned infill structures showing better performance under mechanical loads [7]. This is because the parts, being composed of layers, verify the layer theory and thus do not behave as a continuous material [8].



Other properties, such as tribological ones, are even more complex to analyze. The study of friction and wear in parts manufactured by AM is an area where there is even less knowledge. There is only partial knowledge, often very specific, such as the fact that the integration of nanocomposites and polymer additives can improve tribological properties by reducing friction and wear in critical applications operating under extreme conditions [9] or that biocomposite materials manufactured by AM have demonstrated significant capabilities in terms of strength and stiffness but do not perform well, hence cellulose nanofibers are incorporated [10]. As can be seen, in many cases, it is not general content but rather an application for a very specific problem.



This is due to the complexity of this process. The anisotropic properties of the parts make their study complex, as does their behavior. A clear example is carbon fiber-reinforced polymers manufactured by AM, where fiber orientation and inconsistent microstructure due to the layer-by-layer process can lead to unpredictable mechanical properties, complicating performance evaluation under tribological conditions [11].



Moreover, this lack of detailed knowledge is present in all additive manufacturing processes, even in those where their use is more widespread, such as Fused Deposition Modelling (FDM). FDM is one of the most widely used additive manufacturing technologies due to its versatility and relatively low cost. However, even with widely used materials such as polylactic acid (PLA), which is the most commonly used material in FDM, significant variations in mechanical properties are observed due to the multitude of process parameters.



This is due to the number of parameters that influence this process. It is known that the mechanical properties of FDM-fabricated PLA depend greatly on printing parameters such as build orientation, layer thickness, and infill density. PLA parts fabricated with a 45° orientation tend to show higher fatigue life compared to those fabricated in X or Y orientations under cyclic loading conditions [12]. Additionally, the influence of process parameters such as printing speed and nozzle temperature also significantly affects the mechanical properties of PLA parts. Tensile strength and flexural modulus can be improved by adjusting these parameters to optimize interlayer bonding [13].



Not only do process parameters influence the outcome, but it has also been observed that post-print thermal treatment can improve the mechanical properties of FDM-fabricated PLA parts. Applying heat after printing can relieve internal stresses and improve interlayer adhesion, resulting in parts with better mechanical behavior [14].



Variability in mechanical properties has also been observed with different PLA compounds. For example, carbon fiber-reinforced PLA composites exhibit superior mechanical properties compared to pure PLA due to the reinforcing effect of high-modulus carbon fibers [15].



However, despite these limitations, PLA is a very interesting material from an environmental point of view. PLA, being a biodegradable polymer derived from renewable resources such as starch and sugar, has a lower environmental impact compared to traditional petroleum-derived plastics [16].



Moreover, PLA has demonstrated adequate behavior in applications involving movement, which opens up the possibility of its tribological optimization to improve its performance and durability in these applications [17,18]. A study on graphene nanoplatelet-reinforced PLA showed significant improvements in tensile and flexural strength, indicating its potential for applications requiring high mechanical strength [19].



Optimizing process parameters such as infill density and layer thickness has also been shown to improve the tribological properties of PLA. A recent analysis revealed that adjusting these parameters can significantly reduce the coefficient of friction and linear wear, which is crucial for applications in moving parts [20].



Focusing on the tribological optimization of PLA not only improves its performance in mechanical applications but also facilitates its incorporation into the industry. A detailed study of the mechanical properties of PLA in a simulated marine environment demonstrated that PLA can maintain its structural integrity under adverse conditions, which is promising for applications in the marine industry and other demanding environments [21].



Finally, the implementation of hybrid manufacturing technologies combining additive and subtractive techniques has allowed the production of PLA components with better surface quality and optimized mechanical properties, demonstrating their potential for broader industrial applications [22].



Therefore, PLA is estimated to be a promising material not only for its low environmental impact but also for its potential for applications in moving parts, whose tribological optimization could be key to its industrial adoption.




2. Experimental Procedure


This study explored the tribological performance of components produced via FFF (Fused Filament Fabrication), classified under the Material Extrusion category, MEX, according to ISO/ASTM 52900:2021 [23]. Rather than developing new materials, this research aimed to assess how different materials impact the tribological characteristics of parts made using this technique. For this purpose, a commercial PLA filament was utilized. Specifically, a high-performance PLA (marketed as Figutech EVO) with a diameter of 1.75 mm was chosen, provided by Mas Toner D.I SLU (Madrid, Spain). The use of this high-performance PLA material promotes industrial processes that enhance the environmental benefits of additive manufacturing.



For the tribological tests, circular specimens with a diameter of 70 mm and a thickness of 2 mm were produced and evaluated using the pin-on-disc method (Figure 1). In this test, a disc made of one material is rotated against a pin made of another material under an applied load, allowing for the assessment of their tribological interaction.



For the fabrication of these specimens, commercial equipment with a 0.4 mm nozzle diameter was utilized. Several parameters were fixed as constants: an extrusion speed of 60 mm/s, an overlap of 55%, a build surface temperature of 60 °C, and a 100% infill using Archimedean chords. This specific pattern was chosen to ensure that the test marks align with the deposition paths and avoid seams. Additionally, a set of variable parameters were employed, which are detailed in Table 1. The fabricated specimens underwent a pin-on-disc tribological test using Microtest series MT equipment (Microtest, Madrid, Spain). A stainless steel pin, in the form of a 3 mm diameter sphere made of AISI 316L steel, served as the reference material. All tests were conducted with a load of 15 N, a linear speed of 105 mm/s, and a distance of 250 m. These parameters were selected based on previous studies [17,18]. Three tests were performed on each specimen, with a radius of 10, 20, and 30 mm, while maintaining the linear speed. The tests will adhere to the guidelines established by ASTM G99-17 [24]. The wear coefficient spectra were processed using a moving average of 50 data points. Subsequently, the average friction coefficient was calculated, with the first and last 50 m being considered as stabilization periods.



After testing, the surface of the specimens was analyzed using a Leica S9i stereoscopic optical microscope (Leica, Wetzlar, Germany). Additionally, to measure the groove thickness, a comprehensive characterization of the specimen was performed using a Variable Focus Microscope Bruker Alicona G5+ (Bruker, Chicago, IL, USA). An entire quadrant of the specimen was examined, with surface measurements taken before the test and the depth and width of the resulting groove analyzed. This analysis aimed to investigate the influence of the initial topographic roughness Sa, Sz, and Sdc on the depth and width of the groove. Three measurements of each parameter were conducted in accordance with ISO 25178-2:2012 [25].



Additionally, the microhardness of the material was analyzed, and it was compared with a PLA base. HMV 0.025 microhardness measurements were carried out for a time of 10 s with a Shimadzu HMV microhardness tester (Shimadzu, Kyoto, Japan).




3. Results


Analyzing the hardness of the material, it is observed that the high-performance PLA (13.70 ± 1.2 HMV) exhibits greater hardness than the base PLA (11.68 ± 0.3 HMV). This is due to the additives incorporated into the material, which enhance its mechanical properties. This is significant because the increase in hardness leads to improved wear resistance properties.



In general, it is observed that as the radius increases, greater instability appears (Figure 2). This behavior can be attributed mainly to the distribution of contact forces and wear conditions.



Even with a constant linear speed, the contact pressure is not uniformly distributed along different radii of the disc. At larger radii, the variability in contact pressure can increase due to the greater distance from the center of rotation, which can result in greater variation in the recorded friction coefficients. This phenomenon is consistent with studies showing that the distribution of friction and wear can be less stable at larger radii, regardless of linear speed [26].



Additionally, the cumulative wear of the disc surface also plays a crucial role. As the test progresses, the contact surface experiences continuous wear, which alters the surface topography and consequently the measured friction values. These variations in topography can contribute to the instability observed in friction values [26].



This cumulative wear behavior is related to the number of times the pin slides over a contact area. At a larger radius, there is less repetition of this sliding. This could be equated to a number of sliding cycles, so a smaller radius would have more sliding cycles.



This cumulative wear that generates alterations can also be related to the stick–slip phenomenon. The stick–slip phenomenon refers to an oscillating friction behavior where there is alternation between “stick” (adhesion) and “slip” (sliding) periods. This phenomenon is common in tribological systems and can be a significant cause of the variations in friction coefficients observed during the test. This stick–slip phenomenon has been observed and documented in various tribological studies and applications [27,28].



In the context of a pin-on-disc test using PLA, the stick–slip phenomenon can be exacerbated by the interaction between the pin and disc surfaces, especially as the test radius increases. During the “stick” phase, the contact surfaces momentarily adhere due to static friction forces. Once static friction is overcome, abrupt sliding occurs, until the surfaces adhere again, repeating the cycle. This cyclic behavior can generate peaks and valleys in the friction graph, reflecting system instability [29].



This can also be related to the surface properties of PLA, as variability in the PLA surface properties such as roughness can contribute to the stick–slip phenomenon, particularly in applications requiring constant movement and friction [30]. Thus, the stick–slip phenomenon in additive manufacturing applications with FDM using PLA can be significantly influenced by surface defects inherent to the printing process.



Although there are many defects related to the FDM process, the ones that can most affect the surface are those due to material deposition failures. Among these, the appearance of voids or gaps due to inconsistent filament feed or interruptions in material flow, which form porosities, is very common. These voids can weaken the structure and increase areas of localized wear, negatively affecting resistance. Porosity is particularly problematic in applications requiring a smooth and uniform surface [31]. The lack of continuity in material flow can also cause extrusion problems, generating variations in the diameter of the deposited filament. This can create irregular surfaces and affect part precision. Maintaining a constant filament diameter is crucial to achieving high print quality [32]. These defects end up generating a change in the surface quality of the fabricated parts. The layer-by-layer deposition nature of FDM creates a very characteristic and periodic stepped and textured surface, generating a specific surface quality. Roughness can vary depending on layer height, print head precision, and even on the thickness of the deposited filament. Rougher surfaces can affect both the aesthetics and functionality of the printed part. Thus, surfaces with large spatial periods and small textural elements are perceived as rougher [33].



In this case, as an advanced high-performance PLA was used, the manufacturing quality is much higher than that of other PLA materials. This is due to the additives incorporated into the material, which improve its manufacturability. Therefore, no large, generalized defects are observed, but certain irregularities consistent with the defects previously mentioned still appear. Figure 3 shows the largest defects found.



These defects are generally associated with the lack of continuity in the material flow already mentioned, which in this case causes porosities (Figure 2a) and changes in the width of the deposited filament (Figure 2b,c). Over-extrusions or material accumulations also appear in some cases (Figure 2d). It should be noted that increasing the temperature decreases the material’s viscosity, causing it to flow more easily, and therefore the temperature should be a controlling parameter, as well as layer thickness, since it causes more material to melt at each moment.



As demonstrated by Sun et al., precise adjustments in extruder’s temperature are crucial for obtaining high-quality surfaces and improving the structural integrity of PLA-printed parts. Something similar happens with layer height, as the balance between desired quality and printing efficiency is related to a correct choice of layer height, as demonstrated in other studies [33]. On the other hand, other factors affect this quality and are directly related to material shrinkage, making them difficult to control [34].



In this case, as it is an advanced material, defects do not seem directly affected by those characteristic parameters since, as can be seen in the figure, they appear across the entire parameter range studied. Therefore, they may be related to other, more challenging parameters to control. However, due to this independence from the parameters, it can be deduced that the material is quite stable within the studied range. However, it should not be forgotten that there is a clear relationship between surface roughness and tribological behavior due to the change in mechanical properties that appears.



Rougher surfaces tend to have larger areas of effective contact, which can increase friction and, therefore, wear. Tymms et al. 2018 [33] demonstrated that surface roughness is a determining factor in surface texture, directly affecting its tribological behavior. Rough surfaces have more peaks and valleys that can act as adhesion points, leading to the already mentioned stick–slip phenomenon. The variability in surface roughness can favor this behavior, causing friction fluctuations and increased localized wear [27].



Therefore, the presence of roughness on the surface can accelerate the wear process, especially in polymeric materials prone to abrasion. Roughness increases stress concentration in contact areas, which can cause microfractures and material degradation over time. This translates into shorter life and durability of PLA printed parts [34]. Thus, controlling surface roughness in FDM-fabricated parts is crucial to improving their tribological behavior. Otherwise, it will be necessary to incorporate post-processing techniques that are generally challenging to apply [35]. Among the parameters that most affect roughness are extrusion temperature and layer thickness [33]. However, in this case, both materials exhibit very diverse behaviors (Figure 4). Potential models have been selected because they traditionally explain the evolution of manufacturing processes, as observed in previous studies.



In this case, Sa is not conditioned by temperature but by layer thickness. As seen in Figure 3a, increasing the temperature increases data dispersion, indicating that in this case, increased viscosity stabilizes the extrusion process. However, analyzing the general temperature means, it is observed that it is quite stable, so temperature seems to have a secondary influence. The opposite occurs with layer thickness (Figure 4b), where a trend of increasing Sa with layer thickness is marked, which may make sense, as the gaps generated between filaments are larger at higher layer thicknesses, consistent with other studies. However, the worst individual results appear at intermediate layer thicknesses, increasing roughness with temperature. Analyzing the friction coefficient evolution curves at that point (Figure 5), it is observed that there is more instability, and amplitude increases with temperature, which could indicate a relationship between Sa and amplitude. However, observing the data as a whole (Figure 5), the friction coefficient trend seems similar regardless of layer thickness. This directly agrees with the observed surface quality.



Furthermore, the same trend with radius is observed in the general behavior (Figure 6). Increasing the radius increases instability because, in addition to the stick–slip phenomenon, this behavior could be influenced by roughness.



This agrees with what has been said, as surface roughness directly affects the perception of texture and friction behavior on FDM-fabricated surfaces, highlighting that rougher surfaces exhibit greater fluctuations in friction coefficients [36]. Additionally, surface roughness can influence material accumulation and therefore wear, generating variations in tribological behavior over time [37]. Thus, both the stick–slip phenomenon and surface roughness should be considered when analyzing instability in tribological systems with increasing radii.



However, in this case, the detached material (debris) is not influenced by any of the parameters, since similar morphologies are observed in all cases. Increasing the radius seems to cause the friction coefficient to experience more variations with temperature without affecting the morphology of the detached material (Figure 7) and appears to have an inverse trend with layer thickness compared to Figure 5. However, this trend also seems to reverse when increased (Figure 8). As can be seen, all these changes do not affect the detached material.



However, analyzing the evolution of the average friction coefficient (Figure 9), it is observed that regardless of the temperature, increasing layer thickness decreases the average friction coefficient (Figure 9a). Furthermore, the average of all tests performed at the same temperature shows that increasing the temperature decreases the average friction coefficient.



On the other hand, at a constant layer thickness, increasing the temperature (Figure 9b) shows a trend of decreasing the friction coefficient. However, this trend does not seem so marked and stable. The average friction coefficient when studying the influence of layer thickness also decreases with increasing the temperature. This trend is even more pronounced when observing the trend lines, suggesting that the temperature significantly influences the friction coefficient, even more so than the possible surface texture.



This agrees with what is observed due to the change in properties that occurs with increasing layer thickness and temperature, as the influence of manufacturing parameters on the mechanical properties of FDM-fabricated PLA is considerable.



Wong and Pfahnl [38] analyzed how increasing layer thickness improves layer cohesion due to longer cooling and material consolidation time, which can increase the overall mechanical strength of the part and the friction coefficient. Similarly, Hamilton et al. [39] demonstrated that extrusion temperature plays a similar role, as increasing temperature improves interlayer adhesion and reduces internal defects, which can translate into better mechanical performance of parts and improve tribological behavior.



However, this change in properties that causes a very marked friction coefficient behavior does not affect part wear as clearly. Regarding the wear groove width (Figure 10), the average behavior also indicates a decrease in width with increasing layer thickness and temperature, but the disaggregated data do not show such clear trends. The same occurs with the wear groove depth (Figure 11). This may mean that in this case, surface defects and the increase in contact area [33] have a greater influence.



The large dispersion shown in Figure 10 and Figure 11 suggests that the value is not very stable. This is because these data are aggregated across different test radii, and this parameter is extremely important for wear behavior. In all cases, as the radius increases, the width and depth of the groove decrease (Figure 12 and Figure 13). This is due to the fact that, as the radius of rotation decreases, the frequency of wear cycles increases since the pin slides over the same area a greater number of times. Hence, the observed behavior.



Performing a general statistical analysis of the data, certain significant correlations were observed (Figure 14). A positive correlation was observed between manufacturing temperature and the friction coefficient’s amplitude (0.39). This suggests that at higher temperatures, there is greater variability in friction. Hervan Altınkaynak and Parlar [40] found that temperature and layer orientation significantly affect friction and wear properties in FDM-printed PLA parts, which may explain the amplitude increase, in addition to the already mentioned stick–slip phenomenon. On the other hand, there was a strong negative correlation between test radius and wear groove width (−0.91) and wear groove depth (−0.90), indicating that larger radii result in less wear.



There was a positive correlation between the average friction coefficient and wear groove depth (0.57), suggesting that higher average friction is associated with deeper wear. This makes sense, as the relationship between groove width and depth (0.96) measures morphological aspects of wear and indicates that this wear is homogeneous.



Surface roughness, in turn, showed a negative correlation with the average friction coefficient (−0.53), suggesting that rougher surfaces have lower average friction.



All this makes sense considering that layer thickness significantly affects friction and wear in FDM-fabricated parts [20,41] and that part porosity and internal voids decrease the friction coefficient [42].



Analyzing the two most important relationships (Figure 15), it is observed that at a constant layer height, increasing temperature generally reduces the average friction coefficient. Thus, the layer height has a notable effect, where greater layer heights tend to increase the average friction at lower temperatures. This can be related to material flow, as at higher temperatures, the material can flow better during the manufacturing process, resulting in a smoother and less rough surface, reducing friction [40]. However, greater layer heights can increase surface roughness due to thicker layers, resulting in a higher friction coefficient [20].



On the other hand, at lower layer heights, the radius has less impact on the wear groove width. With larger layer heights, increasing the radius results in a significant reduction in wear groove width. This may be because larger layer heights tend to create rougher and less compact surfaces, increasing wear [41], as previously mentioned. Similarly, a larger radius distributes friction forces better, reducing stress concentration at specific points and thus decreasing wear [42].



Performing an analysis of variance (ANOVA), the results obtained are shown in Table 2. The purpose of this report is to evaluate the significance of three input variables—temperature, layer thickness, and radius—in various output parameters related to the obtained data from the analyses.



The results suggest that, in general, temperature is not a significant factor for most of the evaluated parameters, showing some significance only in the amplitude of the coefficient of friction. Regarding layer thickness, there is considerable significance in several parameters, being highly significant for the average coefficient of friction, the maximum coefficient of friction, the minimum coefficient of friction, and the depth of the wear groove. It is partially significant for the amplitude of the coefficient of friction and Sa. Thus, it can be concluded that layer thickness is a much more decisive parameter than temperature, consistent with previous observations.



For the radius, it is highly significant for the average coefficient of friction, the width of the wear groove, and the depth of the wear groove, indicating its notable influence on these parameters. This is due to the increase in cycles as the radius decreases, and this effect impacts wear. It is also partially significant for the amplitude of the coefficient of friction and Sa.



This analysis suggests that layer thickness and radius are critical factors that significantly affect various friction and wear parameters, while temperature has a limited impact on these parameters. Therefore, controlling layer thickness and the repetition cycles (related to the test radius) would be more critical for applications with potential wear, thus improving the friction and wear characteristics in practical applications.



A graphical analysis of the obtained data is shown in Figure 16. In this graph, the significance of each factor is classified into five categories: not significant, slightly significant, somewhat significant, significant, and very significant, according to the obtained p-values.




4. Conclusions


A study has been conducted on the tribological performance of a commercially available high-performance PLA used for FDM applications. The use of advanced PLA with additives improves manufacturing quality and reduces the occurrence of defects. Despite this, certain irregularities can still appear, affecting the tribological properties of the material.



Analyzing the data reveals that increasing the radius in tribological tests results in greater instability in the distribution of contact pressure and wear conditions. This variability in friction is consistent with previous studies and is attributed to the uneven distribution of contact pressure at different radii of the disc.



Additionally, the cumulative wear of the disc surface alters the topography, contributing to instability in friction values. The stick–slip phenomenon, characterized by alternations between adhesion and sliding periods, is exacerbated, with an increase in the test radius.



The surface roughness of PLA plays a crucial role in its tribological behavior. Rougher surfaces have larger effective contact areas, which increases friction and wear, and can induce the stick–slip phenomenon.



Surface defects such as gaps and voids, due to inconsistencies in filament feeding or interruptions in material flow, negatively affect the strength and quality of PLA parts. Optimizing parameters such as extrusion temperature and layer thickness is essential to improve surface quality and structural integrity.



Surface roughness directly influences tribological behavior, with rougher surfaces presenting higher friction and localized wear. Controlling roughness is crucial to enhance the durability and lifespan of PLA parts manufactured by FDM.



Therefore, optimizing manufacturing parameters and controlling surface roughness are fundamental to improving the tribological behavior of PLA, making this material promising for industrial applications due to its low environmental impact and potential for tribological optimization.
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Figure 1. Pin on Disc technique scheme. 






Figure 1. Pin on Disc technique scheme.
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Figure 2. Evolution of the friction coefficient at 210 °C and 0.15 mm layer thickness at different radius (10, 20 and 30 mm). 
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Figure 3. Surface defects of the pieces: (a) porosities at 210 °C and 0.15 mm layer thickness. (b) Flow defect at 220 °C and 0.25 mm layer thickness. (c) Flow defect at 220 °C and 0.35 mm layer thickness. (d) Material accumulation at 230 °C and 0.35 mm layer thickness. 
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Figure 4. (a) Evolution of Sa versus temperature. (b) Evolution of Sa versus layer thickness. 
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Figure 5. Evolution of the friction coefficient for each different layer thickness studied (20 mm of radius constant). 
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Figure 6. Evolution of the friction coefficient at constant 0.25 mm layer thickness with different temperatures and radii (10 mm and 30 mm). 
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Figure 7. Evolution of the friction coefficient at constant 0.15 mm layer thickness with different temperatures and radii (10 mm and 30 mm). 
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Figure 8. Evolution of the friction coefficient at a constant 0.35 mm layer thickness, with different temperatures and radii (10 mm and 30 mm). 
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Figure 9. Evolution of the average friction coefficient. (a) Versus temperature. (b) Versus layer thickness. 
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Figure 10. Evolution of wear groove width. (a) Versus temperature. (b) Versus layer thickness. 
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Figure 11. Evolution of maximum wear groove depth. (a) Versus temperature. (b) Versus layer thickness. 
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Figure 12. Evolution of wear groove width at different radius tests. 
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Figure 13. Evolution of maximum wear groove depth at different radius tests. 
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Figure 14. Correlation matrix between factors. 
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Figure 15. Interaction graphs of the most significant parameters. (a) Versus temperature. (b) Versus layer thickness. 
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Figure 16. Significance levels of factors on parameters. 
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Table 1. Materials and manufacturing parameters.
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Material

	
T (°C)

	
Layer Thickness (mm)

	
Extrusion Velocity (mm/s)

	
Overlap

	
Bed Temperature (°C)

	
Infill

	
Top






	
PLA

High

Performance

	
210

	
0.15

	
0.25

	
0.35

	
30

	
55%

	
60

	
100%

	
Archimedean chords

(100%)




	
220

	
0.15

	
0.25

	
0.35




	
230

	
0.15

	
0.25

	
0.35











 





Table 2. ANOVA analysis.
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Parameter

	
Temperature

	
Layer Height

	
Radius




	
F

	
p

	
F

	
p

	
F

	
p






	
Coeff. Friction Mean

	
1.6601

	
0.2153

	
4.8055

	
0.0197

	
7.6001

	
0.0035




	
Maximun Coeff. Friction

	
0.0012

	
0.9988

	
4.6666

	
0.0217

	
0.8033

	
0.4618




	
Mininium Coeff. Friction

	
1.2578

	
0.3058

	
3.9625

	
0.0355

	
0.6758

	
0.5200




	
Coeff. Friction Amplitude

	
2.6728

	
0.0936

	
1.3756

	
0.2756

	
3.0550

	
0.0695




	
Sa

	
0.1273

	
0.8816

	
3.6089

	
0.0593

	
4.2299

	
0.0621




	
Wear Groove Width

	
0.9994

	
0.3858

	
2.6658

	
0.0941

	
71.844

	
7.4153 × 10⁻10




	
Depth Groove Width

	
0.7091

	
0.5041

	
4.0422

	
0.0335

	
64.284

	
1.9546 × 10⁻09
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