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Abstract

:

In recent years, additive manufacturing methods such as Fused Layer Modeling have been continuously improved by industry and research institutions. In many cases, the influence of process control on the mechanical component properties is being investigated. Influencing parameters include the infill and its orientation as well as patterns. Extrusion parameters such as the volume flow, which can be influenced by the speed, the line width, and the layer thickness, and the temperatures, which determine the interlaminar bonding between the lines and layers, are relevant as well. In this contribution, the influence of process control on the tribological properties of cylindrical tribo-test specimens made of polybutylene terephthalate is investigated. Using a reciprocating pin-on-plate tribo-tester, the static and dynamic friction forces as well as the linear wear is determined. The results show a significant influence of the orientation and density of the infill on the tribological properties. Due to the process-specific large degrees of freedom, the advantage of a load-compatible individualisation and consequently the optimisation of tribologically exposed components is given compared to conventional manufacturing processes.
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1. Introduction


Fused Layer Modeling (FLM) is an additive manufacturing process that has been the subject of current research projects for several years. For this reason, it is being integrated more and more into the industrial value chain. In the FLM process, a plastic filament is plasticised in an extruder and sequentially deposited as a melt strand on a heated printing bed. In this way, a component is created layer by layer. The CAD file of the component is transferred by a CAM software (slicer) to the most widely used numerical control (NC) programming language G-code to realise the layered building process. Nowadays, a large range of plastics are available for the FLM process as commercially available filaments. Since the process is pressureless, mainly plastics with low shrinkage potential such as polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) are used already for example regarding the mechanical properties or the tolerances characterised [1,2,3,4]. Using tempered building chambers, plastics such as polyamides (PA), thermoplastic elastomers (TPE), short-fibre-reinforced plastics or even high-temperature plastics such as polyetherimides (PEI) or polyether ether ketone (PEEK) can be handled [5,6,7,8].



The aim of these developments is the extension of application fields to components with function integration, the increase of mechanical strength, or the production of components with tight tolerances. The use of additive manufactured components in tribological applications is currently not very widespread. In [9], complex, tribologically exposed components are described in the context of high material and maintenance costs, so that the flexibility of the FLM process could enable material use and cost optimisation in various specific cases. The tribological properties of FLM-manufactured test specimens are tested in various studies using the pin-on-disc method. In [10,11], cylindrical pins made of ABS and a composite of PA6 and aluminium oxide powder (Al2O3) are additively manufactured. At different normal forces and test speeds, the frictional force and wear are measured and lower values for the PA6 composite are determined. A PA6-Al2O3 composite is also examined in [12]. In this case, the additivation is particularly interesting, since the Al2O3 content is varied in order to influence the rheological properties. Based on this, test specimens manufactured in the FLM process are tested using the pin-on-disc method and exhibit improved tribological properties compared to pure PA6 under the criterion of optimised rheological properties. The FLM process parameters are not varied during the preparation of the test samples. Such investigations are described in [13,14,15]. Using tribo-pins made of ABS, the influence of different FLM process parameters is determined at varying normal forces and test speeds. The varied parameters include the infill pattern, the infill orientation relative to the test direction, the infill density as well as the line width and layer thickness. The air gap, the width of the infill lines, and the infill orientation are described as significantly affecting. However, it has been shown that ABS samples show much higher wear than, for example, PA6-AL2O3 composites. This is confirmed in [16] in the pin-on-disk test using injection moulded test specimens by comparing ABS with PA6 and is applicable to both dry and conditioned test specimens. A comparison between FLM and injection moulded test specimens is shown in [17] using PA6 with aramid fibres. An influence of the infill orientation and the nevertheless better tribological properties of the injection-moulded reference are observed. In [18], a filament-extruded composite of polyether ether ketone (PEEK) and 30 wt % carbon fibre (CF) is applied as a wear layer to a PEEK substrate. Based on the fibre orientation, which in the FLM process has a preferred direction along the extruded strand, it is determined in a plate-on-ring test that the fibre orientation and thus the direction as well as orientation of the strand deposition have a significant influence on the tribological characteristics.



Another established plastic for tribological applications is polybutylene terephthalate (PBT) [19]. PBT has a low wear and friction coefficient and, even unreinforced, it exhibits high stiffness and strength. For example, this is shown, in [20] in block-on-ring tests with injection-moulded specimens for pure PBT and in [21,22] for different PBT composites. In [23], the influences of the injection-moulding process on a fibre-reinforced PBT are evaluated in the ball-on-plane test. In this context, the process-related fibre orientation is of interest, which can have different directions within a component from the boundary layers to the core. The relative fibre orientation changes due to the tribological exposure and advancing wear. This results in tribological parameters that are dependent on the level of wear. In the field of additive manufacturing, no tribological investigations are known up to now for PBT. Furthermore, no tribological studies of PBT in the pin-on-plate test have been published to date.



In all these works the result is that no universal optimum exists in the case of FLM-manufactured specimens. Depending on the combination of FLM process parameters and considered test parameters, friction and wear coefficients can either increase or decrease. Therefore, the component design must be individually adapted to the load case in order to optimise the aimed target values. With regard to the reciprocating pin-on-plate test, there are currently no studies on FLM-manufactured test specimens and the process-specific influences on the friction and wear behaviour. Especially the influence of FLM-specific structures and surfaces on static friction as well as the combined case of static and sliding friction open up novel approaches to component design and extend the state of the art. These studies are presented below using PBT as an example material.




2. Materials and Methods


2.1. Additively Manufactured PBT Tribo-Test Specimens


The specimens of the following tests were prepared from PBT, which is commercially not available as filament at present. Therefore, the PBT material Pocan B1305 (Lanxess Deutschland GmbH, Cologne, Germany) has been extruded as filament with a diameter of 1.75 mm using the twin-screw extruder OS Rheomex PTW16 (Thermo Fisher Scientific Inc., Waltham, MA, USA). Using the FLM machine Pro2 (Raise3D Technologies Inc., Irvine, CA, USA) and a nozzle with a diameter of 0.4 mm, the material was processed into cylindrical test specimens with a diameter of 14 mm and a height of 15 mm (Figure 1). All specimens are manufactured with only one shell and bottom layers with a total height of 1 mm. The final top layer is not used due to the investigations. An orientation aid has been designed on the outer surface, which ensures a defined orientation of the specimens relative to the direction of movement by means of a stop in the specimen holder. In this work, 120 of these test specimens have been manufactured, resulting in 24 variants, with five specimens per variant.



The variants are used for three studies. These are based on the changes of common FLM parameters, which can be set in the slicing software IdeaMaker (Raise3D Technologies Inc., Irvine, CA, USA). The first two preliminary studies investigate basic influences on the tribological properties and serve as the definition of the tribo-system. As a result of the known influence of the infill orientation and the fact that grinded metal bodies are application-related, our investigation of the orientation of the grinding is varied. The angle between the infill and the grinding is at a constant 45°, whereas the grinding orientation is varied in two stages from the direction of movement (0°) to 45°. The infill orientation is varied vice versa, which is possible with an infill pattern called ‘Rectilinear’. The second preliminary study investigates the influence of infill density on the tribological parameters. For this purpose, test specimens with an infill density of 20% to 100% are produced in nine stages. The infill orientation remains constant in this case with the infill pattern ‘Rectilinear’ arranged in the direction of movement (0°). The specimens of both preliminary studies are built with a nozzle temperature of 250 °C and a layer height of 0.20 mm. Even though it is unusual in practice to produce an additively manufactured component without an outer surface layer, these experiments are intended to simulate the potential for the individual shaping of tribo-contact surfaces using additive manufacturing processes. In this context, it would also be conceivable to influence the surface topology of a tribologically exposed outer surface layer of the FLM component. This preliminary investigation is motivated by the dependence of the tribological properties on the surface pressure described in [19].



The variation of the infill density at constant normal force is equivalent to the variation of the surface pressure. The preliminary test is used to define a meaningful range of infill densities with regard to tribological properties for the subsequent definitive screening design (DSD) on the influence of FLM process control. By means of the screening test, it is examined which parameters influence the tribological parameters and which are negligible in this respect. The varied parameters are the infill density, taking into account the results of the second preliminary test (70–90%), the orientation of the infill relative to the direction of movement (0–90°), the nozzle temperature during test specimen production (250–290 °C), and the layer height of the extruded layers (0.15–0.25 mm). The temperature range results from the manufacturer’s specifications and preliminary tests on the FLM machine regarding the processability of the filament. These four parameters are varied in three steps. All parameters of the three tests are shown in Table 1.




2.2. Determination of the Tribo-Contact Area


The infill density describes the percentage of the filled area inside the sample. The contact area of the tribo-contact consists of the infill layer and a single outer shell. With the applied normal force and this infill-dependent area, a simplified surface pressure calculation can be obtained for the corresponding tribo-contact. The resulting surface pressure values based on the infill densities are shown in Table 2.



The determination of the real tribologically exposed contact areas for the determination of the surface pressure is carried out using an opto-digital microscope of the type DSX 500 (Olympus K.K., Tokyo, Japan). Due to shrinkage and the accuracy of the FLM machine, the real surface deviates from the ideal surface and is therefore more representative (Figure 2). The microscopic picture on the right shows several threads due to the wear that gathers in the gaps between the printed structures.



For a closer examination of the effects of the infill density on the coefficients of friction and the wear rate, a variation of infill in the range of 20% to 100% and nine equidistant steps is carried out in the first test series. The remaining process parameters are kept constant. During this variation, the infill orientation is set to 0°, so that the linear filling is oriented in the direction of movement. The layer thickness of the pins is set to 0.20 mm, and the nozzle temperature is set to 250 °C.




2.3. Quintuple Reciprocating Pin-On-Plate Tribo-Tester


The tribological characterisation is carried out using a specially developed quintuple reciprocating pin-on-plate tribo-tester (Figure 3). The five pin-on-plate measuring units consist of a reciprocally translatory movable slide, a module for positioning the specimen to be characterised, and a displacement measurement unit for determining the wear of the specimen. The slides, which are mounted on linear guides, are connected by rods to a hub, which is positioned eccentrically on a central drive axis. The kinematics of the illustrated actuator system is comparable to that of a radial engine. The rotational movement of the driving unit is transformed into five oscillating translatory movements with a phase shift of 72°. The deflection from bottom to top dead centre measures 100 mm. The body of the tribo-contact is integrated into the slide and can be exchanged for application-specific requirements and, if necessary, equipped with a contact temperature measurement.



As shown in Figure 4, the module for positioning the counter body (plastic test specimen) is connected to a frame structure through a load cell of the type S2M/100N (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany) with an accuracy class of 0.02. It is loaded with a weight in order to apply a normal force. Tribological tests can be carried out up to a normal force of 100 N. A miniature precision linear guide arranged between this module and the load cell enables a translational displacement of the pin and weight holder perpendicular to the slide movement. Such displacement occurs when the tested plastic wears and the height of the test specimen decreases. The displacement of the holder is measured by means of a displacement transducer of type 8738-DK25PR5 (Burster Präzisionsmesstechnik GmbH & Co. KG, Gernsbach, Germany) with a resolution of 0.5 µm and an accuracy of 2 µm. The wear in µm is continuously determined over the entire test duration by means of the height decrease of the test specimen. The latter allows not only the evaluation of an absolute total wear, but also the analysis of running-in processes. The frictional force occurring between the body and the counter body during the movement of the slide, which is dependent on the normal force, is directly transferred to the load cell via the pin holder and recorded by the measurement acquisition system consisting of a Q.gate, Q.bloxx A107 and Q.bloxx D101 module (Gantner Instruments Test & Measurement GmbH, Darmstadt, Germany) with a sampling rate of 1000 Hz. Before starting the measurement, the load cells are tared in a load-free state with a switched-off drive.



The sinusoidal motion profile of the reciprocally driven slides results in frictional force curves, as shown in Figure 5a. The measuring signal can be separated into a positive and a negative component, which can be assigned to the two directions of movement of the body. Within these signals, both the static friction at the dead centres as well as the sliding friction during the slide movement are represented. Figure 5a shows a motion cycle with a length of 1 s, which is obtained at a test frequency of 1 Hz.



The coefficient of static friction (static COF) is determined within each cycle by a maximum and minimum value query. The coefficient of sliding friction (sliding COF) is determined by averaging the measured values within a defined time frame of 0.2 s both within the positive and negative edge of the signal. In addition to the determination of the coefficients of friction, the tribological investigation includes an evaluation of wear by means of continuous measurement of the height decrease of the test specimen (Figure 5b). In relation to the test time respective to the sliding distance, a wear rate for the tribo-contact is calculated as the wear amount, referring to the sliding distance in µm/km [24]. In almost all cases, after a material-specific running-in phase, which additionally depends on the initial surface condition of the body and counter body, a wear process with constant wear rate occurs. This parameter can be used as a further characteristic value to describe the tribo-contact. Based on the above-mentioned structural boundary conditions of the tribo-tester, the test parameters summarised in Table 3 are obtained for the tribological characterisation described in the following sections.





3. Results and Discussion


3.1. Influence of Grinding Direction of the Metal Body and the Infill Orientation


Before the results of the preliminary test concerning the infill density as well as the definitive screening design are presented in the following paragraphs, a special aspect of the tribo-contact with an additive manufactured plastic component should be mentioned. In investigations, which are not further dealt with in this contribution, it has been shown that the orientation of the grinding direction of the metal body as well as that of the infill related to the direction of movement of the pin-on-plate experiment has a distinct influence on the resulting tribological properties. As shown in Figure 6, this situation is exemplified by a test with two 45° rotated orientation modes. The test specimens used for this investigation were prepared with an infill density of 60%, a nozzle temperature of 250 °C, and a layer height of 0.2 mm. The metal body shows a profile roughness Rz as the maximum profile height of 8 measured perpendicular to the grinding direction with an opto-digital microscope of the type DSX 500.



Although the relative orientation of the grinding direction of the metal body compared to the infill orientation of the counter body remains unchanged, a strong influence of the wear can be seen when taking into account the orientation of the test direction (Figure 7a).



After a test period of 24 h, the wear rate was found to be three times higher for the tribo-contact with a 0° orientation of the test specimen infill and a 45° orientation of the grinding direction of the metal body in relation to the direction of movement (tribo-contact shown in red). The friction coefficients of the two tribo-contacts also differ significantly, as shown in Figure 7b. However, there is a reduction in the coefficients of static friction for the tribo-contact with a 45° infill orientation and a 0° grinding orientation, while the coefficients of sliding friction seem not to be influenced by this variation.



This can be explained on the basis of the different running-in processes that can be seen in Figure 7a. In the case of the 0° grinding orientation, the plastic sample runs in along the grooves, whereby the process changes to a stationary process after the initially discontinuous course. In the case of the 45° grinding orientation, no running-in process can be measured. Instead, the sample wears out at a constant rate from the start of measurement. The plastic sample passes the extremes of the grooves and wears abrasively. This does not happen when the samples move along the direction of the grooves.



For the following investigations, this results in the requirement of a uniform arrangement of the grinding and infill orientation on all pin-on-plate measurement units. Otherwise, the above-mentioned significant differences will result in increased standard deviations, which are not caused by metrological scattering, but due to the fact that two different tribological systems are considered.




3.2. Influence of the Infill Density on Tribological Properties


The results from Section 3.1 show the sensitivity of tribological systems. In order to be able to make as consistent statements as possible about the tribological behaviour of the test specimens manufactured with FLM, the wear mechanisms, for example, must be identical. For this reason, all parameters besides the varied infill density have been kept constant and are performed at a grinding and infill orientation of 0°.



Figure 8 shows the results of the preliminary test for the variation of the infill density. Depending on the infill density (a) and the surface pressure (b), the friction coefficients of static and sliding friction are shown on the left ordinate and the wear rate on the right ordinate axis. A non-linear dependency of all three parameters regarding surface pressure respective to the infill density can be observed. In most tribological applications, the motivation is to minimise the tribological parameters of a tribo-system, although they sometimes change in the opposite way when an influencing variable is manipulated. In this context, it is often necessary to weigh up which of these parameters is more important for the given application. In the case of the preliminary investigation presented here, a minimum can be defined for all three parameters. The static friction assumes a minimum at a surface pressure of 0.359 MPa (90% infill density), where it amounts to about 0.65. The sliding friction becomes minimal at a surface pressure of 0.370 MPa (70% infill density) with an amount of 0.33. The wear rate shows a larger range of smallest values, but reaches, also considering the standard deviation, the minimum of 17.18 µm/km at a surface pressure of 0.362 MPa (80% infill density).



Such minima are known from the literature (see [19]), but they have been tested from pin-on-disk tests and polished metallic bodies with a profile roughness Rz of 0.3 and therefore do not show identical results. The minima of coefficients of sliding friction have often been measured at surface pressures of about 0.1 MPa. The minima themselves result from the fact that at low surface pressures, no polymer film is formed, resulting in high sliding friction coefficients. Increasing the surface pressure causes this film to form as a result of wear and reduces the sliding COF until the surface pressure becomes too high and increasing abrasion leads to higher characteristic values [19]. Due to the 26 times higher roughness of the grinded metal plates used here, it is expected that the higher surface pressures are necessary to enrich and build up the plastic layer in the rougher metallic surface. For the boundary conditions used here, a surface pressure of 0.36 to 0.37 MPa thus exhibits the lowest tribological parameters. Besides, higher surface pressures show the same behaviour as known from the literature. In Figure 8, a local maximum for the static COF can be observed as well in the range of 50% to 60% infill density or a surface pressure of 0.461 to 0.409 MPa. In this context, opposing trends in the coefficients of friction and wear rate can be seen with decreasing infill density and increasing surface pressure, respectively. It could be expected that the static COF would also increase with increasing surface pressure. This is not the case, as it can be assumed that for the tests described here, the stress on the material increases with an increasing reduction of the infill density and that the shear strength of the PBT is exceeded below 50% infill density. This correlates with the significant increase in the wear rate, which is also below 50% infill density.



It can also be expected that an increase in surface pressure due to a reduction in infill density will lead to higher contact temperatures, which in turn will have an influence on the mechanical properties of the plastic. This leads to the consequence that in tribological investigations of plastics, the resulting tribological properties (static and sliding COF, wear rate) cannot be considered, excluding the thermomechanical and viscoelastic properties of the material. For example, this fact is discussed in [25] with regard to the temperature influence and in [26] with regard to the long-term behaviour (creep, relaxation). With reference to the results of Figure 8 and the fact that in most engineering applications the aim is to minimise the tribological parameters, the variation of the infill density is limited to the range of 70% to 90% for the following test series based on a definitive screening design.




3.3. Results of the Definitive Screening Design


A definitive screening experimental design offers the possibility of investigating different process variables with regard to their influence on the target variables. The four process parameters of infill density, infill orientation, nozzle temperature, and layer thickness are varied in three steps. Since all parameters often influence each other, the significance of an influence is evaluated within the scope of a screening. Optimised production conditions are not the result of such a design of experiments and have to be determined afterwards based on the variations of the significant process parameters. The parameters and levels depicted in Table 1 are summarised in Table 4 for the definitive screening experimental design. In 13 test procedures, the measured variables’ wear rate and the coefficients for static and kinetic friction are evaluated. During the variation, the wear rate assumes values of 9.83 to 30.15 µm/km, the coefficient for static friction is 0.52 to 0.71, and the coefficient for kinetic friction is 0.31 to 0.38.



For an initial evaluation of statistical significance, a Pareto chart is drawn up. In this diagram, the absolute values of the standardised effects are shown and arranged according to the size of their effect. The reference line drawn in the diagram is used to assess whether an effect is statistically significant. If the absolute value of a standardised effect is larger than the reference value indicated by the reference line, the effect is considered statistically significant. The reference line for determining statistical significance depends on the significance level α, which can be determined by the confidence level. Using the Pareto chart, it is possible to provide a prediction of the magnitude of the effect. However, the diagram does not provide any information about which effect is responsible for increasing or decreasing a response variable. For such an assessment, it is necessary to use normal probability plots of the standardised effects, as shown below. These can be used to determine the size and direction of the individual effects. The standardised effect is shown in relation to a distribution fitting line. The distribution fitting line represents the case for which all effects are zero. A positive effect means that the response variable increases when switching from the low to the high effect level. The situation is different for negative effects. For negative effects, the response variable decreases when switching from the low to the high effect level. The further away an effect is from zero in the diagram, the higher the amount and the influence of the effect and the higher the statistical significance of the considered effect. To distinguish between significant and non-significant effects, the two effect types are differentiated by colour. Figure 9 shows three normal probability plots for standardised effects of the wear rate and friction coefficients as response variables to the significance level α = 0.05. This level results in a criterion that factors with a standardised effect greater than the absolute value of 2.3 are highlighted as significant effects.



In the normal probability plot of Figure 9a, the response variable wear rate is investigated. The nozzle temperature is shown to have a significant influence on this analysis. This is to the right of the reference line, which means that the wear rate increases when the nozzle temperature is increased. The other factors show a tendency towards a negative or positive influence on the wear rate, but they are not significant although they are close to the criterion of standardised effects of ±2.3 with B = 2.2 and D = 2.1. Considering the standard deviations of the tests, it is possible that the effects B and D could also be significant. Consequently, a reduced layer thickness or an increased infill orientation could result in a reduction of the wear rate. As already shown in Figure 5, the infill density has almost no influence on the wear rate in the considered range, which does not change significantly even if different effects are superimposed.



The results for the response variable static friction are shown in Figure 9b. The coefficient of static friction is determined at the point where the movement stops and the direction is reversed at dead centre. In order to put the test specimen back into motion, the static adhesive force must be exceeded. Regarding the influences on the coefficient of static friction, it can be seen that only the infill orientation causes an effect. The other parameters are relatively close to the distribution fitting line and thus not significant. If the angle is increased from 0 to 90°, the infill orientation has a reducing influence on the coefficient of static friction. This means that in case of an infill orientation of 90°, the static friction coefficient is the lowest. In this case, the printed lines of the infill lie perpendicular to the direction of movement and to the grinding direction.



Finally, the results of the design of experiments for the sliding friction coefficient are shown in Figure 9c. In this case, only the infill density factor is highlighted as statistically significant. With a decrease in infill density from 90% to 70%, the sliding friction coefficient thus decreases. In this context, the occurring standard deviation of this parameter must be taken into account, so that the significance of the nozzle temperature cannot be excluded for future investigations at this point. However, infill orientation and layer height do not significantly influence the coefficient of sliding friction.



Based on the results and in addition to the already known influence of the infill density, the infill orientation and nozzle temperature are shown as parameters for changing the tribological properties. The enormous influence of infill orientation on the coefficient of static friction can be attributed to a direction-dependent friction, which is also known as friction anisotropy [27]. The anisotropic surface of the sample due to the varied infill orientation results in anisotropic tribological parameters, which mainly affect the static friction. In [28], it is observed analogous to this screening that structures in the direction of movement lead to higher coefficients of static friction compared to those oriented perpendicular to them, although the contact areas are the same. The greater an uninterrupted static friction length L is, the closer the stick force reaches its maximum. Due to the increasing angular deviation of the infill orientation from the direction of movement, the static friction length becomes shorter, and the static friction is correspondingly lower (Figure 10). The characteristic of this relationship is described in [29], as the often negligible influence of the entire contact surface, which confirms the observations made in this DSD regarding the infill density (Figure 9b). Furthermore, this correlation is only observed in the area of the stick-slip effect at the transition from sticking to sliding and not during the sliding phase, which is consistent with the results of this work.



The dependence of additive manufactured components on the manufacturing temperature is sufficiently known with regard to the mechanical properties. Higher temperatures usually lead to a stronger adhesive bond between the lines and layers, but they can also lead to premature damage due to thermally induced aging. Whether these observations also apply to additive manufactured test specimens made of PBT cannot be concluded from the state of the art, which is why no final statement can be made regarding the effects on wear rate.





4. Conclusions


Within the scope of this contribution, it could be shown that the process parameters of the FLM process have a significant influence on the resulting tribological properties of an FLM component. The investigations carried out in this work are initially limited to a mostly macroscopic view of the tribo-contact and the potential for individualised design of tribo-contact surfaces. The design flexibility of the FLM process allows a purposeful conceptual design of tribological systems according to application-specific requirements. The potential of surface structuring of FLM components in tribological applications is demonstrated by means of special test specimens whose contact surface consists of FLM-manufactured infill structures. By influencing the effective contact area (infill density and therefore surface pressure) as well as the orientation of surface structures, the characteristic values of a tribo-system, such as friction coefficients or wear rate, can be selectively reduced or, in situations where this is required, increased to a maximum. These observations have not yet been written down for reciprocating tribological loads, thus extending the state of the art. However, the investigations of this contribution also show that the analysis of a tribo-system consisting of FLM components is highly complex and requires further detailed experimental investigations. For example, the thermomechanical and viscoelastic properties of the FLM material and their influence on the tribological properties must also be considered in future work. The transferability to other plastic materials must also be checked here. In this context, a modification of the metallic basic body is also to be considered, which is to be carried out both as a material change or as a different surface structuring and a different roughness. Other aspects of the FLM process should not be neglected as well. For example, the influence of the nozzle diameter and the resulting changed flow of the melt and strand geometry could be investigated. It is also frequently shown in the literature that the filament diameter and the melting behaviour dependent on it have an influence on the mechanical properties. Therefore, it is still unclear whether the filament diameter also influences the tribological properties. Finally, the transferability of the results to alternative additive manufacturing processes such as selective laser sintering and their individual process characteristics should not be forgotten.
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Figure 1. Specimen design (a); visualisation of the infill orientation and infill density (b). 
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Figure 2. Comparison of the ideal, sliced, and the real, manufactured specimen for the measurement of the contact area after the tribological tests. 






Figure 2. Comparison of the ideal, sliced, and the real, manufactured specimen for the measurement of the contact area after the tribological tests.



[image: Jmmp 04 00037 g002]







[image: Jmmp 04 00037 g003 550] 





Figure 3. Quintuple reciprocating pin-on-plate tribo-tester with eccentrically mounted driving unit. 
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Figure 4. Structure of a reciprocal pin-on-plate measuring unit with wear measuring system. 
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Figure 5. Exemplary illustration of the raw data of the tribo-tester measurement acquisition system: (a) Friction force during the foreward and backward movement of the slide within one test cycle; (b) Wear measurement based on the test specimen height for a test duration of 24 h. 
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Figure 6. Illustration of two tribo-contacts with different arrangements of the grinding and infill orientation in relation to the direction of movement of the pin-on-plate experiment. 
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Figure 7. Wear (a) as well as wear rate and friction coefficients (b) of two tribo-contacts with different grinding (metal body) and infill orientations (test specimen). 
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Figure 8. Coefficients of static and sliding friction and wear rate resulting from the variation of infill densities from 20% to 100% respectively for the surface pressures from 0.951 to 0.355 MPa. Scaled according to the equidistant steps of infill density (a) and the equivalent surface pressure (b). 
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Figure 9. Normal probability plots of the effects for interpreting the significance on a level of 0.05 of the four factors infill density, infill orientation, nozzle temperature, and layer height on the three responses wear rate (a) and the coefficients of static (b) and sliding (c) friction. 
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Figure 10. Change of the static friction length L depending on the orientation angle of the infill from 0 to 90° in relation to the direction of movement. 
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Table 1. Selected process parameters and respected levels for all experimental designs.
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Process Parameter

	
Value




	

	
Unit

	
Symbol

	
Level




	

	
Preliminary Tests

	
Screening DSD




	
1

	
2

	
Low

	
Centre

	
High






	
Infill Density

	
%

	
A

	
60

	
20–100

	
70

	
80

	
90




	
Infill Orientation

	
deg

	
B

	
45-0

	
0

	
0

	
45

	
90




	
Nozzle Temperature

	
°C

	
C

	
250

	
250

	
250

	
270

	
290




	
Layer Height

	
mm

	
D

	
0.20

	
0.20

	
0.15

	
0.20

	
0.25




	
Grinding Orientation

	
deg

	

	
0-45

	
0

	
0

	
0

	
0
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Table 2. Conversion of the infill density into the corresponding surface pressure.
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	Infill Density
	Contact Area
	Surface Pressure





	20%
	51.88 mm2
	0.951 MPa



	30%
	75.66 mm2
	0.646 MPa



	40%
	92.38 mm2
	0.526 MPa



	50%
	105.78 mm2
	0.461 MPa



	60%
	119.19 mm2
	0.409 MPa



	70%
	130.82 mm2
	0.370 MPa



	80%
	134.70 mm2
	0.362 MPa



	90%
	136.56 mm2
	0.359 MPa



	100%
	138.04 mm2
	0.355 MPa
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Table 3. Boundary conditions of the measurements.
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	Test Parameter
	Value





	Test Conditions
	23 °C and 50% humidity (climate-controlled lab)



	Test Frequency
	1 Hz



	Test Speed
	0.2 m/s



	Normal Force
	50 N
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Table 4. Overview of the experimental design and measured tribological parameters. Static COF: coefficient of static friction, Sliding COF: coefficient of sliding friction.
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	Run
	A %
	B deg
	C °C
	D mm
	Wear Rate µm/km
	Static COF
	Sliding COF





	1
	70
	90
	250
	0.20
	11.20 ± 1.38
	0.52 ± 0.02
	0.31 ± 0.04



	2
	70
	45
	250
	0.25
	11.87 ± 1.09
	0.62 ± 0.01
	0.32 ± 0.03



	3
	70
	90
	290
	0.15
	11.71 ± 0.33
	0.54 ± 0.05
	0.31 ± 0.03



	4
	80
	0
	250
	0.15
	14.43 ± 1.21
	0.68 ± 0.03
	0.33 ± 0.02



	5
	90
	90
	250
	0.15
	10.58 ± 0.95
	0.61 ± 0.02
	0.38 ± 0.03



	6
	90
	90
	270
	0.25
	9.83 ± 2.05
	0.58 ± 0.02
	0.34 ± 0.03



	7
	80
	45
	270
	0.20
	10.87 ± 1.21
	0.60 ± 0.02
	0.33 ± 0.03



	8
	70
	0
	290
	0.25
	30.15 ± 1.38
	0.68 ± 0.07
	0.31 ± 0.02



	9
	90
	0
	290
	0.20
	20.94 ± 1.94
	0.66 ± 0.03
	0.32 ± 0.01



	10
	70
	0
	270
	0.15
	15.52 ± 1.93
	0.71 ± 0.04
	0.33 ± 0.02



	11
	90
	45
	290
	0.15
	13.22 ± 1.87
	0.59 ± 0.02
	0.33 ± 0.04



	12
	90
	0
	250
	0.25
	17.76 ± 1.49
	0.65 ± 0.01
	0.34 ± 0.01



	13
	80
	90
	290
	0.25
	24.86 ± 4.25
	0.60 ± 0.04
	0.32 ± 0.02
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