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Abstract

:

In recent years, metal-filled plastic filaments have begun to be used in fused filament fabrication (FFF) technology. However, the characterization of the parts obtained is still under development. In this work, the results on dimensional accuracy and porosity of copper-filled 3D-printed parts are presented. Cuboid parts were 3D-printed in the vertical position. The three dimensions of each part were measured, and the relative error was calculated for each one of them. Dimensional accuracy in terms of width and depth depends mainly on the layer height and printing temperature, while accuracy in height is mainly influenced by print speed and the interaction of layer height with print speed. Porosity is related to layer height, printing temperature and print speed. According to multiobjective optimization, to minimize dimensional error and obtain a porosity target value of 20%, it is recommended to select a low layer height of 0.1 mm, a high print speed of 40 mm/s, a low extrusion multiplier of 0.94 and a low temperature of 200 °C. The results of the present work will help to select appropriate 3D printing parameters when using metal-filled filaments in FFF processes.
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1. Introduction


In recent years, metal-filled polymeric filaments have bloomed in the market of fused deposition modeling (FDM) or fused filament fabrication (FFF) supplies. Different metals are commonly used for this purpose, such as stainless steel [1], titanium, bronze and copper, in a process that is known as metal FDM [2].



Copper (Cu) has been used to manufacture parts at least from 5000 BC [3]. Due to its high electrical and thermal conductivity, its good workability, and its high corrosion resistance, it is widely employed in industrial applications like the manufacture of electric and electronic devices, since it improves the electrical and thermal conductivity of the components [3,4,5]. It is used in steel alloys to improve the corrosion resistance and mechanical properties of the alloy [6]. Copper is employed in the pharmaceutical industry, for example with the addition of copper traces to creams [3]. It is also known to have antibacterial properties and, for this reason, it is employed in hospital equipment and utensils [7]. In addition to metallic copper, some copper–polymer composites have antibacterial properties, specifically polyamide 12 with cuprous oxide (Cu2O) [8]. Regarding other metals, steel-filled PLA favor cell growth, while bronze and silver have the opposite behavior and can be used as scaffolds in tissue engineering [9,10]. Another application of metal-filled polymers is their use in heat sinks [11]. They allow for the dissipation of heat when either biocompatibility (in implants, for example) or electrical insulation (in electronic devices, for instance) is required. Another advantage of metal-filled polymers is that the heat expansion coefficient can be reduced, thus reducing distortion during the 3D-printing process, as in ABS matrices filled with iron and copper particles [12,13].



As for the additive manufacturing of metal-filled plastic materials, for example, resins with copper nano-inclusions were used with the VAT-polymerization (VPP) technique in a work by Vidakis et al. [14]. They found that adding 0.5 wt. % of Cu improved the mechanical properties of the material, by 11% in tensile strength and 10% in flexural strength. Regarding the FFF technology, the use of metal-filled plastic filaments is still under development [15]. One of the first examples on 3D printing of stainless-steel parts with polymeric matrix corresponds to Wu et al. in 2002 [16]. As for Cu, Singh et al. [17] used both Nylon and acrylonitrile-butadiene-styrene (ABS)-copper-filled filaments. They found that the addition of small copper particles (200 and 400 mesh) increased the flow of the material, as well as its tensile strength, making it possible to obtain copper-filled plastic filaments. Nevertheless, other authors found a decrease in the mechanical properties of the composite material if larger quantities of metal were added [18]. For example, in PLA matrices, Fafenrot et al. reported lower tensile strength values when bronze was used [19]. Kotassamy et al. found that when increasing the Cu content in PLA matrix filaments from 25 wt. % to 80 wt. %, ultimate tensile strength was reduced from 13.55 MPa to 4.16 MPa for the rectilinear infill pattern [20]. However, the filament containing 80 wt. % Cu showed higher stiffness than the filament containing 25 wt. %. Balamurugan et al. [21] used Cu-filled PLA filament with Cu content up to 20 wt. %. They observed that high printing temperature of 230 °C, high bed temperature of 70 °C, and medium layer thickness of 0.14 mm provided the highest compressive strength of 32.85 MPa. However, in the work by Prajapati et al., higher compressive strength values of up to 67 MPa were reported [22]. In ABS material, Sa’ude et al. [23] added different quantities of Cu, of up to 26% in volume. They observed that the dynamic mechanical properties of the filament were affected by the quantity of copper. The same authors found that higher temperature and higher feed rate were required to print ABS when it was filled with copper [24]. In addition, Cu-filled ABS filaments with Cu content up to 40 vol. % showed higher stiffness than ABS filaments [13]. Hwang et al. [12] reported a decrease in the tensile strength of Cu-filled ABS parts when copper content was increased from 10% (42 MPa) to 30% (26.5 MPa). These results suggest that, as a general trend, the presence of metallic Cu within the filament reduces the mechanical strength of the FFF 3D-printed parts when compared to 100% plastic filaments, provided that similar printing conditions are employed. However, the use of Cu as an oxide could enhance the mechanical properties of the 3D-printed materials. For example, when adding Cu as cuprous oxide and as well as cellulose nanofibers to PLA, Petousis et al. reported an increase in the mechanical properties of the 3D-printed samples compared to those containing only PLA [25]. Specifically, when 0.5 wt. % Cu2O and 1.0 wt. % cellulose nanofibers were used, tensile strength increased by 51.1% and flexural strength increased by 23.2%.



Dimensional accuracy is usually addressed in manufacturing processes to test if the parts will comply with dimensional requirements [26]. For additively manufactured parts, for example, in selective laser sintering (SLS), Islam et al. [27] found that the dimensions in the xy plane were undersized, while the dimensions in the z direction were oversized. In FFF processes with polylactic acid (PLA), Vidakis et al. [28] reported that bed temperature and nozzle temperature had the greatest effect on dimensional accuracy of the parts, while layer thickness and infill density were the most influential parameters on porosity. In a similar work with ABS, the same authors observed that dimensional accuracy mainly depended on bed temperature and print speed, and porosity was influenced by infill density and raster angle [29]. When 3D-printing hemispherical cups in PLA, Luis-Pérez et al. [30] found dimensional error values of up to 0.361 mm in a diameter of 50 mm (0.7% relative error). As for ABS parts, Rahman et al. [31] recommended low bed temperature, low printing temperature, high print speed, medium infill rate, low layer thickness, and low shell thickness to obtain low dimensional error. In polycaprolactone (PCL) parts, Ceretti et al. [32] found that the nominal size of pores was directly related to the filament diameter once extruded. On the other hand, Nancharaiah et al. [33] reported that low layer thickness and bead width favored the dimensional accuracy of the parts. Pennington et al. [34] observed that part size, location of the part on the printing bed and the envelope temperature had a great influence on dimensional accuracy. Caminero et al. [35] reported high dimensional accuracy in PLA and PLA–graphene 3D-printed parts in the z direction, when both the flat and on-edge orientations were selected.



Porosity and pore size are important properties in tissue engineering [36,37]. In FFF 3D-printed parts, for instance, Too et al. [38] obtained porous structures with controlled porosity using the cross-hatch pattern in ABS material, with porosity values ranging from 20% to 70% and average pore diameter between 0.05 and 0.35. Buj-Corral et al. [39] modeled porosity and pore size in 3D printed PLA parts with the grid structure, with porosity values of 20%, 40%, 60%, and 80%, and pore size between 0 and 2 mm. Ali et al. [40] 3D-printed spherical cell porous structures, with porosity values between 83% and 89%. They found that using hexagonal packing, open porosity and a loading direction parallel to the manufacturing direction provided the best mechanical properties among the different structures that were tested. Porosity can be measured by different methods; for example, the Archimedes method [41], computerized tomography (CT) [28], or the measurement and weight of the samples [42].



However, dimensional accuracy and porosity of metal-filled plastic 3D-printed parts have been scarcely studied in the literature. In the present work, copper-filled FFF 3D-printed parts are studied and analyzed. For this purpose, 3D-printing experimental tests were performed, in which four different parameters were varied: layer height, print speed, extrusion multiplier, and printing temperature. Cuboid samples were obtained, and their three dimensions were measured with a micrometer. The samples were also weighed with a precision scale. Three relative error values were calculated, corresponding to X, Y, and Z dimensions, respectively. In addition, the total relative error value was determined. Porosity was calculated from the weight and dimensions of the specimens. Multi-objective optimization was carried out to simultaneously minimize dimensional error and obtain a target porosity value of 20%.




2. Materials and Methods


2.1. 3D Printing of the Specimens


A Sigma R19 3D-printer from BCN3D Technologies (Gavà, Spain) was employed. A 2.85 mm diameter copper-filled filament was used from Colorfabb (Belfeld, The Netherlands), with polylactic acid (PLA) as the matrix material. The density of the filament is 4.0 g/cm3, corresponding to approximately 35 wt. % Cu in weight. Other specifications of the filament are: humidity absorption 0.3%, tensile strength 25 MPa and flexural strength 40 MPa [43].



Cuboid specimens of theoretical dimensions 10 × 10 × 20 mm were printed with no shell (Figure 1). The infill pattern was rectilinear at −45° and 45°, respectively. This corresponds to alternated layers: one layer with parallel filaments with raster angle 45° and the following one with parallel filaments with raster angle −45° (resulting in 90° between them). Infill ratio value was 80%, corresponding to a porosity value of 20%. Nozzle diameter was 0.4 mm. The specimens were printed one by one, all of them in the middle of the building platform.



A factorial design allows for a set of experiments to be defined with different factors and different levels. This type of design helps to study the influence of the factors, as well as their interactions, on the responses. A full factorial 24 design was used in this work, with 4 variables and 2 levels. According to the previous experience with PLA filament, the selected variables were layer height, print speed, extrusion multiplier and printing temperature. The upper and lower limits for the variables are presented in Table 1. A central point was added to the design (experiment 17 in Table 2, with 3 replicates), in order to assess if the models show curvature.



The slicing program was Cura BCN3D. The samples were printed in the vertical position, in which the height of the cuboid corresponds to the Z direction of the machine. The three dimensions X, Y and Z of the specimens (Figure 1) were measured using a Mitutoyo micrometer. Each dimension was measured in the central part of the specimens. For example, dimension Z (total theoretical height of 20 mm) was measured 10 mm apart. Three measurements were taken for each specimen and direction, and the average value was calculated.



Five responses were considered. The calculation method for each response is presented in Section 2.2:




	-

	
Dimensional relative error along x axis: Edx, according to Equation (1).




	-

	
Dimensional relative error along y axis: Edy.




	-

	
Dimensional relative error along z axis: Edz.




	-

	
Average dimensional error Edt, according to Equation (2).




	-

	
Porosity P, according to Equation (3).










2.2. Measurement of the Samples


The dimensions of the samples were measured with a Mitutoyo micrometer with precision of 0.01 mm. Dimensional relative error along axis X was calculated according to Equation (1) (dimensional errors along axes Y and Z were calculated analogously).


  E d x   ( % ) =     M e a s u r e d   v a l u e   d i m e n s i o n   X − T h e o r e t i c a l   V a l u e   d i m e n s i o n   X   T h e o r e t i c a l   v a l u e   d i m e n s i o n   X     · 100  



(1)




where:



Measured value dimension x is the measured value of dimension X with the micrometer, in mm.



Theoretical value is the nominal value of dimension X; in this case, 10 mm.



Total dimensional error was defined as the average value of the error along the x, y and Z directions, as per Equation (2).


  E d t   ( % ) =   E d x + E d y + E d z   3    



(2)







The mass of the samples was determined with a Kern scale with precision 0.01 g.



Porosity P (%) was calculated according to Equation (3).


  P   ( % ) =     ρ   M   −   ρ   P       ρ   M     × 100  



(3)




where:



    ρ   M     = Density of the copper-filled material; in this case, 4 g/cm3.



    ρ   P    = Density of the specimen in g/cm3.



The density of each specimen was determined from their dimensions and their mass.




2.3. Mathematical Models and Multiobjective Optimization


Linear regression models were obtained for each of the selected responses. The Derringer—Suich desirability function [44] was used for the multiobjective optimization, with weight 1 (linear function), using the Minitab 20 software (Minitab LCC, State College, PA, USA).



Two different types of optimization were carried out:




	-

	
First, total dimensional error Edt was to be minimized, and a target value of 20% was defined for porosity P.




	-

	
Second, dimensional error along z axis Edz was to be minimized, and a target value of 20% was considered for porosity P.









In both studies, a first optimization run was performed, in which the same importance was given to both responses, and then a second optimization run was carried out, in which an importance value of 10 was given to one of the responses, while the importance of the other was kept at 1.





3. Results and Discussion


3.1. Dimensional Error and Porosity


The average values of the measured dimensions of the samples are presented in Figure 2 for X (Figure 2a), Y (Figure 2b) and Z (Figure 2c), respectively. The error bars show ± standard deviation of the measurements. The printing conditions of each experiment can be found in Table 2.



All the measured dimensions (X, Y and Z) are larger than the theoretical dimensions of 10 mm, 10 mm and 20 mm, respectively. As a general trend, experiments with high layer height provide larger dimensions than experiments with low layer height. This could be attributed to the calculations made by the slicing program or to the fact that the number of e-steps of the motors of the printing machine could not be adjusted to the single stepper motor that was used. This will be addressed in further research.



The results of the 17 experiments regarding dimensional error and porosity are shown in Table 2.



Dimensional error, mass and porosity depend on the printing conditions that were employed. For example, as a general trend, high layer height leads to high dimensional error and low porosity, below the target value of 20%. On the contrary, higher dimensional error and porosity above the target value are observed when high layer height is selected.



Although in principle the part should be isotropic on the XY plane, in this work different error values were observed in the X, Y and Z directions, respectively. For instance, Edy > Edx in all cases. This suggests a different behavior of the machine in the two different directions. In fact, axis X corresponds to the transversal direction, in which the displacement of each printing head is carried out along a transversal guide. On the contrary, axis Y corresponds to the longitudinal direction, in which the displacement of the whole transversal guide with the two printing heads is carried out with two lateral guides, which are placed one at each end of the transversal bar (Figure 3).



Lowest Edx and Edy values correspond to experiments 1, 3 and 5, obtained with a low layer height of 0.1 mm and a low temperature of 200 °C. Highest Edx and Edy values were achieved in experiments 12, 14 and 16, which were printed with a high layer height of 0.3 and a high temperature of 220 °C. Thus, layer height and printing temperature have the greatest effect on Edx and Edy errors. The adhesion between layers worsens as layer height increases [45]. On the other hand, higher temperature will increase the fluidity of the material and dripping will be favoured [46,47].



As for Edz, as a general trend error values remain between 1.0 and 2.2%, except for experiment 2, with 3.25%. Highest Edz values correspond to experiments 2, 6, 10 and 14, obtained with a high layer height of 0.3 mm and a low print speed of 20 mm/s. This suggests that, in this case, higher speed should be used to avoid an excess of material on each layer, which would cause a too high part due to the stacking of thicker layers. On the contrary, lowest Edz values of around 1% were obtained in experiments 4, 8, 12 and 16, all of them with a high layer height of 0.3 mm and a high print speed of 40 mm/s. Thus, print speed is critical when addressing dimensional error in the Z direction. This difference with Edx/Edy can be attributed to the anisotropy of the part, which is obtained layer-by-layer, but also to the way the displacement in the z direction is produced, in which the building platform goes down as the part is printed.



Lowest total dimensional error Edt corresponds to experiment 1, obtained with a low layer height of 0.1 mm, a low speed of 20 mm/s, a low extrusion multiplier of 0.94 and a low temperature of 200 °C. Highest total dimensional error Edt was observed in experiment 16, with a high layer height of 0.3 mm, a high speed of 40 mm/s, a high extrusion multiplier of 1 and a high temperature of 220 °C. In general, the combination of high layer height and high temperature provides high total error values (experiments 16, 14, 12 and 10). On the other hand, the two different types of dimensional error (Edx/Edy and Edz) show the opposite behavior in some cases. For example, in experiments 1, 5, 9 and 13, low Edx/Edy but quite high Edz values are obtained. For these reasons, the multiobjective optimization is addressed in this work and presented in Section 3.3.



Lowest mass value of 5.20 g corresponds to experiment 4, with a high layer height, a high speed, a low extrusion multiplier and a low temperature. Highest mass value of 6.99 g was found in experiment 13, with a low layer height, a low speed, a high extrusion multiplier and a high temperature. As a general trend, lower mass values were obtained at low temperature than at high temperature. Temperature has been proven to affect melt flow rate in fused layer modelling (FLM) processes, for example [48]. When high printing temperature is considered (experiments 9–16), higher mass is observed for an extrusion multiplier value of 1 than for 0.94. This is due to the fact that higher extrusion multiplier value means wider beads and a higher flow of material [49,50]. However, when a low printing temperature is considered (experiments 1–8), both the extrusion multiplier and layer height have an important effect on mass. This could be attributed to a too low temperature, so that the material does not flow properly, and thus the amount of deposited material is lower than expected. This becomes more evident the higher the layer height. This effect was observed by Butt et al. for different materials, including PLA [47].



Lowest porosity values, below 8.5%, correspond to experiments 13 and 15, printed with a low layer height of 0.1 mm, a high extrusion multiplier of 1 and a high temperature of 220 °C. Highest porosity values, above 35%, correspond to experiments 4 and 8, with a high layer height of 0.3 mm, a high speed of 40 mm/s and a low temperature of 200 °C. Thus, layer height and temperature seem to have a great influence on porosity, as is true for Edx/Edy dimensional errors. This could be due to the fact that high layer height and low temperature (lower thermal expansion of the material) lead to bigger spaces between filaments.




3.2. Regression Models


From the results in Table 2, linear regression models were searched for Edx, Edy, Edz and P. Figure 4 shows the Pareto charts for Edx, Edy, Edz and Porosity, respectively.



The main terms influencing Edx and Edy are layer height and printing temperature. Other authors have reported the great effect of layer height on dimensional accuracy in PLA 3D-printed parts [45,51]. Temperature worsens the dimensional accuracy for different materials, including PLA [46]. Edz is mainly influenced by print speed and the interaction of print speed with layer height.



As for porosity, the main terms of the model are layer height, printing temperature and print speed. Layer height is known to influence porosity in PLA 3D-printed parts [52,53,54], as well as porosity [55].



Figure 5 shows the main effects plot and the interaction plot for Edx.



The most influential factor on Edx is layer height, followed by printing temperature (Figure 5a). Reducing layer height, printing temperature, print speed and extrusion multiplier leads to lower dimensional error along the X direction, Edx (%). The most influential interaction is layer height·printing temperature (Figure 5b). If a low layer height is used, low Edx is achieved regardless of printing temperature. On the contrary, if a high layer height is selected, Edx depends on temperature. Using low layer height helps to deposit the material in a more uniform way, thus reducing the lateral displacement of the layers and leading to low dimensional error. When printing iron-filled PLA composites with 45 wt. % iron content, Darsin et al. [56] found that raster angle (which is not varied in the present work), layer height and printing temperature were most influential factors on dimensional accuracy.



Figure 6 corresponds to the main effects plot and the interaction plot for Edy.



The results for Edy are similar to those for Edx, i.e., a low error is achieved if a low layer height of 0.1 mm, a low printing temperature of 200 °C, a low print speed of 30 mm/s and a low extrusion multiplier of 0.94 are selected. In this case, however, only the interaction between layer height and printing temperature is significant. A low dimensional error will be obtained if a low layer height is selected, regardless of the printing temperature used.



Figure 7 depicts the main effects plot and the interaction plot for Edz.



Dimensional error in the Z direction, Edz, depends on printing speed and layer height: a high print speed of 40 mm/s and a low layer height of 0.1 mm will provide lower Edz values. Although a low layer height leads to quite low Edz values, unlike what happened for Edx and Edy, in this case, the combination of a high layer height of 0.3 mm and a high print speed of 40 mm/s leads to the lowest Edz values. If a low print speed is used, there might be an excess of material, with higher dimensional error in the Z axis, along which the consecutive layers are stacked (Figure 7a). This effect is clearer when a low speed is combined with a high layer height (experiments 2, 6, 10 and 14 in Table 2 and Figure 7b).



Figure 8 shows the main effects plot and the interaction plot for P.



The most influential term on porosity is layer height, followed by printing temperature (Figure 8a). A low layer height of 0.1 mm, a low print speed of 30 mm/s, a high printing temperature of 220 °C and a high extrusion multiplier of 1 will lead to low porosity. The use of a low layer height is known to reduce porosity, for example in ABS material [52]. For a certain extrusion multiplier value, which is related to a defined cross-sectional area of the filament, if layer height decreases the bead is flattened, its theoretical width increases and, thus, the volume of voids is likely to decrease, leading to higher density values, as reported by Lambiase et al. [57]. A reduction in void density has also been reported when temperature increases [55]. Although many interactions are significant, the most important one corresponds to extrusion multiplier·printing temperature (Figure 8b). If a low temperature of 200 °C is selected, high porosity will be obtained regardless of the extrusion multiplier value. On the contrary, if a high temperature of 220 °C is chosen, lower porosity will be achieved with a high extrusion multiplier value of 1. This suggests that, at low temperatures, material flow could slow down due to insufficient melting of the material [48], regardless of the extrusion multiplier that is used. On the contrary, at high temperatures, and for a fixed layer height value, the higher the extrusion multiplier, the wider the bead width, because its cross-sectional area increases, and a lower porosity will be achieved as expected [46,47]. It should also be considered that, since the printing direction alternates in consecutive layers, the distance between the material and the nozzle outlet will change frequently. This could also affect porosity when comparing the rectilinear pattern with other patterns in which distance is almost constant during the printing operation, for example, the grid pattern.



Table 3 contains the main characteristics of the linear regression models.



The terms that most influence dimensional error in the X and Y directions are layer height (with an important effect) and temperature, while, in the Z direction, the most influential terms are print speed and the interaction between layer height and print speed (with similar effects). Porosity depends mainly on layer height and print speed. A high fit of above 90% was obtained in all cases, except for Edz, with a fit around 69%.




3.3. Multi-Objective Optimization


Dimensional error along the X and Y directions and porosity depend mainly on layer height and temperature, but dimensional error along the Z direction is related to print speed. This corresponds to opposite objectives. For this reason, multi-objective optimization was carried out using the Derringer—Suich desirability function, in order to determine the printing conditions that simultaneously minimize dimensional error and provide a target porosity value.



The results of the first optimization study (minimization of Edt and target value of 20% for porosity) are presented in Table 4.



In all cases, i.e., when both responses are given the same importance or when each of the responses has greater importance, a low layer height of 0.1 mm, a high print speed of 40 mm/s, a low extrusion multiplier of 0.94 and a low temperature are recommended. In all cases, composite desirability values are higher than 0.94.



The results of the second optimization study (minimization of Edz and target value of 20% for porosity) are presented in Table 5.



The same results were obtained when both responses are given the same importance value or when one of the responses has higher importance. In all cases, a high layer height of 0.3 mm, a high print speed of 40 mm/s, a high extrusion multiplier of 1 and a high temperature of 220 °C are recommended. This reveals the great influence of Edz in the optimization process: if Edz is to be minimized instead of Edt, the values of all the parameters except that of print speed should be changed. An especially high desirability value of above 0.97 was obtained when more importance is given to porosity.



As for the use of other commercially available PLA-containing filaments, either with bronze [58] (with a filament density of 3.9 g/cm3) or with stainless-steel particles (with a filament density of 3.13 g/cm3) [59], they would behave similarly to the copper-filled material in terms of dimensional accuracy and roughness according to our preliminary tests. When comparing composites with different metallic fillers, it has been shown that the addition of both copper and iron increases the flow behavior of the composites compared to their respective original matrices [60,61]. On the other hand, Nikzad et al. [13] compared the storage modulus of two composites containing either Cu or Fe with the same particle size of 45 µm. In both cases, the storage modulus increased up to a certain percentage of filler, and then decreased at higher loadings.





4. Conclusions


In the present work, results on dimensional accuracy and porosity of FFF 3D-printed copper-filled PLA parts are presented. The main conclusions of the research are as follows:




	-

	
Relative dimensional errors of up to 5.8% in the X and Y directions were found. They depend mainly on the layer height and the printing temperature.




	-

	
Lower relative dimensional errors of up to 3.5% were determined in the Z direction. They are mainly influenced by the print speed and the interaction between print speed and layer height.




	-

	
Porosity values ranged from 7.46% to 35.60%, depending on the 3D printing conditions selected, while the target value was 20%. This is mainly related to the layer height and temperature.




	-

	
When the total relative error is minimized and a target porosity value of 20% is defined, the best solution corresponds to a low layer height of 0.1 mm, a high print speed of 40 mm/s, a low extrusion multiplier of 0.94 and a low temperature of 200 °C. On the other hand, if only the relative error along the Z axis, and porosity, are considered, a high layer height of 0.3 mm, a high extrusion multiplier of 1 and a high temperature of 220 °C are recommended.









The study will help to define suitable 3D-printing conditions, i.e., -layer height, print speed, and printing temperature-, when metal-filled filaments are used in FFF processes.
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Figure 1. Prismatic sample obtained in copper-filled material. 
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Figure 2. Dimensional measurements for the 19 experiments: (a) X (mm), (b) Y (mm), (c) Z (mm). 
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Figure 3. SigmaR19 3D printer from BCN3D Technologies. 
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Figure 4. Pareto charts for: (a) Edx (%), (b) Edy (%), (c) Edz (%) and (d) porosity (%). 






Figure 4. Pareto charts for: (a) Edx (%), (b) Edy (%), (c) Edz (%) and (d) porosity (%).



[image: Metals 13 01608 g004a][image: Metals 13 01608 g004b]







[image: Metals 13 01608 g005] 





Figure 5. Plots for Edx: (a) main effects plot, (b) interaction plot. * stands for the multiplication symbol. 
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Figure 6. Plots for Edy: (a) main effects plot, (b) interaction plot. * stands for the multiplication symbol. 






Figure 6. Plots for Edy: (a) main effects plot, (b) interaction plot. * stands for the multiplication symbol.



[image: Metals 13 01608 g006]







[image: Metals 13 01608 g007] 





Figure 7. Plots for Edz: (a) main effects plot, (b) interaction plot. * stands for the multiplication symbol. 
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Figure 8. Plots for P: (a) main effects plot, (b) interaction plot. 






Figure 8. Plots for P: (a) main effects plot, (b) interaction plot.



[image: Metals 13 01608 g008]







 





Table 1. Variables, lower and upper limits.
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	Variable
	Acronym
	Lower Limit
	Upper Limit





	Layer height (mm)
	LH
	0.1
	0.3



	Print speed (mm/s)
	PS
	30
	40



	Extrusion multiplier
	EM
	0.94
	1



	Printing temperature (°C)
	PT
	200
	220










 





Table 2. Dimensional errors Edx, Edy, Edz, Edt, Mass and Porosity P.






Table 2. Dimensional errors Edx, Edy, Edz, Edt, Mass and Porosity P.





	Experiment
	LH

(mm)
	PS (mm/s)
	EM
	PT

(°C)
	Edx

(%)
	Edy

(%)
	Edz

(%)
	Edt

(%)
	Mass (g)
	P

(%)





	1
	0.1
	20
	0.94
	200
	0.00
	0.90
	1.25
	0.72
	6.14
	16.99



	2
	0.3
	20
	0.94
	200
	2.20
	3.30
	3.25
	2.92
	5.90
	26.20



	3
	0.1
	40
	0.94
	200
	0.20
	1.30
	1.25
	0.92
	6.13
	19.07



	4
	0.3
	40
	0.94
	200
	2.80
	3.60
	1.05
	2.48
	5.20
	35.60



	5
	0.1
	20
	1
	200
	0.20
	1.10
	1.50
	0.93
	6.44
	15.25



	6
	0.3
	20
	1
	200
	2.50
	3.50
	1.80
	2.60
	5.69
	29.24



	7
	0.1
	40
	1
	200
	0.50
	1.60
	1.15
	1.08
	6.23
	18.85



	8
	0.3
	40
	1
	200
	3.30
	4.30
	1.00
	2.87
	5.48
	33.68



	9
	0.1
	20
	0.94
	220
	0.10
	1.20
	1.45
	0.92
	6.62
	10.61



	10
	0.3
	20
	0.94
	220
	3.00
	4.30
	2.15
	3.15
	6.37
	21.88



	11
	0.1
	40
	0.94
	220
	0.80
	1.90
	1.45
	1.38
	6.37
	18.32



	12
	0.3
	40
	0.94
	220
	4.20
	5.50
	1.05
	3.58
	6.23
	24.56



	13
	0.1
	20
	1
	220
	0.20
	1.40
	1.45
	1.02
	6.99
	7.46



	14
	0.3
	20
	1
	220
	3.80
	5.30
	1.95
	3.68
	6.72
	17.06



	15
	0.1
	40
	1
	220
	0.90
	1.50
	1.45
	1.28
	6.93
	8.34



	16
	0.3
	40
	1
	220
	5.20
	5.80
	1.10
	4.03
	6.78
	18.96



	17-1
	0.2
	30
	0.97
	210
	1.70
	3.10
	1.70
	2.17
	6.28
	20.60



	17-2
	0.2
	30
	0.97
	210
	1.70
	3.3
	1.75
	2.25
	6.21
	22.28



	17-3
	0.2
	30
	0.97
	210
	1.70
	3.2
	1.75
	2.22
	6.23
	24.13










 





Table 3. R2 (adj) (%) and main effects of the regression models for Edx, Edy, Edz, Edt and P.
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	Response
	R2 (adj) (%)
	Variable
	Effect





	Edx
	99.39
	LH
	3.01



	
	
	TE
	0.81



	
	
	PS
	0.74



	
	
	LH·TE
	0.54



	Edy
	97.69
	LH
	3.09



	
	
	TE
	0.91



	
	
	LH·TE
	0.64



	
	
	PS
	0.56



	Edz
	69.10
	PS
	0.66



	
	
	LH·PS
	0.58



	Edt
	96.86
	LH
	2.31



	
	
	TE
	0.57



	
	
	LH·PS
	0.33



	P
	93.38
	LH
	11.53



	
	
	PS
	4.09



	
	
	LH·PS
	0.52



	
	
	AC·EM
	0.73










 





Table 4. Results of the first multi-objective optimization study.
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	Importance
	LH

(mm)
	PS

(mm/s)
	ME
	PT

(°C)
	Composite Desirability





	Equal
	0.1
	40
	0.94
	200
	0.942



	Higher for Edt
	0.1
	40
	0.94
	200
	0.941



	Higher for P
	0.1
	40
	0.94
	200
	0.943










 





Table 5. Results of the second multi-objective optimization study.






Table 5. Results of the second multi-objective optimization study.





	Importance
	LH

(mm)
	PS

(mm/s)
	ME
	PT

(°C)
	Composite Desirability





	Equal
	0.3
	40
	1
	220
	0.959



	Higher for Edz
	0.3
	40
	1
	220
	0.943



	Higher for P
	0.3
	40
	1
	220
	0.974
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