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Abstract

:

This work aims to characterize 3D-printed structures composed of a thermoplastic material (polylactic acid (PLA)) containing a combination of magnetic particles composed of iron(III) oxide (hematite) and iron(II)–iron (III) oxide (magnetite) with various infill densities and print orientations in regard to their possible processing by Fused Filament Fabrication additive technology. The correct processing temperatures have been determined using thermal analysis, and the paramagnetic and mechanical properties of the samples have been tested. The relative permeability has been identified to be strongly dependent on the topology parameters of the tested samples. The results of the inductance values for the samples without magnetic additives (infill densities 50% and 100%) have been detected to be comparable; nonetheless, the magnetic samples with 100% infill density has been found to be about 50% higher. A similar trend has been observed in the case of the values of the relative permeability, where the magnetic samples with 100% infill density have been measured as having an about 40% increased relative permeability in the comparison with the samples without magnetic additives (infill densities 20–100%). Finite Element Modelling (FEM) simulations have been applied to determine the magnetic field distributions and, moreover, to calculate the holding forces of all the printed samples. The maximum value of the holding force for the minimum distance of the plastic plate has been found to reach a value of almost 300 N (magnetic sample with 100% infill density). The obtained comprehensive characterization of the printed samples may be utilized for designing and tuning the desired properties of the samples needed in various industrial applications.
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1. Introduction


Additive manufacturing is applied in various industrial sectors, such as medicine [1,2,3], engineering [4,5,6,7], and food industries [8]. It represents a prominent way of processing various types of materials [9]. Fused Filament Fabrication (FFF), developed by S. Scott Crump in 1989 [10], which processes materials in the form of filaments composed of thermoplastics or elastomers, is one of the most widely used additive technologies. FFF additive technology offers many benefits, such as affordability, suitability for commercial and hobby applications, the accessibility of the processing materials, and usability for products with demanding shapes. The different types of thermoplastic materials, e.g., polylactic acid (PLA) [11,12,13], polyethylene terephthalate-glycol (PET-G) [14,15,16], acrylonitrile-butadiene-styrene (ABS) [17,18,19], ABS/thermoplastic polyurethane (TPU) [20], polycarbonate (PC) [21,22], polypropylene (PP) [23,24,25], polyvinylchloride (PVC) [26], polyethylene terephthalate (PET) [27,28], were found to be suitable for processing by this technique.



One of the most used thermoplastic materials processed by FFF technology is PLA because it is an ecologically degradable thermoplastic, and it does not produce odors or toxic fumes when printed, making it easy to 3D print with low product deformation. PLA has a low melting temperature and minimal warpage and, compared with ABS and nylon, represents a material of higher strength and rigidity. [29]. However, its non-magneticity limits PLA’s usage for specific applications like components designed for simple low-current circuits and capacitive touch sensors [30,31,32]. For this reason, various magnetic additives are used to modify the properties of PLA [33,34]. Additives containing iron (Fe) are commonly employed [35,36,37,38,39,40]. In addition, incorporating Fe particles within polymeric structures influences the conductance and shielding capacity of printed products [41,42,43]. In general, Fe particles are present as iron oxides—e.g., hematite (Fe₂O₃) and magnetite (Fe₃O₄) [44]. In contrast to magnetite, hematite becomes magnetic after heating or exposure to a strong magnetic field [45]. Moreover, hematite can become weakly magnetic after mixing with small amounts of magnetite [46]. Magnetite is a ferrimagnetic phase with high magnetization (∼92 A·m2·kg−1) and low coercivity (7958–31,831 A·m−1), while hematite represents an antiferromagnetic phase with a small magnetization (∼0.4 A·m2·kg−1) and high coercivity (∼79,577–318,310 A·m−1) [47,48,49].



The particle size distribution and shape of the magnetic particles influence their properties, and therefore, these material properties have a remarkable impact on the final parameters of printed products. For example, the magnetic behavior of nanoparticles in an external magnetic field was identified to be strongly influenced by their size [50]. In FFF technology, an important parameter is not only the size of the used particles, but their surface quality as well [51].



This work is focused on optimizing the infill density of printed structures composed of PLA containing hematite and magnetite to gain control of the permeability of printed samples, quality of processing, and economic sustainability. Finite Element Modelling (FEM) was used to calculate the magnetic field distributions and holding forces of the polymeric composites.




2. Materials and Methods


2.1. Materials


Filaments composed of PLA containing hematite and magnetite (Proto-pasta Magnetic Iron PLA 1.75 mm, Vancouver, WA, USA), with density of 1.24 g·cm−3 were used to prepare 3D test samples [52]. The reference sample was printed from transparent filaments composed of PLA without magnetic powders (Ø 1.75 ± 0.05 mm; density of 1.25 g·cm−3; BASF Ultrafuse PLA-0001A075 PLA Natural, Innofil3D BV, Emmen, The Netherlands) [53].




2.2. Preparation of Samples


3D printing was performed on Original Prusa I3 MK3S (Prusa Research a.s., Prague, Czech Republic, nozzle size 0.4 mm), implementing the FFF technique. PrusaSlicer 2.6.0 software (Prusa Research a.s., Prague, Czech Republic) set up the printing parameters and exported them to a post-processing format (*g-code format). The samples were printed as circles (see Figure S1) with a diameter of 60/50 mm (outer/inner) and a height of 20 mm to determine the magnetic properties of paramagnetic materials using the toroid measurement method [54,55,56,57,58]. A gyroid structure with an infill density of 20%, 50%, and 100% (Figure S1) was selected. Samples were marked according to the infill density, namely, 20X_y, 50X_y, and 100X_y, where X = R for samples composed of pure PLA and X = A for samples composed of PLA and magnetic powders, y = print orientation z or xy. The printing temperature was 215 °C, whereas the plate temperature was 60 °C. The 3D print speed was set to 70 mm·s−1. The layer thickness and extrusion width were 0.15 mm and 0.4 mm, respectively. A 3D nozzle with a hole diameter of 0.4 mm was used. Table 1 summarizes all the relevant parameters of the produced samples. At least five replicates were produced for each sample type. Samples for magnetic and compressive testing were only prepared in xy print orientation because z-orientation printing would require support for the sample model.



Samples for tensile and bending tests samples were prepared using the same 3D printing parameters mentioned above (see in Figure S2). Dimension of samples used for bending and compressive tests were (4 × 10 × 80) mm (t × w × l) and (30 × 30 × 30) mm (t × w × l), respectively. The design and dimensions of samples used for tensile tests dimensions are shown in Figure 1. Samples for mechanical properties testing (tensile and bending test) were printed in two print orientations, xy and z, and for compressive test, only in print orientation xy.




2.3. Methods


The quality of the used filaments was verified using Fourier transform infrared (FT-IR) spectroscopy with a Nicolet iN10 instrument (Thermo Fisher Scientific, Waltham, MA, USA). FT-IR spectra were obtained using the attenuated total reflectance (ATR) method with a diamond crystal, and spectra were obtained from 3500 cm−1 to 600 cm−1.



The magnetic powders, filaments, and cross-sections of the printed samples were characterized using a Keyence VHX-6000 optical microscope (Keyence, Itasca, IL, USA).



Thermal behavior (mass change and heat flow) of the filament samples was followed by performing simultaneous thermogravimetry (TGA) and differential thermal analysis (DTA) under non-isothermal conditions, using a TGA 2 instrument (Mettler-Toledo, Columbus, OH, USA). The measurements were performed in a nitrogen atmosphere at a heating rate of 20 °C·min−1, in the range of 30 to 1000 °C.



The magnetic powder content was determined based on the standard ČSN EN ISO 3451-1 [59]. Three replicates were used for determination. The procedure consisted of determining the combustible magnetic powders content (w, wt.%), using the calculation by (1):


  w = (  1 −     m 1   m 2      ) × 100 ,  



(1)




where m1 is weight after combustion (g), m2 is the weight before combustion (g).



The structure of magnetic powder was investigated with a scanning electron microscope (SEM) Quanta 450 FEG (FEI, Brno, CZE) using a secondary electron detector. Observations were conducted on fractured surfaces at 20 kV accelerating voltage. Samples were placed on carbon tape and coated with a 7 nm thick layer of gold.



X-ray powder diffraction (XRPD) data for magnetic powder were collected at 40 kV and 40 mA with a Bragg–Brentano θ-θ diffractometer (Bruker D8 Advance) (Bruker, Billerica, MA, USA), Cu Kα radiation (λ = 1.5418 Å). Data were collected in the angular range 20–70° 2θ counting 0.4 s for each step of 0.0102° 2θ. Quantitative phase analysis used Rietveld refinements in software TOPAS 4.2 (Bruker AXS, Bruker, Billerica, MA, USA).



The magnetic properties of the printed structures were measured on toroidal samples equipped with an excitation winding. Since the resulting printed material exhibits paramagnetic properties with a small value of relative permeability and almost no coercivity, measurements of the inductance of the toroidal core using L bridges were used to determine the permeability value. An LRC meter (MCP Precision LCR Metr BR217) was used. The inductance measurement was performed at a frequency of 1 kHz.



An Ansys-Maxwell software (Ansys Inc., Canonsburg, PA, USA) using FEM (Figures S3 and S4) calculation methods [60,61,62] was used to evaluate the magnetic field and holding force of the typical configurations of the permanent magnet and the printed magnetic plastic disc. The magnetic field simulations and the holding force calculations were carried out for the configuration depicted in Figures S3 and S4. The experiment was performed axisymmetrically along the z-axis. The simulation used a permanent disk magnet (composed of FeNdB (marked as N35SH)) with an outer diameter, inner diameter, and thickness of 66, 30, and 4 mm, respectively. The coercive force of this magnet was 900 kA·m−1, and the remanent induction was 1.2 T. The upper part of the magnet was surrounded by a ferromagnetic clutch made of grade 1008 steel, represented by the BH characteristic. This system formed the source of the magnetic field and holding force acting on the magnetic plastic plate prepared by 3D printing. The dimensions of the magnetic plastic plate were a 200 mm outer diameter and 5 mm thickness. To determine the holding force, the distance of the plastic plate from the magnet was changed in the range of 0 to 20 mm with a step of 1 mm.



A universal mechanical device (Instron 3345, Instron, Norwood, MA, USA) with a maximum capacity load of 5 kN was used to test the tensile, compressive, and bending properties of the printed samples with a different print orientation. All three tests were undertaken at a 1 mm·min−1 speed with a load of 5 kN. The tensile test was performed according to ČSN EN ISO 527-2 [63], and the bending test was performed according to ČSN EN ISO 178 [64], and the compressive test was carried out according to ČSN EN ISO 604 [65].





3. Results


3.1. Characterization of Material


As depicted in Figure 2, the chemical composition of the PLA material was confirmed by FT-IR spectroscopy, where a good match of the measured spectrum with the results in the literature [66] was obtained. The spectrum shows a band at 1750 cm−1, which can be attributed to the CO vibrations of the ester groups, peaks around 3000 cm−1 for –CH stretching, and peaks around 1000 cm−1 for C-O stretching. Peaks in the 400–615 cm−1 range are characteristic of Fe-O present in hematite and magnetite [67]. In magnetic PLA, signals of iron oxides are in strong overlap with PLA. Clear evidence of their presence was obtained from the DTA-TG analysis, microscopic observations, and XRPD analysis.



The total content of the magnetic particles in magnetic PLA determined using the combustion process was found to be 48.15 ± 0.5 wt.%. Based on the XRPD analysis, the magnetic powder was found to be composed of 72.5 (4) wt.% of hematite (Iron(III) oxide) and 27.5 (4) wt.% of magnetite (Iron(II)–Iron(III) oxide) (XRPD patterns are depicted in Figures S5 and S6). The morphologies of the magnetic particles are shown at a lower magnification in Figure S7 and, in more detail, in Figure 3. It is visible that magnetic powders contain various shapes with large variations in size, from a few microns up to big clusters with diameters of hundreds of microns. In line with the XRPD results, the SEM observations revealed two types of particles. The first type of particle is highlighted using an inserted red square in Figure 3A (its surface is depicted at a higher magnification in Figure 3B), and the second type of particle is partially highlighted using a green square in Figure 3A, and its morphology at a higher magnification in Figure 3C).



The TGA curves recorded for the PLA and magnetic PLA are shown in Figure 4. The glass transition temperature (Tg) was determined to be 62.92 °C and 64.30 °C for the nonmagnetic and magnetic filaments, respectively. The results are in agreement with the values from the literature, around 60 °C [68]. For the setting of the bed temperatures, 60 °C is recommended [69]. The melting point (Tm) was determined to be 146.83 °C for the reference sample and 148.98 °C for the filament containing mixed oxides. The homogeneous distribution of the magnetic powders in the PLA was confirmed using microscopic filament observations (Figure 5).




3.2. Magnetic Properties Results


The determined inductance and relative permeability values of the printed samples are summarized in Table 2. To determine the BH characteristics, it would be necessary to supplement the measured samples with additional sensing windings and use some hysteresis graphs, as described in the references [60,70,71]. No big changes were found in the samples composed of only PLA (20R–100R) in both measured magnetic properties. Nonetheless, a gradual increase in the inductance and relative permeability according to the infill density was visible for the printed samples of PLA and magnetic particles. As visualized in Figure S8, the dependence of the relative permeability as a function of the increasing infill density for the samples containing additives was found to be linear. The inductance values were predicted to be about 22% higher if the 20A and 100A samples were compared. The same trend was found for the relative permeability compared to the 20A sample. The values were higher for ca. 36 and 43% for samples 50A and 100A, respectively. Such a beneficial effect on the magnetic properties is in good agreement with previously reported results [71]. Moreover, it was confirmed that a mixture of hematite and magnetite is more effective in increasing the relative permeability than a previously used mixture of hematite and rutile (Ti(II) dioxide; the relative permeability for 100% infill was determined to be only 1.39) [71].




3.3. Mechanical Properties Results


From the point of view of the application potential, the mechanical properties of the printed products are one of the key properties [72,73]. The distribution of the magnetic powders in the tested samples influences the magnetic and mechanical property results. The homogeneous distribution of the 3D-printed samples with 100% infill density at two print orientations was confirmed using microscopic observations (Figure 6). Examples of sample cross-sections in two print orientations for the pure PLA are shown in Figure 6A,B. Figure 6C,D show the samples with magnetic particles. Small differences are already visible due to the different print orientations, but the distribution of the magnetic powders appears to be homogeneous.



The tensile, bending, and compressive test results are summarized in Table 3, Table 4 and Table 5. A gyroid structure was used to prepare samples with infill densities of 20% and 50%. This is one of the few 3D structures that provide high support in all directions. It is also relatively fast to print. It saves material and does not overlap in a layer. The results of the tensile test show that as the infill density of the samples decreases, the modulus of elasticity, tensile strength, and tensile strain decrease. These trends were detected to be the same for both types of polymeric samples. When comparing the materials, it can be seen that the samples with magnetic particles show higher values of elastic modulus.



On the contrary, the tensile strength was lower and comparable to the tensile strain. The print orientation has a significant effect on the mechanical properties. The samples printed in the z orientation showed higher values of the modulus of elasticity and tensile strength. The tensile strain was comparable. The same trend for the print and infill density orientation stage was also demonstrated in a study [74].



Bending tests (Table 4) showed no significant differences for the PLA samples printed in different orientations. On the other hand, the samples containing magnetic particles were detected to have the highest values of the modulus of elasticity and bending stress in the case of the samples printed in the z orientation. In general, the magnetic particle samples showed better bending mechanical properties than the pure PLA.



The modulus of elasticity and compressive strength results are summarized in Table 5. From Table 5, the negative effect of the magnetic powders added to the polymer filament is evident when the results for the modulus and compressive strength are lower than for the reference samples. The modulus of elasticity is about 5% higher for the reference samples, i.e., without the content of magnetic particles, compared to the samples with the content of magnetic particles. A similar trend can also be seen in the compressive strength values, where the samples without magnetic particles showed approximately 25% higher values than the samples with additives. These trends correlate with the previously reported values [75] of products intended for bioapplications.




3.4. Magnetic Field Simulation and Calculation of Force Effects


The examples of FEM simulations, based on the excitation using permanent magnets [60,61,62], of the magnetic field intensity (H) and magnetic induction (B) for sample 100A using a disc magnet are depicted in Figure 7. The result of the simulations is the distribution of the magnetic field in the magnet, the plastic plate with the magnetic powders, and the surrounding air. The distributions of H and B for the model with zero air gap are shown in Figure 7a,b. For the experimental set-up with the plastic plate distance of 10 mm, the distributions are shown in Figure 7c,d. After the post-process calculations, the magnitudes of the applied forces were obtained, and the data were graphically visualized in Figure 8. The force effects upon the exposure of the materials to an external magnetic field is one of the critical parameters determining the applicability of printed products [76].



As is shown in Figure 8, the force effects were found to be intensely dependent on the used infill densities of the printed samples: the force was gradually increased with the increasing infill densities. In addition, in Figure 6, the holding forces were modeled also for the magnet with an Fe yoke. In comparison with the disc magnet, the set-up with the Fe yoke magnet showed up to ca. four times higher values of forces from zero gaps up to a distance of around 7.5 mm. Such high holding force values can already be widely applied in technical practice as actuators or electromotors [76,77]. Above the 12.5 mm distance, no significant differences were visible. In comparison with the results in the literature [71], it is evident that holding forces testing using the same principle of this experiment but different types of magnet was around one order of magnitude higher in the system with PLA–iron oxide additives. Increasing the infill density and magnetic particle content shows a similar trend.



Thus, the composites produced in this work may ensure a better magnetic holding force capability for selected objects. The printed samples may find utilization in cases where it is necessary to have suitable force interactions and/or conduct magnetic flux, such as sensors and switches.





4. Conclusions


This work investigated the physical and mechanical properties and FEM simulations of printed samples of pure PLA and PLA-containing iron oxides (hematite and magnetite) with different infill densities (20–100%) produced using Fused Filament Fabrication technology.



The influence of the 3D printing orientation and infill density on the mechanical properties in terms of the tension, compression, and bending was demonstrated. The effect of the 3D printing orientation is negligible, in the range of standard deviations for all three types of stress. The results of the tensile tests show that as the infill density increases, the values of the modulus and the tensile strength increase while the tensile elongation decreases. There was observed an increase in the modulus of elasticity values but, at the same time, a decrease in the tensile strength and tensile strain with the application of magnetic particles was recorded as well. Similar trends were observed in view of the bending test results. As the infill density increased, the modulus of elasticity and bending strength increased. The samples with the addition of magnetic particles showed a decrease in the values of the bending strength and elongation and, on the contrary, an increase in the modulus of elasticity values. The compression tests confirmed a trend where the samples with a higher infill density showed higher values of the modulus of elasticity and compressive strength. The mechanical properties obtained, together with the knowledge of how the final samples are stressed, provide a good indicator for designing products using FFF technology. The results of the magnetic property measurements showed that the inductance and relative permeability values of the 50R_xy and 100R_xy samples were comparable. However, the inductance and relative permeability of the 100A_xy sample were found to be about 50% and 40% higher, respectively. From FEM, the holding forces were calculated, and their values were gradually detected to increase with higher infill densities for both experimental set-ups. The Fe yoke-type magnet application resulted in ca. four times higher forces at zero gap. The maximum value of the holding force for the minimum distance of the plastic plate reached a value of almost 300 N (sample 100A). Printed samples with such characteristics can hold medium-weight objects. As was shown, FFF technology can successfully produce a novel class of samples with unique properties. In general, FFF represents a fast and relatively cheap method to fabricate samples with irregular shapes and is intended for specific applications in different industries and in medicine-oriented branches as well. In addition, the selection of the sufficient infill density of printed structures is an important key to maintaining their required properties, and, at the same time, it can help significantly save the amount of input raw materials used and optimize the time needed for printing. Thus, engineer-tuned magnetic PLA 3D printing structures represent advanced materials that may lead to important production efficiency and help mitigate 3D printing-related environmental impacts positively.
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Figure 1. The design of the dog bone sample used for tensile tests with highlighted dimensions (in [mm]). 
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Figure 2. Collected FT-IR spectra for PLA and PLA-containing magnetic particles. 
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Figure 3. The collection of SEM images overview of Fe particles (A) and observation of highlighted particles at higher magnification (B,C). 
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Figure 4. TGA records for both filaments. 
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Figure 5. Microscopic image of the magnetic PLA filament microstructure. 
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Figure 6. Gallery of microscopic images for the cross-section of printed samples—(A) 100R_z; (B) 100R_xy; (C) 100A_z; (D) 100A_xy. 
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Figure 7. Examples of simulation of the magnetic behavior of product 100A in contact with disc magnet. Distributions of (a) magnetic induction B and (b) magnetic field H, both for plastic plate in 0 mm distance, and (c) magnetic induction B and (d) magnetic field H, for plastic plate in 10 mm distance. The insets show enlarged views of magnetic properties distributions around plastic plates. 
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