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Abstract

:

Samples from FeSi4 powder were fabricated with a low power selective laser melting (SLM) system using a laser re-melting strategy. The sample material was characterized through magnetic measurements. The study showed excellent DC magnetic properties, comparable to commercial and other 3D printed soft ferromagnetic materials from the literature at low (1 T) magnetization. Empirical total core losses were segregated into hysteresis, eddy and excessive losses via the subtraction of finite element method (FEM) simulated eddy current losses and hysteresis losses measured at quasi-static conditions. Hysteresis losses were found to decrease from 3.65 to 0.95 W/kg (1 T, 50 Hz) after the annealing. Both empirical and FEM results confirm considerable eddy currents generated in the printed bulk toroidal sample, which increase dramatically at high material saturation after annealing. These losses could potentially be reduced by using partitioned material internal structure realized by printed airgaps. Similarly, with regard to the samples characterized in this study, the substantially increased core losses induced by material oversaturation due to reduced filling factor may present a challenge in realizing 3D printed electrical machines with comparable performance to established 2D laminated designs.
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1. Introduction


The ever-accelerating advancements in the capabilities, accessibilities and cost-efficiency of metal additive manufacturing (AM) platforms have sparked an interest in the electrical machine research community for developing novel three-dimensional topology-optimized 3D printed electrical machines (EM). As of yet, no research group has printed an EM with improved performance or efficiency over the traditionally manufactured EMs. In fact, fully 3D printing an EM without any assembly or post-processing during or after printing has yet to be achieved, however all the necessary components have successfully been individually fabricated: soft magnetic rotor [1,2] and stator designs [3], gapped [4] and insulated [5] coils and metal bearings [6]. For prototyping full 3D printing electrical machines, several hybrid methods have been employed that utilize additively manufactured components, such as inserting components during printing (bearings, coils and magnets) [7] or assembling components fabricated with dedicated metal printing systems after post-production [3].



Selective Laser Melting (SLM) printing systems have proven very capable in the creation of functional metallic parts and find employment for rapid prototyping and limited production of highly specialized parts for aerospace, automotive and astronautic sectors, where performance and mass reduction capabilities are important [8]. SLM systems are also the most widely adopted by the EM research community in the research and development of 3D printed EMs. Three distinct materials are required to be printed in parallel to successfully fabricate an EM: a diamagnetic material with high electrical conductivity (coils), ferromagnetic material with low electrical conductivity (core) and a diamagnetic / dielectric material (insulation). SLM fabrication of conductive (Cu [9], AlSi10Mg [10]) and soft ferromagnetic (FeSi6.7 [11], FeSi6.9 [12], FeSi3 [13], Fe-Co-V [14], Fe-Ni-Si [15]) materials has successfully been accomplished, however the technology has not been used for printing insulating materials concurrently with metallic materials. The lack of insulating materials in the SLM printed soft magnetic materials has no influence on applications with a quasi-static magnetic field, such as magnetic couplers or rotors of synchronous machines. However, it is inadequate for employment in EM stator constructions, due to the extensive eddy current generated in the non-laminated structure by the rotating magnetic fields, resulting in reduced efficiency and excessive thermal heating of the machine. Employing the spatial accuracy of additive manufacturing systems, finite internal material structures with geometrical manipulation can be achieved, which have been shown to reduce the classical eddy current generation considerably [11,13]. Introducing airgaps to the material, however, also reduces the material filling factor, which would require oversaturation to produce the same flux as in a fully dense or laminated structure.



This paper describes the sample preparation, printing, test setup and empirical results for magnetic measurements of SLM-fabricated soft ferromagnetic silicon steel. The material properties measured are applicable for modelling novel core geometries and are a starting point for optimizing the material internal structure for reduced core losses.




2. Materials and Methods


2.1. Printing System


All samples were prepared on SLM Solutions GmbH Realizer SLM-50 machine. It is a small, lab-scale printing system, with a circular build envelope and an axial re-coater arm with two wiper blades. The printer contains a 1070 nm yttrium scanning laser with a maximum power of 120 W, build envelope of D70 × H75 mm and enables pre-heating capacity of up to 200 °C. Printing can be conducted in inert argon or nitrogen gas environments, with oxygen content purged below 0.4% during the process. The schematic of the SLM-50 printing system is shown in Figure 1.




2.2. Powder Characterization


The powder for the experiment was analyzed for the particle shape, size and chemical composition. In the study, commercially available gas-atomized pre-alloyed powder of Fe-Si was used. Table 1 shows the chemical composition of the experimental iron alloy powder.



The shape of powder particles was confirmed with scanning electron microscopy (SEM) to be roughly spherical, as shown in Figure 2a. Energy-dispersive X-ray spectroscope (EDX) integrated into the SEM system revealed average silicon content in the powder of 3.8–4.11% and 1.14–1.37% of chromium content. Chromium content in Fe-Si can be related to slightly lower magnetic saturation magnetization [16,17] of the material. The powder size distribution was determined with a laser scattering particle size distribution analyzer in a water dispersive environment. The median particle size was measured as 33.5 μm with a standard deviation of 7.8 μm, with the distribution shown in Figure 2b.




2.3. Printing Parameters


Prior to printing of the samples for magnetic measurements, printing parameters were determined for printing bulk samples from the Fe-Si-Cr powder with low porosity (up to 2%) and no visible macroscopic defects (visible cracks, delaminations or uneven growth). Default printing parameters of stainless steel 316 L for the Realizer SLM-50 printer were chosen as initial values of printing parameters (Table 2), resulting in printed samples with high porosity and macroscopic cracking. Next, a laser re-melting strategy was adopted for improving the printer material quality, as it enables the incremental melting of the powder: laser re-melting involves scanning each layer or the surface of the printed material twice, before applying the next layer of fresh power on the bed. Several studies have demonstrated improved density and surface quality with the strategy for SLM [18,19,20]. Printing of cubical 8 × 8 × 8 mm samples was performed to investigate different combinations of laser power and scanning speed on both the primary and secondary scans, layer thickness and hatch distance were constant throughout the study. The parameters of the study were limited to 50–75 W/75–100W (primary/secondary scan) for the laser power and 1 m/s/0.5–2 m/s for the scanning velocity. Higher energy input (resulting in higher laser power or lower scanning velocity) was not investigated as it resulted in extensive sputtering (primary scan) or macroscopic cracking. The printing parameters employed for achieving the highest relative density of 98% with the least cracking are presented in Table 2 alongside the initial parameters. The structure of the printed samples was evaluated with standard metallographic practices with polishing and optical microscopy. The porosity was determined from the processing of thresholded images. The average sample absolute density of 7340 kg/m3 was measured with the Archimedes scale method. Next, toroidal samples exhibiting a rectangular cross section of 5 × 5 mm, inner diameter of 50 mm and outer diameter of 60 mm were printed for magnetic measurements as shown on Figure 3a–c.



Two powder coating related issues were met when advancing from cubical to toroidal samples:




	
Uneven growth (Figure 3d)—due powder balling, the uneven growth resulted in inferior density of the printed part, distorted part dimensions and printing termination, if growth is prominent enough to restrict the re-coater movements. Uneven powder deposition on the part was determined as the main cause for this issue, which was solved by double re-coater swiping to brush away the excess powder. Even growth of the printed part also seemed to be promoted by the laser re-melting strategy, as incremental melting of each layer seemed helpful for eliminating emerging irregularities; and



	
Delaminations (Figure 3e)—were the result of excessive powder deposition on the printed part. It occurred when operating the printer without a feeder mechanism (suitable for parts with low height) and adding powder to the build chamber manually during an interrupt in the printing process. In that case, the build platform needed to be raised slightly manually after adding the extra powder, until only a thin coating of powder is visible on the printed part.









2.4. Sample Annealing and Crystal Structure


Annealing of the toroid was performed for obtaining improved magnetic properties. The process was performed in a graphite chamber furnace on the account of the ready availability of this facility for this study. The toroid was heated up in vacuum environment (~0.1 mBar) to 1150 °C with a heating rate of 300 K/h, kept at the target temperature for 1 h and then slowly oven-cooled. The annealing parameters were chosen as optimal parameters described in the study by Garibaldi [12]. Due to potential carbon absorption during the annealing process in the graphite chamber furnace, Atomic Emission Spectroscopy (AES) analysis of the carbon content in the printed material was conducted both before and after annealing. The spectroscopy was performed on the surface of the samples, with three tests for both one annealed and one unannealed sample. The carbon content was measured at 0.01% before the annealing and 0.03% after the annealing, suggesting absorption of carbon by the surface of the samples during annealing. The penetration depth of the absorbed carbon and its effect on the magnetic properties of printed steel is planned for a future study. Significant grain growth was observed (Figure 4b) after the annealing process: the fine-grained microstructure recrystallized into a course-grained microstructure (D~500 μm). The as-built state shows columnar microstructure with a strong texture in the build direction resulting from epitaxial growth and steep temperature gradients in the build direction. Similar to [11], the epitaxial structure has disappeared in the annealed state; however, the coarse grains appear to have retained the elongated columnar structure in the build direction post-annealing.



XRD (X-ray diffraction) analysis was performed to investigate the micro-phase distribution in as-built and annealed material. The XRD patterns suggest the evolution of the preferred orientation from 〈1 1 0〉 to 〈1 0 0〉 crystallization axis (easy magnetization [21]) in parallel to the magnetization direction in the recrystallized toroid. This indicates the capacity of recrystallized laser re-melted SLM structure to exhibit beneficial grain structure for magnetic applications, prompting future research.




2.5. Methods of Magnetic Measurements and Losses Segregation


In this study, the ring method was employed for the measurement of printed material magnetic properties. The measurements were conducted at frequencies of 25 mHz (quasi-static), 1, 10 and 50 Hz, in the magnetization range of 0.9–1.6 T. The measurements were completed in accordance with the European standard EN 60404-6 [22]. The quasi-static measurement methods agree with the EN 60404-4 standard [23]: employing continuous recording method with the toroid first demagnetized with gradually reducing the magnetic field and completing the magnetization cycle time in the range of 30–60 s. The drift correction of the measured induced voltage for DC measurements was performed similar to [24]. The schematic of the magnetic measurements setup is shown in Figure 5a. Dewetron DEWE2-M data acquisition system at 10 kHz sampling frequency was used for logging the induced voltage on the sensing coil and the voltage drop over the shunt precision resistor of 75 mV/15A in the primary coil circuit. In all experiments, sinusoidal excitation current was used. Signal Amplifer Omicron CMS 356 was used for amplifying the generated signal from the waveform generator and maintaining its sinusoidal waveform throughout the experiment. The magnetic field strength H was calculated by (1) and the average flux density by (2):


  H =    N 1  i    l t     



(1)






  B =  1   N 2  S     ∫  t  e  t  d t  



(2)




where N1—is number of turns of the primary coil, N2—the number of turns of the secondary coil, i—the instantaneous current value, e—the instantaneous induced electromotive force, lt—the toroid average length and S—toroid cross-sectional area. After constructing the hysteresis curves from the measured data, the hysteresis curves were halved into two sets of data corresponding to the direction of the magnetizing force. Both halves were then fitted with cubic fitting splines for noise and data points reduction for simplifying the integration of the curves. The specific iron losses (Ps) were then found as a subtraction of the curve areas and accounting for the average density ( ρ ) and period (T) of each hysteresis cycle, as expressed in (3).


   P s  =  1  T   ρ       ∫  0 T   H 1  d  B 1  −   ∫  0 T   H 2  d  B 2     



(3)







Calculated total iron losses were then segregated into hysteresis, classical and excess eddy current losses for more accurate description of the printed material behavior. Hysteresis losses were calculated from the quasi-static measurements. For the estimation of eddy current losses in the printed material, FEM (finite element method) analysis was conducted, as the analytical means are insufficient for the calculation of generated eddy currents in the nonlaminated printed toroids. Eddy current losses were simulated in a commercial FE software Infolytica Magnet (Version v2020_1, Montreal, Canada). The model geometry imitated the experimental measurements of the toroid. Due to the physical nature of the eddy currents, three-dimensional transient analysis was conducted. The axial symmetry of the toroid favored the simulation of only a small part of the toroid in 3D (length 0.5 mm), with symmetric boundary conditions segregating the sector. The geometry and mesh of the model are shown in Figure 5b. The setup was modeled with a single coil, since the software enables the calculation of the flux linkage through it and a separate sensing coil is unnecessary. The model was excited with an undistorted AC current with RMS value altered until the desired maximum flux density    B  m a x     was achieved. Transient step size of a two hundredths of the excitation current period was used for simulating two current periods of each simulation. The magnetization curves of the FEM models were determined from the centerlines of the experimentally measured quasi-static hysteresis curves and the resistivity from the previously experimentally measured average value of 98 μΩ·cm.





3. Results of Magnetic Measurements and Discussion


3.1. DC Properties


Quasi-static measurements of the sample presented in Figure 6 shows comparable DC magnetic properties to commercial and 3D printed soft ferromagnetic materials from the literature. The main drawback of the material characterized in this study is the relatively low saturation magnetization of 1.3 T (at 5000 A/m), compared to other commercial grade Non-Oriented Electrical Steels according to Standard EN 10106 of 1.6–1.7 T (at 5000 A/m). The reduced saturation magnetization can most likely be attributed to the pinning effect of intragranular porosities [25,26] on the large recrystallized grains.



For SLM-fabricated soft magnetic materials in the literature, DC relative permeability in the range of 25,000–31,000 [11,12] and coercivity of 16 A/m [11,12] for printed 6.7–6.9% silicon steel has been obtained. For the material characterized in this study, the slightly lower maximum permeability of 21,500 (at 2500 A/m) and higher coercivity of 49 A/m can most likely be attributed to impurity content (as described by Brissonneau in 1980 [27]) in the printed material (defect, chromium and carbon content). DC losses expressing the total hysteresis losses of the material printed in this study were calculated at 0.95 W/kg (at 1 T, 50 Hz) and 2.81 W/kg (at 1.5 T, 50 Hz). As a comparison, Garibaldi [12] has previously obtained a total power loss of 2.2 W/kg (1 T, 50 Hz) on annealed printed ring samples with a cross section of 2 × 4 mm (including limited eddy current losses component) and Goll [11] has calculated 0.7 W/kg hysteresis (1 T, 50 Hz) and approximately 6.5 W/kg (5 × 5 mm ring sample cross section) of total iron losses in her work with SLM-fabricated 6.7% silicon steel. For commercial grade non-oriented electrical steel sheets, total iron losses have been shown to range from 2.2–2.5 W/kg (Top grade, 2.5–3.2% Si, thickness 0.35–0.5 mm, 1.5 T, 50 Hz) to 7–9 W/kg (Low grade, 0.5–1.5% Si, thickness 0.5–0.65 mm, 1.5 T, 50 Hz) [27,28]. The total iron losses of 6.5% non-oriented silicon steel laminations are typically in the range of 0.5–0.7 W/kg (thickness 0.5 mm, 1 T, 50 Hz) [21] and Somaloy has been shown to exhibit total iron losses 6.6–10 W/kg (5 × 5 mm cross section, 1.5T, 50 Hz) [29].




3.2. AC Properties


Further measurements at higher frequencies and field strengths confirmed the substantial increase of the material coercivity and core losses accompanied by the decrease in its maximum permeability. As the samples exhibit 5 × 5 mm bulk cross-sectional area, significant eddy currents are induced, which are responsible for the majority of hysteresis curve shearing and growth of its area. The shearing effect is visualized in Figure 7, presenting the measured hysteresis curves at 50 Hz in the magnetization range of 1–1.5 T, alongside the calculated total iron loss for each curve.



The behavior of sample relative magnetic permeability and coercivity are shown in Figure 8 in the range of 1.1 to 1.5 T at 1, 10 and 50 Hz. The highest maximum relative AC permeability µmax in the study was measured at 10,850 (1.11 T, 1 Hz) post-annealing, which decreased to 2200 (1.5 T, 1 Hz) and was further reduced to 200 at higher excitation frequency (1.5 T, 50 Hz).



The unannealed sample exhibited considerably lower µmax of 2400 (1 T,1 Hz), 1650 (1.5 T,1 Hz) and 380 (1.5 T, 50 Hz). Coercivity of the samples ranged from 87 A/m (1.08 T,1 Hz) post-annealing, which increased to 334 A/m (1.5 T,1 Hz) and was further increased to 2400 A/m at higher excitation frequency (1.5 T, 50 Hz). Both the material coercivity and total iron losses increased roughly above the knee point of the material over all measured frequencies after the annealing process. Calculated iron losses in the magnetization range of 0.9–1.5 T at 1, 10 and 50 Hz are presented Figure 8. The summary of the iron losses is presented in Table 3 with the losses ranging from 83.7 W/kg (Annealed, 1.5 T, 50 Hz) to 0.022 W/kg (Annealed, 1 T, 1 Hz).



The total iron losses decreased after the annealing at 1 T magnetization, however increased at 1.5 T over all the measured frequencies. Loss segregation was performed for clarification of the loss behavior through the subtraction of hysteresis (obtained through quasi-static measurements) and eddy current losses (obtained through simulation) from the total measured losses. Eddy currents were identified as the main component of the measured losses, generated due to the unlaminated, fully dense cross section of the sample toroid. FEM analysis of the toroid cross section correlated with the losses measured: comparison of the simulated hysteresis curve expressing only the FEM eddy current losses and the measured total losses at 1.5 T, 50 Hz is shown in Figure 9. The difference of the area between the hysteresis curves presented in Figure 10 represents the sum of hysteresis and excess eddy current losses. The area of the hysteresis curves was then used for the calculation of hysteresis losses. Excess eddy currents are not calculated and are obtained from the segregation. Table 4 presents the segregated losses of both the annealed and unannealed samples at 1 and 1.5 T.



The hysteresis loss reduction after annealing is well documented [28,30] and can mostly be attributed to the material grain growth and the relief of internal stress. The segregated losses confirm the reduction of hysteresis losses after the annealing process: dropping by 74% at 1T and 61% at 1.5 T. In general, the classical eddy current losses are shown to increase after annealing [31]. In this study the eddy current losses however decreased by 20% at 1 T and approximately doubled in magnitude at 1.5 T after the annealing process. The authors propose the effect of nonlinear saturation losses to explain for this phenomenon. Presently, formation of eddy currents in silicon steel has widely been studied and modelled mostly for laminated structures and for non-saturated conditions, complicating comparisons with an analytical model (such as the Bertotti model) [32]. In deep saturation, a new loss component of nonlinear saturation losses should be considered in addition to the classical loss components of hysteresis, classical Foucault eddy current and excess eddy current losses [33,34,35,36]. This loss component would help to explain the decrease in eddy current loss at 1 T (annealed sample not saturated) and the increase at 1.5 T (both saturated, but the annealed sample magnetized at 1.5 T at considerably higher magnetic field strength) after the annealing process.



Excess losses can be related to the microscopic eddy currents arising from the domain wall motion, and they have been shown to increase with domain (also grain) size [37]. In this study, as the segregated excess losses were not calculated separately, they incorporate the eddy and hysteresis losses calculation error as well. The classical eddy current error of calculation can mostly be the result of inhomogeneous resistivity of the material due to internal cracking and porosities, which complicates accurate estimation of the eddy current generation in the entirety of the toroid in the FEM simulation. The proportion of the post-annealed excess loss can be considerably more from the estimation, due to extensive grain growth and underestimated resistivity of the cross-section of the toroid (due to porosities and cracks present in the printed material).



Despite limitations however, the segregation process gave a rough estimation on the magnitude and contribution of each of the loss type on the total losses, confirmed by extensive Foucault eddy current losses in the printed bulk material and suggesting next steps for the reduction of iron losses in the printed material. Additionally, the determination of the behavior of each loss component in saturated state is planned as future work due to its significant impact on 3D printed material performance, especially with the potential material oversaturation due to the reduced filling factor in partitioned material designs discussed in the next chapter.





4. Future Work


Selective laser melting (SLM) technology is currently unsuitable for eddy current reduction via laminated structure due to complications in printing multiple materials in parallel with different thermal behavior and due the powder bed-based nature of the process, enabling the usage of a single powder concurrently. Recent breakthroughs in powder deposition, enabling the selective powder deposition of multiple materials [38], suggests that in the near future, multi-material SLM printing of electromechanical components might be available. Presently, it can be suggested that eddy current losses can be reduced in printed components by geometrical manipulation: printing of materials with refined internal structures. The evolution of material can be accomplished by introducing air gaps to the material perpendicular to the flux direction or printing the material as a dense lattice structure. For the verification of eddy current reduction with geometrical manipulation, FEM analysis was performed on a slotted toroidal part with cross-section geometry as shown in Figure 11 alongside the FEM simulated current density J in the toroidal cross-section. The proposed geometry in the current study was chosen arbitrarily to illustrate the effectiveness of printed air gaps in the magnetic material for eddy current reduction and will require further optimization.



Eddy current losses were again calculated from the obtained hysteresis curves, presented in Figure 12. The eddy current loss decreased from 75.3 to 10.9 W/kg (decrease of 85%) when calculating the hysteresis loops according to the true area of the slotted cross section. When taking into account, however, the full area occupied by the geometry (solid area), the average magnetic flux density across the cross-section also reduces from 1.5 to 1.2 T, suggesting a tradeoff between eddy current loss reduction through geometry manipulation and maximum flux density obtained in the soft ferromagnetic part. The air content and the filling factor of the magnetic material in the manipulated part would then dependent on the spatial manufacturing accuracy of the printing system in question. Optimally, the cross-sectional area should be as dense as possible for achieving high saturation magnetization and as partitioned as realizable for limiting the induced eddy currents while retaining the mechanical strength required by its application. Presently, state-of-the-art slotted geometry with an average relative density of 56.5% with Hilbert curve structure has been used in [13] for obtaining near fully decayed eddy currents in printed material. Lattice structures have been shown to exhibit excellent strength to weight mechanical properties for different alloys [39,40], however have not undergone experimental or FEM magnetic property analysis in the literature. Additionally, lattice structures show even more reduced filling factor in the range of 30–40% [41].




5. Conclusions


The paper described the sample preparation and hysteresis measurements of SLM-processed ring samples. The powder employed for manufacturing contained approximately 94.7% Fe, 4% Si and 1.3% Cr. Quasi-static measurements revealed comparable DC magnetic properties to commercial and other additively manufactured soft ferromagnetic materials with DC hysteresis losses of 0.95 W/kg (1 T, 50 Hz) and 2.81 W/kg (1.5 T, 50 Hz). Despite beneficial grain orientation, the sample in the study showed lower saturation magnetization when compared to other commercial electrical steels, most likely due to the pinning effect of intragranular porosities on the large recrystallized grains.



AC measurements demonstrated a considerable increase in measured iron losses, which were confirmed as predominantly classical eddy current losses. The losses were also shown to intensify in deep saturation of the material: increasing from 8.17 (1 T) to 83.7 W/kg (1.5 T) for the ring sample after the annealing, suggesting the nonlinear saturation core losses component at magnetization in deep saturation. Both empirical and FEM results confirm considerable eddy currents generated in the printed bulk toroidal sample, which increase dramatically at high material saturation. Geometrical manipulation was proposed as a promising method for classical eddy current losses reduction, however potentially resulting in a poor filling factor and thus lower magnetic saturation of the magnetic material. This would result in:



Substantially increased iron and copper losses if the operation point of the magnetic material is shifted into the nonlinear part of the magnetization curve to compensate for the reduced filling factor; and



Operating the magnetic material below its optimal knee point, resulting in reduced flux density in the ferromagnetic component.



Future research of the project will involve the optimization of the material filling factor and structure for minimal iron losses and maximum flux density conducted in the material with considerations to its mechanical properties.
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Figure 1. Realizer-50 selective laser melting (SLM) printing system: (a) laser, (b) scanning mirrors, (c) protective glass, (d) re-coater arm, (e) build platform with printed toroid sample, (f) powder supply opening, (g) powder coating. 
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Figure 2. (a) Scanning electron microscope (SEM) magnification of the investigated powder, (b) Powder particle size distribution and percentage of particles below a specific particle size. 
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Figure 3. Laser re-melting process of the toroidal samples: (a) primary scan, (b) secondary scan, (c) finished toroid on stainless steel baseplate. (d) Toroid printed with uneven growth, (e) toroid printed with a delaminated layer. 






Figure 3. Laser re-melting process of the toroidal samples: (a) primary scan, (b) secondary scan, (c) finished toroid on stainless steel baseplate. (d) Toroid printed with uneven growth, (e) toroid printed with a delaminated layer.



[image: Applsci 10 06515 g003]







[image: Applsci 10 06515 g004 550] 





Figure 4. Optical micrographs of the printed material grain structure (a) before and (b) after annealing. XRD (X-ray diffraction) analysis of the printed toroid (c) before and (d) after annealing (measured from the cross-sectional plane of the toroid). 
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Figure 5. (a) Toroid dimensions and the schematic of the hysteresis measurements. (b) Geometry and mesh of the finite element method (FEM) simulation. 
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Figure 6. Quasi-static hysteresis curve and permeability of the toroid (annealed). Measured with sinusoidal excitation of 2500 A/m at 25 mHz. 
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Figure 7. Hysteresis curves measured at 50 Hz in the magnetization range of 1–1.5 T (annealed). 
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Figure 8. Measured (a) maximum relative permeability and (b) coercivity of the toroid before and after annealing at 1, 10 and 50 Hz, in the magnetization range of 1.1 to 1.5 T. 
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Figure 9. Total iron losses as a function of magnetization of both the annealed and unannealed toroid in the magnetization range of ~0.9–1.5 T: (a) 1 Hz, (b) 10 Hz and (c) 50 Hz. 
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Figure 10. Comparison of simulated eddy current losses and total iron losses at 1.5 T, 50 Hz before and after annealing. 
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Figure 11. (a) Modeled toroid geometry, (b) Simulated induced current density in the toroid cross section at time moment field zero-crossing (H = 0). 
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Figure 12. Hysteresis curve comparison between the modelled solid material, slotted model calculated with true area and slotted model calculated with the solid cross-sectional area. 
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Table 1. Summary of powder characterization.
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	Elements
	Fe
	Si
	Cr





	Wt %
	Balance
	4
	1.3
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Table 2. Summary of the printing parameters.
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	Parameter
	Inital
	Final





	Layer thickness
	35 μm
	35 μm



	Hatch distance
	60 μm
	60 μm



	Laser Power
	75 W
	50 W/75 W



	Scanning velocity
	1 m/s
	1 m/s/0.75 m/s



	Laser spot size
	~100 μm
	~100 μm



	Pre-Heating
	0 °C
	200 °C



	Environment
	Argon
	Argon



	Oxygen content
	~0.35%
	~0.35%
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Table 3. Iron losses at 1, 10, and 50 Hz.






Table 3. Iron losses at 1, 10, and 50 Hz.





	Sample
	1 Hz (W/kg)
	10 Hz (W/kg)
	50 Hz (W/kg)





	Annealed, 1 T
	0.022
	0.60
	8.17



	Unannealed, 1 T
	0.077
	1.37
	14.17



	Annealed, 1.5 T
	0.23
	7.1
	83.7



	Unannealed, 1.5 T
	0.16
	3.5
	47.3
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Table 4. Segregated iron losses at 50 Hz.
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	Sample
	Total (W/kg)
	Hysteresis (W/kg)
	Eddy (W/kg)
	Excess (W/kg)





	Annealed, 1 T
	8.17
	0.95
	6.26
	0.96



	Unannealed, 1 T
	14.17
	3.65
	7.85
	2.67



	Annealed, 1.5 T
	83.7
	2.81
	74.3
	6.59



	Unannealed, 1.5 T
	47.3
	7.18
	37.6
	2.52
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