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Abstract

:

The effect of different particle size distribution of Fe-6.5 wt%Si powder on the microstructure and soft magnetic properties of the corresponding soft magnetic powder cores (SMPCs) was investigated. By optimizing particle size distribution, the density of SMPCs increased and the total core loss significantly decreased. According to the result of loss separation, density of SMPCs is inversely proportional to hysteresis loss, while with increasing the content of the fine particles, the eddy current loss significantly decreased. It was found that with magnetic powder of particle size-grading as 10%, 10%, 60%, and 20% for particles with size between −75 to +38, −38 to +23, −23 to +13, and −13 μm, respectively, the Fe-6.5 wt%Si SMPCs exhibit optimal comprehensive magnetic performances with the effective permeability of about 60, the percent permeability at 100 Oe is up to 70%, and the lowest core loss of 553 mW/cm3.
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1. Introduction


Representing a specific category of magnetic materials, soft magnetic powder cores (SMPCs) consisting of metallic magnetic particles, insulating layer, and binder have been found a wide utilization of energy, information, transportation, and defense [1,2,3,4]. There are several distinct advantages of SMPCs compared with ferrite soft magnetic materials such as high saturation magnetization, high resistivity, and low magnetic anisotropy, which make SMPCs more suitable for the miniaturization and integration of power electronic devices, thus are widely used as inductors, filters, chokes, and transformers.



Compared with other SMPCs, Fe-6.5 wt%Si SMPCs have several significant advantages such as abundantly available raw materials, competitive prices, and outstanding comprehensive performances, which are especially suitable for the current technical requirements of low voltage, high current, high power density, and high frequency. Quite evidently, Fe-6.5 wt%Si SMPCs have a great commercial application prospect in power and electronic industry. However, compared with FeSiAl, FeNi, and FeNiMo SMPCs, the core loss (Pcv) of Fe-6.5 wt%Si SMPCs is higher due to high coercivity of FeSi alloy. This problem restricts the wide application of Fe-6.5 wt%Si SMPCs. To date, in order to reduce the Pcv of Fe-6.5 wt%Si SMPCs, researchers have done a lot of work on the construction of insulation layers, such as SiO2, MnZnFe2O4, and Fe2SiO4 [5,6,7]. The insulation coating methods have good effect on reducing the eddy current loss to SMPCs at high frequencies. However, related electronic devices using Fe-6.5 wt%Si SMPCs such as inductors and chokes, generally operates at low and medium frequency, where hysteresis loss became the dominant source of power losses. According to several previous studies, the hysteresis loss accounted for 70~90% of the power losses at 50 kHz [8,9,10]. Meanwhile when the insulation layers became thicker, the hysteresis loss will be gradually increased due to the improvement of coercivity [11,12]. This means that the researches of innovative insulation layers have no significant effect on reducing the core loss at medium and low frequency. As a consequence, a simple and efficient method to reduce hysteresis loss at low frequencies and maintain other magnetic properties is an urgent problem to be solved.



The hysteresis loss strongly depends on the coercivity of the alloy and the density of SMPCs [5,8,13]. Several researchers have tried to reduce the coercivity of the Fe-6.5 wt%Si alloy by doping Ti and Co [14,15]. Doping moderate specific elements may improve the internal microstructure of Fe-6.5 wt%Si alloy to reduce the coercivity. In addition, some authors have attempted to increase density of SMPCs by increasing pressure or using different methods of compaction [13,16,17]. However, when the forming pressure reaches the marginal value, the magnetic performance of cores will not be obviously improved even if the pressure continues to increase. Therefore, some works on increment density by adjusting powder particles size distribution. It is demonstrated that the dimensions, purity, and size distribution of the magnetic particulate has tremendous influences on the microstructure and electromagnetic performance of the powder cores [18,19]. Some authors investigated the influence of the particle size of the powder on the core’s magnetic properties [20,21]. Nevertheless, little attention has been devoted to the effect of particle size distribution on hysteresis loss, eddy current loss, and permeability of SMPCs. In this work, Fe-6.5 wt%Si SMPCs with excellent comprehensive magnetic performance were prepared by particle size optimization engineering. Phosphate and epoxy resin were selected as the insulating layer and binder, respectively. The influences of the different particle size distribution of powders on the microstructure, hysteresis loss, eddy current loss, and permeability of SMPCs were investigated in details.




2. Materials and Methods


The gas-atomized Fe-6.5 wt%Si powder with the mean particle size of 55 μm was supplied by Baowu Environmental Technology Wuhan Metal Resources Co., Ltd. (Wuhan, China) The epoxy resin (W-6C) was purchased from Sichuan Longhua Chenghua Adhesive Industry Co. Ltd. (Mianyang, China) All chemicals used were of analytical grade and were used as received without further purification.



The Fe-6.5 wt%Si powder has been sieved into four size ranges, namely, −75 to +38 μm (group A), −38 to +23 μm (group B), −23 to +13 μm (group C), and −13 μm (group D). By uniform mixing these different particle sizes powders, four kinds of powder samples with different particle sizes were obtained. Figure 1 shows particle size distribution of five groups of powder samples. The Fe-6.5 wt%Si powders were put in orthophosphoric acid diluted in ethanol with a concentration of 0.012 g/mL and stirred in the solution at 353 K until the ethanol solvent evaporated completely. The full phosphatization process lasted about 0.5 h. After drying at 333 K in vacuum for 2 h, the coated powders were mixed with 1.5 wt% epoxy resin as binder and 0.5 wt% zinc stearate as lubricate. The mixture was then compacted into toroidal cores (outer diameter = 20.3 mm and inner diameter = 12.7 mm) at 1800 MPa. The compacted Fe-6.5 wt%Si SMPCs were set into the tube furnace, annealed at 973 K for 1 h, and cooled at room temperature for 1 h in vacuum.



The morphology of the composite powders was examined by scanning electron microscopy (SEM, ZEISS, Oberkochen, Germany) coupled with energy dispersive X-ray spectroscopy (EDS, ZEISS, Oberkochen, Germany). The phase identification and analysis of the coated powders was analyzed by X-ray diffraction (XRD, Siemens, Berlin, Germany) with Cu K radiation at a range of 2θ = 30~90° with a step size of 0.05°. Surface morphologies of the cross section of SMPCs and the raw and coated magnetic powders were observed by SEM. The effective permeability (μe, Equation (1)) and quality factor of the SMPCs were measured by an impedance analyzer (Agilent 4294A) from 1 kHz to 110 MHz with the contact electrodes in two-terminal connection configuration under an excitation field of 1 A/m. The DC-bias performance with the maximum applied field of 100 Oe was collected by a wide frequency LCR meter. The core loss was measured at the frequency ranging from 25 to 200 kHz with the magnetic flux density of 100 mT by an AC B-H curve analyzer (MATS-2010SA).


   μ e  =    L S   l e     μ 0   N 2   A e    ,  



(1)




where Ls, Ae, and le are the inductance, the cross-section area, and the mean flux density path length of the ring sample cores, respectively. N is the coil turns. μ0 is the permeability of vacuum and the value is 4π × 10−7 H/m.




3. Results


3.1. Microstructure of the Powders and Cores


Figure 2 shows the SEM images and particle size distributions of Fe-6.5 wt%Si raw powders of groups A–D and the enlarged images of groups C–D. It can be seen that the sieved particles of each group have a relatively uniform size, and most of the particles exhibit spherical shape with smooth and clean surface. The spherical powders are easy to insulate compared with irregular shaped powders and can reduce the interparticle eddy current loss of the powder cores. According to the size distribution data, the D50 of groups A–D are 54.18, 47.32, 24.42, and 11.53 μm, respectively. The enlarged images of groups C–D show that the smaller fine particles have very regular spherical shape, which is good for filling the gaps. The XRD patterns of Fe-6.5 wt%Si raw powders and the insulated powders are shown in Figure 3. The peaks of Fe-6.5 wt%Si raw powders at about 44.3°, 65.2°, and 82.4° correspond to the (110), (200), and (211) crystal planes of bcc structure α-Fe phase, respectively. The insulated powders including phosphate layer and epoxy resin also only exhibited the α-Fe phase. As reported, this can be explained by two possible reasons. One is that the amount of the phosphate coating is too small to be detected by XRD. Another possible explanation is that the phosphate layer has an amorphous or nanocrystalline structure with the crystals smaller than 5 nm [22].



In order to achieve excellent comprehensive magnetic properties of magnetic cores and considering economic applicability, we actually made multiple particle size distribution of magnetic cores, as shown in Figure 1. Finally, five typical SMPCs were prepared to analysis the microstructure and magnetic properties. Figure 4 shows the fracture morphology of Fe-6.5 wt%Si SMPCs with different particle size distribution. It can be seen that the microstructure of the cores is composed of different sizes of metal powder and air gaps, which form a tight network structure. According to Figure 4a, the internal pores between Fe-6.5 wt%Si powder with larger diameter are filled as the Fe-6.5 wt%Si powder with smaller diameter, which leads to high density. In the light of Figure 4b,c, however, increase in the content of fine powder makes the fine powder agglomerated and creates more air gaps at the microlevel, and consequently, the density of SMPCs decreases from 6.4 to 6.2 g/cm3. By changing the particle size distribution as 10%, 10%, 60%, and 20% for particles groups of A–D, most of the internal pores are filled. Hence, the density of the Fe-6.5 wt%Si SMPCs increases from 6.2 to 6.52 g/cm3, as shown in Figure 4f. Figure 5 shows the SEM image of the Fe-6.5 wt%Si powder after phosphating and the corresponding EDS spatial elemental mapping of the powders. The Fe-6.5 wt%Si powder surface was rough than the untreated powders and produced a flocculent phosphate coating. It was further confirmed by EDS that the surface of power formed uniform and continuous phosphate coating, which means that the phosphating layer is homogeneously coated on the surface of the Fe-6.5 wt%Si powder. Compared with the thick and messy coating layer, the uniform and dense layer has smaller obstacle to the rotation of the magnetic domain, which is beneficial to reduce the hysteresis loss




3.2. Magnetic Performance of the Fe-6.5 wt%Si SMPCs


It is commonly known that in the manufacturing process of soft magnetic composites, defects such as air gaps and holes will inevitably occur inside. It has been reported that a magnetic core is considered as a distributed air gap inductor with 10–108 air gaps/cm determined by the dimensions of the magnetic powder [23]. These defects will deteriorate the magnetic properties of SMPCs by hindering the domain wall displacement and domain rotation. The most effective way to reduce these defects is to increase the density of the powder cores. Figure 4f illustrates the density of the powder cores with different size distribution. Samples 2–4 removed group A and increased the content of group C compared to the raw powder. However, it does not help to increase density. This means that large particle powders are indispensable in high-density powder cores. Finally, we designed the particle size distribution of sample 5. After high pressure molded at 1800 MPa, sample 5 had relatively high density (6.52 g/cm3) and this means less defects, which is the key to obtain high performance magnetic powder cores.



Figure 6a shows the effective permeability (μe) as a function of the frequency for the Fe-6.5 wt%Si SMPCs. All samples exhibited stable permeability at more than 1 MHz. The μe for samples 1–3 was positively correlated with density of the powder cores. The μe of the magnetic core can be calculated by Equation (2) [24]:


   μ e  =    μ i  m  ρ ′  + 2  μ i   m ′  ρ    μ i  m  ρ ′  −  (   μ i  − 3  )   m ′  ρ   ,  



(2)




where μi is the intrinsic permeability of the material, m and ρ are the mass and density of powder cores, m′ and ρ′ are the mass and density of magnetic powder, respectively. According to Equation (2), it is clear that the effective permeability is positively related to the density of the soft magnetic powder cores. This is consistent with the results of samples 1–3. However, the density of sample 4 was almost the same as that of sample 1, but the effective permeability differs by 5. Meanwhile, sample 5 has a higher density, but the μe is still lower than sample 1. This can be explained by Equation (3) of effective permeability [25]:


   μ e  =   D  μ i    D + δ  μ i    ,  



(3)




where μi is the intrinsic permeability of the material, D is the particle size of the material powder, and δ is the length of the air gap between the powder particles. This equation described the particle size dependence of the effective permeability in SMPCs, and the particle size of the powder is obviously proportional to the effective permeability. In samples 4 and 5, the content of group C increased compared with sample 1, thus the average particle size was smaller, which has negative effect to effective permeability of SMPCs.



Figure 6b depicts the variations in Pcv with the frequency at 100 mT for the samples 1–5. The difference of Pcv at a relatively low frequency range (25–75 kHz) is not obvious. However, along with the increase in testing frequency, the samples 3–5 clearly exhibit much lower core loss than sample 1. Sample 5 exhibited the lowest Pcv at the tested frequency in these samples, in which Pcv at 100 mT/50 kHz dropped by 15.4% (553 mW/cm3) compared with sample 1 (654 mW/cm3). The Pcv refers to various energy losses produced by magnetic materials in time-varying magnetic field, which mainly consists of hysteresis loss (Ph), eddy current loss (Pe), and residual loss (Pr). It is worth noting that the residual loss becomes an important part of the total loss only at very low or very high frequencies, which is generally ignored in SMPCs [26]. Therefore, the Pcv of the SMPCs can be expressed as follows:


   P  cv   =  P h  +  P e  .  



(4)







Theoretically, the Pcv can be represented by the following equation [27,28]:


   P  cv   =  P h  +  P e  =  K h  × f +  K e  ×  f 2  ,  



(5)




where Kh is the hysteresis loss coefficient, Ke is the eddy current loss coefficient, and f is the frequency. According to Equation (5), the hysteresis loss and the eddy current loss are proportional to frequency (f) and the square of frequency (f2), respectively. This means that the core loss of soft magnetic composites is dominated by Ph at low frequency conditions and Pe dominates at high frequency conditions, which is consistent with the results of loss separation in Figure 6c,d.



The Ph is produced by the coercivity of the magnetic materials. Each time the magnet completes a cycle of the magnetization curve, the area within the curve is a measure of energy loss [23], which can be expressed as follows:


   P h  = f   ∮  ​  H d B ,  



(6)




where f is the frequency, H represents the applied magnetic field intensity, and B stands for the magnetic induction intensity. It is well established that Ph is mainly determined by the coercivity and density of the soft magnetic composite [8]. Furthermore, the coercivity is determined by intrinsic physical constants of magnetic powder such as the magnetostriction coefficient, magneto crystalline anisotropy, and grain size, while the purity of magnetic particles also affects the coercivity. In this work, the raw materials of all samples were the same batch of Fe-6.5 wt%Si powder, thus their coercivity differs very little. This means that we can reduce the air gap and holes in the powder cores to decrease the Ph by increasing the density of the magnetic powder cores.



The Pe is the energy loss caused by the induced current in the conductor when an alternating magnetic field is applied to a magnetic material. The total eddy current loss of the SMPCs can be divided into the internal eddy current loss of microscopic particles and the eddy current loss between macroscopic particles [29]. The Pe sketchily scales as the operating frequency squared, and it can be depicted as follows [30,31]:


   P e  =  P e  inter   +  P e  intra   =      (  π  d  eff    B m   )   2    β  ρ 1     f 2  +      (  π d  B m   )   2    20  ρ 2     f 2  ,  



(7)




where    P e  inter     is the interparticle eddy current loss;    P e  intra     is the intraparticle eddy current loss; deff refers to the effective size of eddy current loss; d is diameter of the magnetic powders; Bm represents the applied magnetic flux density; β is the constant related to the geometry of the magnetic powder core; ρ1 and ρ2 are the electric resistivity of the SMPCs and magnetic powders, respectively; and f is the magnetic field frequency. According to Equation (7), increasing the resistivity of magnetic powder and reducing the particle size are the effective ways to decrease the intraparticle eddy current loss. In addition, the key to reduce the interparticle eddy current loss is to increase the resistivity through insulation coating to block the eddy current in the magnetic particle.



Figure 6c shows the changes of the hysteresis loss with the frequency for the different particle size distribution of samples. The Ph of the five samples first increases and then decreases, which follows opposite trend with the change of the density. This may be explained by that the increasing of density is conducive to reduce air gaps and voids in the magnetic powder cores. Based on detailed data, the Ph of the five samples accounts for about 90% in the total core loss at 100 mT/50 kHz, consistent with the theoretical prediction. By adjusting the particle size distribution, the Ph of sample 5 (509 mW/cm3) dropped by 9% compared with sample 1 (560 mW/cm3) at 100 mT/50 kHz. Figure 6d presents the changes of the eddy current loss with the frequency for the different particle size distribution of samples measured at 100 mT. With the increase in fine powder contents, the Pe of samples 2–5 has obvious reduction, and difference increase when frequency increases. Specifically, The Pe of sample 5 (44.2 mW/cm3) dropped by 53% compared with sample 1 (94 mW/cm3) at 100 mT/50 kHz. Meanwhile sample 3 exhibits the lowest Pe due to minimum average particle size, and this matches the predicted result. The tremendous reduction in Pe makes us conclude that it is an effective method to reduce Pe by reducing the particle size of powder.



In physics and engineering, the quality factor (Q) is a dimensionless parameter that describes the insufficient damping of the oscillator or resonator. Additionally, in SMPCs, the Q is numerically the ratio of the real and imaginary parts of the complex permeability. Figure 7 shows Q as a function of the frequency for Fe-6.5 wt%Si SMPCs with different particle size distribution. The Q values of the five samples follow similar trend (it first increases with the frequency and then decreases), the preponderance of the Fe-6.5 wt%Si SMPCs with optimized particle size distribution in terms of Q is noticeable. Compared with the raw powder cores, the peak of Q remarkably increased and shifted to higher frequencies for the samples which the particle size distribution was optimized. In detail, sample 5 exhibits the maximum Q factor of 90.5 at a frequency of 213 kHz; it is significantly improved by 53% in contrast to sample 1 (59), which indicates lower core loss and superior soft magnetic properties at high frequency. The detailed data of soft magnetic properties in this work and the comparison with previous studies and the products of some companies are shown in Table 1. The Fe-6.5 wt%Si SMPCs with optimized particle size distribution fabricated in this study exhibit excellent comprehensive soft magnetic properties than those of the previously reported Fe-6.5 wt%Si SMPCs and some Fe-6.5 wt%Si SMPCs in the market. In particular, the Fe-6.5 wt%Si SMPCs have very low core losses while the effective permeability and DC-bias performance can be maintained; this may make Fe-6.5 wt%Si SMPCs with more application scenarios.





4. Conclusions


The Fe-6.5 wt%Si powder cores with five particle size distribution have been fabricated via inorganic–organic hybrid coating. The influence of the different particle size distribution of the Fe-6.5 wt%Si powder on the SMPCs’ magnetic properties was discussed. It was found that the comprehensive magnetic properties can be optimized by adjusting the particle size distribution of the powder. Sample 5 exhibits best comprehensive magnetic properties, i.e., the μe = 60 (1 MHz), Pcv = 553 mW/cm3 measured at 100 mT/50 kHz, and DC-bias performance is 70% at 100 Oe. In this work, we adopted a simple and efficient method to prepare magnetic powder core with excellent comprehensive magnetic performance, which is helpful for plans to manufacture high-performance magnetic powder cores.
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Figure 1. The particle size distribution of five groups of powder samples. 
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Figure 2. SEM images and particle size distributions of the Fe-6.5 wt%Si raw powders of (A) −75 to +38 μm, (B) −38 to +23 μm, (C) −23 to +13 μm, and (D) −13 μm. The insets are enlarged images of C and D. 
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Figure 3. XRD pattern of (a) the raw Fe-6.5 wt%Si powders and (b) the coated Fe-6.5%Si powders. 
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Figure 4. SEM images of fracture surface of the Fe-6.5 wt%Si SMCs with different particle size distribution, (a–e) represent sample 1, sample 2, sample 3, sample 4, and sample 5, respectively. In addition, (f) represents the density of Fe-6.5 wt%Si powder cores for samples 1–5. 
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Figure 5. SEM micrograph and EDS elemental distribution maps of the coated Fe-6.5 wt%Si powders. 






Figure 5. SEM micrograph and EDS elemental distribution maps of the coated Fe-6.5 wt%Si powders.



[image: Metals 10 01699 g005]







[image: Metals 10 01699 g006 550] 





Figure 6. The effective permeability (a), the total core loss (b), hysteresis loss (c), and eddy current loss (d) as a function of the frequency for samples 1–5. 
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Figure 7. The quality factor as a function of the frequency for samples 1–5. 
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Table 1. Comparison of Fe-6.5 wt%Si soft magnetic powder cores (SMPCs) performance of literature reported previously, products of some companies and this work.
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	Samples
	Density (g/cm3)
	μe @ 100 kHz
	DC-Bias @ 100 Oe
	Core Loss * (mW/cm3)





	Fe-6.5%Si [15]
	6.918
	103.36
	-
	781.03



	Fe-6.5%Si [14]
	5.91
	52.9
	56%
	-



	Fe-6.5%Si [8]
	5.28–6.01
	57.2–75.6
	-
	1015.2–1446.8



	Fe-6.5%Si [32]
	6.88
	112.13
	-
	500



	CSC **
	-
	60
	73%
	700



	MAGNETICS **
	-
	60
	70%
	680



	Sample 5
	6.512
	60
	70%
	553







* measured at 100 mT/ 50 kHz; ** Data from official websites.
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