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ARTICLE INFO ABSTRACT

This work presents the study of the preparation routes of a soft magnetic composite (SMC) with
an insulating iron-phosphate-resin coating. The energy losses of these composite materials in
relation to the mobility of the domain walls during the magnetization process were studied. The
SMC concept is based on the coating of magnetic particles with a surface layer, in the order of
nanometers, electrically insulating and joined in the form of a three-dimensional matrix of a
finished compact. The amount of phosphoric acid dissolved in the solvent should correspond to
the desired coating thickness on the coated powder particles, where it was found that a suitable
concentration of H;PO, in 1 liter of acetone was 1/20 parts, to be added later 30 ml to 100 ml for
1000 grams of iron powder. The magnetic properties were investigated from the DC and AC
hysteresis curve in the 0.05 Hz to 260 Hz frequency range and measured in relation to the
contribution of the magnetic flux of the non-ferromagnetic components (pores and resin). The
total losses were calculated from the area of the hysteresis loops, where the maximum values of
300, 420 and 600 W/m® were found. The values of the maximum magnetic flux density Bm were
around (0.82, 0.78 and 0.62 T), for frequencies of 1, 50 and 260 Hz, respectively.
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Because it is integrated into an electrical machine design, the SMC
material can improve the magnetic performance of these motors, in
addition to reducing parts and facilitating the integration between
parts, as the magnetic cores are molded into a single piece by
compacting particles by tape. Magnetic strips coated with an
insulating layer to prevent the formation of eddy currents (Guo, 2008;
Jack, 2003). This insulation is directly related to the type of coating,
uniform coating layer, particle coating structure and suitable
preparation process (Hu, 2020; Sundayet al, 2017). As for the
particles, they can be made of different types of materials, such as
pure iron (99.98%).Different types of coatings can be applied on the
magnetic particles to form the insulating layer, being divided into
organic and inorganic, metallic and non-metallic layers. Insulating
layers treated with phosphoric acid (H;PO,) are described in papers
(Xia, 2019; Chen, 2019; Chen, 2020) and in patents (Jansson, 2002;
Maeda, 2010; Ye, 2012; Ye, 2018), together with the addition of
some type of oxide in the solution.An insulator of oxide can be used,
such as, in addition to iron phosphate, manganese phosphate, zinc

INTRODUCTION

Soft Magnetic Composites (SMCs) are a recent advancement of the
well-known and well-established Soft Magnetic Materials (SMMs).
Possessing specific soft magnetic properties such as high saturation
magnetization, stable permeability and low core loss at intermediate
frequencies, having a wide range of applications when used in energy
conversion (Zhou, 2020; Sunday, 2017; Hu, 2020).The SMC concept
is based on the coating of magnetic particles with a surface layer, in
the order of nanometers, electrically insulating and joined in a three-
dimensional matrix form of a finished compact. During its use as a
magnetic material, it must be magnetized along the different
directions of the grains, so that, ideally, it should have the same
behavior in each of these, that is, the absence of magno-crystalline
anisotropy (Gavrila, 2002; Hanejko, 1996). Thus, uniform 3D
magnetic properties are acquired due to the isotropic nature of

thismaterial, which provides greater freedom in creating more
complex designs (design flexibility) (Lei, 2019;Bircakova, 2020).

phosphate, calcium phosphate, aluminum phosphate, silicon oxide,
titanium oxide, aluminum oxide or zirconium oxide.In addition to the
layers formed with phosphate and oxides, other types of compositions
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and coating methods are studied, in order to ensure a thinner and
more homogeneous layer, improving the electrical isolation between
the particles, their magnetic and mechanical responses. Some
examples include the addition of zincthe use of boron oxide (Ishizaki,
2017; Evangelista, 2020), and glassy layers containing silica and
silicates (Tontini, 2017; Huet al., 2020).

Literature Review

Soft Magnetic Materials (SMMs) can be easily magnetized and
demagnetized. The most important characteristics desired for a soft
magnetic material are high magnetic saturation Bg, high permeability,
low coercivity Hc and low core losses. The correlation between
magnetic flux density B and magnetic field strength His described by
the hysteresis curve or B-H curve, as shown in Figure 1.
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Figure 1. Hysteresis cycle for a demagnetized ferromagnetic
material (27)

Furthermore, the magnetic properties of these materials depend on
their chemical composition and microstructure. For example, the
saturation induction rate mainly depends on the chemical
composition. Coercivity, remanence and permeability depend on the
microstructure of the magnetic material. As cold deformation, heat
treatment, grain size and impurities strongly influence the
microstructure, magnetic properties are similarly influenced
(Lefebvre et al., 1997).

Soft Magnetic Composites: An SMC can be understood as a mass
multiphase system where at least one dielectric phase coats an SMM
originally in powder form, and which is normally produced using
Powder Metallurgy techniques in the compaction and heat
treatment/curing/annealing procedures (Sunday, 2017). The magnetic
response of an SMC as a function of the magnitude and frequency of
the applied external field is a topic of frequent investigation due to its
importance in electromagnetic applications and depends on several
characteristics of each of the phases (including chemical composition,
volume fraction and distribution and the presence of defects)
(Giménez et al., 2006). Therefore, in order to understand and develop
improved SMCs, as well as to characterize them adequately, a
multidisciplinary approach involving scientific and technical aspects
is necessary (Périgo et al., 2018). SMCs, like any other engineering
SMM, are expected to exhibit minimal energy loss in combination
with low k magnetostriction (variation in physical dimension when a
magnetic field is present in the environment), high saturation
polarization Bg (related to the orientation of magnetic moments per
unit volume of the magnetic material), and the greatest possible
permeability.

Soft magnetic compounds mainly consist of ferromagnetic particles
that are coated with an insulating layer (Shokrollahi, 2017). There are
different variations of particles and insulators that are powder
metallurgically processed into a complex composite material. Pure Fe
powder, iron alloys with e. Ni, Co, Si as well as amorphous and
nanocrystalline materials are the common materials for powder

particles (Nowosielski, 2007). Particle coatings are generally divided
into two categories: organic and inorganic coatings. Inorganic
coatings are, for example, zinc, iron or manganese phosphates, metal
oxides and sulphates. Organic coatings are divided into thermoplastic
or thermosetting resin coatings. There are also inorganic-organic
hybrid coatings (Slovaca et al., 2013; Gramatyka, 2006).

Magnetic Properties: The properties of soft magnetic composites
include magnetic and thermal isotropy, very low eddy current loss,
and relatively low total core loss at frequencies in the mid-range
frequency. It also has high magnetic permeability, high remanent
magnetization, high resistivity and low coercivity (Asaka, 2005). The
magnetic permeability of SMC is directly influenced by the type of
insulating material, which can be organic or inorganic. The insulating
coating on powder particles of SMCs eliminates the current paths
from particle to particle (Figure2), thus minimizing eddy current
losses. However, this coating also reduces permeability due to the
creation of non-magnetic spaces between the particles (gap) and, to
some extent (proportional to the volume fraction of the coating), the
saturation magnetization of the compound. To provide maximum
magnetic permeability, therefore, the amount of insulation must be
minimized and the ferromagnetic content must be maximized (Sato et
al., 2015).
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Figure 2. Insulating coating on an SMC concentrated on a coated
particle [36]

In addition to the coating thickness, the maximum magnetic
permeability of the SMC is also limited by the presence of air gaps
(pores) in the direction of magnetic flux circulation due to the cavities
of the iron particles. This material porosity is directly related to the
compaction pressure level (Cyr, 2009). The designer of a new SMC
material always tries to increase magnetic permeability while keeping
electrical resistivity and mechanical strength sufficiently balanced.

Magnetic Losses in SMCs: The general picture of energy losses is
based on the Joule effect of eddy currents induced by changes in
magnetic flux density following the domain wall displacement and
magnetization vector rotation, both in the process of direct and
alternating current magnetization (Coey, 2009; Buschow, 2005).
Losses in soft magnetic materials can be divided into hysteresis cycle
losses (Wy), eddy current losses (W), and anomalous or excess
losses (Wgxc). Eddy current losses within an iron core occur due to
the decrease in electrical resistance that the alternating electric field
creates. Two main effects are observed in materials when eddy
currents are induced: incomplete magnetization of the material and
increase in core losses.

Unlike eddy current losses (more prominent with increasing
frequency), hysteresis losses are the main factor at low frequencies
and can be reduced using high purity iron, larger particle size and
annealing step for stress relief of compression (Périgo et al., 2018).
Generally, in addition to the electrical resistivity of the ferromagnetic
material, classical losses are also defined by the geometry of the
sample, especially the effective dimension that determines the flow of
eddy currents in the cross-section of the sample. Also in SMCs eddy
currents can flow in the cross section of an entire sample in the case
of non-perfect isolated particles (inter-particle eddy currents), as
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illustrated in Figure 3. Furthermore, in SMCs it is necessary to
consider that the eddy currents are closed inside the ferromagnetic
particles (intra-particle eddy currents) (Périgo ez al., 2018).

|ferromagnetic particle| [inter-particle eddy current|

insulation intra-particle eddy current
mesoscopic eddy current

Figure 3. Schematic of the paths taken by eddy currents in an
SMC [30]

Particle Coating on SMCs: The insulating coating that individually
separates the iron powder particles in an SMC product is the key
feature of this technology. Its thickness, coverage and resistance
under different processing operations are fundamental aspects for the
properties of a magnetic part. In this context, different strategies to
obtain a suitable coating for magnetic applications are the subject of
numerous studies. Yang et al. (Yang, 2017) present the results of the
development of a nanostructured FeCo/CoFe,0, composite produced
by the controlled oxidation of FeCo particles. High purity 60 nm thick
CoFe,0, layers can be formed in-situ on the surface of unoxidized
FeCo particles to form a high density core-shell structure. The best
intrinsic  magnetic  properties, including a high saturation
magnetization and a low coercivity, are obtained in these composites
due to the nano-thickness of the ferrimagnetic layers. A CoFe,O4
shells can be formed in-situ on the surface of the unoxidized parts of
the micron-sized FeCo particles by controlled oxidation according to
Figure 4.

+ 0 controlled oxidation
2 500 *C + 60 min
\ CoFe,0,
|t r——
toroidal sample
FeCo powders FeColCoFe,0, composites

Figure 4. Schematic illustration and the technical process of
controlled oxidation for FeCo/CoFe204 composites [35]

In the work by Meng et al. (2019), a coating strategy for producing
high performance metal-based magnetic compounds exhibiting high
magnetic inductions and lower core loss is presented. High purity
FeCo particles were dispersed in silicone resin to form a magnetic
insulating film, which was then uniformly coated on the surface of the
Fe powder particle with a particle size of 170 um to form a new type
SMC. These insulated magnetic layers can maintain a very high
saturated magnetization for composites and also result in their low
core loss. The schematic illustration for the preparation of these new
types of Fe and resin based SMCs is shown in Figure 5. The
frequency dependence of the energy losses of iron-phenol-
formaldehyde resin composite materials on the mobility of domain
walls during the magnetization process is studied in Biréakova et al.
(Huang et al., 2015).
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Figure S. A schematic illustration for the preparation of Fe-based
SMCs coated with magnetic insulating layers [36]
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The usual concept of three-component separation of total losses is
proposed for the case of magnetic composites, introducing
simplifications in the calculation of classical losses and pointing out
the different frequency dependence of excess (anomalous) losses
compared to homogeneous materials, which is explained by the
different frequency dependencies of a series of moving domain walls.
Experimental results in samples with different resin contents
confirmed the explanation and revealed the influence of internal
demagnetizing fields on the activation of the domain walls. Finally,
Huang et al. (Kopeliovich, 2013) describes the preparation of
phosphate layers as an insulating coating for Fe and FeSiAl soft
magnetic composites and the mechanisms of the phosphatization
process were investigated. For Fe SMCs as a powder base, the
insulating coating mainly consists of iron phosphate after surface
passivation. For FeSiAl SMCs, the phosphate coating mainly contains
Al(POs), which converts to oxides like Al after annealing. These
oxides have high electrical resistivity and continue to serve as an
insulating coating for composites.

The Phosphating Process: Phosphating is a well-known metal
conversion treatment, especially in the automotive industry. It is used
to provide the material with a thin layer of a phosphate coating that
imparts anti-corrosion and wear-resistant properties to the surface.
Thus, the steps of the phosphating process are as follows:(i) Surface
cleaning (blasting); (ii) Rinse material in hot water; (iii) phosphating
by immersion of the material in a phosphate bath or by spraying; (iv)
rinsing with water; and (v) drying. The main components of a
conventional phosphating solution are: (i) phosphoric acid (H;PO,);
(i1) water or acetone as the main solvent; (iii) ions (typically cations)
of divalent metals such as Zn*", Fe*", Mn®"; and (iv) accelerator — if
you want to increase the rate of the coating process and reduce the
grain size of the deposited coating. It is usually an oxidizing reagent
such as nitrate, nitrite or peroxide.

When a metallic material, for example iron, is immersed in a
phosphate solution, iron ions are supplied by the dissolving substrate
and a chemical top-up reaction takes place at the surface. There, the
iron dissolution is initiated in the micro-anodes present in the
substrate by the free phosphoric acid present in the bath (43).
Hydrogen evolution occurs at micro-cathode sites according to the
following equations:

3Fe + 6H" +2P0O,> = 3Fe*" + 2PO,> + 3H,

Fe —» Fe?" + 2¢”

2H +2¢ - H,

A simplified schematic of the phosphating process is shown in Figure
6. As these reactions proceed, the pH is locally lowered at the surface.
Then, the metal surface becomes first covered by a thin layer of
primary ferrous phosphate which is water soluble and then a thicker
insoluble tertiary and secondary ferrous phosphate given by the
reactions below:
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e Primary ferrous phosphate (soluble):

Fe + 2H;PO4 = Fe(H,PO,), + H,

e Secondary ferrous phosphate (insoluble):
Fe + Fe(H,PO,), = 2FeHPO, + H,

e Tertiary ferrous phosphate (insoluble):

3Fe*" + 2PO," = Fey(POy),

Fei* Phosphating solution O @
Fe(,(PO) poy; HP0),
HO
O
Diffusion zone
@)
H*2e— (H,
2
Fe—Fé +2¢ Fe,(POy),4H,0 I. | U
gl Cathode
Anode \_//
(Microanode area) (Microcathode area)
Metal surface(Fe)

Figure 6. Scheme of the iron surface phosphating process [43]

The existing ions are hydrogen anions and the resulting coating is iron
phosphate, as indicated by chemical reactions. The treatment is
carried out by stirring the iron powder continuously in the solution
bath to expose each particle. During the process, a small amount of
metal is removed from the surface and then deposited irregularly.
However, this etching also has the side effect of permanently
removing some of the metal, as not all of it is deposited again.

MATERIALS AND METHODS

The characterization of SMCs materials can be done by means of
specimens, which provided the analysis of the physical and magnetic
properties of each material, comparing these with existing results in
the literature.

The Phosphating Process: When using the phosphating method to
provide insulating coatings, a layer thickness more suitable for
electromagnetic applications should be sought. For example, using
phosphoric acid concentrations that provide improved -electrical
insulation properties, but resistivity can be increased to some extent.
The amount of phosphoric acid dissolved in the solvent should
correspond to the desired coating thickness on the coated powder
particles as defined below. A suitable concentration of phosphoric
acid in acetone has been found to be between 30 ml to 100 ml of
phosphoric acid per liter of acetone. The appropriate amount of
solution (acetone + phosphoric acid) to be added is 50 to 150 ml for
1000 grams of iron powder. Consequently, one can only use
phosphoric acid in a solvent at such concentrations and treatment
times in order to obtain the relationship between particle size, layer
thickness and its homogeneity. Then the powder is dried at 80 °C for
30 minutes. Figure 7 shows the samples of Fe phosphatized with
different phosphate solutions, being (a) Granulated iron due to very
thick phosphating, without dilution in acetone and (b) Phosphate
diluted in acetone (1 part phosphoric acid to 10 parts acetone) where
it does not have excessive grain.

A

Figure 7. (a) Granulated iron due to very thick phosphatization,
without dilution in acetone. (b) Phosphate diluted in acetone

Design Parameters for Magnetic Tests: For the hysteresis test, it is
necessary to prepare a ferromagnetic sample, which can, for example,
be in a ring format, as shown in Figure 8. This ring must then be
wound (winding of the primary and secondary coils and in the ring),
with each beret containing n turns, starting with the secondary
winding, in order to be closer to the material.

Figure 8. Preparation of a ring-shaped ferromagnetic sample

These tests are used to measure the rate of energy loss and produce
characteristic graphs of the hysteresis and magnetization cycle in
electrical materials. However, to do so, the following equations must
be taken:

Calculate the Cross Section Sy, in mm?:

Calculate the density of the sintered ring using the equation below

massa
d =

Pext? pint?
mh (225 - 2

Calculate the primary expiratory density by Equation, given the
importance of this parameter for calculating the hysteresis curve of
the material:

d Ne
pri = ;
. (((Z)ext + (Z)lnt)/2 )

Where ¢, is the outside diameter, ¢y, is the inside diameter,/ is the
height, d is the ring density, d,,; being the primary expiration density
(turns/mm) and Np number of primary turns.

Computational Measurement Methodology: In its simplest
realization, the continuous recording method employs a magnetizing
current source, realized with a function generator and a power
amplifier, and a flux measurement device connected to the secondary
winding, and subsequent data discretization by using analog-to-digital
(A/D) conversion (Fiorillo, 2010). Considering the diagram in Figure
9-a, the amplitude and waveform are usually adjusted by the signal
generator (1). Its output signal drives the power amplifier (2).
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The primary winding with turns N;is connected to the output of the
power amplifier, in series with a precision, low-inductance shunt
resistor R. The voltage drop U;=R.1 across the shunt is proportional to
the strength of the magnetic field H at sample. The voltage U, that is
induced in the secondary winding is proportional to the flux variation
d®/dt. Flux density B is obtained from U, by numerical integration.
Both voltages U, and U,are sampled synchronously by two fast A/D
converters (4). The resulting data is stored on the PC and the
hysteresis cycle is displayed (Figure 9-b).

PC

L] N Time ()
®
Figure 10. (a) Diagram of the measurement principle. (b)

Example of final voltage signals in the primary circuit over a
period and the hysteresis loop, shown in the insert, at 1 Hz [38]

RESULTS AND DISCUSSION

A sample was prepared by the phosphatization method, using the
technique of immersing iron powder in a liquid solution of acetone +
phosphoric acid. The iron base powder was immersed in a
concentration of 1/20 parts of phosphoric acid for 5 minutes and then
dried at 85 °C for 45 minutes. The characterization of these materials
can be done by means of specimens, which provided the analysis of
the physical and magnetic properties of each material, comparing
them with existing results in the literature. Figure 10 shows the
compacted samples in the form of a ring (a); the sample already
coiled after heat treatment (b); and a sample removed from the ring
for analysis by SEM micrograph (c).

Figure 11. Samples in the form of a ring of powder coated with
Fe,03, H;PO4and resin: (a) Compacted samples in the form of a
ring; (b) The sample already coiled after heat treatment; (c)
Sample removed from the ring for analysis by SEM micrograph

Figure 11 shows the fracture area of the ring specimens observed by
light microscopy showing iron particles coated by oxide, phosphate
and by the addition of resin. The density of the SMC was 7.14 g/cm’,
while the porosity was calculated from the mass and dimensions of
the samples (densities - iron: 7.85 g/em’, resin: 1.37 g/cm?).

Figure 11. Scanning electron microscopy (SEM) observation of a
sample after heat treatment of the sample

In samples with higher phosphate content, the insulating layers
become too thick, which causes an increase in electrical resistivity,
thus decreasing the magnetic permeability of the SMC. The higher
resin content, on the other hand, causes a greater dynamics in W, or
losses and the total energy losses Wp increased with increasing
frequency and more abruptly (despite the lower classical interparticle
losses due to the higher specific resistivity of samples with higher
content of resin). This can be caused by higher classical Wiyaparticie
losses due to particle aggregation (larger mean particle diameter) or
by higher excess Wgyc losses due to fewer moving domain walls.
Magnetic properties were investigated from the DC and AC
hysteresis curve (Figure 12) and measured in relation to the magnetic
flux contribution of the non-ferromagnetic components (pores and
resin) that were subtracted.

Hysteresis Loop
12
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12
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Figure 13. Hysteresis loop test of samples in powder coated ring
form. The values of the maximum magnetic flux density Bm
around (0.82, 0.78 and 0.62 T)

AC and DC hysteresis curves were measured in the frequency range 1
Hz, 50 Hz and 260 Hz. The total losses were calculated from the area
of the hysteresis loops, where the maximum values of 300, 420 and
600 W/m® were found (Figure 13). It can be seen that the increase in
losses is proportional to the increase in frequency. This is justified
mainly due to the thickness of the insulating layer.

Conclusion

The aim of this study was the development of a soft magnetic
composite SMC from the coating of iron particles with the
superposition of a phosphate layer (H;PO,4) on an oxide (Fe,05). The
resin insertion determines the magnitude of the interaction between
particles, as well as the dependence of the mobility of the domain
walls on the insulation content. The lower the resin content, the
smaller the internal demagnetization fields and the stronger the
magnetic interaction between the particles, resulting in a greater
number of moving domain walls needed for magnetic reversal. In
samples with higher H;PO, content, the insulating layers become very
thick, which causes an increase in electrical resistivity, thus
decreasing the magnetic permeability of the SMC. The total losses
were calculated from the area of the hysteresis loops, where the
maximum values of 300, 420 and 600 W/m® were found. The values
of the maximum magnetic flux density Bm were around (0.82, 0.78
and 0.62 T), for frequencies of 1, 50 and 260 Hz, respectively.
However, the total losses increased with increasing frequency, mainly
due to the excess of pores found in the samples studied in this work.
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