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Abstract. This article discusses methods for studying the frequency
characteristics of composite iron powders with insulating oxide coatings.
The main dependences of hysteresis losses on induction for a full cycle at a
frequency of magnetization reversal for various cross-sections of iron
powders, sharply differing in the shape of the hysteresis curve and the
values of the main magnetic characteristics, are studied, and also frequency
dependences in the range of 50 Hz - 1 MHz of the figure of merit and
inductance for samples based on composites are considered from powder
Hoganes ASC100.29 after annealing in air, in water vapor and hydrogen at
a temperature of 400 °© C for two hours. Based on the analysis of the
dependencies, it can be explained by the fact that a material with a thin
layer has a lower electrical resistivity, which means that the total
electromagnetic losses will also be greater due to an increase in the
contribution of losses to eddy currents. At the same time, the magnetic
permeability at a frequency of 1 kHz differs by 30 units, and with an
increase in the frequency to 1 MHz, it decreases by 10-15% for both
materials. This makes it possible to use iron-based soft magnetic materials
for electrical engineering.

1 Introduction

The widespread introduction of automation and robotics in various sectors of the national
economy led to intensive growth in the production of low-power electric machines. Due to
the high specific consumption of magnetic materials in the manufacture of micromachines,
a very promising direction is developing a waste-free technology for the manufacture of
magnetic cores and cores using powder metallurgy methods. The use of soft magnetic
materials (SMM), obtained by powder metallurgy methods, makes it possible to reduce the
loss of electrical steel by up to 60% and eliminate many labor-intensive operations,
automate the technological process and ensure the necessary dimensional accuracy of parts,
excluding further finishing machining.
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2 Methods

Magnetically soft materials include ferro- and ferrimagnets with low coercive force, high
values of the initial and maximum magnetic permeability, and low losses for magnetization
reversal in dc and ac fields [4, 8,10]. Depending on the characteristics of devices, electrical
machines and other devices, the following requirements are imposed on SMM:

- must have a single-phase and homogeneous structure with a minimum concentration
of one- and two-dimensional defects;

- have a low energy of magnetic anisotropy, which affects the area of the hysteresis loop
and the magnetic permeability of the material;

- have high values of saturation induction, allowing to increase the magnetic flux
density in the magnetic circuit;

- have a relatively high specific electrical resistance, which affects the specific losses
due to magnetization reversal associated with losses due to eddy currents.

It is known that the magnetization reversal losses of the magnetic material P are the sum
of the hysteresis losses and eddy current losses [1-3]:

P=P +P, 1)

where P. is the eddy current loss, P, is the hysteresis loss.

3 Results and Discussion

Since each particle of the material is covered with an insulating coating, eddy current losses
are minimal. This means that the total loss is mainly the sum of the hysteresis loss.
Hysteresis losses are created during the displacement of the domain walls at the initial stage
of magnetization. Due to the inhomogeneity of the structure of the magnetic material,
energy is expended on the movement of the domain walls.

Annealing of the material is usually used to reduce hysteresis losses [2, 3]. This process
relieves the stress of the material's internal structure, reduces the number of dislocations
and other defects, and somewhat enlarges the grain. Figure 1 shows the dependences of
losses on induction for ASC100.29 material in the form of cores at a frequency of 1 kHz
with magnetization reversal in a full loop before annealing and after annealing in vacuum at
350 °C for 3 hours, and in figure 2 - dependences of induction on the magnitude of the
magnetic field for the same material before and after annealing.

It has been established that annealing of finished cores made of composite material
allows one to reduce losses and increase the induction of the material by 5-8%, which
actually agrees with [2-4].
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Fig.1. Losses for a low-frequency composite
material based on ASC100.29 before annealing
(1) and after annealing in vacuum at a
temperature of 350 °C for 3 hours (2) with
magnetization reversal along a full loop
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Fig.2. Dependences of magnetization B = f (H)
of a low-frequency composite material based on
ASC100.29 before annealing (1), after annealing
in vacuum at 350 °C for 3 hours (2)

Figure 3 shows the dependence of hysteresis losses on induction for a full cycle at a
magnetization reversal frequency of 1, 2, and 5 kHz for a low-frequency material based on

ASC100.29 with a grain size of d> 100 pm.
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Fig.3. Dependence of hysteresis losses on induction for a full cycle at a magnetization reversal
frequency of 1, 2 and 5 kHz for a low-frequency material based on ASC100.29 with a grain size d>

100 pm

It can be seen that at frequencies of 1 and 2 kHz, the loss reaches a maximum at
induction of 1-1.2 T, then decreases slightly and remains practically constant until
induction of 2 T, and at a frequency of 5 kHz, the losses are almost 2 times higher.

This difference in the magnitude of the hysteresis losses is most likely because samples
based on powders with a grain size of d>100 pm were studied. Therefore, it is advisable to
use such a composite material in electrical products operating at frequencies up to 1 kHz [2,

7,10, 13].
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Figures 4 show the results of studying the influence of the conditions for obtaining and
processing composites based on Hoganes ASC100.29 powder on the electromagnetic
characteristics.

Figure 4 shows the frequency dependences in the range of 50 Hz - 1 MHz of a figure of
merit and inductance for samples based on composites of Hoganes ASC100.29 powder
after annealing in air, in water vapor and hydrogen at a temperature of 400 °C for two
hours. Figure 5 a shows that during annealing in hydrogen, the figure of merit of the
samples increases more than 2 times from 25 to 53. The hydrogen medium is reducing: at a
high temperature, oxides are reduced to pure metals, there are fewer impurities in the
sample; therefore, the electromagnetic parameters of the samples are improving.
Conversely, annealing in water vapor promotes rapid corrosion and oxidation, and as can be
seen from the figure, the figure of merit decreases by more than 2.5 times. It should be
noted that annealing in hydrogen is a technologically complex and expensive operation;
therefore, it is rarely used in mass production [7,9]. At the same time, Figure 4, b shows
that annealing in various media has an almost insignificant effect on the inductance of the
samples. This can be explained by the fact that the annealing of the samples changes the
magnitude of electromagnetic losses at different frequencies.

A study was also carried out on the effect of ionizing radiation on the magnetic
characteristics of composites based on Hoganes ASC100.29 powder. Figure 5 shows the
frequency dependences in the range of 50 Hz - 1 MHz of the Q-factor and inductance
before and after annealing in an electron flow of 3.6 31016 cm’ E = 4 MeV. From the
analysis of dependencies, it follows that such processing does not affect the value of the Q-
factor and inductance, and therefore does not lead to a deterioration in electromagnetic
parameters. A decrease in the figure of merit by 8% in the range from 10 to 100 kHz is due
to the properties of the material itself [8, 9]. This result can find practical application.
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Fig. 4. Frequency dependences of figure of merit (a) and induction (b) for composites based on
ASC100.29 powder after pressing annealing at 400 °C / 2 hours in air - 1, in water vapor - 2 and in
hydrogen-3
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Fig. 5. Frequency dependences of the figure of merit (a) and inductance (b) of the composite soft
magnetic material ASC100.29 annealing in an electron flow 3.6¥1016 cm2, E =4 MeV) 1 - before
annealing, 2 - after annealing

Figure 6 shows the frequency dependences of the figure of merit and magnetic
permeability for composites based on Hoganes ASC100.29 powder, depending on the
thickness of the oxide layer. It can be seen from the dependences that the figure of merit for
a material with a thicker layer of ~ 3 nm is about 45 units, in contrast to a material with a
layer thickness of ~ 1 nm, in which the figure of merit is 23 units.
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Fig.6. Frequency dependences of the initial figure of merit (a) and permeability (b) of the composite
soft magnetic material ASC100.29 with oxide layer ~3nm - 1 and ~ 1 nm - 2

4 Conclusion

This difference can be explained by the fact that a material with a thin layer has a lower
electrical resistivity, which means that the total electromagnetic losses will also be higher
due to an increase in the contribution of losses to eddy currents. At the same time, the
magnetic permeability at a frequency of 1 kHz differs by 30 units, and with an increase in
frequency to 1 MHz, it decreases by 10-15% for both materials [10, 11]. This makes it
possible to use iron-based soft magnetic materials for electrical engineering
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