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ABSTRACT 
In this work, they studied the characteristics of iron-based ferromagnetic powders obtained by the method 
of plasma-electrolytic dispersion. Due to their unique magnetic and physical-chemical properties 
ferromagnetic powders are widely used in the production of magnetic wires for high-frequency and 
ultrahigh-frequency tracts of electronic equipment, as well as in the electric-chemical industry. An 
experimental industrial plasma plant has been developed for the synthesis of ferromagnetic powders that 
makes it possible to carry out synthesis in wide ranges of electric discharge parameters. The anodes from 
carbon steels of grade 10, 45, 60, and U10 were used as the initial materials for the synthesis of ferro-
powder, and 0.05% NaCl solution in distilled water was used as the cathode. The granulometric and 
structural compositions of the synthesized ferromagnetic powders were studied, the morphology of the 
powder particles was determined. Some physical and technological parameters that are important for the 
production of products from synthesized ferromagnetic powders were also identified. The study of the 
surface layer of powder particles showed their high ability to adsorb the cations of various salts from 
aqueous solutions, which can be used for water purification. 

Keywords: ferromagnetic powder, magnetite, powder structure, structure analysis, physical properties, X-
ray diffraction analysis, temperature stability. 

 
INTRODUCTION 
Ferromagnetic powders (ferro-powders) based on magnetite, maghemite, and the ferrites of other metals 
are widely used in engineering and space industries due to the uniqueness of properties. The magnetic 
features of ferro-powders provide their use in the manufacture of magnetic-conductor elements of high-
frequency and super-high-frequency paths, and a relatively high electrical conductivity and an exceptional 
resistance to anodic dissolution during the manufacture of non-consumable electrodes for the electric-
chemical industry and cathodic protection against corrosion with induced current, as well as heat-
shielding, corrosion-resistant and radio-absorbing coatings. 

The development of modern technology poses the task of operational and technological characteristics of 
ferro-powders continuous development. The main disadvantage of ferro-powders is the heterogeneity of 
the chemical composition due to the appearance of inclusions from unreacted raw materials in their 
structure. It is interesting to solve this problem by obtaining ferro-powders through plasma-electrolysis 
dispersion, since this process is characterized by simplicity of implementation, cheapness and the 
availability of raw materials, wide automation capabilities, which contribute to the development of ferro-
powder homogeneous structure. 

METHODS 
Based on the studies [1, 2], a pilot-industrial plasma installation was developed for the production of 
ferromagnetic powders by the method of plasma-electrolytic dispersion. To control the production of 
ferro-powders, the plant is equipped with a control system with a module for automatic maintaining of the 
interelectrode distance. The current sensor is used as the measured value sensor. The current sensor is 
installed at the output of a discharge power supply, up to the discharge chamber. By the combination of 
control actions on the parameters of the technological process one can establish a variety of regimes to 
obtain ferro-powders and provide the required characteristics of ferro-powders. The method of iron and 
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nickel ferro-powder obtaining by the method of plasma-electrolytic dispersion is described in detail in [3, 
4]. The determining parameters of the process in this method of ferro-powder synthesis are the discharge 
current, the discharge burning voltage, the electric power dissipated in a discharge gap, and also the 
thermal-physical and chemical properties of the dispersed anode material. The change of these parameters 
allows you to control the properties of ferro-powder during production stage. 

The electrical parameters of a discharge with an electrolytic cathode are established by the experimentally 
obtained generalized volt-ampere characteristic [7, 8]. VAC significantly depends on the composition and 
the concentration of an electrolyte, which is associated with the transfer of salt cations to a discharge. 
These cations make a negative effect on the productivity of plasma-electrolytic dispersion, therefore, 
0.05% of NaCl solution in distilled water was used to obtain ferro-powders. 

As the initial materials for the production of ferro-powder, carbon steels of grades 10, 45, 60, and U10 
were used, whose composition was determined by DFS-51 atomic emission spectrometer. The electrical 
parameters of the synthesis process were controlled by MY68 instruments. The anode temperature was 
measured with ADA TemPro 1600 pyrometer, as well as by thermocouples of TXA and TBP. The 
granulometric analysis of ferro-powders was carried out using the sieve analyzer A-30. In order to 
measure the mass of the samples, the analytical balance Ohaus Adventurer pro AV2264 was used. 
Microscopic studies were carried out using Micromed MET light microscope, as well as Zeiss EVO-40 
scanning electron microscope (SEM). X-ray diffraction analysis was performed by Shimadzu XRD-6000 
diffractometer. The elemental composition of ferro-powder and electrolyte was determined by Inca Х-act 
and BRA-18 X-ray fluorescence spectrometers, and also by Kvant Z.ETA-1 atomic absorption 
spectrometer. The microhardness of the ferro-powder particles and its articles was measured using a PMT-
3M microhardnesser with Vickers indenter. 

The processing of measurement results was carried out using mathematical statistics. 

RESULTS AND DISCUSSION 
The physical properties of ferro-powders are referred primarily to the size and the shape of the particles. 
The shape of the particles in plasma-electrolytic dispersion is determined by the features of physical-
chemical processes and remains constant in all production regimes. The particle size in its turn can vary 
within wide limits depending on the temperature of a metal anode, which allows to control the properties 
of the ferro-powder by changing the electrical discharge parameters and the composition of raw materials. 

Ferro-powder is a mechanical mixture of two fractions - magnetic and non-magnetic one. The mass 
fraction of the latter varies in the range of 10-15% when the anode temperature rises from 1340 to 1534 
°C. The histograms of the granulometric composition of the ferro-powder obtained from the steels of 
various grades are shown on Figure 1, where the shaded area corresponds to the non-magnetic fraction. 
These figures show the synthesis results for an hour with a 10 mm steel anode diameter. 

The curve corresponding to the obtained histograms is described by the Gaussian function satisfactorily: 
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where x is the particle diameter, µm; mx is the mass of particles with the diameter of x, g; a, b, c - 
distribution parameters: scale factor, mean diameter and standard deviation, respectively. 
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Figure 1 – Histograms of the size distribution at maximum rate of the synthesis. Carbon contents in steel: 
a – 0,10%; b – 0,45%; c – 0,60%; d – 1,0%. 

The particles of ferro-powder have a spherical shape (Fig. 2). This form is provided by the action of 
surface tension forces because the synthesis is carried out at high temperature. The surface of the particles 
is not homogeneous by chemical composition and is covered by cracks, as well as by the traces of 
crystalline plane germination. 

During the production of products from powder materials, the flow rate and bulk density are considered to 
be the main technological properties of powders. Table 1 provides information on these properties for 
various size fractions of ferro-powder. Also the microhardness of the ferro-powder particles is presented 
in the table. 
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Figure 2 – SEM images: a – magnification 1000 times; b – magnification 2000 times. 

 

Table 1. Physical characteristics 

Size, 

[µm] 

Hardness, 

[HV 0.05] 

Bulk density, 

[g/cm3] 

Fluidity, 

[s] 

40 - 50 451 - 473 2.91 14 

50 - 71 454 - 479 2.88 12 

71 - 90 458 - 482 2.82 11 

90 - 120 462 - 485 2.80 10 

120 - 160 465 – 486 2.78 9 

 

An intensive heating and rapid cooling of reaction products during plasma-electrolytic dispersion 
contribute to the development of a fine polycrystalline structure of ferro-powder particles, which 
significantly affects their magnetic characteristics. During the oxidizing of iron in steam-air discharge 
plasma, three main oxide phases can be formed: α-Fe2O3, FeO and Fe3O4, of which the latter is the most 
important one. The content of impurities in ferro-powders is determined by the compositions of metallic 
anode and electrolytic cathode. 

X-ray diffraction analysis showed that the magnetic fraction of ferro-powder consists of two structures: α-
Fe2O3 hematite with a hexagonal crystal lattice and Fe3O4 magnetite with an inverse spinel structure [5]. 
The structural data of various size fractions of ferro-powder are included in Table 2. The volume fraction 
of Fe3O4 phase in all samples makes no less than 99%. The main feature of this phase is a smaller value of 
the crystal lattice period than in the magnetite of stoichiometric composition [10, 11]. 
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Table 2. X-ray diffraction data 

Fraction 
Size, 

[µm] 
Phases 

Volume 

proportion, [%] 

Unit cell size, 

[Å] 

Magnetic 

40-50 

Fe3O4 99 а=8.3787 

α-Fe2O3 1 
а=5.424 

с=13.7110 

71-112 

Fe3O4 99 а=8.3861 

α-Fe2O3 1 
а=5.0430 

с=13.7142 

140-160 

Fe3O4 99 а=8.3895 

α-Fe2O3 1 
а=5.0390 

с=13.7153 

Non-magnetic 40-160 FeO 100 а=4.2774 

 

The diffractogram of the nonmagnetic fraction corresponds to a simple cubic crystal lattice of wustite 
FeO. At equilibrium iron oxidation in the atmosphere of water vapor at the temperatures above the 
eutectoid point on an iron-oxygen diagram of 570 °C, wustite is the only developed oxide [6]. A 
significantly higher content of Fe3O4 in comparison with FeO and α-Fe2O3 in this case is explained by a 
high rate of the chemical reaction. 

Dispersed magnetite Fe3O4 is oxidized in air at room temperature to maghemite γ-Fe2O3, which 
subsequently passes into hematite α-Fe2O3 during the allotropic transformation. The presence of bound 
H2O molecules and OH- anions plays an important role in this process. 

The resistance to temperature influence and the structural aging of ferro-powder has been studied by the 
methods of differential thermal (DT) and thermal-gravimetric (TG) analyzes [12]. It was found that ferro-
powder begins to oxidize at 450 °C. The oxidation process proceeds in one step without the development 
of an intermediate γ-Fe2O3 phase. The exothermic effect at a temperature of 332.4 - 377.6 °C, depending 
on a heating rate, corresponds to the recrystallization of the thinnest component of the ferro-powder 
microstructure. 

The studies of particle surface chemical composition were carried out by the electron-probe method. The 
studies have shown that particles are the mixtures of different iron oxides. The main impurity in the 
powders under consideration is Mn. Besides, the particles are characterized by a high concentration of 
impurities on a surface. A surface localization of impurities assumes their adsorption nature, since the high 
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ability of iron oxides to catch the cations of various salts from aqueous solutions is an object of close 
study and is considered is a promising method to purify drinking and technical water [13]. 

CONCLUSIONS 
The carried out studies showed that the phase composition and the structure of the ferro-powder obtained 
by plasma-electrolytic dispersion of carbon steels of the grade 10, 45, 60, and 10 are significantly different 
from scale and oxide films formed in equilibrium and similar conditions. 

The particle distribution by size is of a normal nature with a mathematic expectation varying in the range 
of 50-160 microns, depending on the plasma-electrolytic dispersion conditions. 

Ferromagnetic powders are a mechanical mixture of two fractions: magnetic and nonmagnetic one. The 
magnetic fraction consists of magnetite. The share of the nonmagnetic fraction is mainly represented by 
wuestite. 
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