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Abstract. This study examines the effectiveness of processing dispersed strontium hexaferrite material in a beater mill within a magneto-
liquefied layer formed by magnetic fields — an inhomogeneous alternating field with a frequency of 50 Hz and an induction gradient
of 90 mT/m, and a constant field with an induction of 15.3 mT — under conditions where milling is accompanied by particle aggrega-
tion. The magnetic field lines are mutually perpendicular and parallel to the plane of the milling bodies. A comprehensive investiga-
tion of the changes in the dispersed composition and structural characteristics of the strontium hexaferrite powder with increased
milling duration was conducted using scanning electron microscopy and X-ray diffraction analysis. The results show that processing
the strontium hexaferrite dispersed system with an initial average particle size of 1558.5 pm in a magnetoliquefied layer for 120 min
does not alter the phase composition of the powder. However, milling reduces the average particle size to 0.57 um, decreases the size
of the coherent scattering regions, increases the lattice microstrain of the SrFe,,0,, phase, and raises the dislocation density. Magnetic
properties of the powder samples before and after annealing were studied using a vibrating sample magnetometer at room temperature
and normal atmospheric pressure. The conducted research allows for the assessment of the technological outcomes of processing
the dispersed system in a magnetoliquefied layer, considering the collective effects that accompany milling.
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AHHoTayms. B pabore paccmorpena 3¢ QekTHBHOCTH 00pabOTKH MCIEPCHOrO MarepHaia rekcaeppura CTPOHIMS B OWIBHOM

MEJIbHUIIE B MAarHUTOOKH)KCHHOM CJI0€, 00pa30BaHHOM B MArHUTHBIX MOJISIX — HEOJAHOPOIAHOM MEpEeMEHHOM ¢ yacTtotoit 50 I,
rpaaueHToM HHAYKIUMH 90 MTin/M u nmoctosHHOM ¢ mHAYKUuei 15,3 MTin — B ycloBusX, KOIJa M3MEIBUCHHE COMPOBOKIACTCS
arperanueil yactuu. JIMHUM MarHUTHOW WHAYKLMHU TOJICH B3aMMHO INMEPIEHIUKYJSIPHBI U MapajlieibHbl MIIOCKOCTH BpPALICHHUSI
Owi1. MeTomamu pacTpoOBOii JMEKTPOHHON MHUKPOCKONUU M PEHTTCHOCTPYKTYPHOIO aHAIM3a MPOBEACHO KOMIUICKCHOE HCCIIEI0-
BaHHE 0COOCHHOCTEH M3MEHEHHS JAMCICPCHOTO COCTaBa M CTPYKTYPHBIX XapaKTEPUCTHK MOPOIIKA TeKkcapeppuTa CTPOHIIUS TPH
YBEJIMYEHHUH MTPOJOJDKUTEIBHOCTH M3MenbdeHus. [lokazano, uTo npu o6paboTKe TUCIIEPCHOM CHCTEMbI rekcadeppuTa CTPOHLIUS
CO CPEIHUM pa3MepoM dacTuil 1558,5 MKM B MAarHUTOOKMKEHHOM CJ10€ B TeueHUe 120 MUH HE POUCXOAUT U3MEHEHUs (Ha30BOro
COCTaBa MOPOIIKA, U3MEIBYCHHUE TIPUBOJIUT K YMEHBIICHHUIO CPEHEr0 pazmepa yactull nopomka 10 0,57 MKM, CHHIKEHUIO pa3zMepa
oOnacTelf KOrepeHTHOIO pPacCesHus, yBeIMdeHUI0 MuUKponedopmanun pemetku ¢pasbl SrFe,0,, ¥ MIOTHOCTH JUCITIOKALMH.
C moMOIIbI0 BUOPAIIMOHHOTO MAarHUTOMETpA MPHU KOMHATHOM TEMIIEpaType ¥ HOPMajJbHOM aTMOC(EpPHOM MaBICHUU HM3yUCHbBI
MarHUTHBIC XapaKTEPUCTHKH MOPOIIKOBBIX 00PAa3loB 10 U MOCHIE OTKUra. [IpoBeleHHBIC HCCIICAOBAHMS MO3BOJIIOT OICHUTH
TEXHOJOTHMUYCCKUIT pe3yabTar 00pabOoTKK AUCTICPCHON CHCTEMBI B MATHUTOOKM)KEHHOM CJIOC C YYETOM COBOKYITHOCTH OCHOBHBIX

ﬂBJ’[eHHﬁ, CONPOBOXAAOIIUX U3MEJIBYCHUE.

KnioyeBbie csi0Ba: IOpONIKOBasi METALTYPrus, TekcaeppuT CTPOHIUS, MEXaHHIECKOE M3MENbUCHHE, PEHTICHOCTPYKTYPHBIH aHAIIH3,
pacTpoBast MIEKTPOHHAST MUKPOCKOIHSI, BHOPAI[OHHBII MArHUTOMETP

Ana yntuposanms: Eropos 1.H., Eropos H.S1., Pycanes 10.B., Eroposa C.1. CTpykTypa 1 MarHuTHbIE CBOWCTBA MOPOILIKA TeKcadep-
pHTa CTPOHLMS [OCIIE U3MEIIBYCHNS B OMIIbHOW MEJIBHUIIE B MATHUTOOMKIIKEHHOM CJIO€ C TTOCIIEYIOLINM OTXKUTOM. H36ecmiis 6Y308.
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Introduction

Hexagonal ferrites are widely used in powder
metallurgy for the production of sintered magnets and
magnetoplasts [1; 2]. Compared to barium hexaferrite
magnets, strontium ferrite magnets provide superior
magnetic properties [3—6]. The quality of the magnetic
properties of strontium hexaferrite powder is influ-
enced by the granulometric composition and the degree
of uniformity in particle size within the dispersed
system [7; 8].

With the increase in the production of permanent
magnets, there is also a rise in the amount of waste
generated during various technological operations,
which needs to be recycled. The recycling process
of magnet production waste or used sintered mag-
nets involves stages of milling and powder produc-
tion [9; 10]. The most common methods for producing
fine and ultrafine powders of ferromagnetic materials
are wet and dry milling [ 11-14]. There are also methods
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to enhance the milling process efficiency by transfer-
ring the milled material into a fluidized state [15-17].

The primary goal in producing strontium hexaferrite
powder is to obtain a dispersed system with a specified
set of physical-technological and structural characte-
ristics. The development of high-performance equip-
ment for milling ferromagnetic materials is of great
importance, as the duration of the milling process and
the specific energy consumption are crucial economic
factors. The efficiency of dispersing can be influenced
by changing the conditions under which milling is car-
ried out, particularly by applying alternating inhomoge-
neous and constant magnetic fields to the dispersed fer-
romagnetic material in a beater mill, with the magnetic
field lines being mutually perpendicular and parallel
to the plane of the milling bodies’ rotation [18]. Under
electromagnetic influence, a magnetoliquefied layer is
formed from the dispersed material, where particles
and aggregates move within an inhomogeneous alter-
nating magnetic field, ensuring the principle of mul-
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tiple returns of particles and aggregates to the area
of the rotating milling bodies and significantly increa-
sing their collision frequency with the milling bodies.
Milling of dispersed media in a magnetoliquefied layer
requires additional energy consumption for powering
the electromagnets. As the induction of the constant
field and the gradient of the alternating magnetic field
increase, the energy consumption for power supply also
rises. However, only when the induction of the con-
stant magnetic field reaches 15.3 mT and the gradient
of the alternating magnetic field reaches 90 mT/m is
there intense movement of coarse ferromagnetic par-
ticles. The process of reducing particle size in the mag-
netoliquefied layer in the beater mill is observed only
with the intense movement of the dispersed system’s
particles. Due to the significant reduction in dispersion
time in the magnetoliquefied layer, energy consump-
tion is reduced [19].

When processing dispersed substances in any
milling apparatus, the resulting powder not only has
a specific granulometric composition but also various
structural defects that increase the particles’ reactivity.
In producing fine powders of strontium hexaferrite in
powder metallurgy, high demands are placed on both
the dispersed composition and the structural characte-
ristics of the dispersed system [20]. Therefore, stu-
dying the milling process is necessary to determine
effective operating conditions for the apparatus in
terms of changing the powder’s dispersed composition
and structural characteristics.

The aim of this work was to study the effect
of mechanical processing of a coarse-grained strontium
hexaferrite system in a beater mill in a magnetolique-
fied layer on the granulometric composition, structural
characteristics of the powder, and its magnetic proper-
ties before and after annealing.

The tasks were carried out using research methods
such as scanning electron microscopy, X-ray diffrac-
tion, and magnetic measurements of powder samples.

Experimental

To conduct the research, coarse strontium hexafer-
rite material with an average particle size of 1558.5 pum,
a most probable size of 1420 um, a dispersion
of 497 um, and a median of 1476.9 um was milled
in a beater mill, where the milling bodies rotated at a
frequency of 15.0 + 1.6 thousand rpm in a horizontal
plane. During the milling of magnetic materials in a
beater mill, two processes occur: particle fragmenta-
tion due to their interaction with the milling bodies and
particle aggregation. As the particle size of the milled
dispersed material decreases, their tendency to aggre-
gate increases, and the milling intensity significantly

decreases. When the dispersed system is processed in
a beater mill in a magnetoliquefied layer, the inten-
sity of movement of the ferromagnetic elements and
the frequency of their collisions with the rotating mill-
ing bodies increase. In the magnetoliquefied layer
of ferromagnetic dispersed systems, under certain
electromagnetic conditions, the destruction of aggre-
gates occurs [21;22]. To form a magnetoliquefied
layer from the dispersed system in the mill, which
ensures the deflocculation of ferromagnetic elements
and the return of the powder to the area of the rotating
milling bodies, the material was subjected to magnetic
fields: an alternating field with a frequency of 50 Hz
and an induction gradient of 90 mT/m, as well as a con-
stant field with an induction of 15.3 mT.

The study of the patterns of change in the dispersed
composition and structural characteristics during
the milling of the initial dispersed strontium hexafer-
rite system was carried out by analyzing samples taken
after 10, 30 and 120 min of milling.

The granulometric composition of the powder
samples was analyzed using a Supra 25 scanning elect-
ron microscope (Carl Zeiss, Germany). The struc-
tural characteristics of the milled dispersed material
were investigated using X-ray diffraction analysis
on a XRD-7000 diffractometer (Shimadzu, Japan)
with CukK, radiation (wavelength A =1.5406 A) and
Bragg-Brentano focusing (6-20). Given the complex
appearance of the SrFe O, phase diffraction pat-
tern, the PowderCell software version 2.3, based on
the Rietveld full-profile refinement method, was used
to process the diffraction spectra of the powder samp-
les [23; 24]. The ICSD database was used for analy-
zing and refining the structural characteristics. X-ray
measurements were conducted at room temperature in
step-scan mode (step size 0.03°) over the angular range
of 20 =5+90°. The exposure time at each step was
8 s. The profile R-factor was selected as the criterion
for good agreement between the structural model and
the actual experiment.

The magnetic properties of the strontium hexaferrite
powder samples were investigated using a LakeShore
vibrating sample magnetometer (USA) at room tem-
perature and normal atmospheric pressure. The mag-
netic field measurements were conducted with a pre-
cision of 0.1 Oe. The hysteresis loops were recorded
in the “Continuous” mode to ensure consistent and
detailed measurement of the magnetic behavior.

Results and discussion

The average particle size after 10, 30 and 120 min
of processing the dispersed system in the beater mill
was 12.48 um, 1.09 pum and 0.57 pm, respectively.

7



DM v on

W3BECTUA BY30B

W3BECTUSA BY30B. MTOPOLWKOBAA METANNYPTUA U OYHKLLMOHANBHBIE NOKPbITUA. 2024;18(5):5-12
E2opos W.H., E2opos H.A. u dp. CTpyKTypa 1 MarHUTHbIE CBOMCTBA NOPOLLKA rekcadeppuTa CTPOHLMA ...

X
<
=
<
0 500 1000 1500 2000 2500 3000 O 10 20 30 40 50
15
c d
e 101
<
S
< 5L
0 1 2 3 4 5 2 3
d, pum d, um

Fig. 1. Histograms and logarithmic-normal distribution functions of strontium hexaferrite powder particle sizes
a — initial powder, b—d — after milling for 10 min (b), 30 min (c), 120 min (d)

Puc. 1. T'ucrorpaMMbl B (yHKITUH JIOTapU(MUIECKH HOPMAIGHOTO PACIIPEIeNICHNUS TOPOIIIKA TeKcadepprTa CTPOHIHUS 110 pa3Mepam

a — ucxoaHoe coctosiHue; b—d — nocne n3menpuenus B Teuenne 10 mus (b), 30 muH (c), 120 muH (d)

The experimental results indicate that after 10 min
of milling, the degree of milling (the ratio of the ave-
rage particle size of the initial dispersed system
to the average particle size of the milled product) was
124.9. In the subsequent 20 min, the degree of mill-
ing decreased to 11.5 and after 90 min, it significantly
reduced to 1.9. The rate of particle size reduction dur-
ing the first 10 min of milling was 154.6 pm/min, dur-
ing the following 20 min, it was 0.57 pm/min, and dur-
ing the further 90 min, it was only 0.006 pm/min.

Thus, the most intense milling of the strontium
hexaferrite dispersed material occurs in the first 10 min
of milling. This result is consistent with studies sho-
wing that the strength of the particles and the work
required for their fragmentation increase as the particle
size decreases [25-27].

From the histograms and functions of the logarith-
mic-normal distribution of strontium hexaferrite pow-
der particle sizes shown in Fig. 1, it is evident that for
the initial dispersed material (Fig. 1, a), the most pro-
bable size is 1337.23 um, and the width of the function
maximum at half-height is 968.16 um. After 10, 30
and 120 min of milling in the beater mill in a magneto-
liquefied layer, the most probable particle sizes were
493 um, 0.67 um and 0.34 pm, respectively, and
the width of the maximum at half-height of the par-
ticle size distribution function decreased to 7.68 um,
091 um and 0.40 pm, respectively (Fig. 1, b—d).
The morphological features of the strontium hexa-
ferrite powder particles after 120 min of milling in
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the magnetoliquefied layer are shown in Fig. 2. Thus,
after 30 min of milling, the homogeneity of the dis-
persed composition increases significantly.

The experimental results show that the process
of milling the initial strontium hexaferrite dispersed sys-
tem in a beater mill in a magnetoliquefied layer can be
divided into three stages. During the first stage, lasting
10 min, the most intense milling occurs. In the second
stage, which lasts 20 min, milling is less intense, but
the homogeneity of the dispersed system distribution
increases. In the third stage, lasting 90 min, the milling

Fig. 2. Morphological features
of strontium hexaferrite powder particles after 120 min
of milling in a magnetoliquefied layer

Puc. 2. Mopdomnorudeckie 0COOEHHOCTH YaCTHUII OPOLIKa
rekcagepputa cTpoHUuUs nocie 120 MUH U3METBICHUS
B MarHUTOOXKH)KEHHOM CJI0€
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Fig. 3. X-ray diffraction patterns of the relative intensity of
strontium hexaferrite dispersed material samples

a — initial powder, b—d — after milling for 10 min (b),
30 min (c), 120 min (d)
Puc. 3. PeHTreHorpaMMbl OTHOCHTEIBHONW HHTEHCHBHOCTH
00pas3IoB AMCIIEPCHOTO MaTepuaa rekcadeppuTa CTpOHIHS

a — WCXOIHOE COCTOsIHUE; b—d — Tociie N3MebUeHNUs
B Teuerue 10 muH (b), 30 muH (c), 120 muH (d)

intensity decreases significantly, but the homogeneity
of the dispersed system increases substantially.

However, milling leads to the accumulation of crys-
tal structure defects, which reduces the magnetic pro-
perties of the powder. Itis evident that the most complete
information about changes in the structural characteris-
tics of the milled material can be obtained by studying
the diffraction profiles of the X-ray patterns of powder
samples of the initial dispersed material and after mill-
ing for 1= 10, 30 and 120 min (Fig. 3). The duration
of processing the dispersed material in the mill in
a magnetoliquefied layer affects the sizes of coherent

scattering regions (CSR), the magnitude of additional
relative microstrains Ad/d,,, (Ad being the average
change in interplanar spacing d,,, due to the presence
of defects), and the dislocation density p.

According to X-ray diffraction analysis data
(Fig. 3), milling the coarse strontium hexaferrite mate-
rial in a beater mill for T= 120 min in a magneto-
liquefied layer does not lead to a change in the phase
composition.

Fig. 4 presents histograms showing changes in
the sizes of the coherent scattering regions (D), lattice
microstrains (Ad/d), and dislocation density (p) for
samples of the initial strontium hexaferrite dispersed
material and after processing in the mill for =10,
30 and 120 min. For the initial dispersed material,
the CSR size was D = 309.4 A, the dislocation density
was p =3.13-10" cm™, and the relative deformation
was Ad/d =3.49-10%. As the milling time increases,
the size of the crystallites, determined from the analy-
sis of the broadening of diffraction lines, decreases,
while the lattice microstrain of the SrFe ,0,, phase
and the dislocation density increase. However, during
the processing of the dispersed system in the magne-
toliquefied layer, the intensity of changes in the struc-
tural characteristics of the powder varies. In the first
stage of milling (t = 10 min), there is an intense reduc-
tion in particle size, but the contribution of defect for-
mation processes is small. As seen in Fig. 4, during
this stage of processing the initial strontium hexaferrite
dispersed system, the change in lattice microstrain
Ad/d increased by 1.06-107, the dislocation density p
increased by 0.21-10'! cm™, and the CSR size D
decreased by 9.9 A. In the second stage of processing
the dispersed system for 20 min in the mill, the mill-
ing intensity decreases, and the defect formation pro-
cess intensifies. During this stage, the change in lattice
microstrain increased by Ad/d = 7.50-107, the dislo-
cation density increased by p=1.15-10"" cm™2, and

400 a 1.5 b 5 c
300 T 10 9 4
ot S v ME 3
Q 200 ) =)
S - 2
< 0.5 a8
100
1
0 0 0
0 10 30 120 0 10 30 120 0 10 30 120
T, min T, min T, min

Fig. 4. Changes in the size of coherent scattering regions D (a), lattice microstrains Ad/d (b) and dislocation density p (c)
for samples of the initial dispersed strontium hexaferrite material and after milling with different durations (1)

Puc. 4. I3menenune pazmepa obnacteii KOrepeHTHOTo paccesiHust D (@), MUKPOHCKKSHUH KPUCTAIUTHYECKOM
pemetku Ad/d (b), IIOTHOCTH TUCIOKAIHA p (¢) T 00pa3I0B UCXOTHOTO AUCTICPCHOTO MaTepHraa
rexca)eppuTa CTPOHIMS U TOcie 00pabOTKK B MEJIBHUIIE C PA3INYHOM JITUTEIHOCTHIO (T)



DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLWIKOBAA META/IIYPTUA U ®YHKLMOHANBbHBIE MOKPbITUA. 2024;18(5):5-12
E2opos W.H., E2opos H.A. u Op. CTpyKTypa 1 MarHUTHbIE CBOWCTBA NOPOLLKa rekcadeppuTa CTPOHLMA ...

the CSR size decreased by 41.0 A. In the third stage
of milling, lasting 90 min, the Ad/d value increased
by 1.27-10*, the p value increased by 0.21-10" ¢cm™2,
and the CSR size D decreased by 5.96 A.

The experimental results indicate that the most
intense particle size reduction process during the treat-
ment of the dispersed system in a magnetoliquefied
layer occurs within the first 10 min, with the degree
of milling reaching 271.2 at this stage. The most sig-
nificant increase in lattice microstrain and dislocation
density is observed between 10 and 30 min, during
which the average size of the dispersed system changed
from 12.48 um to 1.09 um. Between 30 and 120 min
of milling, the intensity of the milling and defect
formation processes decreases, but the homogeneity
of the dispersed system increases significantly.

After 120 min of milling the initial strontium hexa-
ferrite dispersed system, the average particle size was
0.57 pm, with a median of 0.46 um, and the values
of D, Ad/d and p were 252.54 A, 13.32-10* and
4.70-10" e¢m™, respectively.

The magnetic properties of bulk samples made from
strontium hexaferrite powder, processed in a beater
mill in a magnetoliquefied layer for 120 min, before
and after annealing can be evaluated from the magnetic
hysteresis loops shown in Fig. 5. To restore the crystal-
line structure of the sample, annealing was performed
for 3 h at a temperature of 950 °C.

The results of the magnetic studies on the sample
made from powder processed in a beater mill in a mag-
netoliquefied layer for 120 min showed that the satura-
tion magnetization M, was 60.032 G-cm?/g, he remanent
magnetization M_was 29.991 G-cm®/g, and the coer-
cive force H, was 1656.6 Oe. As a result of annealing,
the magnetic properties of the strontium hexaferrite
powder improved, with the saturation magnetization,

M, G‘cm3/g

60
H.=1656.6 Oc
M =60.032Gemg 40
M,=27.991 G-em’lg 20

remanent magnetization, and coercive force of the sam-
ple increasing by 8.7, 43.7 and 64.3 %, respectively.

Conclusion

The experimental studies conducted allow us
to observe the changes in the granulometric composition,
crystallite size of the phases, lattice microstrains, and
dislocation density during the production of SrFe ,0 4
powder through milling in a magnetoliquefied layer. It
was established that processing the dispersed system
of coarse strontium hexaferrite material for 120 min
in a beater mill within an alternating inhomogeneous
magnetic field with a frequency of 50 Hz and an induc-
tion gradient of 90 mT/m, along with a constant field
with an induction of 15.3 mT, does not alter the phase
composition of the powder. However, it leads to a
significant reduction in particle size, a decrease in
the size of coherent scattering regions, and an increase
in the lattice microstrain of the SrFe,,0,, phase and
the dislocation density.

It has been shown that during milling, the intensi-
fication of changes in the granulometric composition
and structural characteristics of the dispersed system
of the material being processed significantly decreases
once the average particle size reaches 1 pm. Further
milling results in a substantial reduction in the inten-
sity of changes in the granulometric composition
of the material processed in the mill, while the homo-
geneity of the dispersed system increases significantly.

According to studies conducted using a vibrating
sample magnetometer, the magnetic characteristics
of the sample made from the powder obtained after
milling — namely, remanent magnetization, saturation
magnetization, and coercive force — were determined.
The magnetic properties of the sample increased as
a result of annealing.

M, G-cm3/g

60 |-
H.=2721.5 Oe

M. =65245G-em’g 40
M. =40218 G-emg 20 +

-20 -15 -10

15 H, 10’ Oe

Fig. 5. Hysteresis loops of bulk samples of strontium hexaferrite powder after milling in a magnetoliquefied layer
for 120 min (@) before annealing and (b) after annealing

Puc. 5. MaruuTHbIe NETIIN THCTEpe3nuca 00beMHBIX 00pa3IioB MOPOIIKa rekcadpeppruTa CTPOHLIUS
[10CJIC U3MEJIBUEHHSI B MArHUTOOKHKEHHOM cJioe B TeueHue 120 mun 10 omxura (a) u nocie omxura (b)

10



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(5):5-12
Egorov I.N., Egorov N.Ya., etc. Structure and magnetic properties of strontium hexaferrite ...

References / Cnucok nutepatypbl

Antsiferov V.N. Problems of powder materials. Part V.
Materials science polycrystalline ferrites. Ekaterinburg:
UrO RAN, 2004. 395 p. (In Russ.).

Annudepos B.H. ITpoGnembl MOpOIIKOBOrO Marepuao-
BeneHud. Y. IV. MarepuanoBeneHue MNOIMKPUCTAITUIIH-
yeckux (eppurton. ExarepunOypr: ¥pO PAH, 2004. 395 c.
Pullar R. Hexagonal ferrites: A review of the synthesis,
properties and applications of hexaferrite ceramics. Prog-
ress in Materials Science. 2012;57(7):1191-1334.
https://doi.org/10.1016/j.pmatsci.2012.04.001

Kaneva L.I., Kostishin V.G., Andreev V.G., Chitanov D.N.,
Nikolaev A.N., Kislyakova E.I. Obtaining barium hexa-
ferrite brand 7BI215 with isotropic properties. Materials
of Electronics Engineering. 2014;(3):183—188. (In Russ.).
https://doi.org/10.17073/1609-3577-2014-3-183-188

Kanesa U.U., Koctummu B.I., Anapee B.I., Ywura-
HoB /I.H., Huxonaes A.H., Kucnsxosa E.U. Ilonyuenue
rekcadeppura Oapus C IOBBIIICHHBIMH H30TPOIHBIMH
cBoiicTBaMu. M3eecmus eblcuiux yueonolx 3aeedenutl. Ma-
mepuanvl snekmponro mexruxu. 2014;(3):183-188.
https://doi.org/10.17073/1609-3577-2014-3-183-188

Ze Wu, Bashkirov L.A., Slonskaya S.V., Shauchenka S.V.,
Shambalyov V.N. Magnetic properties of permanent mag-
nets based on M-type strontium ferrite with Sr** substi-
tuted by Sm** and Gd** and Fe*" substituted by Zn** and
Co?". Proceedings of the National Academy of Sciences
of Belarus. Chemical Series. 2015;(3):11-16 (In Russ.).

33 V, bamxkupos JI.A., Cnonckas C.B., Illeuenko C.B.,
[ITam6anes B.H. MaruutHble cBOicTBa HOCTOSHHBIX Mar-
HUTOB Ha OCHOBE (peppHTa CTpoHIHMS M-THIIA C 3amenie-
HueM uoHoB Sr2* monamu Sm’', Gd3" u nonos Fe** nona-
mu Zn**, Co*" Uzeecmua Hayuonanohoti akademuu Hayx
benapycu. Cepus xumuueckux nayx. 2015;(3):11-16.
Kikuchi T., Nakamura T., Yamasaki T., Nakanishi M., Fu-
jii T., Takada J., Ikeda Y. Magnetic properties of La—Co
substituted M-type strontium hexaferrites prepared by po-
lymerizable complex method. Journal of Magnetism and
Magnetic Materials. 2010;322(16):2381.
https://doi.org/10.1016/j.jmmm.2010.02.041

Huang X., Zhang J., Wang L., Zhang Q. Simple and re-
producible preparation of barium hexagonal ferrite by ad-
sorbent combustion method. Journal of Alloys and Com-
pounds. 2012;540(5):137-140.
https://doi.org/10.1016/j.jallcom.2012.05.015

Ketov S.V., Yagodkin Yu.D., Lebed A.L., Chernopyato-
va Yu.V., Khlopkov K. Structure and magnetic properties
of nanocrystalline SrFe,,0,, alloy produced by high-ener-
gy ball milling and annealing. Journal of Magnetism and
Magnetic Materials. 2006;300(1):e479—e481.
https://doi.org/10.1016/j jmmm.2005.10.199

Ketov S.V., Yagodkin Yu.D., Menushenkov V.P. Structure
and magnetic properties of strontium ferrite anisotropic
powder with nanocrystalline structure. Journal of Alloys
and Compounds. 2011;509(3):1065-1068.
https://doi.org/10.1016/j.jallcom.2010.09.184

Bollero A., Rial J., Villanueva M., Golasinski K.M.,
Seoane A., Almunia J., Altimira R. Recycling of stron-
tium ferrite waste in a permanent magnet manufactur-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

ing plant. ACS Sustainable Chemistry & Engineering.
2017;5(4):3243-3249.
https://doi.org/10.1021/acssuschemeng.6b03053

Liu B., Zhang S., Steenari B.M., Ekberg K. Synthesis and
properties of SrFe,,0,, obtained by solid waste recycling
of oily cold rolling mill sludge. International Journal
of Minerals, Metallurgy, and Materials. 2019;26:642—648.
https://doi.org/10.1007/s12613-019-1772-2

Letyuk L.M. Technology of the ferrite materials and mag-
netoelectronics. Moscow: MISIS, 2005. 352 p. (In Russ.).

Jlettok JL.M. TexHomorust peppUTOBBIX MaTepUaIoB Mar-
Hutosnekrponuku. M.: MUCHUC, 2005. 352 c.

Goldman A. Modern ferrite technology. 2™ ed. Pittsburgh:
Springer, 2006. 438 p.

Ketov S.V., Lopatina E.A., Bulatov T.A., Yagodkin Yu.D.,
Menushenkov V.P. Effect of milling in various media
and annealing on the structure and magnetic properties
of strontium hexaferrite powder. Solid State Phenomena.
2012;190:183-187.
https://doi.org/10.4028/www.scientific.net/SSP.190.183
Stingaciu M., Topole M., McGuiness P., Christensen M.
Magnetic properties of ball-milled SrFe,,0 , particles
consolidated by Spark-Plasma Sintering. Scientific Re-
ports. 2015;5:14112. https://doi.org/10.1038/srep14112
Valverde J.M. Fluidization of fine powders: Cohesive versus
Dynamical Aggregation. Netherlands: Springer, 2013. 136 p.
Espin M.J., Valverde J.M., Quintanilla M.A.S., Castel-
lanos A. Stabilization of gas-fluidized beds of magnetic
powders by a cross-flow magnetic field. Journal of Fluid
Mechanics. 2011;680:80—-113.
https://doi.org/10.1017/jfm.2011.151

Vandewalle N., Lumay G. Flow properties and heap shape
of magnetic powders. AIP Conference Proceedings. 2009;
1145:135-138. https://doi.org/10.1063/1.3179847
Egorov LN., Egorova S.I., Vernigorov Yu.M. A method
of milling magnetic materials and a device for its imple-
mentation: Patent 2306180 (RF). 2007. (In Russ.).

Eropos 11.H., Eroposa C.H., Bepuuropos 10.M. Cnoco6
U3MCJIBYCHUSA MAarHuTHBIX MaTCprajioB U yCTpOfICTBO JUIA
ero ocymectsienus: [latent 2306180 (PD). 2007.
Egorov LN., Egorov N.Ya. Energy consumption of mill-
ing in beater mill in magnetoliquefied layer. International
Research Journal. 2016;8(50):44-47. (In Russ.).
https://doi.org/10.18454/IRJ.2016.50.182

Eropos U.H., Eropos H.fl. DHepro3arpars! npu u3mesnb-
YEeHUH B OMJIBHON MENTbHULIE B MATHUTOOXKM)KEHHOM CIIOE.
MedxcOyHapoonbvlil HAyuHO-UCCTe008aMENbCKULL HCYPHAL.
2016;8(50):44-47.
https://doi.org/10.18454/IRJ.2016.50.182

Andreev V.G., Kaneva [I., Podgornaya S.V., Tik-
honov A.N. Investigation of the effect duration of grind-
ing powder of strontium hexaferrite microstructure and
properties of the magnets on the basis of their. Materials
of Electronics Engineering. 2010;(2):43—47. (In Russ.).

Aunpees B.I., Kanea WU.U., Tlogropuas C.B., Tuxo-
HoB A.H. Mccnenosanue BIMSHUSA JJIATEILHOCTH U3METb-
YEeHHUsI TMOPOIIKOB TekcadeppuTa CTPOHIMS Ha MHKpPO-
CTPYKTYpY U CBOIMCTBa MArHUTOB HA UX OCHOBE. M36ecmuis
sbICUUUX VUeOHbIX 3a6edeHutl. Mamepuansl 371eKmpoHHOL
mexnuku. 2010;(2):43-47.

il


https://doi.org/10.1016/j.pmatsci.2012.04.001
https://doi.org/10.17073/1609-3577-2014-3-183-188
https://doi.org/10.17073/1609-3577-2014-3-183-188
https://doi.org/10.1016/j.jmmm.2010.02.041
https://doi.org/10.1016/j.jallcom.2012.05.015
https://doi.org/10.1016/j.jmmm.2005.10.199
https://doi.org/10.1016/j.jallcom.2010.09.184
https://doi.org/10.1021/acssuschemeng.6b03053
https://doi.org/10.1007/s12613-019-1772-2
https://doi.org/10.4028/www.scientific.net/SSP.190.183
https://doi.org/10.1038/srep14112
https://doi.org/10.1017/jfm.2011.151
https://doi.org/10.1063/1.3179847
https://doi.org/10.18454/IRJ.2016.50.182
https://doi.org/10.18454/IRJ.2016.50.182

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLWIKOBAA META/IIYPTUA U ®YHKLMOHANBbHBIE MOKPbITUA. 2024;18(5):5-12
E20poe W.H., E2opos H.A. u dp. CTpyKTypa U MarHuUTHble CBOMCTBA NMOPOLLKa rekcadeppuTa CTPOHLMA ...

21. Egorov L.N. Investigation of electromagnetic effect on
structuring processes in magnetoliquefied layer of ferrite
disperse systems. Advanced Engineering Research (Ros-
tov-on-Don). 2012;3(64):44-50. (In Russ.).

Eropos M.H. HccrnenoBanue 351€KTPOMarHUTHOIO BO3-
JIeWCTBHS Ha POLIECCHI CTPYKTYpOOOpa30BaHMS B MaTrHH-
TOOXXI)KCHHOM CJI0€ (DePPHUTOBBIX JHCIICPCHBIX CHCTEM.
Becmuux JII'TY. Texnuueckue nayxku. 2012;3(64):44-50.

22. Egorov ILN., Egorova S.I., Kryzhanovsky V.P. Particle size
distribution and structural state analysis of mechanically
milled strontium hexaferrite. Materials Science Forum.
2019;946:293-297.
https://doi.org/10.4028/www.scientific.net/MSF.946.293

23. PowderCell 2.3 — powder pattern calculation from single
crystal data and refinement of experimental curves. URL:
http://mill2.chem.ucl.ac.uk/ccp/web-mirrors/powdcell/
a v/v_1/powder/e cell.html (accessed: 17.09.2023).

24. Rietveld H.M. A profile refinement method for nuclear and
magnetic structures. Journal of Applied Crystallography.
1969;2:65-71.
https://doi.org/10.1107/S0021889869006558

25. Middlemiss S. Surface damage effects in single particle
comminution. International Journal of Mineral Process-
ing. 2007;84(1):207-220.
https://doi.org/10.1016/j.minpro.2007.03.001

26. Blanc N., Mayer-Laigle C., Frank X., Radjai F., Delen-
ne J. Evolution of grinding energy and particle size dur-
ing dry ball-milling of silica sand. Powder Technology.
2020;376:661-667.
https://doi.org/10.1016/j.powtec.2020.08.048

27. Sharapov R. Determination of the ball mills performance,
taking into account the particle size of the finished pro-
duct. E3S Web of Conferences. 2021;281:01004.
https://doi.org/10.1051/e3sconf/202128101004

Information about the Authors

Ivan N. Egorov - Cand. Sci. (Eng.), Assistant Professor, Lead Prog-
rammer at the Regional State Library named after Yu.A. Zhdanov,
Southern Federal University (SFU)

ORCID: 0000-0001-8352-2311
& E-mail: egorovivan1@gmail.com

Nikolay Ya. Egorov - Cand. Sci. (Eng.), Assistant Professor, Depart-

ment of Technology And Professional Pedagogical Education, SFU
ORCID: 0000-0001-6921-1701

& E-mail: nyegorov@sfedu.ru

Yury V. Rusalev - Postgraduate Student, Junior Scientist at the
Smart Materials Research Institute, SFU

ORCID: 0000-0002-6507-6298
& E-mail: rusalev@sfedu.ru

Svetlana I. Egorova - Dr. Sci. (Eng.), Assistant Professor, Depart-
ment of Physics, Don State Technical University

ORCID: 0009-0003-6580-638X
& E-mail: siyegorova@gmail.com

Contribution of the Authors

I N. Egorov - defined the purpose of the work, conducted X-ray dif-
fraction analysis, wrote the manuscript.

N. Ya. Egorov - conducted experiments on powder milling, partici-
pated in the discussion of the results.

Yu. V. Rusalev - investigated the magnetic properties of the powders.
S. I. Egorova - participated in the discussion of the results, wrote
the manuscript.

@

@

CBegeHns o6 aBTopax

Hean Hukosnaesuy E20poe - K.T.H., OLEHT, BeJ,. IPOrpaMMHUCT 30-
Ha/IbHOW Hay4yHOU 6ubanoTeku uM. F0.A. XaHoa t0xHoro depe-
pasibHOrO yHUBepcuTeTa (I0DY)

ORCID: 0000-0001-8352-2311
B E-mail: egorovivan1@gmail.com

Hukoaaii Akoenesuy E2opos - K.T.H., [OLIEHT Kadeapbl TEXHOJIO-

TMHU U IPOodeccHoHaTbHO-eJaroruyeckoro o6pasosanus 0Py
ORCID: 0000-0001-6921-1701

& E-mail: nyegorov@sfedu.ru

Opuii Baadumupoguy Pycasee - acnivpaHT, MJI. Hay4d. COTPYAHUK
Mex/lyHapoAHOTO HCC/Ie/0BATeNbCKOT0 WHCTUTYTa HHTEJLIEeK-
TyaJIbHbIX MaTepHanoB 0QY

ORCID: 0000-0002-6507-6298
& E-mail: rusalev@sfedu.ru

CeemaaHa HeanoeHa Ezopoea - p.T.H., [JOUeHT, npodeccop
kadenpbl ¢u3MKU JJOHCKOTO TOCYyAapCTBEHHOTO TEXHUYECKOTro
YHUBepcHUTeTa

ORCID: 0009-0003-6580-638X
& E-mail: siyegorova@gmail.com

Bknag asTopos

H. H. E2opoe - onipe/iesieHe 1ies11 paboThbl, IPOBE/IeHHE PEHTTEHO-
CTPYKTYPHOTO aHaJ/IN3a, TOATOTOBKA TEKCTA CTAThH.

H. Al. E2opoe - npoBe/ieHle 3KCIIEPUMEHTOB 110 U3MeJIbYeHUIO 10-
POIIKOB, y4acTHe B 06CYK/IeHUH Pe3yIbTaTOB.

I0. B. Pycases - vicciie[joBaHHe MarHUTHBIX CBOMCTB OPOLIKOB.

C. U. Ezoposa - y4acTyie B 00CYXZileHUN pe3y/IbTaTOB, HANKCaHUe
TEeKCTa CTaTbH.

Received 26.11.2023
Revised 24.01.2024
Accepted 29.01.2024

Cratbs noctynuia 26.11.2023 .
Jlopa6oraHa 24.01.2024 1.
[IpunsaTa Kk ny6sankaguu 29.01.2024 r.

12


https://orcid.org/0000-0001-8352-2311
mailto:egorovivan1@gmail.com
https://orcid.org/0000-0001-6921-1701
mailto:nyegorov@sfedu.ru
https://orcid.org/0000-0002-6507-6298
mailto:rusalev@sfedu.ru
https://orcid.org/0009-0003-6580-638X
mailto:siyegorova@gmail.com
https://orcid.org/0000-0001-8352-2311
mailto:egorovivan1@gmail.com
https://orcid.org/0000-0001-6921-1701
mailto:nyegorov@sfedu.ru
https://orcid.org/0000-0002-6507-6298
mailto:rusalev@sfedu.ru
https://orcid.org/0009-0003-6580-638X
mailto:siyegorova@gmail.com
https://doi.org/10.4028/www.scientific.net/MSF.946.293
http://mill2.chem.ucl.ac.uk/ccp/web-mirrors/powdcell/a_v/v_1/powder/e_cell.html
http://mill2.chem.ucl.ac.uk/ccp/web-mirrors/powdcell/a_v/v_1/powder/e_cell.html
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1016/j.minpro.2007.03.001
https://doi.org/10.1016/j.powtec.2020.08.048
https://doi.org/10.1051/e3sconf/202128101004

