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Hexagonal strontium ferrite (SrFe12O19) is widely used as permanent magnets and in microwave electronics.

Its functional characteristics depend on the manufacturing technology. This paper for the first time uses the

method of radiation-thermal sintering (RTS) in a beam of fast neutrons on ILU-6 accelerator to produce specimens

SrFe12O19 . The process temperature varied from 1200 to 1400◦C, and sintering time — from 10 to 90min. The

phase composition and parameters of the crystalline lattice of the specimens were researched using methods of

Mössbauer spectroscopy and X-ray diffraction. Mössbauer spectra were recorded on MC1104E spectrometer,

and X-ray ones — on DRON-8 diffractometer. The density of the specimens is determined by Archimedes on

electronic scale UW620H. The results demonstrated that all specimens are single-phase and have space group

P63/mmc (� 194), which corresponds to the structure of the hexagonal ferrite. Optimal parameters for synthesis

of isotropic hexaferrites make 1250−1300◦C and sintering time 30−60min. Therefore, RTS may serve as an

alternative technology to produce polycrystalline isotropic hexagonal ferrite SrFe12O19, demonstrating high energy

efficiency and cost-effectiveness compared to the conventional methods

Keywords: radiation-thermal sintering, isotropic polycrystalline hexagonal ferrites SrFe12O19, crystalline structure,
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1. Introduction

Hexagonal strontium ferrite of M-type SrFe12O19 (SrM)

has crystalline structure, isomorphic to magnetoplumbit

PbFe12O19 [1]. As a result of the difference in the values

of ion radii of barium and strontium, replacement of the

first ion to the second one in the crystalline lattice of

hexagonal ferrite causes increase in the constant of magnetic

crystallographic anisotropy K1 by 10% [2]. Besides, SrM

hexaferrites have better manufacturability compared to BaM

hexaferrites [2].

Thanks to the complex of its magnetic properties and

operating parameters, SrM ferrite found wide application

as permanent magnets [1,2], active media of microwave

electronics instruments of the mm-range of wavelengths [3]

and in terahertz photonics [4]. The scientific and engineering

circles are still interested in the development of microwave

electronics devices based on thick films of hexagonal

ferrites [5,6].

Currently the industrial method to produce the specified

materials is the ceramic technology [1,2,5]. The specific

process chart for production of isotropic hexagonal SrM

ferrites using the ceramic technology is presented in Figu-

re 1. Apart from some generally recognized advantages,

the ceramic technology has certain disadvantages. One of

the main disadvantages is — high energy capacity of this

technology.

The alternative technology to produce SrM hexaferrites

may be the technology of radiation-thermal sintering (RTS),
which has been tested well on a few types of ferrites [7–9],
including barium hexaferrite BaM [7]. The difference of

the RTS technology from the traditional ceramic technology

(Figure 1) consists in the fact that the operation of the

thermal sintering of raw blanks is replaced with the sintering

operation in a beam of fast electrons in an electron

accelerator [7–9].

The objective of this paper was to study the possibility

to produce quality isotropic hexaferrites SrFe12O19 using

RTS technology, and to study the crystalline and magnetic
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structure of the produced specimens using the X-ray

diffractometry and Mössbauer spectroscopy methods.

2. Objects and methods of research

The initial specimens were prepared from oxide Fe2O3

of grade MM-2 (TU6-09-4816-80; impurity content SiO2,

Al2O3, Cr2O3 and Na2O was 0.01wt.% for each com-

pound). Raw stock containing strontium was strontium

carbonate of crystalline grade
”
P“ (99.0% purity) by

Ispharinsky Chemical Factory. Raw blanks were prepared

according to the diagram in Figure 1.

All operations, except for thermal sintering operation,

were used. The operation of thermal sintering in a furnace

(annealing) was replaced with RTS. The replacement of

the ordinary thermal sintering for RTS in a beam of fast

electrons is due to substantially lower energy capacity of

the latter and higher sintering quality [7–9].
RTS of specimens was carried out using fast electrons on

linear accelerator ILU-6 for radiation technology for energy

2.5MeV G.I. Budker Institute of Nuclear Physics, Siberian

Branch of the Russian Academy of Sciences [10]. The

schematic diagram of this accelerator is shown in Figure 2.

Find below the main characteristics of ILU-6 accelerator:

• maximum electron energy — 2.5MeV;

• resonant cavity operating frequency — 117MHz;

• pulse power of HF generator — up to 2.5MW;

• maximum pulse current of beam — 450mA;

• maximum average current of beam — 8mA;

• duration of beam current pulse — 0.5ms;

• pulse repetition rate — up to 50Hz;

• height of vacuum tank of ILU-accelerator together with

HF generator — more than 2m;

• output window length — 980mm;

• irradiation area width — 90 cm;

• electron beam capacity released to atmosphere — up

to 16 kW.

To sinter hexagonal ferrites in a beam of fast neutrons,

the paper used a cell for RTS of ferrite ceramics and

ferrite products designed at the department of Electronics

Materials Technology, MISIS University [11].
Mössbauer spectra of study objects were registered using

spectrometer MC-1104E with permanent acceleration at

room temperature, the source of γ-radiation was Co57 in

the chromium matrix. The isomer (chemical) shift was

calculated relative to α-Fe. Powder samples from ground

isotropic strontium hexaferrites were used for measurement.

Mathematical processing of spectra was carried out using

software
”
Univem Ms“.

X-ray phase and X-ray diffraction analysis of the study

objects was carried out on DRON-8 X-ray diffractometer

(made by: Russia, JSC NPP
”
Burevestnik“, St. Petersburg).

CoKα1 -radiation was used for X-ray phase analysis. Wave-

length λ = 0.178897 nm. Focusing was performed using

Bragg–Brentano method with two Soller slits. Measure-

ments were done at room temperature.

Drying the prepared mixture

 Ferritization

(diffusion annealing of the mixture)

Inspection

Washing 

Polishing of workpieces (product) 

Sintering (annealing)

Drying of green samples (product) 

Pressing of green samples

(product)

 Coarse grinding

AdditivesFine vibro-grinding

 
Wet vibro-grinding 

Source materials inspection

(SrCO  and Fe O )3 2 3

Mixing of source materials in

a ball mill (SrCO  and Fe O )3 2 3

Figure 1. The specific process chart for production of isotropic

hexagonal ferrites SrFe12O19 using the ceramic technology.

Estimation of the average size (LC) of coherent scattering
regions for the identified phases of all specimens studied

in the paper was carried out by calculations from the
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Figure 2. ILU-6 linear accelerator schematic diagram: 1 —
vacuum tank; 2 — resonant cavity; 3 — magnetic-discharge pump

of NMD type; 4 — electron injector; 5 — output device; 6 —
measuring loop; 7 — HF generator lamp anode; 8 — HF power

input loop support; 9 — HF power input loop; 10 — cathode

loop; 11 — input of shift voltage −7 kV; 12 — supports of lower

half of resonant cavity.

parameters of X-ray diffraction patterns using Debye–
Scherrer formula:

LC = kλ/B cosθ, (1)

where: LC — average size of coherent scattering region, nm;

k — constant equal to 0.89; B — half-width of diffraction

line for reflection angle θ, corresponding to the first

diffraction maximum from the set of the lines inherent in

each of the identified phases, rad.; λ — wavelength of X-ray

CoKa1
-irradiation, nm; λ = 0.178897 nm.

The density of the study objects was determined in the

paper in accordance with the Archimedes law on electronic

scale UW620H with an accessory for density measurement.

The specimen density was calculated using the following

formula:

ρ = ρ0

(

Wa

Wa −Wl

)

, (2)

where: ρ — specimen density, g/cm3; ρ0 — known fluid

density, g/cm3; Wa — specimen weight on air, g; Wl —
specimen weight in fluid, g.

X-ray density of hexaferrites was calculated using the data

of X-ray diffraction analysis and was in average 5.1 g/cm3:

ρX-ray =
2MA

V NA
=

2MA2

ca23
√
3NA

, (3)

Table 1. Information on SrFe12O19 specimens produced in this

paper by RTS method

No.
No. of

No. of specimen
Temperature Time Density

raw blank RTS, ◦C RTS, min g/cm3

1. 8-p6 GSI No. 8 1200 60 4.52

2. 9-p6 GSI No. 9 1250 60 4.92

3. 11-p6 GSI No. 11 1300 10 4.95

4. 12-p6 GSI No. 12 1300 30 4.96

5. 10-p6 GSI No. 10 1300 60 4.93

6. 13-p6 GSI No. 13 1300 90 4.93

7. 14-p6 GSI No. 14 1350 40 4.97

8. 30-p6 GSI No. 30 1400 304 4.94

where: MA — molecular mass of hexaferrite; c, a — pa-

rameters of elemental cell of hexaferrite; NA — Avogadro’s

number, V — elemental cell volume.

Table 1 presents information on the SrM specimens

produced in this paper by RTS method.

3. Results and their discussion

Mössbauer spectra of studied samples depending on

temperature of synthesis and time (T◦C/τ , min: 1200/60;

1250/60; 1300/60; 1350/40) are given in Figure 3.

All specimens were separated in 5 sextets, corresponding

to five positions of ions Fe3+ in type M hexaferrite structure:

12k, 4f1, 4f2, 2a and 2b [12]. The produced Mössbauer

parameters of sextets after their mathematical processing,

isomer shift (δ, mm/s), quadrupolar splitting (1, mm/s),
magnetic fields on nuclei Fe57 (Heff, kOe), width of resonant

lines (Ŵ, mm/s), angle 2, (degree◦) and areas of sextets

(S, rel.%) are given in Table 2.

Mössbauer spectrum of specimen 1400/10 is not shown

in Figure 3, but Table 2 includes its parameters. From

Table 2 one can see that under all processing modes

all iron ions comply with valency 3+, according to the

values of isomer shift, at the same time all parameters are

within the values specified for ions Fe3+ of corresponding

coordinations: 12k, 4f2, 2a — octahedra, 4f1 — tetrahedron,

and 2b — bipyramide [12]. However, some parameters

are slightly different from the theoretical ones. This is

true for areas from ions Fe(4f1), all specimens, which in

certain specimens reach values up to 20.7 rel.% compared

to the theoretical 16.7 rel.%. This may be explained by

higher probability of resonant effect of tetrahedral ions

Fe3+, compared to octahedral ones, as it was explained in

paper [13]. On the other hand, one may note the decrease in

angle 2, with temperature increase. This is especially true

with reduction of synthesis time (spec. 1350/40, 1400/10).
Therefore, under these modes, reduction of angle 2 from

55◦ leads to increase of specimen magnetic structure.

To find out the effect of directly the synthesis time,

Mössbauer spectra of hexaferrites SrFe12O19, produced

using RTS technology at temperature 1300◦C and synthesis

Physics of the Solid State, 2024, Vol. 66, No. 12
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Table 2. Parameters of Mössbauer spectra of isotropic hexaferrites SrFe12O19, produced by method of radiation-thermal sintering at

different temperature

Specimen SrFe12O19, Components
δ, mm/s 1, mm/s Heff, kOe S, % Ŵ, mm/s 2, ◦

T ◦C/τ min of spectrum

C1(12k) 0.35 0.39 412 49.0 0.29

C2(4f2) 0.37 0.30 517 16.2 0.25

1200/60 C3(4f1) 0.26 0.17 491 20.5 0.28 55.3

C4(2a) 0.34 −0.03 508 7.2 0.22

C5(2b) 0.28 2.21 408 7.1 0.30

C1(12k) 0.35 0.40 412 49.4 0.30

C2(4f2) 0.37 0.30 517 15.5 0.24

1250/60 C3(4f1) 0.26 0.17 491 20.5 0.29 55.1

C4(2a) 0.35 −0.04 508 7.8 0.24

C5(2b) 0.28 2.22 408 6.8 0.29

C1(12k) 0.35 0.40 412 49.3 0.30

C2(4f2) 0.37 0.32 518 15.9 0.25

1300/60 C3(4f1) 0.26 0.17 492 20.6 0.29 51.0

C4(2a) 0.35 −0.04 507 7.8 0.26

C5(2b) 0.29 2.21 408 6.4 0.31

C1(12k) 0.35 0.40 412 49.1 0.30

C2(4f2) 0.37 0.32 517 16.7 0.26

1350/40 C3(4f1) 0.26 0.17 491 20.7 0.29 49.3

C4(2a) 0.35 −0.05 508 7.2 0.22

C5(2b) 0.298 2.22 408 6.3 0.29

C1(12k) 0.35 0.40 412 48.6 0.29

C2(4f2) 0.37 0.31 517 16.4 0.25

1400/10 C3(4f1) 0.26 0.17 491 21.4 0.28 49.1

C4(2a) 0.35 −0.03 507 7.8 0.23

C5(2b) 0.29 2.22 408 5.8 0.25

Table 3. Parameters of Mössbauer spectra of isotropic hexaferrites SrFe12O19, produced by RTS method at various values of sintering

time

Specimen SrFe12O19, Components
δ, mm/s 1, mm/s Heff, kOe S, % Ŵ, mm/s 2, ◦

T ◦C/τ min of spectrum

C1(12k) 0.35 0.39 412 48.8 0.29

C2(4f2) 0.37 0.31 517 16.2 0.24

1300/10 C3(4f1) 0.26 0.18 491 20.9 0.28 52.3

C4(2a) 0.35 0.04 508 ,7.3 0.22

C5(2b) 0.29 2.22 407 6.8 0.28

C1(12k) 0.35 0.40 412 49.0 0.28

C2(4f2) 0.37 0.32 517 16.5 0.24

1300/30 C3(4f1) 0.26 0.18 492 20.9 0.27 49.3

C4(2a) 0.35 −0.02 508 7.8 0.23

C5(2b) 0.29 2.21 408 5.8 0.25

C1(12k) 0.35 0.40 412 49.3 0.30

C2(4f2) 0.37 0.32 518 15.9 0.25

1300/60 C3(4f1) 0.26 0.17 492 20.6 0.29 51.0

C4(2a) 0.35 −0.04 507 7.8 0.26

C5(2b) 0.29 2.21 408 6.4 0.31

C1(12k) 0.35 0.40 411 49.5 0.29

C2(4f2) 0.37 0.31 517 17.0 0.25

1300/90 C3(4f1) 0.26 0.17 491 20.6 0.28 49.2

C4(2a) 0.34 −0.03 508 7.2 0.22

C5(2b) 0.29 2.23 408 5.7 0.26

Physics of the Solid State, 2024, Vol. 66, No. 12



Mossbauer studies of hexagonal isotropic polycrystalline ferrites SrFe12O19, received by methods... 2161

C1

P
, 
re

l.
 u

n
it

s
P

, 
re

l.
 u

n
it

s

C2
C3 C4

C5

100 200 300 400 500
Channels

C1

195

N
,

1
0

im
p

4
N

,
1
0

im
p

4
C2

C3 C4
C5

190

185

180

1.00

0.88

0.82

0.96

1 04

125

135

–8 –4 0 4 8
V, mm/s

с

130

a

200
1.00

0.88

0.82

0.96

C1

P
, 
re

l.
 u

n
it

s
P

, 
re

l.
 u

n
it

s

C2
C3 C4

C5

100 200 300 400 500
Channels

C1

N
,

1
0

im
p

4
N

,
1
0

im
p

4

C2C3
C4C5

220

210

1.00

0.90

0.94

0.96

260

230

250

–8 –4 0 4 8
V, mm/s

d

240

b

230

1.00

0.88

0.82

0.96

0.92

0.98

Figure 3. Mössbauer spectra of isotropic hexaferrites SrFe12O19, produced by method of radiation-thermal sintering at various values of

temperature and time of sintering (T◦C/τ , min): a — 1200/60; b — 1250/60; c — 1300/60; d — 1350/40.

Table 4. Differences in areas of sextets 1S with opposite directions of magnetic moments of ions Fe3+ 12k, 2a, 2b and 4f1, 4f2

T/τ 1200/60 1250/60 1300/60 1350/40 1400/30 1300/10 1300/30 1300/90

1S 26.6 28.0 27.0 30.2 24.4 24.4 25.2 24.4

times 10, 30, 60 and 90min (Figure 4) were directly

registered. Table 3 provides the parameters of the obtained

Mössbauer spectra.

From the data provided one can see that as synthesis

time increases, angle 2 decrease is observed, but there is

no clear dependence of influence thereupon. Besides, the

least influence at angle 2 occurs at 10min synthesis time

(specimen 1300/10).

To compare the specific magnetization of specimens with

data of Mössbauer measurements, differences of sextet

areas 1S were calculated with the opposite directions of

magnetic moments of ions Fe3+ 12k, 2a, 2b and 4f1, 4f2.

Differences 1S are proportionate to specific magnetization

in virtue of the fact that it is related both with the

total content of iron in the specimen and its localization

in the sublattices, which makes it possible to determine

the Mössbauer measurements. The calculation results are

shown in Table 4.

From the given data of Table 4 one should expect the

maximum specific magnetization of specimen 1350/40, and

minimum magnetization of specimens 1400/30, 1300/10

and 1300/90, showing the minimum of 1S, and, accordingly,
the worst synthesis mode. The produced maximum value

of the difference in areas from iron ions given above for

specimen 1250/60, indicates that one should expect the

maximum magnetization therefor.

Figure 5 presents X-ray diffraction spectra of specimens

of isotropic polycrystalline hexaferrites SrFe12O19 GSI 8 (a),
GSI 9 (b) and GSI 10 (c), received by RTS method at

the following values of temperature and time T ◦C/τ min:

1200/60; 1250/60 and 1300/60 accordingly. Detailed

analysis of X-ray diffraction spectra made it possible to

12 Physics of the Solid State, 2024, Vol. 66, No. 12
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Figure 4. Mössbauer spectra of isotropic hexaferrites SrFe12O19, produced by RTS method at 1300◦C and various values of sintering

time (min): a — 10, b — 30, c — 60, d — 90.

establish for some specimens (GSI No. 9, GSI No. 10 and

especially GSI No. 12) there was a change in the ratio of

intensities in remote corners, which may certify certain

features of microstructure. Such behavior may be the result

of either crystallite defects, or certain orientation of their

growth.

At the fixed sintering time (τ = 60min) as temperature

increases from 1200 to 1300◦C, the parameters and vol-

ume of the elemental cell of specimens SrFe12O19 vary

nonlinearly (Figure 6). Minimum values of parameters

and volume were noted for specimen GSI No. 9 (1250◦C),

which may be due to the effect of microstructure evolution

in the sintering process.

Figure 7 presents the dependence of density ρ of

isotropic hexaferrite specimens SrFe12O19 if produced us-

ing RTS technology on sintering time at RTS tempera-

ture= 1300◦C (a) and RTS temperature at sintering times

τ = 30min and τ = 60min (b). It is characteristic that

density SrFe12O19 decreases with increase in RTS time

(at RTS temperature 1300◦C) and increases with RTS

temperature increase within the used values of temperature

and time of RTS.

It should be noted that some results above obtained

by us for strontium hexaferrite SrFe12O19 were previously

obtained for other ferrite materials [7–9,14–22], especially

for barium hexaferrite SrFe12O19 [14]. The fact that RTS

technology allows ferrite sintering within several dozens

of minutes is quite interesting. And the prevailing role

in this process belongs specifically to RTS temperature

value, which is — specific for every type of ceramics.

Currently the physical mechanism of intensification of the

ceramics sintering process when exposed to fast electron

flux has not yet been fully understood [15–18]. The

opinion that is most common and established in the experts’

circle is that the prevailing mechanism of radiative gain of

mass transfer in ferrite ceramics is surface-recombination

mechanism. When ceramic stocks are irradiated, electron

excitations are induced in grains and powder pressed pieces

that attempt to localize at the boundaries of grains, phases,

and to recombine there, releasing energy and heat. As a

result of the specified processes, temperature gradients

are developed, which cause thermal diffusion fluxes that

substantially contribute to acceleration of ferrite solid phase

synthesis reactions.

Physics of the Solid State, 2024, Vol. 66, No. 12
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4. Conclusions

Therefore, this paper for the first time synthesized

isotropic polycrystalline hexagonal ferrites SrFe12O19 by

RTS method. Magnetic and crystalline structures were
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Figure 5. X-ray diffraction spectra of isotropic polycrystalline hex-

aferrite specimens SrFe12O19 GSI 8 (a), GSI 9 (b) and GSI 10 (c),
received by RTS method.
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Figure 6. Variation of parameters of lattice a (a), c (b)
and volume V (c) of elemental cell for specimens of isotropic

polycrystalline hexaferrites SrFe12O19, synthesized by RTS at

various temperatures for 60 and 30min.

studied, as well as some physical properties of the pro-

duced study objects. Our findings suggest the following

conclusions.

1. The specimens SrFe12O19 produced by RTS method in

the paper were single-phase.

2. RTS may be used as alternative technology to produce

a hexagonal ferrite SrFe12O19. Compared to the traditional

12∗ Physics of the Solid State, 2024, Vol. 66, No. 12
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Figure 7. Variation in density of hexaferrite specimens SrFe12O19

at RTS depending on RTS time (a) and RTS temperature (b).

ceramic technology with thermal sintering, RTS technology

proved itself to be a highly energy-efficient and inexpensive.

3. In RTS technology the sintering temperature values

plays a substantially larger role compared to the sintering

time value.

4. In process of RTS of hexaferrites SrFe12O19 anisotropic

distortion of elemental cell was most probably due to the

inductance of oxygen vacancies in the crystalline lattice

by fast electrons. Highly likely, to improve parameters

of specimens SrFe12O19 it will be necessary to use an

additional finish operation of short-term annealing in oxygen

atmosphere.

5. The most optimal mode for synthesis of isotropic

hexaferrites SrFe12O19 is the range 1250−1300◦C and

sintering time 30−60min.
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