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Electron microscopic studies of the phase composition, morphology, and defect structure of
lithium-titanium ferrite powders and ceramic samples sintered under conditions of radiation-thermal
and thermal effects were carried out. Radiation-thermal sintering of ferrite samples was carried out by
irradiating the work pieces with a pulsed electron beam with energy of (1.5-2.0) MeV using the electron
beam accelerator. The beam current in the pulse was (0.5-0.9) A, the irradiation pulse duration was
500 us, the pulse repetition rate was (5—50) Hz, and the work piece heating rate was 1000 °C/min. The
samples were irradiated in a box of lightweight fireclay with a bottom thickness of 15 mm. The
microstructure studies were conducted by the methods of electron diffraction microscopy in the light
using an electron microscope. It was shown that the most probable model of radiation intensification of
the sintering process of ferrites can be the mechanism of radiation retardation of dislocations upon
heating, which are formed during the decomposition of subgrain boundaries in grains of intermediate
phases of ferrite.
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Introduction

The most universal requirement for the microstructure of ferrites is the condition for the
maximum density of the material and the equigranularity of its structure [1, 2]. For complying with
these requirements, at economically reasonable firing times, several methods to increase the activity
of sintering processes were developed. This is the two-stage introduction of the components, the
pre-blending of ferrite with a ferrite powder of the same composition, the presence of a liquid
phase, forced sintering, and the application of ultrasound to the sintering process [1, 3-9]. In recent
years, the usage of the effects of ionizing radiation fluxes in the preparation and modification of
materials was developed. Of the variety of ionizing radiation in radiation materials science, the most
widely used are the flows of accelerated electrons. This is due, firstly, to the progress of accelerator
technology, the creation of relatively small but powerful electron accelerators.

Secondly, electron beams have convenient geometric characteristics, wide opportunities to
control the irradiation regime, do not create induced radioactivity, have a lower cost in comparison
with other sources of ionizing radiation, and have a high efficiency of converting electricity to
electron beam energy.

The first works on the implementation of solid-phase transformations in inorganic materials
using high-temperature electron irradiation were studies on the synthesis of cement clinker [10, 11],
hexagonal barium ferrite [12] and lithium ferrite [13], as well as sintering under such specific
conditions of europium oxide [14], alumina-containing blends [15] and ferrite compacts [16-18].
Sintering was most fully studied under the conditions of combined exposure to high temperatures
and intense electron flows [19]. The regularities of ferrite compacts compaction were established
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[20]. In particular, multiple increases in the compaction rate of lithium-titanium ferrite compacts
under such sintering conditions were shown [13, 21]. Microscopic methods have been used to study
in detail the formation of a microstructure under conditions of such kind of processing [22].

In this case, the question remains open about the features of the formation of the magnetic
characteristics of ferrites. Data on phase transformations in ferrites during radiation-thermal (RT)
sintering are important and productive. For that purpose in this work was used electron microscopy
to study the features of phase transformations of ferrite ceramics sintered under RT conditions. The
inapplicability of the X-ray phase analysis method for lithium ferrites is due to the overlapping of
the main phase lines LiFesOg, LiFeO,, Fe;04.

1. The object of the study and experimental technique

In this work powders of lithium-titanium ferrite synthesized from a mechanical mixture of
oxides and carbonates containing: Li,COs; — 11.2 wt.%; TiO, — 18.65 wt.%; ZnO — 7.6 wt.%;
MnCOs — 2.74 wt.%; remain — Fe,O3 were used. After weighing the components according to the
recipe, they are jointly ground and mixed in a vibratory mill for 1 h, after adding to the mixture of
distilled water in the ratio (by weight) the mixture: water, equal to 1: 2. After the vibratory mill, the
mixture is dried at 80 °C under normal atmospheric pressure for 24 hours and then wiped through a
0.7 sieve. Distilled water is introduced into the obtained powder in an amount of 10% by weight of
the powder and briquetted. Briquettes are heated in thermal furnaces at a speed of 200 °C/h to
900 °C, maintained at this temperature for 6 hours, cooled to room temperature, after which they are
crushed, ground and sieved through a 0.9 sieve.

After repeated grinding in a vibration mill for 45 minutes, Bi,O3 dissolved in concentrated
nitric acid in suspension (0.22 wt.%) Is added to the powder and mixing is carried out in a ball mill
for 4 hours. Determination of the quality of the powder is carried out according to the method
developed by our scientific group. For preparing a press powder, a 10% solution of polyvinyl
alcohol in an amount of 12 wt.% of the charge, and the resulting mass is alternately wiped through a
sieve of 0.7 and 0.45. Press-samples for studying sintering processes are made by cold unilateral
pressing in the form of tablets (diameter 15 mm and thickness 2 mm). The pressing pressure is
selected, as a rule, experimentally for each specific ferrite composition according to the established
dependence of the bulk density p of the samples on the pressing pressure P.

Pressing pressure varied within (25-500) MPa. Sintering of the press-samples was carried out
in a thermal furnace at 1100 °C for 30 min in an air atmosphere at a heating rate of 900 °C/min.
Such a high speed is achieved by introducing press samples into a furnace heated to a
predetermined temperature.

It has been established that at pressing pressures below 40 MPa, the press samples are
characterized by low density, and at pressing pressures of more than 250 MPa, the samples have
cracks and delaminations (the phenomenon of repressing). Thus, the most optimal pressing
pressure, which provides an acceptable density of both raw and sintered samples, is in the range
(110-200) MPa. The following pressing mode was used in the work: P = 130 MPa, the exposure
time of the material under pressure 1 min; and two modes of sintering of press samples: radiation-
thermal (RT) and thermal (T).

RT-sintering was carried out by irradiating the workpieces with a pulsed electron beam with
energy of (1.5-2.0) MeV using the ILU-6 accelerator. The beam current in the pulse was (0.5-0.9)
A, the irradiation pulse duration was 500 ps, the pulse repetition rate was (5-50) Hz, and the
workpiece heating rate was 1000 °C/min. The samples were irradiated in a box of lightweight
fireclay with a bottom thickness of 15 mm. On the irradiation side, the box was covered with a
radiation-transparent tread of mass thickness 0.1 g cm™. The temperature was measured by a control
sample placed close to the sintered blanks. Sintering in thermal furnaces (T-sintering) was carried
out in a preheated chamber electric furnace, which provided a heating rate comparable to the rate of
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radiation heating. The cell design and temperature control technique are similar to those used in RT-
sintering. Both sintering modes were carried out in the air.

The studies were conducted by the methods of electron diffraction microscopy in the light
using an electron microscope of the EM-125K brand at an accelerating voltage of 125 kV. The
phase composition of the analyzed materials was determined by indicating microelectron diffraction
patterns of objects. Due to the fact that the diameter of the microdiffraction analysis zone did not
exceed 0.7 pm, the method is local and allows the phase analysis of individual grains and subgrains.

The morphology and defective structure of the material were studied by the bright field method
obtained by direct passage of an electron beam through a thin sample, as well as by the dark field
method, when the image of the material structure is formed in one of the diffracted electron beams.

2. Results and discussions

Indication of electron diffraction patterns (taking into account the chemical composition of the
samples) showed that the studied material is a complex multiphase product. The phases based on
LiFeO, (cubic lattice, a = 4.1588 A), LiFesOs (cubic lattice, a = 8.337 A), and FeTiOs (hexagonal
lattice, a = 5.075 A, ¢ = 14.06 A) are confidently identified. The relative phase content was
determined by indicating microelectron diffraction patterns and counting the number of contacts of
the planes of the above phases in microelectron diffraction patterns. Phase analysis showed that the
phase ratio is determined by the heat treatment of the material (Table 1).

Thus, in the initial powder, the total content of the LiFeO, and FeTiO; phases is 1.41 times
higher than the LiFesOg phases. After heat treatment of the compacted powder in an electron beam
(RT-sintering regime), on the contrary, the content of the LiFesOg phase is 1.5 times higher than the
content of the LiFeO, and FeTiO; phases. Thermal sintering in the furnace also increases the
relative content of the LiFesOg phase, but despite the twice as long heating time, this increase is not
so significant compared to the RT sintering regime.

Table 1. Relative content of the main phases in Li—Ti ferrite

Phase Initial Powder after heating Ceramic sample Ceramic sample sintered
powder at 1373 K, 2 h sintered in T-regime at | in RT-regime at 1373 K,
1373K,2h lh
LiFesOg 0.42 0.46 0.50 0.60
LiFeO, 0.29 0.16 0.05 0.04
FeTiOs 0.29 0.38 0.45 0.36
LiFeO, + FeTiOs
LiFe:O; 1.41 1.18 1.0 0.67
LiFeO,
FeTiO: 1.0 0.43 0.1 0.1

Powder heating also leads to a change in the ratio of LiFeO, and FeTiO; phases towards a
decrease in the relative fraction of LiFeO,. In the compacted state of the sample, this process
proceeds more intensively and does not depend on the sintering method. Take into account the
complex component composition of the mixture from which the powder was synthesized, it should
be assumed that the identified phases are in fact solid solutions of Zn, Mn and Ti. This is evidenced,
in particular, by our measurements of the Curie temperature of ferrite, which turned out to be 530
K, which corresponds to solid solutions of lithium ferrites [23]. Morphological analysis of the
structure of ferrites was carried out on photographs with electron microscopic images of the
structure. Two morphological varieties of grains were established: polycrystalline aggregates
(Figure 1a, 1b) and single-crystal particles.
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Fig.1. Polycrystalline aggregates of ferrite powder before sintering:
a —the structure image; b — the structure electron diffraction pattern

Both aggregates and particles have a very diverse shape with average grain size (0.5-0.8) um.
The sizes of the subgrains of polycrystalline aggregates are (0.02—0.07) um. Most single-crystal
particles have an almost perfect structure, however, in some cases, polygonal dislocation networks
were observed inside the particles. Local phase analysis of individual grains revealed that before
heating, the LiFeO, and FeTiO; phases are represented as polycrystalline aggregates, while it was
found that the FeTiO; phase (Figure 2a) has a fine-grained structure compared to LiFeO, (Figure
2b). So, in the first case, the average size of subgrains is (0.02—0.04) um, in the second — (0.04—
0.07) um. The LiFesOg phase is a single crystal particle. In some cases, under certain diffraction
conditions, a domain structure can be observed inside such particles. Grains that are polyphase
aggregates were rarely found (Figure 3). In this case, reflections from all the above phases are
simultaneously present in the microdiffraction pattern.

Fig. 2. Electron microscopic images of ferrite powder before sintering:
a — the phase FeTiOs; b — the phase LiFeO,
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In some cases, under certain diffraction conditions, a domain structure can be observed inside
such particles. Rarely found grains, which are polyphase aggregates (Figure 3). In this case,
reflections from all the above phases are simultaneously present in the microdiffraction pattern. The
morphological state of the LiFesOg phase has high thermal stability: under all processing
conditions, it is observed only in the form of single-crystal particles. The morphology of the LiFeO,
and FeTiO; phases depends on the processing method. So, in the case of a loose powder, the
subgrain structure coarsens to an average grain size of 0.09 pm. Thermal sintering of the pressed
powder leads to an almost complete transition of polycrystalline aggregates (Figure 4) into single-
crystal particles (Figure 5) (the ratio of the two types of structures is 9:1).

a b

Fig.3. Polyphase aggregates of ferrite powder before sintering:
a — the structure electron microscopic image; b — the structure electron diffraction pattern

a b
Fig.4. Polycrystalline compressed powder aggregates:
a — the structure electron microscopic image; b — the structure electron diffraction pattern

Sintering of the pressed powder by an electron beam eliminates polycrystalline aggregates with
an ultrafine grain structure; only a coarse-grained structure is observed in ceramics. Grains formed
in the process of destruction of the polycrystalline structure have a large block structure and a
dislocation structure. In this case, in contrast to T-sintering, in grains after RT-sintering, a higher
number of dislocations remain. A characteristic feature of ceramic materials (unlike powders) is the
presence of a large number of polyphase grains (Figure 6). Moreover, judging by the intensity of
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reflections in microdiffraction patterns, after thermal sintering, the phases LiFeO, and FeTiOs have
advantages in such grains. After RT sintering, the total content of these phases is compared with the
amount of LiFesOg phase.

a b
Fig.5. Single-crystal particles of ferrite ceramics after T-sintering for 3 hours at 1373 K:
a — the structure electron microscopic image; b — the structure electron diffraction pattern

From the presented results, it follows that the initial powder used for sintering ceramic
products is in a state of incomplete ferritization, since, along with the magnetic phase of LiFesOs,
the intermediate phases of synthesis, LiFeO, and FeTiOs;, are present in the powder. Such a
structure of powders increases the sintering rate due to the high level of imperfection of the initial
powder grains and is therefore widely used in ceramic technology [24-40].

b
Fig.6. Polyphase grains of ferrite ceramics after RT-sintering for 3 hours at 1373 K:
a — the structure electron microscopic image; b — the structure electron diffraction pattern

From this point of view, we are interested in the differences in the morphology of the main
(LiFesOs) and intermediate (LiFeO,, FeTiO3) phases: the excessive defectiveness of the LiFeO, and
FeTiOs phases in the form of subgrain boundaries is apparently a significant factor in the increased
activity of the initial powder. The chemical interaction between LiFeO, and FeTiO; with the
formation of a solid solution based on LiFesOg occurs more intensively on compressed samples and
using RT exposure (Table 1). The consequence of this effect is an increase in the number of grains
with a mixed phase composition.

Considering the nature of the RT effect, it is necessary to pay attention to the increased activity
of the decay of subgrain boundaries in the intermediate phases under the conditions of electron
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irradiation. The consequence of this decay is the enrichment of the grain volume by dislocations,
which, as is known, accelerates the diffusion processes of mass transfer. Higher content of
dislocations in the irradiated material may be due to their radiation deceleration upon heating due to
violation of the potential relief of the slip planes by point radiation defects. The same conclusion
about the mechanism of RT activation of sintering of Li—Ti ferrites was made when analyzing the
kinetic dependences of compaction of billets under similar irradiation conditions.

Conclusion

Based on the results of electron microscopy studies of the phase composition, morphology, and
defective structure of Li—Ti ferrites, the following conclusions can be drawn:

— the studied material in the initial and sintered states is a multiphase mixture consisting of
solid solutions based on compounds LiFeO,, FeTiO3; u LiFesOs;

— relative phase content is determined by the processing mode of the material;

— two morphological varieties of grains - polycrystalline aggregates with an ultrafine
structure and single-crystal particles were revealed. By local diffraction analysis, it was found that
the phases LiFeO, and FeTiO; have a polycrystalline structure; the LiFesOg phase is presented in
the form of single-crystal particles;

— the thermal effect on the powder or the billet leads to the destruction of polycrystalline
aggregates with the formation of large-block grains, inside which a dislocation structure is
observed;

— sintering of the press blanks with an electron beam enhances the destruction of the
nanograin structure, helps to preserve the dislocation substructure in the grains, and intensifies the
processes of powder deferritization;

A probable model of the RT effect in Li-Ti ferrites can be the mechanism of radiation
retardation of dislocations upon heating, which are formed during the decay of subgrain boundaries
in grains of intermediate ferrite phases.
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