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The results of a comparative analysis of the laws governing the formation of ferrite hysteresis loop 
parameters sintered in thermal and radiation-thermal conditions were shown. The influence of radiation 
exposure on the interconversion of microstructure defects and their content in ferrites, depending on the 
duration and temperature of treatment, was established. Also, it was shown that recrystallization grain growth 
under irradiation conditions is ahead of grain growth during thermal heating. The observed radiation effects 
were associated with the effect of radiation on the microstructure. The magnetic parameters are uniquely 
determined by the compaction of the sample. 
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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 equigranular structure [1, 2]. For comply with these requirements, at 
economically reasonable firing times, several methods have been developed to increase the activity of 
sintering processes. This is the two-stage introduction of the components, the addition of ferrite with a ferrite 
powder of the same composition, the presence of a liquid phase, forced sintering, the application of 
ultrasound to the sintering process [1, 3, 4–12]. 

In recent years, the effects of ionizing radiation fluxes in the preparation and modification of materials 
were developed.  In this case, the fundamental phenomenon of multiple increases in the synthesis of 
multicomponent powder materials [13–15] and sintering [16–20] under radiation-thermal conditions was 
discovered. The sintering processes of lithium titanium ferrites were most fully studied under such specific 
conditions of the combined action of high temperatures and intense electron flows [21, 22]. The patterns of 
compaction of ferrite compacts were established and a multiple increase in the compaction rate of lithium-
titanium ferrite compacts under such sintering conditions was shown [23, 24]. Moreover, almost all studies 
concerned the study of the structural, phase, and mechanical properties of the materials thus obtained, i.e. 
concerned such areas of science as sintering physics and powder metallurgy. 

However, the main functional characteristics of ferrimagnets are their magnetic properties, and the 
ultimate goal of any ferrite production technology is to achieve a given level of operational properties. 
Therefore, control over the formation of the basic electromagnetic parameters is a prerequisite in the 
development of new technological processes. On the other side, the processes of magnetization reversal and 
electric transport in ferrites are closely related to the features of their microstructure. Therefore, the 
regularities of change in electromagnetic characteristics can be used as a source of important information 
about the nature of the processes occurring during sintering and, therefore, can help in a more in-depth 
interpretation of the mechanisms of radiation-thermal sintering. 

1. Object of study and experimental technique  

In the present work powders of lithium-titanium ferrite synthesized from a mechanical mixture of 
oxides and carbonates containing (wt.%)  were used: Li2CO3 - 11.2; TiO2 - 18.65; ZnO - 7.6; MnCO3 - 2.74; 
the rest is Fe2O3. For prepare a press powder, a 10% solution of polyvinyl alcohol in an amount of 12 wt. % 
of charge. Press samples in the form of tablets and ring cores with a thickness of 2 mm are made by cold 
unilateral pressing. The optimum pressing pressure is selected experimentally. It was found that at pressing 
pressures below 40 MPa, the press samples are characterized by a low density, and at pressing pressures of 
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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 samples with a pulsed electron beam with an energy of the 
(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 μs, 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. 
On the irradiation side, the box was covered with a radiation-transparent tread of mass thickness 0.1 g cm – 1. 
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 ensured a heating rate comparable with the rate of radiation heating. The cell design and temperature 
control technique are similar to those used in RT-sintering. Both sintering modes were carried out in air. The 
magnetic characteristics of ferrites were measured by a standard method with an F 5063 ferrometer. The 
magnitude of the magnetizing field was 5 Oersted (Oe) at a field frequency of 50 Hz. The degree of porosity 
and grain size were studied on polished, polished and etched sections of sintered samples using an MBI-
15Us optical microscope. The kinetic dependencies of the hysteresis loop parameters Bm, Br/Bm and Hс of 
ferrite samples calcined in the temperature range (1173–1373) K were studied. 

2. Results and discussion 

Figure 1 shows the kinetic dependencies of the saturation magnetic induction Bm for samples with a 
sintering temperature of 1173, 1273, 1373 K. It can be seen that the Bm increases with increasing duration 
and sintering temperature. Under conditions of radiation-thermal sintering, the absolute values of Bm exceed 
the data obtained by thermal sintering. The maximum difference falls on the lower boundary of the sintering 
temperature range: with increasing temperature, the effect of activating the change in Bm decreases. 

The saturation magnetic induction is determined by the crystal chemistry of the material and the relative 
magnitude of nonmagnetic phases, including pores [25]. The influence of non-magnetic phases is associated 
with the appearance of demagnetizing fields in their vicinity, and also, these phases do not contribute to the 
magnetization of ferrite. The initial state of the sample can be considered as a set of magnetic particles 
separated by air layers, i.e., as a magnetodielectric. This state is characterized by a large internal 
demagnetizing factor N. It is also significant that the saturation magnetization of a magnetodielectric is 
proportional not only to the saturation magnetization of particles but also to the volumetric filling coefficient 

 [6]. Therefore, the resulting saturation induction of the billet is characterized by small Bm.  
According to Figure 1, it can be seen that the rearrangement of particles (reduction of the air gap) occurs 
both at the stage of heating and in the isothermal sintering mode. Exposure to radiation also intensifies 
particle rapprochement. It is characteristic that at the nonisothermal stage of sintering, the radiation effect 
increases with temperature, and at the isothermal stage, it decreases. This can be seen from the transition 
from the asymmetric curves 1 and 1' (at T = 1173 K) to the almost symbate curves 3 and 3' (at T = 1373 K). 
The initial values of Bm (at τ = 0), on the contrary, differ more from one another with increasing temperature. 
Obviously, the polar differences in the temperature dependence of the radiation effect during heating and at 
the isothermal sintering stage indicate a difference in the mechanisms of particle compaction at these stages. 

Figure 2 shows the kinetic curves of the variation of the coefficient of squareness γ = Br/Bm in the 
temperature range (1173–1373) K. The existence of the time dependence of γ indicates that during sintering, 
partial elimination of defects that are the sources of magnetization reversal nuclei with a critical magnetic 
field strength Hni < 0. Indeed, if there are nuclei for which the critical strength of the magnetic field is 
caused not only by rotations of elementary magnetic moments in the direction of the axis of easy 
magnetization but also an induction created by reverse magnetic domains. Therefore, elimination of defects – 
sources of reverse magnetization domains during heat treatment – will increase Br and, accordingly, increase 
γ.Hni < 0, then the difference between the saturation induction Bm and the residual induction Br. 

Of all the variety of sources of reverse magnetization domains fired under the conditions of our 
experiment, the most probable are inclusions of side phases — intermediate synthesis products or unreacted 
oxides. This is supported by a sign of the diffusion nature of firing, which consists in reducing the effect of 
radiation stimulation of the process with an increase in sintering temperature (see Fig. 2). 
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Fig.1. Dependence of saturation induction on time 
and sintering temperature of ferrite: 

● – Т-sintering; � – RT-sintering. 
 

 Fig.2. Dependence of coefficient of squareness of the 
hysteresis loop (γ) on time and sintering temperature of 
ferrite: solid line – RT-sintering; dash line – T-
sintering. 

 
The radiation effect of high-temperature self-diffusion in metals behaves in a similar way, which we 

established under irradiation conditions identical to our experiment. Figure 3 shows the dependencies of the 
change in the coercive force Hс on the duration of sintering in radiation-thermal and thermal regimes. At Т = 
1173 K, the Hс monotonically increases in the entire studied sintering time interval. At Т  = 1273 K, an 
increase in Hс at the initial stage of sintering becomes a decreasing dependence. The maximum time 
dependence of Hс in the conditions of our experiment falls on the sintering duration (12-17 min). At Т  = 
1373 K, only a decreasing dependence of Hс on sintering time is observed. According to existing ideas, the 
coercive force Hс is determined by averaging the braking forces arising from material defects. The greatest 
resistance to displacements of domain walls is exerted by grain boundaries (Globus theory [26–28]), as well 
as intragranular linear, planar, and volume inclusions (Kersten theory [29, 30], Neel [31, 32]). 

At T = 1173 K, an increase in Hс is obviously due to a decrease in the internal demagnetizing factor N 
due to compaction of the billet (with a corresponding increase in the effective magnetic field). As in the case 
of Bm, the effect of radiation effects of compaction is clearly manifested at this temperature. At 1273 K, an 
increase in Hс  at the initial stage of sintering is also due to compaction of the billet. However, upon reaching 
a sufficient degree of compaction, changes in the intensity of the internal magnetic field no longer play a 
noticeable role. From this moment in time, the changes in Bm are also relatively small (Fig. 1). A subsequent 
decrease in Hс can be associated with a recrystallization increase in grain size and a decrease in the volume 
fraction of inclusions. At this stage, radiation effects are also clearly manifested. At T = 1373 K, the 
necessary degree of compaction is achieved in the process of heating the billet for sintering. Therefore, in the 
isothermal mode, only a decrease in Hс  is observed due to the above reasons. 

It is characteristic that the radiation effects, depending on Hс on the sintering duration at 1373 K, are not 
explicitly expressed. At the same time, recrystallization grain growth under irradiation conditions is ahead of 
grain growth during thermal heating. On this basis, the healing process of intragranular defect can be 
considered a more probable reason for the decrease in Hс. This process, obviously, has a diffusion character. 
But, as discussed above, with increasing temperature, the intensity of diffusion processes weakly depends on 
the effect of radiation. This fact is consistent with the assumptions made. 

In discussing the above results, we ignored the possible direct effect of radiation on the formation of the 
magnetic structure (for example, due to the effect on the cation distribution). The observed radiation effects 
were associated with the effect of radiation on the microstructure. The validity of this approach is proved by 
the data presented in Fig. 4, Fig. 5 and Fig. 6, where the dependencies of the magnetic parameters on the 
pore volume are plotted. The parameters were taken from the data in Fig. 1, Fig. 2 and Fig. 3. The results are 
depicted in Fig. 4, Fig. 5 and Fig. 6 show that the all parameters are uniquely determined by the compaction 
of the ferrite samples. It also follows from the presented results that the role of stimulating factors 
(temperature and radiation) in accelerating of sintering process is reduced. 
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Fig.3. Dependence of coercive force on time and 
sintering temperature of ferrite: ● – Т-sintering;  – 
RT-sintering. 
 

 Fig.4. Dependence of coercive force on relative pore 
volume: ●, –1173K; ■, □ – 273K; ▲, Δ – 1373 K. 

 

 

 

Fig.5. Dependence of saturation induction on relative 
pore volume of ferrites sintered at various temperatures: 
●,  – 1173 K; ■, □ – 1273 K; ▲, Δ – 1373 K. 
 

 Fig.6. Dependence of coefficient of squareness of the 
hysteresis loop on relative pore volume of samples 
sintered at various temperatures: 
●,  — 1173 K; ■, □ – 1273 K; ▲, Δ – 1373 K. 

Conclusion 

This investigation presents the results of a study of kinetic laws of formation of the parameters of the 
hysteresis loop for ferrites sintered under thermal and radiation-thermal conditions. The scientific novelty of 
the study is to determine the effect of radiation exposure on the mutual conversion of microstructure defects 
and their content in ferrites, depending on the duration and temperature of treatment. The authors showed for 
the first time that recrystallization grain growth under irradiation conditions is ahead of grain growth during 
thermal heating. The observed radiation effects were associated with the effect of radiation on the ferrite 
microstructure.  In addition, it is reliably established that all magnetic parameters are uniquely determined by 
the compaction of ferrite samples. 
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