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HIGHLIGHTS

o Along with conventional thermal annealing the method of heating the initial reagents by fast 2.4 MeV electron beam was used.
o A higher rate of ferrite formation under radiation-thermal conditions was found.

o The saturation magnetization of samples synthesized by electron beam is higher than of thermal synthesized samples.

o The ferrite phases are formed significantly faster in compacted samples.
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Lithium ferrites are widely used in high frequency electronic devices. The present work reports structural and
magnetization analysis of lithium (LipsFez504) and lithium-zinc (Lig4Fes4Zng204) ferrites synthesized by
electron beam heating (RT) of powdered and compacted samples. The synthesis was carried out at 600 and
750 °C for up to 120 min using 2.4 MeV electron beam generated by an ILU-6 pulsed electron accelerator. The
characteristics of the samples synthesized by RT were compared with the ones of samples obtained by traditional
thermal heating under the same temperature and time conditions. From XRD and thermomagnetometric ana-
lyses, o-Lig sFes 504 ordered spinel phase and Lig 51-xFe25-0.5xZn04 ferrite phase with different zinc substi-
tution were formed from Fep03/Li2CO3 and Fe303/LioCO3/ZnO reagents, respectively. RT synthesis significantly
increases the rate of interaction between the initial powders and, as a consequence, the rate of ferrite phase
formation. In this case, lithium-containing ferrites can be successfully achieved from compacted powders at
750 °C, which is lower than the temperature of synthesis in conventional thermal heating. The average crystallite
sizes calculated from the XRD and BET analyses were 114 nm for Li, 120 nm for Li-Zn ferrites and 142 for Li, 150
nm for Li-Zn, respectively. The specific saturation magnetization and Curie temperature were estimated and are
60 emu/g for Li, 70 emu/g for Li-Zn ferrites and 632 °C for Li, 492 °C for Li-Zn ferrites, respectively. The data
obtained in this work are of considerable interest for the creation of a technology for producing ferrites at low
synthesis temperatures.

1. Introduction areas of ferrites application, including Zn-containing ferrites [3,4].

Magnetically soft lithium ferrites with spinel structure are of

Ferrites are materials that combine excellent electrical and magnetic
properties, including high electrical resistance and magnetization,
various hysteresis loops, etc. [1]. Therefore, ferrites are widely used in
the electromagnetic field for the manufacture of various devices, such as
a phase shifter, circulator, insulator, and so on [2]. Biomedicine has
recently become one of the most promising and actively developing
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particular interest for science and technology. These ferrites exhibit high
initial magnetic permeability and saturation magnetization, and low
coercive force [5-9]. Unsubstituted lithium (Li) ferrite with the chemi-
cal composition of LigsFes 504 is characterized by a rectangular hys-
teresis loop, the highest Curie temperature and a high saturation
magnetization, which makes it possible to use it as a magnetic material
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Table 1

Concentration of spinel phases (Cgpine1), lattice parameter (a), crystallite size (L),
microstrain (Ad/d), X-ray density (px) and volume of unit cell (V) for Li ferrite
samples synthesized at 600 °C.
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Table 3

Concentration of spinel phases (Cgpine1), lattice parameter (a), crystallite size (L),
microstrain (Ad/d), X-ray density (px) and volume of unit cell (V) for Li-Zn
ferrite samples synthesized at 600 °C.

Sample Copina 2 (A) L Ad/ x@ VA
(Wt.%) (nm)  d10®°  cm®)

Sample Cspinel ad) L Ad/ px (8/ V(A
(Wt.%) (mm) d10®° cm®

T_600_0_powder - - — _ _ _
T_600_10_powder - - - - — _

T_600_20_powder 2.2 8.3250 82 0.7 4.767 576.97
T_600_30_powder 6.7 8.3258 89 0.5 4.765 577.14
T_600_60_powder 14.3 8.3263 84 0.3 4.764 577.24
T_600_120_powder 21.8 8.3267 71 0.2 4.764 577.32
RT_600_0_powder 1.0 8.3245 60 0.6 4.767 576.89
RT_600_10_powder 12.3 8.3248 62 0.5 4.767 576.93
RT_600_20_powder 18.3 8.3253 70 0.5 4.766 577.03
RT_600_30_powder 27.8 8.3262 82 0.3 4.765 577.22
RT_600_60_powder 43.2 8.3270 91 0.4 4.763 577.39
RT_600_120_powder 64.9 8.3277 90 0.3 4.762 577.53
T_600_0_compact - - - - - -

T_600_10_compact - - - - - -

T_600_20_compact 4.3 8.3283 85 0.5 4.761 577.66
T_600_30_compact 10.9 8.3280 69 0.7 4.762 577.59
T_600_60_compact 24 8.3299 75 0.4 4.758 577.99
T_600_120_compact 39.1 8.3330 70 0.2 4.753 578.63
RT_600_0_compact 1.3 8.3257 70 1.5 4.765 577.11
RT_600_10_compact 25.0 8.3287 73 0.3 4.760 577.74
RT_600_20_compact 34.4 8.3296 75 0.5 4.759 577.93
RT_600_30_compact 42.2 8.3296 82 0.1 4.759 577.93
RT_600_60_compact 53.1 8.3307 92 0.3 4.762 577.53
RT_600_120_compact  74.0 8.3320 95 0.1 4.762 577.55

Table 2

Concentration of spinel phases (Cgpine1), lattice parameter (a), crystallite size (L),
microstrain (Ad/d), X-ray density (px) and volume of unit cell (V) for Li ferrite
samples synthesized at 750 °C.

Sample Copme  a(Ah) L A/ pxg VA
(Wt.%) (mm)  d10®  cm®)
T_750_0_powder 2.2 8.3230 62 0.8 4770  576.55
T_750_10_powder 27.4 83232 74 0.5 4770 576.60
T_750_20_powder 33.4 83241 75 0.7 4768  576.78
T_750_30_powder 40.1 8.3252 95 0.6 4766  577.01
T_750_60_powder 51.2 83265 126 0.6 4764  577.28
T_750_120_powder 62.8 8.3277 154 0.5 4.762 577.53
RT_750_0_powder 12.1 8.3290 75 0.1 4760  577.80
RT.750_10_powder  80.3 8.3205 80 0.1 4759  577.91
RT_750_20_powder 83.2 8.3296 86 0.3 4.759 577.93
RT_750_30_powder  87.3 8.3205 95 0.5 4759  577.91
RT.750_60_powder  92.5 83208 103 0.4 4758  577.97
RT_750_120_powder 96.9 8.3299 120 0.7 4.758 577.99
T_750_0_ compact 6.7 83213 42 0.8 4773 576.20
T_750_10_ compact 58.8 8.3300 73 0.4 4.758 578.01
T_750_20_ compact  72.3 8.3302 75 0.3 4758  578.05
T_750_30_ compact  84.3 8.3305 77 0.2 4757  578.11
T_750_60_ compact 92.0 8.3306 90 0.2 4.757 578.13
T_750_120_ compact  94.6 8.3350 95 0.2 4750  579.05
RT.750_0_compact  92.0 8.3302 36 0.2 4758  578.05
RT_750_10_ compact 96.5 8.3302 56 0.3 4.758 578.05
RT_750_20_ compact 97.0 8.3305 85 0.5 4.757 578.11
RT_750_30_ compact ~ 98.2 83316 102 0.7 4755  578.34
RT_750_60_compact ~ 99.1 83320 111 1.0 4755  578.43
RT_750_120_ 100 8.3320 114 1.3 4.755 578.43
compact

for transformer cores, antennas, and magnetic recording devices.
Lithium ferrite is often doped with other cations to optimize its
electrical and magnetic properties. The introduction of Zn?*' ions into
lithium ferrite leads to the formation of a substituted lithium-zinc
(Li-Zn) ferrite with the chemical composition of Lips
(1-vFea5_0.5xZny04. When x > 0, the saturation magnetization of the

T_600_0_powder - - — _ _ _
T_600_10_powder - - - - — _

T_600_20_powder 1.0 8.3416 74 3.2 4.889 580.43
T_600_30_powder 1.1 8.3422 63 3.1 4.888 580.55
1.0 8.3262 80 1.2 4.765 577.22
T_600_60_powder 1.2 8.3418 55 3.0 4.889 580.47
2.0 8.3265 75 1.2 4.764 577.28
T_600_120_powder 6.0 8.3639 40 2.0 4.850 585.10
10.0 8.3270 63 0.4 4.763 577.39
RT_600_0_powder 2.0 8.3480 62 1.5 4.878 581.76
3.0 8.3271 52 1.2 4.763 577.41
RT_600_10_powder 4.0 8.3545 51 0.9 4.867 583.12
9.7 8.3301 40 1.0 4.758 578.03
RT_600_20_powder 5.2 8.3480 48 1.2 4.878 581.76
15.2 8.3295 45 0.8 4.759 577.91
RT_600_30_powder 6.2 8.3485 35 1.6 4.877 581.87
17.3 8.3203 42 1.1 4.759 577.86
RT_600_60_powder 10.3 8.3483 26 2.0 4.878 581.83
17.4 8.3290 45 0.9 4.760 577.80
RT_600_120_powder 15.1 8.3508 16 2.4 4.873 582.35
30.0 8.3288 49 0.6 4.760 577.76
T_600_0_compact - - - - - -
T_600_10_compact 2.2 8.3603 60 2.3 4.857 584.34
0.8 8.3352 80 0.6 4.749 579.09
T_600_20_compact 2.0 8.3593 61 2.8 4.858 584.13
1.0 8.3346 87 0.8 4.750 578.97
T_600_30_compact 2.4 8.3602 53 1.0 4.857 584.32
1.7 8.3340 64 0.5 4.751 578.84
T_600_60_compact 10.7 8.3439 66 2.5 4.885 580.91
6.7 8.3352 74 1.0 4.749 579.09
T_600_120_compact 13.0 8.3552 52 2.8 4.866 583.27
7.9 8.3364 88 0.8 4.747 579.34
RT_600_0_compact 9.3 8.3456 65 0.9 4.882 581.26
4.3 8.3352 82 0.7 4.749 579.09
RT_600_10_compact 40.4 8.3523 37 1.4 4.871 582.66
27.4 8.3347 73 1.0 4.750 578.99
RT_600_20_compact 41.7 8.3641 28 2.0 4.850 585.14
27.0 8.3289 63 0.2 4.760 577.78
RT_600_30_compact 44.7 8.3593 37 3.6 4.858 584.13
24.4 8.3287 78 0.6 4.760 577.74
RT_600_60_compact 41 8.3692 40 2.9 4.841 586.21
29.8 8.3353 66 0.5 4.749 579.11
RT_600_120_compact  43.2 8.3626 46 3.3 4.853 584.82
29.2 8.3320 81 0.7 4.755 578.43

ferrite increases. However, a decrease in saturation magnetization is
observed with increasing Zn®* content at x > 0.4 [10,11]. Thus,
lithium-zinc ferrites are used in high frequency electronic devices (mi-
crowave circulators, isolators, phase shifters and absorbers) [12-14].

At present, several methods are employed to produce ferrites with
regard to their application, including a sol-gel technology [15-20],
citrate precursor and co-precipitation methods [21-23], combustion
reaction [24,25], microwave heating, etc. [26,27]. These methods are
mainly used to fabricate ferrites with specified, reproducible and uni-
form electromagnetic properties.

The widespread ceramic method used for producing Li and Li-Zn
ferrites employs thermal heating of samples in the furnace [28-31]. This
method includes pre-synthesis of ferrite based on solid-phase interaction
between the initial oxides (Fe;0s3, LioCO3 and ZnQO) at 800-900°C, and
subsequent high-temperature sintering at 1100-1200°C to obtain dense
ferrite samples. However, high temperatures used in ceramic technology
can cause volatilization of lithium and zinc from samples, violation of
the stoichiometric composition of ferrites, and, therefore, decreased
electrical resistance and increased dielectric losses.

To reduce the ferrite synthesis temperature, a method of heating the
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Table 4

Concentration of spinel phases (Cgpine1), lattice parameter (a), crystallite size (L),
microstrain (Ad/d), X-ray density (px) and volume of unit cell (V) for Li-Zn
ferrite samples synthesized at 750 °C.

Sample Cspinel a(A) L Ad/ px (8/ vV (A)
(Wt.%) (mm)  d10®  cm®)
T_750_0_powder - - - - - -
T_750_10_powder 7.4 8.3619 34 2.2 4.854  584.68
13.0 8.3266 54 0.6 4764  577.30
T_750_20_powder 10.3 8.3615 30 2.5 4.855  584.59
18.3 8.3282 58 0.8 4.761 577.63
T_750_30_powder 14.2 8.3610 28 2.7 4.855  584.49
21.3 8.3205 63 1.2 4759  577.91
T_750_60_powder 22.2 8.3604 24 3.2 4.856  584.36
25.8 8.3312 73 1.2 4756  578.26
T_750_120_powder 25.4 8.3602 18 4.1 4.857  584.32
40.0 8.3345 78 1.4 4750  578.95
RT_750_0_powder 10.6 8.3562 30 3.2 4.864  583.48
14.1 8.3354 52 0.9 4749  579.13
RT_750_10_powder 35.1 8.3556 33 2.7 4.865  583.35
15.0 8.3362 47 1.2 4.747  579.30
RT_750_20_powder 40.2 8.3562 33 2.8 4.864  583.48
20.3 8.3375 48 1.1 4,745  579.57
RT_750_30_powder 46.3 8.3580 36 2.5 4.861 583.86
15.2 8.3384 40 1.5 4.744  579.76
RT_750_60_powder 59.6 8.3589 45 2.2 4859  584.05
12.8 8.3395 35 1.8 4742 579.99
RT_750_120_powder 72 8.3593 51 2.0 4.858  584.13
11.9 8.3401 38 1.8 4.741 580.11
T_750_0_ compact 15.2 8.3610 36 1.9 4.855  584.49
33.0 8.3275 73 0.8 4762 577.49
T_750_10_ compact 28.0 8.3646 22 1.9 4.849  585.24
31.0 8.3260 80 1.0 4765  577.18
T_750_20_ compact 47.9 8.3609 45 3.0 4.856  584.47
20.2 8.3285 75 0.6 4.761 577.70
T_750_30_ compact 60.0 8.3724 40 2.8 4.836  586.88
15.3 8.3402 26 0.9 4.741 580.14
T_750_60_ compact 66.0 8.3701 42 3.0 4.840  586.40
14.6 8.3372 14 0.7 4746  579.51
T_750_120_ compact ~ 82.0 8.3679 46 3.1 4.843  585.94
11.9 8.3319 83 0.1 4755  578.41
RT_750_0_ compact 67.8 8.3651 48 2.7 4.848  585.35
18.2 8.3267 95 0.5 4.764  577.32
RT_750_10_ compact ~ 80.0 8.3629 50 3.0 4852  584.89
12.0 8.3309 113 0.4 4,757  578.20
RT_750_20_ compact ~ 83.2 8.3613 57 3.3 4.855  584.55
11.8 8.3325 20 3.1 4754  578.53
RT_750_30_ compact  89.4 8.3590 73 1.7 4859  584.07
9.6 8.3307 78 0.9 4,757  578.16
RT_750_60_ compact ~ 92.5 8.3582 81 1.3 4.860  583.90
7.5 8.3312 89 2.1 4756  578.26
RT_750_120_ 100 8.3572 120 1.8 4.862  583.69
compact - - - - - -

initial reagents by electron beam with energies above 1 MeV was pro-
posed [32-36]. This radiation-thermal (RT) heating technique increases
the rate of the solid-phase reaction between the initial reagents due to
defect formation induced by electron-beam irradiation. In Refs. [37,38],
the X-ray phase analysis was employed to study the kinetic patterns of
lithium and lithium-zinc ferrite synthesis by high-energy electron beam
heating of initial powders FeyO3-LisCO3 and FeyO3-LizCO3-ZnO,
respectively. The kinetic analysis of the dependences of the spinel phase
accumulation during ferrite synthesis was performed using a formal
kinetic equation. It was found that ferrite formation during RT heating is
accelerated due to decreased activation energy for synthesis and a
reduced pre-exponential factor in the temperature dependence of ferrite
formation.

It is known that during synthesis of lithium-substituted ferrites,
transitional spinel phases can be formed, which are difficult to distin-
guish from the magnetic phase of ferrite of a given composition in X-ray
patterns. This complicates identification of ferrites based on X-ray phase
data. However, there are characteristics, such as saturation
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magnetization and Curie temperature, which are not sensitive to
microstructure and can be therefore used to estimate the degree of fer-
ritization of the synthesized powders. In this study, these characteristics
were used to analyze Li and Li-Zn ferrites synthesized under various
conditions. This made it possible to correctly identify the formation of
certain ferrite phases during their synthesis by the electron-beam
heating.

2. Experimental

To produce lithium Li0_5F82.504 and lithium-zinc Li0_4Fe2_4Zn0_204
ferrites, the initial high pure powders of Fe;O3 (91.5 and 86.05 wt%),
Li»CO3 (8.5 and 6.64 wt%), and ZnO (7.31 wt%) were used. The pow-
ders were pre-dried and mixed using an agate mortar. The mixture of
initial reagents was divided into two portions. The first one consisted of
powder samples with a bulk density of at ca. 1 g/cm®, and the second
one included compacts with a density of 2.6 g/cm® obtained by hy-
draulic pressing at 200 MPa.

RT synthesis of samples was performed at 600 and 750 °C for up to
120 min using an ILU-6 accelerator developed at INP SB RAS (Novosi-
birsk, Russia). This accelerator generates a pulsed electron beam with
electron energy of 2.4 MeV. The pulsed beam current was 400 mA, the
pulse duration was 500 ps, and the pulse repetition rate of 12.5 Hz.

The X-ray diffraction (XRD) analysis was performed using an ARL
X TRA (ThermoFisher Scientific) diffractometer with a semiconductor Si
(Li) Peltier detector and CuKa radiation. XRD patterns were processed
by the full profile analysis using the Powder Cell 2.4 software, where the
pseudo-Voigt profile function was used. Phases were identified by the
PDF-4+ powder database of the International Center for Diffraction Data
(ICDD). The crystallite sizes (L) and microstrain (Ad/d) were calculated
by Williamson-Hall’s formula using the Powder Cell 2.4 software.

The microstructure of the synthesized ferrites was investigated using
a Hitachi TM-3000 scanning electron microscope and a Solver P47
atomic-force microscope. The latter, the microrelief of the samples was
examined by the AFM method in a tapping mode. From the Brunauer-
Emmett-Teller (BET), the specific surface area for samples was
estimated.

Magnetization of the synthesized ferrite was studied via two
methods: measurement of the specific saturation magnetization (cs)
using a magnetometer and thermomagnetometric measurements using a
thermal analyzer. The latter, which is based on thermogravimetry in a
magnetic field, enables analysis of magnetic phase transitions in samples
and determination of their Curie temperature [39-41]. It was performed
using a Netzsch STA 449C Jupiter thermal analyzer and corundum
crucibles. The samples were heated at the device maximum rate of
50 °C/min to 800 °C in order to reduce the synthesis effect during the
analysis of the magnetic phase transition. In the analysis, a thermo-
couple was used to simultaneously record thermal effects. The obtained
thermogravimetric (TG) and calorimetric (DSC) curves were processed
using the Netzsch Proteus Analysis software. The thermomagnetometry
method is described in more detail in Ref. [42].

3. Results and discussion

Synthesis of lithium and lithium-zinc ferrites proceeds in accordance
with the formulae:

Li,CO3+5Fe,03—4Lig sFe; 504 + CO, (@D)]

LiyCO3+(5—x)(1—x) " 'Fey034+4x(1—x)'Zn0O—4(1—x) 'Lig 5
(1-nFe2.5-0.5:Zn,04+CO» (2)

In equation (2), at x = 0.2, ferrite of the Lig 4Fes 4Zng 504 composi-
tion is formed during synthesis:

Li»CO3+6Fe,03+Zn0O—5Lig 4Fes 4Zny ,04+CO, 3
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Fig. 1. XRD patterns of Li ferrite synthesized via thermal (a) and electron beam heating (b) at 600 and 750 °C for 10 and 120 min.
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Fig. 2. XRD patterns of Li-Zn ferrite synthesized via thermal (a) and electron beam heating (b) at 600 and 750 °C for 10 and 120 min.
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Fig. 3. Variation in concentration of synthesized spinel phases in Li-Zn ferrite at modes: (a) - 600_powder; (b) - 750_powder; (c) - 600_compact; (d) - 750_compact.

The X-ray diffraction patterns obtained for samples synthesized in
the temperature range of (600-750) °C were a set of reflections of the
initial components phases and the spinel phases associated with for-
mation of lithium ferrites, the content of which depends on temperature
and time of synthesis, as well as on the density of the samples. XRD data
obtained in all modes are summarized in Tables 1-4.

Fig. 1 shows the XRD patterns of Li ferrite samples synthesized for 10
and 120 min. For samples obtained at 600 °C for up to 10 min, the XRD
analysis shows the reflections from the initial component phases as
Fey0Os3. With an increase in temperature and synthesis time (Tables 1 and
2), the content of iron oxide decreases, while the content of ordered
a-Lig sFey 504 phase (ICDD card no. 00-049-0266) increases both during
thermal and electron beam heating. In this case, the lattice parameter of
the synthesized lithium ferrite increases, which may be due to an in-
crease in the concentration of Fe?* ions in the spinel lattice of the ferrite.
However, the obtained values of the lattice parameter correspond to the
research data (0.833 nm) for lithium ferrite [5]. For samples
pre-compacted and synthesized by RT, the concentration of lithium
ferrite and, consequently, the consumption of iron oxide is much higher
than that after thermal heating. This can be observed when comparing
individual (non-overlapping) reflections for iron oxide (26 = 33.2°) and
lithium ferrite spinel (20 = 26.2°).

Fig. 2 shows the XRD patterns of Li-Zn ferrite samples synthesized
for 10 and 120 min. The analysis of the samples revealed the presence in
them of both remnants of unreacted iron oxide and two spinel phases
with different lattice parameters, corresponding to lithium ferrite and
lithium-zinc ferrite (Tables 3 and 4). Most likely, during synthesis of
Li-Zn ferrite, Li ferrite is formed as a transition phase. Thus, there is a
parallel formation of two forms of ferrites in accordance with Egs. (1)

and (3). The change in the concentration of synthesized ferrites with an
increase in the synthesis time is shown in Fig. 3. For samples synthesized
from powders at 600 °C under the same heating method, a more intense
formation of unsubstituted lithium ferrite occurs compared to lithium-
zinc ferrite. In other synthesis modes, the concentration of lithium-
zinc ferrite is higher, which indicates its formation due to the interac-
tion of the a-Lig sFes 504 phase with iron oxide. The lattice parameter of
Li-Zn ferrite (ICDD card no. 00-038-0259) synthesized under different
modes varies slightly and corresponds to the data (0.836 nm) obtained
in Ref. [7].

From the XRD results, it follows that the formation of ferrites during
electron-beam heating proceeds at a higher rate than during conven-
tional thermal heating. As can be seen from Fig. 3d (at t = 0 min in
Figure), a large amount of Li-Zn ferrite (above 60 wt%) is formed during
nonisothermal heating by an electron beam at 750 °C in the case of
sample compaction. Further, the concentration of ferrite accumulates up
to 100 wt% with an increase in the time of isothermal synthesis. In this
case, the size of crystallites, estimated from the XRD data, increases to
120 nm (Table 4).

Microstructural analysis was carried out for initial reagents (Fig. 4).
The spherical, rod-like and flake-like morphologies were observed from
SEM images for Fe;Os, LioCO3 and ZnO powders, respectively.

The SEM images shown in Fig. 5 indicate the irregular particles in the
synthesized ferrite samples. The samples have a porous structure, which
is expected in the case of obtaining ferrites via synthesis at temperatures
much lower than the ceramic sintering temperature. The samples ob-
tained by RT of pre-compacted samples have a denser structure. Struc-
ture image obtained by the AFM method and shown in Fig. 6 for the
Li-Zn ferrite revealed the average particle size of about 290 nm.
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Fig. 4. SEM images of initial reagents.
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The BET surface area values were found to be 8.9 and 8.2 m%/g,
respectively, for Li and Li-Zn ferrites synthesized at 750 °C by electron
beam heating of compacted samples. These values are in good agree-
ment with previously published values for similar powders [43]. The
crystallite size values calculated from the BET analysis are shown in
Table 5 and are slightly larger than those obtained from the XRD data.

As mentioned above, the synthesized ferrites are magnetically soft
ferrite materials. Magnetization of these ferrites is spontaneous due to
the spin magnetic moments of trivalent iron ions and divalent metal
ions, which show an indirect exchange interaction through oxygen ions.
The coercivity of lithium and lithium-zinc ferrites is low (of the order of
10-20 Oe [44,45]), and when an external magnetic field is applied, they
are easily magnetized up to saturation magnetization. In the study, the
specific saturation magnetization was measured under an external
magnetic field of 4.7 kOe.

The data on the specific magnetization of the samples obtained by
measuring are shown in Fig. 7. For both ferrites, the og value increases at
increased synthesis time, which indicates the accumulation of the
magnetic phase in the samples. In general, the behavior of the specific
magnetization of the samples is similar to the pattern of the change in
the spinel phase concentration in these samples during their synthesis.

During thermal synthesis at 600 °C (Fig. 7 a,c), magnetization of the
samples grows slowly and linearly, which indicates a slow diffusion
interaction between the initial oxides with formation of the ferrite
phase. Samples synthesized by electron beam show a faster growth of
the og value.

The synthesis temperature increased to 750°C accelerates formation
of the ferrite magnetic phase. In this case, the samples heated by electron
beam exhibit sufficiently high saturation magnetization by the begin-
ning of the isothermal holding stage (t = 0 min in Fig. 7 b,d). This in-
dicates a significant concentration of the magnetic phase at the stage of
non-isothermal heating of samples. As the isothermal holding time in-
creases, magnetization of the samples increases and becomes stable
within 120 min.

In addition, the results revealed a higher degree of specific magne-
tization of compacted samples compared to powdered samples, which
indicates a higher content of the spinel magnetic phase in the synthe-
sized compacts. This is due to the fact that denser compacts provide a
high contact area between the particles of the initial reagents and in-
crease the rate of ferrite formation.

The specific magnetization of the samples fabricated from the com-
pacted mixture and those RT-synthesized at 750 °C for 120 min is close
to the nominal o values for Li (60 emu/g) [44] and Li-Zi (70 emu/g)
[45] ferrites, which indicates a high content of these ferrite phases in the
synthesized samples.

Synthesis of Li-substituted ferrites can cause formation of transi-
tional magnetic phases with different degree of magnetization; there-
fore, the study additionally employed the thermomagnetometric
analysis for monitoring the synthesized samples.

Fig. 8 shows the TG and DSC curves for Li ferrite obtained by heating
the synthesized samples in a thermal analyzer furnace. At a low syn-
thesis temperature of 600 °C (Fig. 8a), further interaction between the
reagents with the release of CO; proceeds in the powder samples ac-
cording to Eq. (1), which is evidenced by reduced weight in the TG
curve. Since the theoretical weight reduction due to the total release of
CO; is 5.04% with a reaction enthalpy of 108-110 J/g [46,47], the
observed weight measurement of 1.72% and the thermal effect of 49 J/g
correspond to partial synthesis between the residual iron oxide and
lithium carbonate according to the thermomagnetometric analysis. This
is evidenced by the DSC peak observed at 725 °C, which is related to the
decomposition temperature of LioCO3 residues.

For other samples, the TG curve shows an increase in weight in the
temperature range of 600-650 °C, which is caused by magnetic phase
transition, that is, by magnetic-paramagnetic transition in the synthe-
sized magnetic phase. The peak in the derivative thermogravimetric
(DTG) curve indicates the Curie temperature of a given magnetic phase.
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Fig. 5. SEM images of Li (a, b) and Li-Zn (c, d) ferrites synthesized by electron beam at 750°C using powdered samples (a, c¢) and compacted samples (b, d).
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Fig. 6. Structure image obtained by the AFM method for the Li-Zn ferrite
synthesized by electron beam at 750°C from compacted sample.

Table 5

Specific surface area and crystallite size from BET analysis.
Composition S (m%/g) D (nm)
Li 8.9 142
Li-Zn 8.2 150

The observed temperatures of 628-633 °C are found to be close to the
Curie temperature of lithium ferrite with the chemical formula
Li0.5F62~504 [44,48].

An increased height of the weight jump in the TG curves plotted in
Fig. 8 is due to a stronger interaction of the synthesized magnetic phase
with an external magnetic field during thermomagnetometric mea-
surements and, hence, with higher magnetization of the sample. The
height of the weight jump depends on temperature, heating method, and
density of the samples. Higher values of weight jumps can be observed in
pre-compacted and RT-synthesized samples, and this indicates a signif-
icantly higher content of the magnetic phase. This is also confirmed by
an increase in the DSC peak area at 748-762 °C caused by transition of
the a—LigsFep 504 phase to the f—Lig sFes 504 phase in partially syn-
thesized lithium ferrite. For pure lithium ferrite, the enthalpy of this
transition is ~12 J/g [49]. Therefore, the DSC peak area of 8.8 J/g for a
compact RT-synthesized within 120 min corresponds to formation of
~73 wt% lithium ferrite during synthesis (Fig. 8h).

Fig. 9 shows TG and DSC curves obtained by thermomagnetometric
analysis for Li-Zn ferrite. At 600 °C (Fig. 9a), weight reduction in the TG
curve for powder samples is caused by the interaction between non-
synthesized reagents followed by the release of CO, in accordance
with Eq. (2). Since the theoretical weight reduction due to the total
release of COy for Li-Zn ferrite is 3.95% with a reaction enthalpy of
70-80 J/g [43,50], thermomagnetometric analysis shows that the
observed weight measurement of 1.65% and the thermal effect of 53 J/g
correspond to partial synthesis of the residues of Fe;O3, LioCO3 and ZnO.

The thermal results obtained in the temperature range of 700-750 °C
show that the sample compacted and synthesized at 600 °C (Fig. 8b)
contains a significantly smaller amount of residues of the initial re-
agents. In this case, the TG curve shows an increase in weight in the
temperature range of 600-650 °C, which is associated, as shown above,
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Fig. 7. Kinetic dependences of the specific magnetization of Li (a, b) and Li-Zn (c, d) ferrites synthesized by electron beam (RT samples) and thermal annealing (T
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with the magnetic phase transition in the synthesized magnetic phase of
lithium ferrite Lip sFep 504 with a Curie temperature of 622 °C. Li ferrite
is apparently formed as a transition phase during synthesis of lithium-
zinc ferrite. A significantly higher content of this phase was found in
the RT-synthesized compacted samples, which is evidenced by a sharp
jump in weight during the magnetic phase transition and a Curie tem-
perature of 631 °C corresponding to the literature data for lithium ferrite
and the presence of the DSC peak with an enthalpy of 0.38 J/g at 755 °C
(Fig. 8f). It is known that the Curie temperature of lithium-zinc ferrite is
490-500 °C [50]. The TG curve shows no changes in weight in this
temperature range for the above samples, which indicates that an in-
crease in the specific saturation magnetization observed in Fig. 7c is due
to synthesis of the magnetic phase of pure lithium ferrite, which exhibits
lower magnetization compared to that of Li-Zn ferrite [51,52]. A similar
pattern of changes in og and its similar values for both ferrites synthe-
sized at 600 °C under thermal heating (Fig. 7a and c) confirm the as-
sumptions made.

At synthesis temperature increased up to 750 °C, the content of Li
ferrite decreases, while the content of lithium-substituted zinc phases
increases (Fig. 9¢,d,g,h). This increase is more significant in compacted
samples (Fig. 9d,h). A compacted sample synthesized by thermal heating
shows formation of several spinel phases, including the LipsFes 504
ferrite phase and a wide range of Ligs(1_x)Fe25-0.5xZnx04 lithium-
substituted ferrite phases with different Curie temperatures corre-
sponding to x<2 in the chemical formula. Despite similar thermal data,
the sample synthesized by electron beam contains a significant amount
of lithium-zinc ferrite with a Curie temperature of 492 °C close to that
reported in the literature (Fig. Sh).

Apparently, when the Fey03/LisCO3/ZnO mixture is heated by
electron beam, the rate of the lithium ferrite (LigsFes504) formation
sharply grows at the initial stage of RT synthesis of ferrite. At later stages
of synthesis, formation of lithium-zinc phases with different zinc

substitution Lig 5(1—x)Fe2.5_0.5xZnx04 and reactions between the initially
formed phases can be observed. As a result, solid solutions of spinel
ferrites are formed, which is confirmed by thermal analysis.

4. Conclusions

This study aimed to investigate the synthesis of lithium and lithium-
zinc ferrites under conditions of thermal and electron-beam heating of
samples at low temperatures. It was established that the rate of ferrite
formation depends on temperature and time of synthesis, heating
method, and density of the samples (powdered and compacted samples).
With an increase in temperature from 600 to 750 °C and synthesis time
up to 120 min, spinel ferrite phases were found to grow in the samples,
which were confirmed by XRD data and magnetization measurements.
Moreover, in pre-compacted samples, ferrite phases were formed
significantly faster. From XRD, calorimetric and thermomagnetometric
analyses, an ordered spinel phase a-LigsFes 504 is synthesized during
the heating Fe;03/Li3COs initial reagents. The synthesis of lithium-zinc
ferrite proceeds through the parallel formation of Lij sFes 504 and Lig 5
(1-xFea5_0.5xZnc04 ferrite phases during the heating Fey03/LioCO3/
ZnO initial reagents. In the latter case, the weight ratio of synthesized
ferrite phases depends on the synthesis mode. Electron-beam heating
significantly accelerates the rate of interaction between the Lip sFe3 504
transition phase and iron oxide residues and, as a result, the rate of
formation of substituted by zinc ferrite phases. Thus, lithium-containing
ferrites can be successfully achieved by an electron beam heating at
750 °C. This synthesis temperature is lower compared to the tempera-
ture of 900 °C used in the case of the synthesis of lithium ferrites by
conventional thermal heating. In conclusion, it should be noted that the
data obtained in this work are of considerable interest for the creation of
a technology for producing ferrites at low synthesis temperatures, which
is important in the case of using volatile components in the initial ferrite
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Fig. 8. TG/DSC analysis performed under heating of Li ferrite samples synthesized at 600 °C and 750 °C from powder and compact.
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Fig. 9. TG/DSC analysis performed under heating of Li-Zn ferrite samples synthesized at 600 °C and 750 °C from powder and compact.
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