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Lig 51_2)ZnyFes 5 5,04 ferrites (x = 0.2; 0.4) were produced by thermal and
radiation-thermal (RT) synthesis from LisCO3-Fe;03-ZnO powder mixtures
and then studied using x-ray diffraction (XRD) and saturation magnetization
analysis. The RT synthesis was carried out by 2.4 MeV electron beam heating
of samples from the first batch at the temperatures of 600°C, 700°C, 750°C and
isothermal exposure time of 0 min, 10 min, 20 min, 30 min, 60 min, and
120 min. For comparative analysis, thermal heating of samples from the
second batch was performed in a resistance laboratory furnace using the same
time and temperature regimes. XRD analysis of samples showed the formation
of lithium-zinc ferrites with greater homogeneous phase composition at lower
values of temperature and time during RT synthesis compared to the samples
obtained by thermal heating. Also, RT-synthesized ferrites are characterized
by significantly higher values of saturation magnetization at all time and
temperature regimes. It was established that a regime of RT synthesis at
750°C—-30 min provides the formation of lithium-zinc ferrites with a high de-
gree of final phase composition.

Key words: Lithium-zinc ferrites, radiation-thermal synthesis, electron
beam heating, x-ray diffraction analysis, magnetic properties,
saturation magnetization

INTRODUCTION

Ferrites are widely used as magnetic materials in
radio-electronics, engineering and computer appli-
cations, due to a combination of high magnetization
and semiconductor or dielectric (insulator) proper-
ties.!™ In particular, the substituted lithium fer-
rites, in which Fe3* ions are partially replaced by
7Zn’* ions, are utilized in microwave applications
due to their low costs and excellent ferromagnetic
properties with high values of Curie temperature
and saturation magnetization.”'> The essential
condition for determining the high levels of the
desirable properties of lithium ferrite materials is
the homogeneity of chemical and phase composition
in the synthesized products.
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Some special methods are known to improve the
efficiency of solid-phase synthesis. Among these,
microwave and mechanochemical treatments per-
mit the activation of the reactants during synthe-
sis.’®17 Although there are some disadvantages,
such as contamination of ferrite powders by mate-
rials of grindin% balls in the case of mechanochem-
ical treatment'” or microwave treatment, there is
dependence on ferrite dielectric properties.'®*?

In, Refs. 20-23 it was demonstrated that radia-
tion-thermal (RT) heating of ferrite materials by
high-power beams of above 1 MeV accelerated elec-
trons is an effective method for intensifying solid-
state reactions and increasing phase composition
homogeneity. The RT method has been successfully
applied for the preparation of some ferrite materi-
als, such as NiZn ferrites,?* strontium ferrites,?’
hexaferrites®®?” and substituted Li ferrites, which

were obtained by either RT powder synthesis®**=° or
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Fig. 1. XRD patterns for Lig 5(1 XZnXFeZ 5_0.5x04 (X = 0.2) synthesized under conditions of T and RT annealing at 600°C and 0 min, 30 min, and

120 min. The markers of Fe,O3 ( ), Li2CO3 (*) and ZnO (x) are indicated.

RT ceramics sintering.?! According to x-ray diffrac-
tion (XRD) and thermograv1metrlc analysis of RT-
synthesized LiZn?® and LiTi ferrites,?>3° the
observed radiation-thermal effect results in inten-
sification of the solid-phase process, which signifi-
cantly decreases the temperature and time
rewquired for ferrite synthesis compared to conven-
tional thermal heating in high-temperature fur-
naces. Moreover, as was shown in, Ref. 29 ferrites
can be obtained by using two types of high-energy
electron heating (pulsed or continuous) that extend
the possibility of using radiation-thermal technol-
ogy for lithium-substituted ferrite production.

In, Ref. 30 the saturation magnetization results
confirmed high efficiency of LiTi ferrite synthesis
using RT heating of the reaction mixture. However,
the magnetic properties of LiZn ferrites obtained by
RT heating were not extensively investigated.

In this paper, we report a magnetization study of
the solid-state formation of lithium-zinc ferrites
synthesized by a 2.4 MeV pulse electron beam. The

results are compared with the magnetization of
LiZn ferrites synthesized by conventional solid-
state synthesis in the laboratory furnace using
similar time-temperature regimes.

EXPERIMENTAL PROCEDURE

Lithium-zinc ferrites with Lig.501_x)Zny.
Fes 505,04 (wWhere x = 0.2; 0.4) chemical composi-
tions were synthesized from a Li;CO3-ZnO-Fey05
mechanical mixture of reagents, which were pro-
duced by weighing the required amounts of pre-
dried components and then mixing them in an agate
mortar. For the synthesis, the samples were com-
pacted in tablet form with 15 mm diameter and
2 mm thickness by 200 MPa single-ended cold
pressing. The samples were divided into two batches
for the RT and T syntheses.

RT synthesis of samples from the first batch was
carried out using a pulse electron accelerator ILU-6
with 2.4 MeV electron energy and 400 mA pulse
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Fig. 2. XRD patterns for Lig 51— xZNxFe2.5_0.5x04 (X = 0.2) synthesized under conditions of T and RT annealing at 700°C and 0 min, 30 min, and
120 min. The markers of Fe,03 (°), LiCO3 (*) and ZnO (x) are indicated.

beam current.>?*3* RT processing regimes are reg-
ulated by the pulse repetition frequency of the
electron beam, allowing any changes in the temper-
ature regime and heating rates. The samples were
heated up to the synthesis temperatures of 600°C,
700°C and 750°C by the electron beam in air using a
special cell made from lightweight fireclay with
thermally insulating walls and lid that were trans-
parent to the electron beam. The temperature was
controlled by a type S thermocouple located in a
control sample which was placed near the investi-
gated samples. The times of isothermal synthesis
were 0 min, 10 min, 20 min, 30 min, 60 min, and
120 min, and the duration of non-isothermal heat-
ing and cooling stages did not exceed 3 min.

The thermal synthesis of samples from the second
batch was performed in a high-temperature labora-
tory furnace at similar time-temperature regimes.

The phase composition of the synthesized sam-
ples was controlled using ARL X’TRA x-ray diffrac-
tometer with a Peltier Si(Li) semiconductor
detector and Cuk, radiation. XRD patterns were
measured for 20 = (10 = 70)° with a scan rate of
0.02°/s. The phase compositions of the samples
were identified using the PDF-4 + powder data-
base of the International Center for Diffraction
Data (ICDD). Lattice parameters specified the zinc
content in the synthesized LiZn ferrites for
lithium-zinc ferrites.”?® XRD patterns were pro-
cessed by full-profile analysis using Powder Cell
2.5 software.

For the saturation magnetization study, paral-
lelepipeds with the size of 2x2x8 mm® were made
from the synthesized samples and measured by a
vibrating sample magnetometer with the maximum
field of 10 kOe.
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Fig. 3. XRD patterns for Li 5(1—xZNnxFez.5_0.5x04 (X = 0.2) synthesized under conditions of T and RT annealing at 750°C and 0 min, 30 min, and
120 min. The markers of Fe;03 (°), Li.CO3 (*) and ZnO (x) are indicated.

RESULTS AND DISCUSSION
X-ray Diffraction Analysis

XRD results were obtained for all samples syn-
thesized at different temperature-time regimes.
However, the present article cites selective XRD
patterns, which are the most important from our
point of view. Figures 1 and 2 show the XRD
patterns for Lig s _nZngFess 0504 (x = 0.2) sam-
ples synthesized by T and RT heating at 600°C
(Fig. 1), 750°C (Fig. 2) at synthesis times of 0 min,
30 min, and 120 min.

The XRD patterns for T and RT-synthesized sam-
ples at 600°C (Fig. 1) indicate the reflections from
Zn0O, o-Fey03, and Li;CO3 initial reagent phases
(marked reflection in Fig. 1) that have not completely
reacted with each other, and a superposition of spinel
phase reflections associated with pure lithium fer-
rites and/or substituted by zinc lithium ferrites

(unmarked reflections in Fig. 1, occur primarily at
20 = 30.3°, 43°). Unmarked reflections at 20 = 35.5°
and 54° correspond to both «-Fe;Os; and spinel
phases, from which the reflections merge into sin-
gle-peak reflections. According to the study of phase
formation in LiyCO3-ZnO-FeyO3 systems during
lithium-zinc ferrites synthesis using thermogravi-
metric and calorimetric analysis, the observed spinel
phases are associated with the transient phase
formation of the pure lithium ferrite, LigsFes 504,
and lithium-zinc ferrites with close values of lattice
parameters, Ligsi_vZngFess 05.04 (0 < x < 0.6).
The peak intensity of spinel phases increases with
increasing synthesis time, while the peak intensity of
initial reagents decreases.

With the increase in the synthesis temperature
up to 700°C and 750°C, the initial reagents are still
observed in the samples synthesized at thermal



1196 Surzhikov, Lysenko, Sheveleva, Malyshev, Astafyev, and Vlasov

1500- _
= T 0 min o
=
< 1000 1
>
2
[o]
£ 500 | | ©
- Al Mﬂ l.,,.J‘ . fH Xw
10 20 30 40 50 60 70
1500 26 (degrees)
T_30 min o
S
S 1000 l
>
5
C fo) X 0
[0] ) (0]
< 5001 X‘ J k
- “ P ln
wwuw WU\...JJL./ 'vw&n
10 20 30 40 50 60 70
1500+ 20 (degrees
~ T 120 min (degrees)
3
& °|
. 1000
[
s |
£ 500- 0 }X #
‘”me'\-uwﬁ \ ‘JJ \..4” 0.....~J wa
10 20 30 40 50 60 70
20 (degrees)

1500
- RT_Omin ©
>
S |
<, 1000
2
I o l‘x 0 |
£ 5001 !xlj O I
LI | X | i X
A W 11/ W Y W T,
10 20 30 40 50 60 70
1500 _ ) 20 (degrees)
RT_30 min
3
51000 | (
2 o)
= |
& 500 '
k= ] 0 ‘xlx 0
e LIS
10 20 30 40 50 60 70
1 RT_120 min 26 (degrees)
=
S 10001
=
2 0
£ 500 ( I
C -
- Dl e TN
-‘-w\-.d\.._...// .......JUU L\\.....} ]}\\MJ ‘Lk,w

10 20 30 40 50 6‘0 70
20 (degrees)

Fig. 4. XRD patterns for Lig 5¢1— X)Zn Fes 5 0.5x04 (X = 0.4) synthesized under conditions of T and RT annealing at 600°C and O min, 30 min, and

120 min. The markers of Fe,05 (°), Li,CO3 (*) and ZnO (x) are indicated.

heating at all synthesis time periods, and in the
samples synthesized by the RT mode that includes
only the non-isothermal stage of heating. However,
the samples which were synthesized via RT anneal-
ing for 30 min and more are characterized by the
presence of spinel phases only.

Figures 3 and 4 show the XRD patterns for
Lips1_nZngFes 5 0504 (x = 0.4) ferrite synthesized
in T and RT modes at 600°C (Fig. 3) and 750°C
(Fig. 4) at synthesis times of 0 min, 30 min, and
120 min. Following XRD results, the regularities of
phase formation in Li;CO3-ZnO-Fe,03 systems with
x = 0.4 at both T and RT regimes are similar to the
above results for the synthesis of lithium-zinc
ferrite with x = 0.2. At low 600°C synthesis temper-
ature, the samples are characterized by inhomoge-
neous phase composition, including non-reacted
precursors. The phases with high concentration of
spinel ferrite are formed in the samples synthesized
by RT heating at 750°C for 30 min and more.

Saturation Magnetization Analysis

Saturation magnetization for Ligsq_Zng.
Fess 05,04 with x = 0.2 and 0.4 as a function of
synthesis time is presented in Fig. 5. The curves are
characterized by a rapid increase in magnetization
for the samples synthesized during the first 30 min
and a slight growth in magnetization at further
heating stages. As was shown in Ref. 28 by ther-
momagnetometric and calorimetric analysis, the
first stage is related to the rapid formation of pure
lithium spinel ferrite. By increasing synthesis reac-
tion time, interactions between lithium ferrite and
residual amounts of reagent oxides occur, leading to
LiZn spinel ferrite formation. Consequently, a slight
increase in the magnetization of the samples is
observed due to higher magnetization values of
LiZn ferrites compared to Lig, 5Fe2 504 (Figs. 6, 7).

According to Neel’s theory,”® a tetrahedral dia-
magnetic substitution of iron cations by zinc ions of
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Fig. 5. XRD patterns for Lig 5¢1— XZn Fes s 0.5x04 (X = 0.4) synthesized under conditions of T and RT annealing at 700°C and 0 min, 30 min, and
120 min. The markers of Fe,O3 ( ), LioCO3 (*) and ZnO (x) are indicated.

small concentrations increases the magnetization of
domains, but at x > 0.3 in Lig 51_»ZnyFes 5 0.5:0.4.
The replacement leads to a high reduction in
exchange interaction between sublattices and par-
tial disorientation of magnetic moments in domains
and, consequently, decreased saturation of ferrite
magnetization. This explains the lower values of
saturation magnetization in the ferrite with x = 0.4
compared to x = 0.2. This is confirmed by the results
from, Refs. 36—-39 where the magnetization of LiZn
ferrites was studied.

Regardless of zinc content in the samples, RT-
synthesized samples are characterized by signifi-
cantly higher values of saturation magnetization in
comparison with samples obtained by thermal heat-
ing. By increasing the synthesis temperature up to
750°C, the samples reach high values of magneti-
zation at the isothermal stage onset. At longer
isothermal exposure of 30 min and more, the RT

synthesis process produces LiZn ferrites with mag-
netization values that are close to nominal charac-
teristics used in ferrite production.

The radiation-thermal effect in ferrite synthesis
can be explained in terms of the surface-recombi-
nation mechanism of high-temperature radiation-
induced mass transfer in ion structures proposed in
Ref. 40. The regions of structural failure in hetero-
geneous structures are characterized by a higher
rate of non-radiative electron—hole and exciton
recombination compared to that in the volume that
causes local temperature gradients, defects and
stresses. This process intensifies mass transfer at
interphase boundaries, and, as a result, it can
accelerate the formation of ferrites.

In addition, because of the high concentration of
free electrons in the ferrite caused by a beam of
accelerated electrons, a short-term decrease in the
charge of multiply charged cations (Fe?*) can occur
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Fig. 6. XRD patterns for Lip 5(1—xZNnxFez.5_0.5xO4 (X = 0.4) synthesized under conditions of Tand RT annealing at 750°C and 0 min, 30 min, and
120 min. The markers of Fe,03 (°), LioCO3 (*) and ZnO (x) are indicated.

and, consequently, this can increase the mobility of
such ions and accelerate the reaction.

CONCLUSIONS

Lithium-zinc ferrites were studied by XRD and
saturation magnetization analysis. The samples
were obtained by the conventional thermal synthe-
sis or radiation-thermal synthesis via 2.4 MeV
electron beam heating of Li,CO3-Fe;03-Zn0O powder
mixtures.

The obtained results indicate a high efficiency of
LiZn ferrite formation using a high-energy electron
beam as a heating source for reaction mixtures.
Lower temperatures and synthesis time are

required to obtain the ferrites with homogenous
phase composition by RT compared to standard
thermal heating. The radiation effect in the ferrite
formation is greatest at the initial isothermal stage
of synthesis during mixture heating. Thus, RT
synthesis at 750°C and isothermal exposure for
30 min or more form lithium-zinc ferrites with a
high degree of final phase composition, which is also
characterized by high values of saturation
magnetization.

Following,*! it should be noted that higher tem-
peratures and longer isothermal exposure, includ-
ing mandatory multiple intermediate grinding and
mixing operations, are required to obtain LiZn
ferrites with homogeneous phase composition by
using conventional thermal synthesis.
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