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Abstract

Objectives. To study the effect of varying lanthanum content in the Fe,0,~Li,O-La(OH); system on phase formation and corresponding
structural and electromagnetic properties of a lithium-ferrite composite material obtained using high-temperature ceramic technology.

Methods. Following the addition of lanthanum occurred at the initial stage of mixing the Fe,0,/Li,CO,/La(OH), components in a certain
weight ratio, the obtained samples were sent for preliminary synthesis at a temperature of 900°C for 240 min in an air atmosphere and
sintering in a dilatometer at a temperature of 1100°C for 120 min. The microstructure and properties of the sintered composite samples
were studied using X-ray phase analysis (XRD), thermogravimetry (TG), differential scanning calorimetry (DSC), and scanning electron
Mmicroscopy.

Results. XRD analysis confirmed the formation of a two-phase structure following solid-phase synthesis, consisting of the magnetic
phase of lithium ferrite Li, ;Fe, ;O, and the perovskite-like phase LaFeO,. XRD carried out after sintering showed that the high-
temperature heating process did not affect the changes in the phase composition of the sample phases. Dilatometric shrinkage curves
obtained after sintering showed that the addition of La reduces the rate of compaction of the samples at the stage of their heating. The
sintered samples were characterized by a density of 4.34, 3.84, 3.93 g/cm? and a porosity of 0.7, 16, and 18%, respectively, having
an increased mass content of La(OH); at the synthesis stage. A decrease in the grain sizes was also observed. An increase in the amount
of lanthanum hydroxide La(OH), additive from 0 to 4.4 and 13.9 wt % led to an increase in the concentration of the synthesized
LaFeO, phase in the samples to 4.2 and 16.6 wt %, resulting in decreased specific saturation magnetization values from 59.4 to 58.2 and
49.7 G-cm3/g and the initial magnetic permeability from 41.6 to 22.8 and 19.5, respectively. TG and DSC showed that high-temperature
sintering of lithium ferrite without additives leads to the predominant formation of the disordered B-phase Li, sFe, ;O,, which has
a reduced Curie temperature of 626°C. This process is associated with a violation of the stoichiometric composition of the samples for
lithium and oxygen due to the release of these elements from the samples during high-temperature sintering.

Conclusions. The high values of the Curie temperature of 631°C confirm that the addition of lanthanum during the production of lithium
ferrite prevents the violation of the stoichiometric composition of the ferrite during sintering due to the construction of an additional
LaFeOj lattice. The addition of lanthanum was also found to lead to a significant increase in specific electrical resistance from 5 - 102 to
6 - 10% and 1 - 10'2 Ohm-cm, which may be associated with both a change in the microstructure of the samples and a change in their
phase composition.
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HAYYHAA CTATb4

BavaHue copgep)XaHua naHTaHa B cucteme
Fe203:Li20—La(OH)3 Ha ¢a3oobOpa3zoBaHue
M CBOMCTBA KOMMNO3ULMOHHOIO MaTtepuvana
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Hayuonanvnuii uccnieoosamenvcxuti Tomexuti nonumexuuyeckuti ynugepcumem, Tomck, 634050 Poccus
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AHHOTaUus

Ienn. Vccnenosanye BIUAHUS CONEpKaHus NaHTaHa B cucreMe Fe,O,—Li,0-La(OH); Ha paszoobpasosanue, a TakKe CTPYKTypPHBIE
1 2JIEKTPOMAarHUTHBIE CBOMCTBA KOMITO3UIIMOHHOTO MaTepralia Ha OCHOBE JINTHEBOTO (heppHTa, HOJYIEHHOTO C OMOIIBIO BEICOKOTEM-
TiepaTypHOil KepaMHUUeCKON TEXHOJIOTUH.

Mertoabl. Beeenue 1anTana npoucxoausio Ha HayaJIbHOM 3Tare CMEUIMBAHUSI KOMIIOHEHTOB FeZO3/Li2CO3/La(OH)3 B OINPEACICHHOM
BECOBOM COOTHOIIICHHUH, 3aTE€M MOJIy4IeHHbIC 00pa3Ibl ObIIN HAIIPABICHBI HA IIPEIBAaPUTEIbHEIN cuHTe3 1pu Temieparype 900°C B Teue-
nue 240 MuH B atMoc(epe BO3ayXa U JajbHelInee criekanue B qutatomerpe npu Temmneparype 1100°C B teqenne 120 mun. Metogamu
pentreHodasosoro anammsa (POA), repmorpasumerpun (TT), nuddepenimansro-ckanupyomeii kanopumerpun (JICK), a Taxke ckanu-
PpYIoIIEeH 2IEKTPOHHOI MUKPOCKOIINH IIPOBEICHO UCCIICIOBAHIE MHUKPOCTPYKTYPBI 1 CBOHCTB HCCIIEAYEMBIX KOMIIO3HI[IOHHBIX 00Pa3IoB.

PesyabsTarsl. Metomom PDA ycTaHOBIIEHO, YTO TOCTE TBEPAO(PA3HOTO CHHTE3a MPOHUCXOANUT 00pa3oBaHHE ABYX(PAa3HOH CTPYKTYpHI,
COCTosAmEN M3 MarHUTHOH (hasel mutHeBoro deppura Lij sFe, ;O, u neposckurononobroi paser LaFeO;. TIposenenne POA nocne
CIEKaHMs ITOKA3aJI0, YTO MPOIECcC BHICOKOTEMIIEPATypHOTO HarpeBa He OKa3all BIMSHHS HAa M3MEHEHHS (Da30BOTO COCTaBa 00OpasIioB.
JlumaToMeTpudecKkue KpUBbIEe YCAIKH, MOIydeHHBIE BO BpeMs CIEKaHMs, TIOKa3aJIHn, 9TO BBeJIeHHE La yMeHbIIIaeT CKOPOCTh YIIIOTHEHHUS
06pa3IoB Ha cTaguK HX Harpesa. CIiedeHHbIe 00pa3Ibl XapaKTepPH30BAINCE IIIOTHOCTHIO 4.34, 3.84, 3.93 r/cM? u mopucroctsio 0.7, 16 1
18% ¢ yBenm4enuem Ha sTare cuHTe3a MaccoBoro coneprxkanus La(OH);. Takxe HaOMONAIOCh YMEHBIIEHHE PA3MEPOB 3€pHA. YBENMYE-
Hue Kormmyectsa nobaskn La(OH); ¢ 0 1o 4.4 u 13.9 mac. % mpuBeno K ysenuuennio B o0pasnax KonnenTparmmu paset LaFeO; no 4.2 u
16.6 mac. %, 9TO SABUIOCH MPUUNHON CHIDKCHUS 3HAYCHUH YeTbHONH HAaMarHMYEHHOCTH HACHIIIEHH COOTBETCTBEHHO ¢ 59.4 1o 58.2
49.7 I'c-cM3/r v HAYATBHOI MAaTHUTHOMN NMpoHUIAaeMocTH ¢ 41.6 10 22.8 u 19.5. C momomsio TI" u JICK moka3aHo, 4To BEICOKOTEMTIE-
parypHoe criekaHue JUTHEBOTO (heppura 6e3 100aBOK MPUBOIMT K MPEUMYIIECTBEHHOMY (DOPMHUPOBAHHIO PasyHopsSI0ueHHOH [3-(ha3bl
Li, sFe, sO,, mmetommeti 3anmxennoe 3Haqenne Temmneparypsl Kiopu 626°C. JlanHBIA Iponece CBA3aH ¢ HAPYIIEHHEM CTEXHOMETPUYE-
CKOTO COCTaBa 00pa3IOB MO JINTUIO M KUCIOPOIY BCIEACTBHE BBIXO/A JAHHBIX JIEMEHTOB M3 00Pa3I[OB BO BPEMsI BEICOKOTEMIIEPATyp-
HOTO CTICKaHUsL.

BoiBoabI. BBeeHue aHTaHa Iy MOJIYYCHUH JIMTUEBOTO (heppUTa MPEIISITCTBYET BO BPEMsl CIIEKaHHs HAPYLICHUIO CTEXHOMETPUYECKO-
ro cocTasa ()eppuTa 3a CYET MOCTPOCHHUS NOMOMHUTEIbHON pemerku LaFeO,, 4To moaTBep:KIeHO BHICOKMMH 3HAYEHUSAMHU TEMIIEPATY-
pot Kropu 631°C. Taxoke ycTaHOBIEHO, YTO BBEICHHE JaHTaHA MPUBOAUT K 3HAUYUTEIBHOMY YBEJIMYCHHIO YIEIBHOTO HJICKTPHYECKOTO
comporusnenns ¢ 5 - 102 10 6 - 107 u 1 - 10'2 Om-cm, uTo MOKET GBITH CBA3AHO KAK C M3MEHEHHEM MHKPOCTPYKTYPhI 00pasIoB, TaK
U C U3MEHEHUEM UX (ha30BOro CoCTaBa.

Kniouesblie cnosa MocTtynuna: 11.09.2024
JUTHEBBIN (EeppUT, IaHTaH, MATHUTHBIC CBOICTBA, SIICKTPHYCCKUE CBOHCTBA, Oopa6oTaHa: 08.11.2024
CTPYKTYpa, peAKO3eMEIbHBIN SIEMEHT MpuHsTa B nevatsb: 19.02.2025

Anga uuTnpoBaHusa

Enexuna 10.C., Brnacos B.A., Jlbicenko E.H., Cypxuxos A.Il. Bausnue comepxanus jnantana B cucteme Fe,O,-Li,O-La(OH), Ha
(a3oobpa3oBaHre U CBOWCTBA KOMIIO3MLIMOHHOTO Matepuana. Towxue xumuueckue mexnonoeuu. 2025;20(2):156-166. https:/doi.
0rg/10.32362/2410-6593-2025-20-2-156-166
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INTRODUCTION

The number of studies focused on ferrites, including
lithium-containing ferrites having various technological
applications, continues to grow steadily each year.
Due to its high Curie temperature and saturation
magnetization, lithium ferrite Lij ;Fe, ;O, is used in
microwave devices, as well as cathode materials in
lithium-ion batteries and gas sensors [1—4]. All these
applications, in one way or another, rely on a certain
combination of magnetic and electrical properties of
this ferrite. To achieve such various combinations,
metal ions such as Ti, Zn, Ni, Mg, Mn, Co, etc. are
added into the lithium ferrite. Studies [5-8] have
shown that certain characteristics can be improved by
varying different substitution combinations; however,
in many cases this leads to a deterioration of other
desired characteristics. Therefore, it becomes necessity
to develop methods for improving the electrophysical
and magnetic properties of lithium ferrites.

Recently, researchers have been actively
investigating the properties of various ferrites with
rare earth elements [9-13]. Unpaired 4f electrons
located in the outer orbital level of rare earth elements
play a major role in the occurrence of magnetic
anisotropy due to their orbital shape [10]. This means
that the addition of such ions as samarium, lanthanum,
gadolinium, etc. to spinel ferrites can change their
electrical and magnetic properties. At the same time,
there are very few studies devoted to the research of
the influence of various rare-earth elements on the
properties of lithium ferrites.

It is known that in addition to varying the composition
of ferrites due to the inclusion of certain components,
the method of obtaining ferrites also affects their
properties [3, 10, 12, 14—16]. In the case of traditional and
widespread ceramic technology, oxides and carbonates
are used as starting reagents to produce ferrites. Based
on data from [17], it was shown that during solid-phase
interaction of Sm,0,/Fe,0,/Li,CO, reagents in different
weight ratios no substituted lithium ferrite phase is
formed, but two phases including unsubstituted lithium
ferrite Li, sFe, O, and SmFeO, are formed and affect
the final properties of the ferrite.

In this study, the structure and properties
of lithium ferrite modified with lanthanum
were investigated by X-ray diffraction phase
analysis (XRD), thermogravimetry (TG), differential
scanning calorimetry (DSC) and scanning electron
microscopy (SEM) methods.

I URL: http://www.icdd.com. Accessed February 13, 2023.

MATERIALS AND METHODS

The initial reagents for preparation of lanthanum-
modified lithium ferrite were iron oxide Fe,O; (pure
for analysis, Vekton, Russia), lithium carbonate
Li,COj4 (extra pure 20-2, Vekton, Russia) and lanthanum
hydroxide La(OH), (99.99%, MOS International Co.,
China). The weight ratios of these components
Fe,0,/Li,CO,/La(OH), were 91.5/8.5/0 wt % (sample NO),
87.3/8.3/4.4 wt % (sample N1), and 78.2/7.9/13.9 wt %
(sample N2).

Prior to mixing, the powders were dried in an oven
for 120 min at 200°C to remove excess moisture. Mixing
of these components was carried out in an E-max ball
mill (Retsch, Germany) using steel balls with a diameter
of 5 mm at 300 rpm for 15 min. Next, the samples were
compacted by cold pressing in the form of tablets on
a PGr-10 manual hydraulic press (LabTuls, Russia).
Preliminary synthesis of the obtained samples was
carried out in a laboratory furnace at 900°C for 240 min
in air atmosphere. Then the samples were ground in an
agate mortar and 12 wt % polyvinyl alcohol (95.3%,
MCD Chemicals, China) was added to the obtained
powders. Finally, the powders were compacted into
tablets and sintered in a DIL 402C dilatometer (Netzsch,
Germany) at 1100°C for 2 h.

The phase composition of the obtained samples
was studied by XRD on an ARL X’TRA diffractometer
(Thermo Fisher Scientific, Switzerland) using Cu-K,
radiation. The measurement range was 26 = 10°-90°.
Powder Cell 2.5 software with the International Center
for Diffraction Data (ICDD!) PDF-4+ database was used
for phase identification and quantification.

With the help of TG and DSC analyses, the Curie
temperature (7-) and thermal effects during heating of
the samples in a thermal analyzer in STA 449C Jupiter
(Netzsch, Germany) were investigated. The Curie
temperature 7, was obtained by differentiating the TG
curve oflithium ferrite into aderivative thermogravimetric
curve (DTG), whose peak corresponds to the Curie
temperature value according to the methodology
presented in [18]. The thermal analysis was performed
with the application of an external magnetic field during
the entire heating process up to 900°C.

The microstructural features of the lithium samples
were studied by SEM on a TM-3000 device (Hitachi,
Japan).

The saturation magnetization (c,) was measured at
room temperature using an H-04 pulse magnetometer
(TSU, Russia). The initial magnetic permeability was
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measured using the inductive method on a Keysight
E4980AL precision LCR meter (Agilent, USA). The
temperature dependence of the electrical resistivity of
the samples was measured using the two-probe method
according to the method described in [19].

RESULTS AND DISCUSSION

At the first stage of obtaining the composite material,
a solid-phase interaction reaction was carried out
between the initial components in a certain weight ratio
specified in the experimental procedure.

The qualitative and quantitative phase composition
of the samples following synthesis was determined from
the XRD results (Table 1 and Fig. 1), which confirmed
the formation of two distinct phases: spinel phase
Lij sFe, 0, (PDF No. 01-070-5669') and perovskite-
like phase with orthorhombic structure LaFeO,
(PDF No. 01-077-99802"). The presence of reflexes at
20 = 15°, 23°, and 26°, as well as the lattice parameter
~8.33 A, which are in agreement with literature
data [20], indicate the formation of ordered cubic phase
a-Li, sFe, sO, [21].

The formation of the secondary phase proceeds
according to the following mechanism (1):

Fe,O; + 2La(OH), = 2LaFeO, + 3H,0. (1)

The concentration of the secondary phase depends on the
content of the added initial reagent La(OH); such that,
with an increase of the added lanthanum ions, the content
of LaFeO; increases. Thus, on the basis of XRD analysis
it can be seen that the reaction of solid-phase interaction
between the initial reagents proceeds without the addition
of La into the crystal structure of lithium ferrite, that is,
the formation of a two-phase composite. Presumably,
the reaction in the synthesis process between the initial

Table 1. Phase composition of synthesized samples

Yuliya S. Elkina,
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Fig. 1. X-ray diffraction patterns of samples after synthesis,

where is (a) NO; (b) N1; (c) N2

Sample Phase composition Lattice parameters, A Concentration, wt %
Lij sFe, O, a=b=c=83328 (+0.002) 100
NO
LaFeO, _ _
Li, sFe, 5O, a=b=c=283279 (x0.002) 95.7
N1 a=5.5549 (+0.002)
LaFeO, b =17.8495 (+0.003) 43
¢=15.5477 (+0.003)
Liy sFe, 50, a=b=c=283310 (+0.002) 81.9
N2 a=5.5501 (+0.002)
LaFeO, b=7.8613 (+0.003) 18.1
¢=5.5572 (£0.003)
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reactants Fe,0,/Li,CO,/La(OH), proceeds according to
scheme (2):

Li,CO, + 6Fe,0, + 2La(OH), =

2
= 4Li, JFe, ,0, + 2LaFeO, + 3H,0 + CO,. @

Next, the sintering process was carried out and the
dilatometric curves shown in Fig. 2 were obtained.

0.00 ~ 11000
g 1%
ER G
= ~0.05 : g
= " le00 2
= = =
= 010 L 400 2
=
S l00 8
~0.15 S a
0
0 100 200 300 400 500
Time, min

Fig. 2. Dilatometric curves obtained by sintering samples at
1100°C (shrinkage curve—solid lines, shrinkage rate—dotted
lines): / (green lines) sample NO; 2 (red lines) sample N1;

3 (blue lines) sample N2; 4 temperature program

Up to the temperature of non-isothermal heating
800°C, material expansion occurs in all samples, which
is associated with an increase in the volume of gas pores.
Then there is a sharp change in the length of samples at
a temperature of about 900°C, which is associated with

Table 2. Density and porosity of composite samples

their densification. At the same time, the shrinkage rate
of sample NO is higher than that of N1 and N2. By the
end of isothermal curing, sample NO shows the highest
shrinkage. From the shrinkage curves, it can be seen that
the addition of lanthanum reduces the shrinkage rate of
the samples at the stage of heating and that the shrinkage
rate of samples N1 and N2 is almost the same.

The data obtained by measuring the hydrostatic
density and porosity indicated in Table 2 confirmed the
dilatometry data. With the addition of lanthanum, there
is a decrease in density (phydr) and an increase in porosity
of samples (Q).

X-ray diffraction patterns of the samples after the
sintering process are shown in Fig. 3.

XRD after sintering showed that the qualitative
content of phases did not change after this process and
that sintered samples contain phases Li, sFe, O, and
LaFeO,. During sintering (Table 3), the quantitative
content of phases in sample N1 practically does not
change, while for sample N2 there is a slight decrease in
the concentration of Li, sFe, ;O, phase and an increase
in the amount of secondary phase LaFeO, in comparison
with the synthesis data.

SEM images of the surface ofthe samples are shown in
Fig. 4. The images of samples N1 and N2, which confirm
the conclusions about the formation of a two-phase
product after sintering, clearly show two contrasts [17]
that correspond to the ferrite phase (gray shade) and

Sample Density Phydrs g/cm’ Porosity O, % Grain size D, pm
NO 4.34 0.7 4.78
N1 3.84 16.0 1.63
N2 3.93 18.0 1.57
-
° 400 -
4001 Li sFe; 50, 4007 ® LisFe, 50, ® Liy sFe, 50,
o LaFeO3 . o LaFeO,
. 3004 300+ 300 A
3 5 3
] o < «
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Fig. 3. X-ray diffraction patterns of samples after sintering: (a) NO; (b) N1; (c) N2
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Table 3. Phase composition of sintered samples

Sample Phase composition Lattice parameters, A Concentration, wt %
O Lij sFe, O, a=b=c=8.3327 (£0.002) 100
LaFeO, - -

Li, sFe, O, a=b=c=8.3275(+0.002) 95.8

N1 a=5.5506 (£0.002)
LaFeO, b=17.8418 (£0.003) 42

¢=15.5838 (+0.003)
Lij sFe, O, a=b=c=8.3304 (£0.002) 83.4

N2 a=15.5539 (x0.002)
LaFeO, b="7.8593 (+0.003) 16.6

¢=15.5535(x0.003)

the LaFeO, phase (white shade). The addition of La also
affects the microstructure of the final ceramic samples.
The values of average grain size are given in Table 2.
While the addition of La leads to a decrease in the grain
size of the ferrite phase [22], the concentration of the
rare earth element does not significantly affect the further
change of this parameter.

In this work, the electrical resistivity (p) was also
investigated. The sharp increase in electrical resistivity
with increasing additive content shown in Table 4 may
be due to an increase in the amount of secondary phase
LaFeO,, as well as the high porosity and low density

Table 4. Electrical and magnetic properties of samples

of the samples. Studies of the saturation specific
magnetization (o,) showed that a slight decrease in
this parameter occurs with the addition of La in small
amounts. More significant changes occur in the initial
magnetic permeability (n,) of ferrite [17, 23-27].
This is probably due to the quantitative increase of the
LaFeO; phase, which is antiferromagnetic in nature and
behaves as a paramagnetic under certain circumstances.

Furthermore, thermal analysis of the sintered
specimens was carried out, the graphs of which are
shown in Fig. 5. As shown in [17-19, 21], the thermal
endothermic effect on the DSC curve in the temperature

Sample p, Ohm-cm o, Grem’/g Mo e, 1T
NO 5102 59.4 41.6 626
N1 6-10° 58.2 22.8 631
N2 1-10!2 49.7 19.5 630

Fig. 4. SEM images of lithium ferrite modified with lanthanum: (a) NO; (b) N1; (c) N2

(b)

(©)
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region ~700-760°C is associated with the phase
transition from the ordered o-phase to the disordered
B-phase of the unsubstituted lithium ferrite Li, sFe, ;O,.

102.0 625& —48g TeX0 o 16
£
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Fig. 5. Thermogravimetric and differential calorimetric curves
obtained after sintering at 1100°C

As was shown in [17, 18, 21, 28], the enthalpy of
the a— Li, sFe, ;O, transition is 12-13 J/g according
to the peak area of DSC analysis of ferrite. In our study,
the value of enthalpy parameter for sample NO decreased
by more than 60%. For samples N1 and N2, the value of
enthalpy reduction was about 10 and 30%, respectively.
It is also worth noting that with increasing lanthanum
content, the temperature range of the thermal effect shifts
to higher temperatures from 660-730°C (sample NO) to
732-783°C and 740-790°C for N1 and N2, respectively.
Table 3 shows the 7. values for different samples. The 7,
value for lithium ferrite NO is slightly underestimated
compared to samples N1 and N2, whose temperature is
close to that reported in the studies [17, 18, 21].

It is suggested that the underestimated values of
Curie temperature and DSC peak areas in lithium ferrite
Li, sFe, ;O, without the addition of lanthanum indicate
a disordered ferrite structure during high-temperature
sintering due to the loss of oxygen and lithium by the

sample [20]. As shown in [18, 21], partial formation
of disordered phase B-Li,sFe, O, occurs during
sintering. The addition of La prevents the disordered
stoichiometric composition of sintered lithium ferrite
due to the rearrangement of the internal crystal structure.

CONCLUSIONS

In the present study, the influence of lanthanum
content in the Fe,0,-Li,O-La(OH); system on phase
formation is investigated along with the structural and
electromagnetic properties of composite material based
on lithium ferrite Li, sFe, ;O,. The confirmed formation
of two-phase composite during the sample synthesis
process consists of spinel phase a-LijsFe, O, and
perovskite-like phase LaFeO,, whose concentrations
depend on the ratios of initial components and do not
change significantly during high-temperature sintering.

The study of structural characteristics showed that
the increase in lanthanum concentration at the synthesis
stage leads to a decrease in density and increase in
porosity of sintered samples. The addition of lanthanum
also influences the ordering of the ferrite structure
during high-temperature sintering to prevent violation
of its stoichiometric composition. There is a slight
deterioration in magnetic properties and a significant
improvement in electrical properties.

The data confirm the utility of small additions of
lanthanum as a means of modifying the properties of
lithium ferrite with rare-earth elements for potential use
in microwave technology.

Further research in this area will be aimed at varying
the small amounts of added lanthanum, as well as
changing the temperature and time modes of sintering
in order to obtain denser and less porous ferrite ceramics
offering a good combination of electromagnetic
properties.
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