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Memooamu penmezeHoaz08020 ananuza, mepmozpasumempuu u oughghepenyuatbHo-cKkanu-
Pyilowieit Kanopumempuu npoeedensl UCCIe006aHUA GUAHUSA IHEPZOHANPANCEHHOCIU MEXAHUUECKO20
usMenbueHus cmecu nopouwkosix peazemos Sm;0s (14,7sec. %)/Fex0s (77,56ec. %)/Li,CO; (7,86ec. %)
Ha npoyecc cunmesa Li-Sm ¢peppuma. B pabome ucnonvsosanacey wmaposas menvnuya Retsch E-max,
obecneuusarOwan pazHyw IHEPZOHANPANHCEHHOCHb MEXAHUUECKO20 UIMETbYEHUS HYMeM 6aPbUPO-
eanua ckopocmu spauwienua cmaxanog 300, 1000, 1500 o6/mun. Peakyuio 63aumooeiicmeusn mexncoy
UCXOOHBIMU PeazeHmamu U3yuaiu nymem Hazpeea nopoutKkosoi cmecu Ha 6o3oyxe 0o 900 °C ¢ neuu
mepmuueckozo ananuzamopa Netzsch STA 449C Jupiter. Ioanwblii yukn cunmesa peppuma, éKio-
Yalouwuil U30MePMUYECcKyIo 8b10EPIHCKY NPU 8bICOKOI memnepamype, 0oLl nPo8edeH 6 1adopamopHoii
neuu npu memnepamype 900 °C ¢ meuenue 240 mun. Ycmanosneno, umo c ygeaudeHuem IHep2oHa-
APANCEHHOCU U3BMENbYCHUA NOPOUIKOE MEMNEPAMYPHLII UHMEPBAN 63AUMOOCIICIEUA MEHCOY
SMy03/Fe;03/Li,CO;3 cosuzaemesn na 200 °C ¢ o6nacmob menbuiux memnepamyp, 4mo yKasvléaent Ha
yeenuuenue peaKkyUoHHOU CROCOOHOCMU NOPOULIKO8bIX peazenmos. IIpu 3mom é npoyecce cunmesa
obpazyemcs 08yxghaznulii KOMROZUYUOHHBLI MAMEPUAT, COCIOAULUIL U3 HE3AMEU|CHHOZ0 JIUMUEB020
¢eppuma a-LiosFe,504 (81,0-81,8 sec. %) u SmFeO; (18,2-19 sec.%). Konuyenmpayuonnoe coomno-
ieHle CUHMEe3UPOBAHHbBIX (ha3 6 NPedenax IKCHEPUMEHMAIbHOU OUWUOKU He 3A6UCUN O IHEPZOHA-
APANCEHHOCU U3MENbUEeHUA UCXOOHBIX peazenmos. CuHme3uposanue He3ameuieHHO20 TUMUE6020
heppuma 6v110 nOOMEeEPIHCOEHO OAHHBIMU PEeHmM2eHOA308020 ananuza (napamemp peuwiemku
~0,833 um), nanuuuem IHOOMePMUYUECKO20 RUKA HA OudhhepenyuanvHo-mepmuiecKoil Kpueoii, co-
omeemcmeyiouwezo nepexody a-LiosFers0s — B-LiosFers504, a maxoce snauenuem memnepamypot
Kiopu (~630 °C), nonyuennvim memooom mepmozpasumempuu 6 maznumuom noie. Ilonyuennotii
pesyibmam Moxcem Ovimb NOE3EH RPU PA3PAOOMKE MEXHOI0ZUU ROTYYEHUA HOGBIX KOMROZUUUIL
theppumoe c peoxozemenvHbvimu 31eMeHmamu, 061a0AIOUUX YHUKATLHBIMU CEOUICIN8AMU.

KiroueBble ciioBa: utuii-camMapueBblil GeppuT, peKo3eMeNbHBIN 31eMeHT, SM2O3, MexaHn4eckas ak-
TUBAIUs, CHHTE3, TEPMUYECKUN aHAIIN3
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The effect of the energy intensity of mechanical grinding of Sm,03(14.7 wt.%)/
[Fe;03(77.5 wt.%)/Li2CO,(7.8 wt.%) powder reagents on synthesis of Li-Sm ferrite was investigated
by X-ray diffraction analysis, thermogravimetry, and differential scanning calorimetry. The study
used a Retsch E-max ball mill, which provides different energy intensity of mechanical grinding at
different rotational speed of 300, 1000, and 1500 rpm. The interaction between the initial reagents
was analyzed through heating the powder mixture to 900 °C in air in the furnace of the Netzsch
STA 449C Jupiter thermal analyzer. A complete cycle of ferrite synthesis, including high tempera-
ture isothermal holding, was performed in the laboratory furnace at 900 °C for 240 min. It was
found that at increased energy intensity of powder grinding, the temperature range of interaction
between Sm,0s/Fe;03/Li,COs shifts to lower temperatures by 200 °C, which indicates an increased
reactivity of powder reagents. In this case, a two-phase composite material is formed during syn-
thesis, which consists of unsubstituted lithium ferrite a-LiosFe.s04 (81.0-81.8 wt.%) and SmFeO;
(18.2-19 wt.%). Within the limits of the experimental error, the concentration ratio of the synthe-
sized phases does not depend on the energy intensity of grinding the initial reagents. Synthesis of
unsubstituted lithium ferrite was confirmed by X-ray diffraction data (lattice parameter of ~0.833 nm),
an endothermic peak in the differential scanning curve indicating the a-LiosFe;s0s —
P-LiosFe2s04 transition, and by the Curie temperature (~630 °C) determined by thermogravimetry
in a magnetic field. The result obtained may generate interest in the technology of ferrites of new
compositions substituted with rare earth elements, which possess unique properties.
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INTRODUCTION

The operational properties of ferrites directly
depend on their phase composition and the microstruc-
ture formed during their synthesis and sintering [1-2].
Unsubstituted lithium ferrite with the chemical for-
mula LigsFe.s04 (LiFesOg) has a high Curie point
(~630 °C) and a high saturation magnetization value,
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which potentiates its application for cores of trans-
formers, antennas, and magnetic recorders [3-6]. Lith-
ium ferrites used in microwave technology typically
exhibit a complex composition attained by replacing
iron ions, for example, with nickel, magnesium, tita-
nium, zinc, and manganese ions [7-9]. These substitu-
tions enabled production of ferrites with a specific
combination of electrical and magnetic properties.

W3B. By30B. Xumus u xuM. TexsHonorus. 2024. T. 67. Bein. 3



Lithium ferrites of new compositions possessing unique
properties remain to be of compelling interest today.

The studies conducted in recent years have
been focused on properties of different ferrites substituted
with rare earth elements (REE). As shown in [10-14], in-
corporation of rare earth elements, including samar-
ium, significantly affects electromagnetic properties of
various ferrites. In most of the studies, synthesis of fer-
rites with REE and their microstructural characteristics
were studied by X-ray diffraction analysis (XRD). It
was suggested that the formation of substituted ferrites
with a small inclusion of secondary phases (for exam-
ple, GdFeOs and SmFeOs, depending on the incorpo-
rated REE) affects the properties of the synthesized fer-
rites [15, 16]. In many cases, the basic method of ferrite
production is ceramic technology, which uses oxides
and carbonates as initial reagents [17-21].

In [22], we showed that no substituted phase of
lithium ferrite was formed during the interaction of
Sm;0s/Fe,03/Li,COs reagents taken in different
weight ratios. Ball milling of the initial oxides is
known not only to change the system dispersity, but
also to increase the activity of the powders, which es-
sentially affects the course of the solid-phase reaction
between the initial reagents [23-26]. The results ob-
tained in [27-28] show that grinding of powder systems
(fOI’ example, FEQOs/LiQCC)s, F9203/Li2C03/ZHO,
Fe,05/Li,CO3/TiO,) in a planetary mill accelerates
synthesis of substituted lithium ferrites and reduces the
temperature of their synthesis. In this regard, we can
suggest that high-energy pre-grinding of the initial re-
agents changes the phase formation of REE substituted
ferrites. Thus, the aim of this study was to analyze the
effect of the energy intensity of grinding the initial re-
agents Sm,0s/Fe,04/Li,CO3 on synthesis of lithium-
samarium ferrite.

EXPERIMENTAL

The initial reagents used for lithium ferrite
synthesis were lithium carbonate Li.CO; (chemically
pure), iron oxide Fe,Os (analytically pure), and sa-
marium oxide Sm,03 (REO > 99.99%). The ratio of
the initial components in the reaction mixture
Sm,0s/Fe,03/Li,CO3 (14.7/77.5/7.8 wt.%) was calcu-
lated by the chemical equation:

LioCO3+4.6Fe;03+0.4Sm,03—
—>4Li05SMo2Fez s04+CO, T 1)

The Sm,03/Fe;04/Li,CO3 powder mixture (10 g
per jar) was ground in a Retsch E-max high-speed ball
mill using 5 mm stainless-steel balls and 125 ml jars at
a rotational speed of 300, 1000, and 1500 rpm. The
grinding time was 30 min. The powder to ball ratio was
1:10. It is known that efficient grinding in the specified
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ball mill is achieved through high-frequency impact,
intense friction and controlled circular movements of
the grinding bowl [29]. The adaption of the kinematic
model from a planetary ball mill to the high-energy
Retsch E-max mill was detailed in [30]. Thus, energy
dose (E) that generated by mechanical milling process on
the powder can be calculated according to Eq. (2) [30]:
dp

E = @ypNymytwd (R — 2 + Rp)¥ )
where Np, mp, @p, R, Rp and dy refer to total ball count,
mass of ball (kg), rotational speed (rad/s), jar radius
(1.68-102 m for the 125 ml jar), distance between the
center of the plate and the center of the jar (1.6-102 m)
and ball diameter (m), respectively. The parameter ¢y
is the yield coefficient that provides the energy dissi-
pated by the impact of one ball against the grinding jar
wall in a system with multiple balls. It value depends
on the ratio of total ball count to the maximum ball
count that can be contained in the jar and is analytically
found to be equal to 0.95. The energy dose transferred
to the particles with the reference to mechanical mill-
ing duration was calculated as 0.7, 27.1 and 91.4 kJ for
the rotational speed of 300, 1000, and 1500 rpm, re-
spectively.

The interaction reaction between the initial re-
agents was studied by the thermogravimetric (TG)
analysis and differential calorimetry (DSC) using the
Netzsch STA 449C Jupiter thermal analyzer. For this,
sample with a mass of ca. 10 mg was placed in an alu-
mina crucible and heated up to 900 °C in air at a heat-
ing rate of 10 °C/min, followed by cooling at a rate of
20 °C/min.

Ferrite samples were synthesized at 900 °C for
240 min in air in the laboratory furnace.

The magnetic ferrite phase additionally formed
during synthesis was studied by TG analysis with the
application of an external magnetic field as described
in [31]. For this, the two permanent magnets were at-
tached on the outer side of the measurement cell so that
the sample is located in a magnetic field of ca. 5 Oe.
The heating rate during thermomagnetometric analysis
was 50 °C/min, which was the maximum for this de-
vice. The Netzsch Proteus software packages were
used for data analysis.

XRD analysis of the samples was performed
using an ARL X'TRA diffractometer with a Peltier
Si(Li) semiconductor detector and Cuk, radiation (37 kV
voltage and 35 mA current). The X-ray diffraction
(XRD) patterns were measured for 20 = (10-90)° with
a scan rate of 0.02 °/s and scanning speed 1.2 °/min.
The phases were identified using the PDF-4+ powder
database of the International Center for Diffraction
Data (ICDD). PowderCell 2.4 software was used to
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quantify phases (full-profile analysis), crystallite sizes
by the Williamson-Hall method and verify the lattice
parameters. The full-profile method is so-called stand-
ardless quantitative XRD analysis using by Pseudo-
Voight function.

RESULTS AND DISCUSSION

The data obtained by thermal analysis of the
Sm;0s/Fe;03/Li,COs powder mixture, mechanically
activated under different modes, are shown in Fig. 1.

The TG curve of the powders heated in the
thermal analyzer (Fig. 1 (a—c)) shows several stage de-
crease in their weight. A slight decrease in the weight
of the samples heated up to 200 °C is related to the re-
moval of moisture physically adsorbed during grinding
and storage of powders. As previously shown in [22],
the decrease in weight in the temperature range of 280-
450 °C is due to weight changes in Sm,O3. At increased
energy intensity of grinding, the weight loss increases
from 0.99% (Fig. 1 (a)) to 1.52% (Fig. 1 (c)); yet itis
insignificant and, according to [32], this process is re-
lated to the loss of physically and chemically adsorbed
water, which is accompanied by endothermic thermal
effects, as seen in the DSC curve.

Further temperature increase significantly
changes the sample weight due to the release of CO
during the diffusion interaction between the
Sm,03/Fe;O4/Li,COs reagents, as evidenced by Eqg. (1).
The temperature range of this interaction shifts to
lower temperatures at increased energy intensity of
grinding. Thus, the start of the ferrite synthesis reaction
decreases from 500 °C for powders pre-activated at
300 rpm to 350 °C for powders ground at a rotational
speed of 1500 rpm. The final temperature of interaction
between the reagents with the release of CO, also de-
creases from 700 to 520 °C, respectively.

Thus, mechanical activation of the reagent
mixture accelerates the synthesis reaction between the
Sm,0s/Fe;03/Li,CO3 reagents. The total weight loss in
this temperature range varies slightly for different sam-
ples (4.59-4.87 %), but these values are close to the
value of 4.64 % for CO- release calculated by Eq. (1).
The interaction between the reagents in all the studied
samples proceeds in two stages, which is related to
melting and decomposition of lithium carbonate, the
element of the powder mixture.

It is known [22] that decomposition of pure
lithium carbonate according to the scheme

Li,CO3—Li,0O+CO; (3)
starts at a temperature near its melting point, which
varies within 720-735 °C (according to reference data).
Its decomposition accelerates when lithium carbonate
is mixed with metal oxides. In particular, when Li,CO3
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is mixed with Fe,Qs, its accelerated decomposition is
attributed to the predominant diffusion of Fe3* cations
into the crystal lattice of Li.COs. Therefore, the ther-
mal analysis data obtained in this study show a lower
temperature of Li,CO3; decomposition in the Sm,Os/
/Fe203/Li,CO3 mixture.

The results of studies [27, 33] on the influence
of the chemical and thermal pre-history of the Fe,O3
reagent on its interaction with Li.COs to produce lith-
ium ferrites showed that the reaction is limited mainly
by diffusion interactions at 500 °C and above. How-
ever, during this interaction, the initial reaction product
formed at low temperatures is lithium ferrite LiFeOo,
regardless of the ratio of the initial components. At the
initial molar ratio of Li»COs to Fe,O3 of 1:5 and at in-
creased synthesis temperature and duration, the reac-
tion product formed is lithium ferrite LiosFe250a4.

In this regard, a two-step change in the sample
weight in the TG curve and the corresponding double
peak in the DSC curve observed in all the studied sam-
ples is due to the formation of transitional phases of
lithium ferrite. This is evidenced by an insignificant peak
recorded in the DSC curve at ~ 750 °C (Fig. 1 (a—c)),
which is related to the order-disorder phase transition
(0—p) in the resulting LiosFe2s04 phase [27].

A reverse B—a transition of higher intensity
caused by additional heating, at which further synthe-
sis occurs, can be observed in the DSC curve obtained
during cooling (Fig. 1 (d—f)). As reported in [34], tran-
sition of the a—LigsFe2504 phase to the B—Lio,5F62.504
phase in pure lithium ferrite causes a DSC peak of 12 J/g.
Fig. 1 (d—f) shows that the enthalpy transition values
for the samples attain 6.4-8.1 J/g, which corresponds
to partial formation of the lithium ferrite phase.

Fig. 1 (d—f) also presents the results of the ther-
momagnetometric analysis when the magnets were at-
tached once the sample heating was completed in ac-
cordance with the scheme presented in [31]. The TG
curves measured in the magnetic field show a weight
jump, which is related not to the changed sample
weight, but to the interaction of the synthesized mag-
netic phase with the external magnetic field applied.
This weight jump, the height of which indicates sample
magnetization, occurs near the Curie point (T¢) that can
be determined based on the derivative thermogravi-
metric (DTG) curve. The Curie point for weakly acti-
vated (at 300 rpm) samples attains 629.7 °C, and these
values are close to the magnetic transition temperature
in lithium ferrite at 7. = 620-632 °C, depending on the
literature source [35-37]. As reported in [34, 38], a
slight decrease in the Curie temperature in samples me-
chanically pre-ground at 1000 and 1500 rpm can be
due to the increased disorder in the ferrite structure,
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that is, due to partially formed p—LiosFe2s04 phases.
This is confirmed by the decreased area of the DSC
peak in mechanically activated samples, which corre-
sponds to the B—a transition during cooling. However,
this should not decrease sample magnetization, which
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is evidenced by the decreased weight jump in the acti-
vated samples. Therefore, we can assume the for-
mation of a certain amount of a weakly substituted
phase of lithium ferrite due to the interaction of rea-
gents with samarium oxide that decreases the Curie
temperature of the magnetic phase.
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Fig. 1. TG (curves 1), DSC (curves 2) analysis upon heating (a-c) and thermomagnetometric (curves 3) analysis upon cooling (d-f) of
Sm203/Fe203/Li2COs mixture mechanically pre-activated under 300 (a, d), 1000 (b, €), and 1500 (c, f) rpm
Puc. 1. TT (xpussie 1), ICK (kpuBbie 2) aHau3 IIpy HarpeBe (a-c) ¥ TepMOMarHUToMeTprudeckii (kpuBble 3) aHami3 npu oxiaxaeHuu (d-f)
cMecH HCXOHbIX peareHToB SM203/Fe203/Li2COs, npenpaputensHO MexaHoakTHBHpoBanHO# mpu 300 (g, d), 1000 (b, e) u 1500 (¢, f) 06/muH

Fig. 2 presents the results of the thermal anal-
ysis of the samples synthesized at 900 °C for 240 min
from mechanically activated powders. DSC analysis
revealed high values of the enthalpy of transition from
a—LiosFe250s to B—LiosFe2s04 phase, which shows
that the synthesized samples contain mainly lithium
ferrite in their composition.

The content of o—LiosFe2s04 slightly de-
creases at increased energy intensity of grinding of the
initial reagents, which is evidenced by the patterns ob-
tained for the decreased enthalpy of the DSC peak and
the Curie temperature. Thus, the obtained results indi-
cate the formation of a significant amount of unsubsti-
tuted lithium ferrite with the chemical formula
LiosFe2s0. during solid-phase interaction in the
Sm,03/Fe,03/Li>COs mixture. The enthalpy values of
the transition of o—LigsFe,s04 to B—Lio_5F62,504 ob-
tained by DSC analysis, and the weight jump values in
the magnetic field obtained by TG analysis can be used
to estimate the content of lithium ferrite in the total
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powder; it exceeds 50 wt.% at the stage of mixture
cooling in the thermal analyzer.

For comprehensive analysis of the ferrite syn-
thesis processes, we performed XRD analysis of the
samples synthesized at 900 °C for 240 min. Fig. 3
shows XRD patterns for samples mechanically acti-
vated under different modes. Table 1 summarizes the
XRD data obtained.

It was found that part of the resulting reflec-
tions belong to the cubic spinel space group Fd-3m.
According to the data on the lattice parameter of ~8.33 A,
this phase belongs to unsubstituted lithium ferrite. The
presence of reflections at 26~15, 23 and 26° indicates
the formation of the ordered phase a—LiosFe2504 (PDF
No. 04-015-5965), with three Fe3* ions and one L* ion
located in octahedral positions along the crystallo-
graphic directions <110>. The data presented in the ta-
ble show that the lattice parameter of the synthesized
lithium ferrite decreases, whereas the crystallite size
grows at increased grinding energy.
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Fig. 2. TG (curves 1), DSC (curves 2) and thermomagnetometric
(curves 3) analysis obtained during heating of ferrite samples pre-
activated under 300 (a), 1000 (b) and 1500 (c) rpm and synthe-
sized at 900 °C for 240 min
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Fig. 3. XRD analysis of ferrite samples pre-activated under 300
(a), 1000 (b) and 1500 (c) rpm and synthesized at 900 °C for 240 min
(1 - LiosFe2504; 2 - SmFeOs)

Puc. 3. Pentrenoda3oBsiii aHan3 GepprUTOBBIX 00Pa3IOB, MPe/-
BapUTEIbHO akTHBHPOBaHHBIX mpu 300 (a), 1000 (6) u 1500 (¢)
06/MuH U cunaTe3npoBaHHbIX pH 900 °C B Teuenune 240 MuH
(1 - LiosFe2,504; 2 - SmFeQ3)
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Along with lithium ferrite, a secondary crystal-
line phase is formed in the amount of 18-19 wt.%, iden-
tified as SmFeOs (PDF No. 00-039-1490). As reported
in [15, 16], the formation of this phase was previously
observed during synthesis of ferrites of other composi-
tions. It should be noted that SmFeOs; is a non-mag-
netic material with an orthorhombic space group
(Pnma). Formation of this phase can be initiated by the
reaction

5Fe203+55m,03=10SmFe0:s. (@)

Table
XRD data of synthesized ferrite samples
Tabnuya. POA nanHble CHHTE3MPOBAaHHBIX (eppuTO-
BbIX 00pa31oB

Girrl]nd- Phase Lattice  |Crystallite|  Phase
moge parameter size  |concentration
rpm A nm wt.%
LigsFe2504/a=b=c=8.3307 99 81.8
300 a=5.5936;
SmFeO3 b=7.7046; 101 18.2
¢=5.3995
Lio,5F62_504 a=b=c=8.3281 124 81.0
a=5.5869;
1000 SmFeO3 b=7.7087; 176 19.0
¢=5.4013
Lio,5F62_504 a=b=c=8.3269 151 81.5
a=5.5850;
1500 SmFeO3 b=7.7063; 132 18.5
¢=5.3992

The XRD data show the formation of a two-
phase product based on LigsFe2504 and SmFeOs dur-
ing solid-phase interaction; its quantitative content is
indicated in Table. With regard to the above, the solid-
phase interaction between the initial reagents
Sm,03/Fe,03/Li,CO3 proceeds as follows:

Li»COs + 4.6Fe,03 + 0.4Sm,03—

—LiosFezs04 + 0.8SmFeO; + CO, T (5)

XRD and thermal analyses show that the sub-
stituted lithium ferrite is not formed during interaction
of the above initial reagents, regardless of the energy
intensity of their mechanical grinding. In this case, a
two-phase composite material LigsFe2s504—SmFeQs is
synthesized.

CONCLUSION

Mechanical activation of the mixture of initial
reagents Sm,0Os/Fe;0s/Li,COsz in a ball mill has an ef-
fect on ferrite synthesis. At increased energy intensity
of grinding of the initial powders that depends on the
milling rotational speed, the initial and final tempera-
tures of the interaction between Sm;0Os/Fe;O3/LiCO3
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with CO; release shift to lower temperatures, indicat-
ing an increased powder reactivity. In this case, regard-
less of the energy intensity of grinding, heating of the
Sm,03/Fe;03/Li.COs mixture results in the formation
of a two-phase product, which consists mainly of the
ordered phase of lithium ferrite a—LiosFe2504 and the
SmFeOs; phase. Thus, mechanical activation of the ini-
tial powders did not have the desired effect on the pro-
duction of samarium substituted lithium ferrite, which
is to some extent not consistent with the literature data
reported for the production of REE substituted ferrites.
Despite this, the obtained result is of high relevance for
production of lithium-containing ferrites of new com-
positions substituted with rare earth elements that pos-
sess unique properties. It can be assumed that the
formation of the two-phase composite material
LiosFe250:.—SmFeO; can primarily affect the electrical
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properties of ferrites. In this regard, the electrical and
magnetic properties of the synthesized ferrites should
be further studied.
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