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Abstract. This article presents the production of nanosized powders of cobalt ferrospinel through mechanochemical synthesis, resulting
in an average particle size ranging from 3 to 15 nm. The elemental composition of the nanopowders, analyzed using X-ray fluorescent
analysis, is found to be nonstoichiometric and can be represented by the formula: Coy . ,sFe, 3. ,s04- When the duration of mechano-
chemical synthesis exceeds 25 min, the spinel phase constitutes approximately 90 vol. % in the samples. Additionally, the samples
contain hematite phases, the beta modification of iron hydroxide, and an X-ray amorphous phase. Natural aging at room temperature
leads to significant changes in the phase composition of the nanopowders. Specifically, there is an increase in the content of spinel phase,
while the content of hematite and the amorphous phase decrease significantly. Furthermore, the saturation magnetization and effective
field of anisotropy of the cobalt ferrospinel nanopowders exhibit noticeable increments. Consequently, thermal aging of the powders
accelerates the changes in phase composition, structural parameters, and magnetic properties, as well as enhances the transformation
extent during the formation of cobalt ferrospinel.
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Introduction

Mechanochemical synthesis involves the mechani-
cal processing of solid mixtures, leading to various
processes such as substance disintegration, accelera-
ted mass transfer, homogenization of mixture compo-
nents, and activation of chemical interactions among
solid reagents. The utilization of mechanical grinding
in planetary high-energy mills has proven to be an effec-
tive method for producing powders, including magnetic
powders, with microcrystalline unit sizes reaching as
low as 10 nm or even lower. This approach facilitates
the acceleration of interactions between nanocrystal-
line particles, which becomes particularly significant
in the synthesis of multicomponent systems. In such
cases, both mechanical and chemical forces come
into play within the contact area between particles [ 1-9].

Finely dispersed magnetic powders with the particle
sizes up to 10 nm garnered significant attention from
researchers [10]. The small sizes of these powders and
their unique properties make them suitable for targeted
delivery of genetic material and medications to injured
organs, enhancing magnetic resonance imaging contrast
and other applications [11].

However, nanosized magnetic powders suffer from
agglomeration, which tends to increase as the particle
size decreases. Ultrasonic treatment in a liquid phase
has proven effective in mitigating this drawback. It is
worth noting that extended operation or storage leads
to changes in physicochemical properties, commonly
referred to as aging.

The phenomenon of aging in ferromagnetic materials
exhibits universal characteristics. A study [12] investi-
gated universality in various nonequilibrium lattice mo-
dels with second-order phase transitions. Experimental
data obtained from systems quenched from a high-tem-
perature state at the critical temperature were utilized.

The exponent of the autocorrelation function and
the asymptotic value of the dissipation coefficient were
identified as universal variables. Monte Carlo simula-
tion were conducted to analyze these universal variables
in different lattice models.

Aging effects were further examined in [13; 14] for
a specific case involving behavior of multilayer mag-
netic structures. The study revealed that aging effects
occur not only during nonequilibrium critical behavior
at T=T , (where T represents the critical temperature
of ferromagnetic ordering) but also in wide temperature
range with 7< T'. In such magnetic structures, such as
films with nanosized layers, an increase in the relaxa-
tion time results in deceleration of correlation and
relaxation properties. These effects must be considered
in the development and utilization of various magnetic
structures.

Subsequent research by these authors [15] focused
on calculating the temperature dependencies of equilib-
rium magnetic resistance values for a multilayer struc-
ture Co/Cu(100)/Co with varying thicknesses of cobalt
magnetic layers. The theoretical results exhibited good
agreement with experimental data, indicating an increase
in the magnetic resistance coefficient in accordance with
magnetic laws as temperature decreases and cobalt layer
thickness increases.

The relaxation behavior of magnetization in the mag-
netic superstructure Co/Cu was investigated in [16].
The authors’ analysis demonstrated that the relaxa-
tion behavior follows the pattern of full aging. The relaxa-
tion index, as a function of temperature, reveals distinct
abnormalities during the equilibrium phase transi-
tion from an antiferromagnetic superstructure to para-
magnetic layers.

Significant interest lies in studies examining the influ-
ence of aging on ferromagnetism in hydrogen-induced
magnetic semiconductors with high Curie point [17].
It is known that these compounds exhibit a substantial
increase in magnetization at 300 K after hydrogenation,
particularly in cobalt- and iron-doped ZnO. The induced
magnetization in paramagnetic ZnCo(5 %)O and
ZnFe(5 %)0 granules largely diminishes during storage
due to material degradation.

In most cases, aging in materials is caused by
decomposition of oversaturated solid solutions [18].
Depending on how the crystalline lattice constant
changes, decomposition mechanisms can be categorized
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as continuous or discontinuous. Single-phase decompo-
sition occurs when only one set of X-ray reflections from
lattice of the initial solid solution is observed, while dis-
continuous decomposition involves a dropwise change
in the lattice constant and the appearance of multiple
sets of X-ray reflections.

In massive ferromagnetic materials undergoing sing-
le-phase aging, a single Curie point is observed, and its
position gradually shifts with aging. In the case of two-
phase aging, two Curie points exist, but one of them
diminishes over time [18].

This study explores the influence of natural aging
(at ambient temperature) and thermally stimulated aging
(resulting from annealing at different temperatures)
on the chemical and phase compositions, structural
parameters, and key magnetic properties of nanosized
powders of cobalt ferrospinel.

Experimental

In order to synthesize cobalt ferrospinel nanopar-
ticles, the following reaction was employed:

2FeCl,-6H,0 + CoCl, + Ca(OH), + 3Na,CO, =
= CoFe,0, + CaCl, + 6NaCl + 3CO,1 + 7H,0.

The initial reagents used were of high purity, inclu-
ding pure, chemically pure, and pure for analysis grades.
Furthermore, an inert component, sodium chloride, was
added to the system in weight ratio of m__ : m ., = 1:2.
This addition aimed to reduce the heating degree of reac-
ting mixture (r.m) and thereby prevent particles aggre-
gation in the final product. Subsequently, the system
comprising the initial reagents and the inert component
was placed in steel quenched barrels of a planetary mill
with water cooling (acceleration: 60g). The ball to pow-
der weigh ratio was maintained atc 20:1. The dura-
tion of mechanical processing or mechanochemical acti-
vation was varied between 5 and 60 min.

After the completion of mechanic activation,
the resulting final product was extracted from the plane-
tary mill barrels, washed with distilled water using
a centrifuge (ROTANTA 430R, «Hettich», Germany)
until all salts were completely removed, and dried
at room temperature.

Natural aging of the cobalt ferrospinel nanosized
powder was achieved through maturation in an exicator
for 25 and 10,000 h, while thermally stimulated aging
was conducted in an electric furnace over a temperature
range of 100—600 °C for 60 min.

The chemical and phase compositions, morphology,
dispersity, structure parameters, and magnetic properties
of the cobalt ferrospinel nanopowders were analyzed
following the procedures outlines in references [19-21].

8

Result and discussion

Electron microscopy images of cobalt ferrospinel
nanoparticles and a histogram depicting the distribu-
tion of particle sizes can be found in references [20; 22].
The analysis revealed that the nanoparticles, ranging
in size from 3 to 15 nm, exhibit a spherical shape and
tend to aggregate weakly.

These results were corroborated and validated
at the Engelgardt Institute of Molecular Biology,
Russian Academy of Sciences (Moscow) during
an investigation into the impact of cobalt ferrite mag-
netic particles on the spatial arrangement of DNA
molecules [20]. By utilizing specially prepared suspen-
sions and electron microscopy, the authors determined
the average nanoparticle size to be within the range
of 4.0 to 6.5 nm, consistent with the previously obtained
results at the Tomsk Scientific Center, Siberian Branch,
Russian Academy of Sciences. Furthermore, it was
observed that the cobalt ferrospinel nanoparticles tend
to form aggregates. Structural analysis using small-
angle X-ray scattering indicated that the distribu-
tion of nanoparticle sizes encompasses particles with radii
in the ranges of both 1 to 4 nm and 5 to 15 nm, which
aligns with the observations made in reference [20].

The elemental composition of the synthesized nano-
sized powders of cobalt ferrospinel conforms to the for-
mula Co, -, ,sF€,3.0050,- In addition to the main com-
ponents, the powder contains impurities of manganese up
to 0.15 wt. % and chromium up to 0.3-0.4 wt. %, which
originated from the wear of steel balls. Consequently,
X-ray fluorescent analysis demonstrated that the chemi-
cal composition of cobalt ferrospinel deviates signifi-
cantly from its stoichiometric composition.

Figure 1 depicts the phase composition of cobalt fer-
rospinel as a function of the duration of mechanochemi-
cal processing.

For short duration of processing, the samples
exhibit significant heterogeneity. Alongside the spinel
phase, the presence of hematite and the beta modi-
fication of iron hydroxide phase is observed, along
with approximately 10 % of X-ray amorphous phase.
However, as the processing duration reached 25 min and
beyond, the volume fraction of the spinel phase increases
and stabilizes at around 90 %.

In order to assess the effects of natural aging, the struc-
tural and magnetic properties of cobalt ferrospinel were
compared immediately after synthesis (within one day)
with those after being held at ambient temperature for
approximately 14 months (over 10,000 h). Table 1 pro-
vides a summary of the phase composition and structural
properties of cobalt ferrite during natural aging.

During the maturation process of the nanopowders for
over 10,000 h, a significant transformation in the phase
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composition is observed. The aged product no longer
contains any traces of the hematite phase or the beta
modification of iron hydroxide phase (B-FeO(OH)).
Additionally, the content of the amorphous phase
decreases substantially, from 3.0 to 1.0 vol. %, while
the main product, the spinel phase, increases to 99 vol. %
(refer to Table 1). The lattice constant of the nanopow-
ders experiences a slight decrease, and the elastic
microstresses, which are initially very high after mecha-
nochemical synthesis of the nanosized powders, exhibit
a reduction. The average particle size only changes
by a maximum of 5-9 %.

Table 2 summarizes the magnetic properties
of the synthesized nanopowders. The specific satura-
tion magnetization (o, Gs-cm®/g) is estimated using
two methods. In the third column, the magnetization is
determined by linear extrapolation of the high field seg-
ment of 6(H) to zero magnetizing field (H — 0), while
in the fourth column, it is determined by extrapolating
o(H™) to its value at H — 0.

90
80
70 |
60 |-
50 |-
40 -
30 |
20
10 -

Phase composition, vol. %

Duration of mechanic activation, min

Fig. 1. The phase composition of cobalt ferrospinel as a function
of the duration of mechanochemical synthesis
1 — cobalt ferrospinel, 2 — a-Fe,0,,
3 — B-FeO(OH), 4 — amorphous phase

Puc. 1. 3aBucuMocTh (a30BOr0 cOCTaBa OT MPOIOIKUTEIEHOCTH
MEXaHOXMMHYECKOTO CHHTE3a ISl KoOAIBTOBOH (heppoImuHenn
1 - xobansrosas deppomnunens, 2 — a-Fe,0,,

3 — B-FeO(OH), 4 — amopdHas pa3za

The effective fields of magnetic anisotropy (H,)
are determined by studying the second derivative
of the magnetization curve, o(H), following the proce-
dure outlined in reference [21]. The effective constants
of magnetic anisotropy (K ) for the materials under
consideration are calculated using the equation:

2K,
A MS ’
where M= ocp represents the saturation magnetiza-
tion of unit volume in A/m and p denotes the specific
weight of the synthesized powders in N/m?>.

The specific magnetization of the nanopowders
and the field intensity of effective magnetic anisotropy
experience significant changes during 10,000 h natural
aging period at ambient temperature. The magnetiza-
tion of the aged samples increases by approximately
14 % for cobalt ferrospinel (refer to Table 2). This
increase in magnetization exceeds what can be attributed
solely to changes in phase composition resulting from
the transformation of nonmagnetic amorphous phase
and antiferromagnetic hematite into the spinel phase.

It is plausible to assume that this effect is associated
either with a decrease in the thickness of the nonmag-
netic (“dead”) surface layer of the ferrospinel nanopar-
ticles or with a substantial reduction in the defect
structure of the nanoparticle’s crystalline structure
upon aging. Notably, during natural aging, the value
of the effective field of anisotropy for cobalt ferrospinel
increases significantly. This increase can be attributed
to the magnetic anisotropy primarily formed by the cont-
ribution of Co?" ions, which exhibit a strong spin-orbital
interaction (see Table 2).

Thermal processing can greatly stimulate diffu-
sion processes responsible for changes in phase com-
position, structural parameters, and magnetic properties
in nanosized ferrimagnetic powders. Therefore, in this
study, powders of cobalt ferrite obtained with varying
durations of mechanochemical processing were sub-
jected to homogenizing annealing at temperatures
of 100, 300 and 600 °C.

Table 1. The influence of aging at ambient temperature
on phase composition and structural properties of cobalt ferrospinel

Tabsmya 1. Bausinue nNpoaoKUTEILHOCTH cTApeHUsI TP KOMHATHOM TeMIepaTtype
Ha (a30BbIii COCTAB U CTPYKTYPHbIE NapaMeTPbl kK00a1bTOBOM (heppoLITHHeIH

. Phase composition, vol.% Lattice Average particle
Aging . ‘ Amorphous constant size’, nm Ad/ff’
duration, h Spinel Hematite | B-FeO(OH) - @, nm TEM | XSA 10
25 90.0 1.0 6.0 3.0 0.8376 8.5 9.2 8.8
> 10,000 99.0 - - 1.0 0.8370 - 9.6 7.2
* According to transmission electron microscopy (TEM) and X-ray structural analysis (XSA).
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Table 2. The influence of aging and annealing temperature
on basic magnetic properties of cobalt ferrospinel

Tabnuya 2. Bausinue Npo0KUTETbHOCTH CTAPEeHUs
U TeMIIepaTypbl OTKUTa MOCJIe CHHTe3a
HA OCHOBHbI€ MATHUTHBIE XaPAKTEPUCTUKHU
K00a/J1bTOBOM (heppoLITHHeIN

) ) Specific
A;I;ialéflg ‘zﬁg_g magnetization H Oe Keﬂ' 103,
raturg °C | tion, h o, Gy om'/g v Sz
H—0|H—>w»
20 25 22.3 36.1 1740 2.07
20 10,000 | 31.0 41.4 2300 1.75
100 25 55.4 - 1750 -
300 25 60.6 - 2500 -
600 25 58.8 - 4250 -

Figure 2 depicts the relationship between the content
of the spinel phase, average sizes of crystallites, internal
elastic microstresses, and specific saturation magnetiza-
tion for cobalt ferrospinel. It presents these parameters
as a function of both the duration of synthesis and
the annealing temperature.

Annealing at a temperature of 100 °C has a minimal
impact on the structural properties of cobalt ferrospi-
nel. It primarily results in a slight increase in the con-
tent of the spinel phase. However, at higher annealing
temperatures, there is a notable increase in the average
particle size and a significant (around 3—5 times) reduc-
tion in the internal elastic microstresses. These changes
in structural parameters subsequently have a substan-
tial effect on the magnetic properties of ferrimagnetic
nanopowders.

Table 2 provides a summary of the main magnetic
properties, including the specific saturation magnetiza-
tion and the effective field of magnetic crystallographic
anisotropy, for nanosized powders of cobalt ferrite.
These properties are analyzed in relation to the dura-
tion of mechanochemical synthesis and various modes
of thermal processing.

The increase in magnetization is most pronounced
in samples synthesized in less than 25 min. This
increase can be attributed to the growth in average par-
ticle size, leading to a reduction in the relative volume
of the “dead” surface layer and a decrease in the extent
of the defect structure within crystallites. The depen-
dences of the effective field of magnetic anisotropy are
more complex, as they involve a competition between
volumetric and surface anisotropy, as well as contribu-
tion of magnetoelastic interactions.

Changes in the effective field of magnetic anisotropy
of cobalt ferrospinel nanoparticles upon aging warrant
individual discission. As reported in [23], the effective
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Fig. 2. The content of the spinel phase (@), average particle
size (b), internal elastic microstresses (c) and saturation
magnetization (d) as a function of mechanochemical
synthesis time and subsequent heat treatment temperature
1-t=20°C,2-100°C, 3-300 °C, 4—-600 °C

Puc. 2. 3aBHCUMOCTH COfIepIKaHUs IITUHENbHOI (Ba3sl (a),
cpemHero pa3Mepa gactull (b), BHyTPEeHHUX YIPYTHX
MHUKPOHANPSDKEHUH (¢) 1 HAMAarHUYEHHOCTH HachIIeHus (d)
OT HPOJIOJDKUTETBHOCTH MEXaHOXMMHYECKOTO CHHTE3a

U TEMIIEPaTyphl MOCIEeAYIONIeH TePMUIECKOH 00padOTKH
1-1t=20°C,2-100°C, 3-300°C, 4—-600°C
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constant of magnetic anisotropy of the nanoparticles
can be expressed as the sum of'the following components:

V. 14
K = Kyia +k56=(1——S]KV +-— K + A0,
v, v,

where the first and the second terms account for the cont-
ributions of volumetric and surface magnetocrystalline
anisotropies, respectively, while the latter term repre-
sents the contribution of magnetoelastic interactions.
Here K, and K denote the constants of anisotropy for
the internal volume and surface layer, respectively;
A is the coefficient of ferrimagnetic magnetostric-
tion; o = (Ad/d)E represents the value of internal elas-
tic microstresses, where £ is the Young modulus; V is
the volume of the excited surface layer; ¥, is the non-
excited internal volume.

Considering the negligible changes in the sizes
of ferromagnetic particles during natural aging, the field
changes, and hence the effective constant of aniso-
tropy, are primarily governed by the decrease in internal
elastic microstresses with aging. This implies a change
in the contribution of the magnetoelastic component
to the total energy of crystal anisotropy. Consequently,
the magnetostriction coefficient for nanosized powders
of ferrimagnetic compounds can be estimated using
the following equation

M, A

}\‘S :SHA 587,

where 8H, denotes the change in the field of magnetic
anisotropy during aging.

The magnetostriction constant obtained for cobalt
ferrite nanoparticles is 68-107°, which is approximately
half the value observed for massive crystals. It should
be noted that estimating such values for materials after
annealing is problematic due to difficulties in separating
the contributions of surface anisotropy and magneto-
elastic interactions.

Table 3. The chemical composition of cobalt
ferrospinel nanopowders as a function of the duration
of mechanochemical activation

Tabnnya 3. Bausinue BpeMeHH aKTHBALMH
HAHOINOPOIIKOB K00AIbTOBOI (heppoLINIHETH
Ha ee XMMHUYECKHUIi cocTaB

Duration Content, at. % .
g Chemical
of mechanic formula
activation, min Fe Co U
10 43.34 23.04 Co, ,,Fe, 4O,
20 48.95 17.94 Coy ¢ Fe,,0,
30 14.73 48.94 Co, cFe, 5,0,

Therefore, nanosized powders of oxide ferrimag-
netic materials produced through mechanochemical
synthesis exist in a metastable state and tend to tran-
sition into a stable state during aging at ambient tem-
perature. The evolution of phase composition, structural
parameters, and magnetic properties provides evidence
of relaxation processes upon aging.

One such processes is crystallization of the amor-
phous phase, although its influence on changes in phase
composition and magnetic properties is minimal due
to its negligible content compared to the spinel phase.
Regarding hematite, its absence after aging is likely due
to its dissolution in the spinel phase.

X-ray fluorescent analysis of the elemental phase
of the synthesized samples revealed that, in all cases
after mechanochemical synthesis, the concentrations
of components do not correspond to their stoichiometric
ratio (Table 3). Furthermore, the cubic lattice is main-
tained, with a lattice constant lower than that of mate-
rials in bulk form, and the elastic stresses are very high.

It can be hypothesized that over prolonged aging,
hematite undergoes dissolution in the spinel phase
through solid-phase diffusion under high stress condi-
tions. Consequently, the chemical composition of the fer-
rimagnetic material approaches stoichiometry. Substan-
tial evidence supporting this notion includes a notable
increase in specific saturation magnetization and
alterations in the effective field of magnetic anisotropy.
The primary processes governing the changes in mag-
netic properties of nanosized powders during thermally
stimulated aging are the reduction in the significance
of the surface layer and the extent of magnetic defect
structure.

Conclusions

1. It has been experimentally shown that cobalt
ferrite nanoparticles synthesized through mechano-
chemical methods using iron chloride (III) crystallo-
hydrate exhibit weak agglomeration, a spherical shape,
and sizes in ranging from 3 to 15 nm. The elemental
composition of the synthesized nanopowders is non-
stoichiometric and can be described by the formula:

C00.7i0.05F62.3i0.0504 .

2. X-ray fluorescent analysis (XFA) reveals signifi-
cant changes in the phase composition of cobalt ferrite
nanopowders during aging (>10,000 h after synthesis
at ambient temperature):

—the content of the desired product (spinel phase)
increases to 99.0 vol. %;

— no impurity phases of hematite and iron hydroxide
are detected;

—the final product after aging only exhibits traces
of an amorphous phase.

il
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3. Both natural and thermally stimulated aging result

to an increase in the average particle size and a signifi-
cant decrease in internal elastic microstresses (indica-
ting a reduction in the defect structure of cobalt ferrite
nanopowders).

4. Aging is accompanied by a significant increase

in saturation magnetization due to an increase in the con-
tent of the ferrimagnetic phase and a decrease in the frac-
tion of the surface “dead” layer and the defect structure
of the ferrimagnetic material.
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