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Abstract 
An upcoming trend in the application of micro- and nanosized magnetic particles is the development of magnetorheological 
fl uids for the automatic systems of damping devices in which the particles play the role of a component in the complex 
dispersed phase. In the search for magnetic materials for magnetorheological fl uids, the most important criteria in choosing 
are high shear stress of the suspension based on the particles vs. applied magnetic fi eld and a low value of coercive force. 
The aim of the work was to investigate the structure, morphology, and magnetic properties of the nanoscaled powders of 
Co, Zn-ferrites and the evaluation of their effectiveness upon the rheological properties of the developed magnetorheological 
fl uids.
The Co, Zn-ferrite nanopowderwas synthesized by spray-drying technique followed by heat treatment in the presence of 
the inert matrix. The features of its morphology were investigated by x-ray diffraction analysis, transmission electron 
microscopy, and IR-spectroscopy.
The powdered nanoferrite Co0.65Zn0.35Fe2O4, used as a fi ller of magnetic fl uids, demonstrated values of coercive force 
Hc (10 K) = 10.8 kOe, Hc (300 K) = 0.4 kOe as well as relative residual magnetization Mr/Ms(10 K) = 0.75, Mr/Ms(300 K) = 0.24. 
The proposed synthesis technique allows obtaining crystallized particles of the ferrite with sizes not larger than 50 nm, 
which possess high shear stress in magnetorheological suspensions.
The synthesis technique allows controlling the magnetic properties of Co,Zn-ferrite (as a component of magnetorheological 
suspensions) by non-magnetic double-charged ion substitution of Co2+, i.e. ions Zn2+, in Co,Zn-spinel has been developed. 
The possibility has been established to decrease the coercive force and increase the magnetization up to the maximum 
cobalt content, corresponding to the composition formulae Co0.65Zn0.35Fe2O4. The high value of shear stress (103 Pa) at a 
relatively low value of magnetic induction (600 mT and higher) makes the material applicable as a filler for the 
magnetorheological suspensions of damping devices. 
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1. Introduction
A promising area for the application of 

micro- and nanosized magnetic particles is the 
creation of magnetorheological fl uids (MRF) for 
controlled hydraulic automation devices in which 

Yulyan S. Haiduk, e-mail: j_hajduk@bk.ru

such particles are a component of the complex 
dispersed phase [1, 2]. Such liquids are used as an 
active medium for damping devices designed for 
the protection of vehicles, industrial equipment, 
buildings, and structures from vibrations and 
other mechanical infl uences, as well as for the 
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manufacture of various sensors, measuring 
elements, electromechanical converters, targeted 
drug delivery, and the diagnosis of diseases in 
biology and medicine [3–5]. 

Objects sensitive to the magnetic fi eld can 
be obtained based on fl uid compositions with 
dispersed solid-phase fi llers possessing magnetic 
properties. In the presence of an external 
magnetic fi eld, strong particle structural bonds 
are formed along the magnetic fi eld vector in 
such compositions, leading to an increase in the 
viscosity of the compositions and is a necessary 
condition for creating controlled damping 
devices. 

The magnetic properties of nanopowders, 
which can be components of these fluid 
compositions, are determined by the chemical 
composition, type of crystal lattice, degree 
of its defectiveness, particle size and shape, 
morphology (for structurally inhomogeneous 
particles), and the degree of interaction of the 
particles with the surrounding liquid and other 
particles. However, it is not always possible to 
control all these factors during the synthesis of 
nanoparticles of approximately the same size and 
chemical composition, therefore, the properties 
of nanomaterials of the same type can vary 
signifi cantly. 

For the use of nanoparticles in damping 
devices and biomedicine, their supermagnetic 
state with no coercivity, i.e. zero remanent 
magnetization, is desirable. In this case, in their 
normal state, without exposure to a magnetic 
fi eld, they will not form agglomerates due to 
attractive interaction. 

It is known that the dependence of the 
coercive force on the particle size is complex 
(Fig. 1) [6]. With a decrease in the size of the 
bulk sample, the fraction of the surface energy 
of its domain borders increases, and it becomes 
comparable with the total volume energy. In 
this case, the single-domain state of a sample 
or particle is considered energetically more 
effi cient. Such a state will lead to an increase in 
the threshold fi eld of the remagnetization of the 
particle and, consequently, to an increase in the 
coercive force. This increase is due to a change in 
the remagnetization – instead of the mechanism 
associated with the displacement of the domain 
borders, the rotation of the magnetic moment 

vector mechanism appears. With a decrease in 
the size of single-domain particles, their coercive 
force decreases, and at a certain size its value is 
equal to zero. This phenomenon is explained 
by the infl uence of thermal fl uctuations on the 
magnetic anisotropy value and, consequently, on 
the coercive force, since the particle anisotropy 
energy depends on the angle between the 
directions of magnetization and the easy axis of 
magnetization. In the superparamagnetic state, 
the direction of the magnetic moment vector will 
spontaneously change. 

It is known that for isolated nanoparticles 
with sizes of 1–30 nm, in addition to the 
Curie and Neel temperatures, there is also a 
blocking temperature on the temperature scale: 
TB < TC(TN), where ТС

 – Curie temperature, TN – Neel 
temperatureTB – blocking temperature. Below the 
blocking temperature, the magnetic moment of 
the particle retains its spatial orientation, and 
the ensemble of particles exhibits magnetic 
hysteresis. At temperatures above ТВ the particle 
changes to a superparamagnetic state. In the 
region of TB <T <TC the particle has spontaneous 
magnetization and a non-zero total magnetic 
moment, easily changing the orientation in an 
external fi eld [7]. 

A characteristic problem with the production 
of effective nanoscale magnetic particles for MRF 
is their signifi cantly lower specifi c magnetization 
compared to micron particles. This is due to a 
violation of the magnetic order in the subsurface 
layer of ~ 1 nm. In such a layer, the magnetic 
moments of atoms usually behave the same as 

Fig. 1. The dependence of the coercive force on par-
ticle size
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in spin glasses [8]. Therefore, there is a need 
to reduce the contribution of the surface layer 
into the specifi c magnetization of the material 
by increasing the fraction of the crystallized 
core of the nanoparticle. For this purpose, heat 
treatment is usually used, which, in turn, leads 
to an aggregation of particles and signifi cant 
increase in their size, as well as to the appearance 
of residual magnetization and an increase in 
coercive force. Therefore, the search for new 
methods of infl uencing the microstructure of 
nanoobjects is relevant, for example, the use of 
pulsed photon processing was considered in the 
study [9]. 

The hysteretic behaviour of materials 
with a high coercive force in an alternating 
magnetic fi eld or under dynamic shear loads 
leads to a decrease in their effectiveness for 
use in damping devices and for biomedical 
applications. The infl uence of the coercive force 
is particularly critical when using high-frequency 
fi elds or variable mechanical loads, when the 
remagnetization of particles does not have time 
to take effect due to the long relaxation time of 
magnetic properties. 

Cobalt-zinc ferrites are being actively studied 
as promising ferrimagnetic materials with 
high magnetic characteristics. These materials 
are usually obtained by coprecipitation [10–
12] or by the sol-gel method [13], electrostatic 
spraying [14] and other methods. The purposeful 
synthesis of ferrites for various applications 
requires information about the distribution of 
metal cations in the crystal lattice, since the 
magnetic characteristics of the samples directly 
depend on this distribution. Zinc ferrite has a 
normal crystallographic structure in accordance 
with the distribution of cations in the spinel 
sublattices, while cobalt ferrite has a reversible 
structure. It is known that structural deviations 
lead to a nonequilibrium distribution of cations 
in ferrites and cause a change in their magnetic 
properties [15, 16]. Thus, the ability to infl uence 
the cation distribution becomes a tool for tuning 
magnetic properties [17]. For cobalt-zinc ferrites, 
for example, the presence of a non-magnetic 
Zn2+ ion with a strong preference for tetrahedral 
positions will cause the migration of Fe3+ ions into 
the region of octahedral positions, leading to an 
increase in the magnetic moment. 

We are developing dispersed ferrimagnetic 
nanosized particles for MRF, which, in addition to 
ferromagnetic particles of carbonyl iron, contains 
nanosized ferrimagnetic particles, allowing the 
enhancement of the magneto-control of damping 
liquids [1, 2]. Cobalt-zinc ferrite nanopowders 
were chosen as such particles and the analysis of 
their characteristics was carried out in this work. 
The aim of the work was the investigation of the 
structure, morphology, and magnetic properties 
of Co,Zn ferrite nanopowders and the evaluation 
of their effectiveness in magnetic fi elds upon the 
rheological properties of the developed MRF. 

2. Experimental
Based on the highest specifi c magnetization 

the optimal composition of Co,Zn ferrite with 
a molar ratio (cobalt and zinc) of 0.65:0.35 was 
established [18]. 

Samples of CoSO4·7H2O weighing 16.25 g, 
ZnCl2 weighing 4.26 g, and Fe (NO3)3 weighing 
49.81 g were dissolved in 1.5 l of distilled water. 
The solution was stirred with magnetic stirrer for 
5 min to obtain complete homogenization. An 
ammonia solution was poured into the resulting 
salt solution with vigorous stirring and the pH 
level was monitored to ensure it remained at 11 
using indicator paper. The suspension was heated 
to 90 °C. The precipitate was washed by magnetic 
decantation, after which the aqueous suspension 
consisting of the precipitate of the previous stage 
and a NaCl solution in a mass ratio (precipitate - 
salt) 1: 5 was prepared. 

The cobalt-zinc ferrite nanopowder was 
obtained by spray-drying technique. The 
suspension was sprayed at a temperature of 220 °C 
with a feed rate of 2.5 ml/min with subsequent 
high-temperature heat treatment in the presence 
of an unreacted inert matrix (NaCl), preventing 
the intensive growth of crystallites during heat 
treatment. Heat treatment was carried out in 
air at 740 °С for 8 h. The spray-drying method 
allowed obtaining micro-fi ne particles of salts 
and the products of their decomposition (100–
300 °С). Subsequent annealing of such a product 
together with NaCl leads to the formation of the 
Co,Zn ferrite phase. Non-agglomerated micro-
fi ne magnetic cobalt zinc ferrite particles are 
formed subsequently after the removal of the 
matrix (NaCl) by dissolution. 
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X-ray studies were performed using a 
DRON-3 diffractometer (Co-Кa1-radiation, 
l = 0.179026 nm). Scanning was carried out in the 
range of angles 2q = 6–90°. The sizes of coherent 
scattering regions (CSR) corresponding to the 
physical sizes of crystallites in polycrystalline 
samples were determined by the broadening of 
diffraction refl ections (Scherrer method). 

Crystal density was calculated using the 
formula: 

d
M

a Nx = 8
3

A

,  (1)

where M – formal molecular weight; a – the lattice 
parameter, Å; NA – Avogadro number. 

The degree of crystallinity of the samples was 
determined using the ratio: 
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where I311– the refl ex intensity for the spinel, cor-
responding to the crystallographic direction 311; 
Ib- the intensity of the spectrum background line 
of the x-ray diffraction pattern. 

Dislocation density d (number of lines per 
1 m2) was calculating using the formula: 

d = 1
2D

.   (3)

Scanning electron microscopy was used to 
study the surface structure of polycrystalline and 
fi lm samples by use of a LEO 1420. Simultaneously 
the ratio of the concentration of metal atoms 
in ferrite powders and the features of their 
distribution on the surface of the particles 
were determined by energy dispersive x-ray 
spectroscopy (EDX-analysis). 

IR-spectra were recorded using an AVATAR 
330 spectrometer (Thermo Nicolet) in the 
wavenumber region (n) 400–700 cm–1 with an 
accuracy of ± 1 cm–1. Recording was performed 
by diffusion refl ection using the Smart Diffuse 
Refl ectance accessory. 

The magnetic characteristics were studied 
using a Cryogen Free Measurement System 
from Cryogenic Ltd, where hysteresis loops were 
recorded at temperatures of 2 and 300 K and 
magnetic fi eld induction Bmax = 8 T. The weight 
of the sample, not including the capsule, was 
0.09 g. 

The dependence of the shear stress (t) of the 
suspensions on the magnetic induction of the 
applied magnetic field was measured using a 
Physica MCR 301 Anton Paar rotational viscometer 
in constant shear rate mode (Mobil 22 binder, shear 
rate g = 200 s–1, T = 20 °C). Powder suspensions in a 
binder were prepared using a UZDM–2 ultrasonic 
dispersant with a frequency of 44 kHz. 

3. Results and discussion
The choice of heat treatment conditions 

was determined by the search for the optimal 
combination of the solid-phase reaction time 
and relative heat treatment temperature for the 
prevention of excessive crystallite growth. 

Fig. 2 represents TEM-images of the heat 
treatment product of the dried precursor 
suspensionin NaCl solution after heat treatment 
at 740 oС (8 h), before (Fig. 2a) and after (Fig. 2b) 
washing away the NaCl. Before washing, the 
product was represented by spheres, sometimes 
of irregular shape, hollow inside and consisting 
of agglomerated particles of the precursor solid 
phase and NaCl. The sizes of these particles 
were in the range of 0.5–0.9 μm. The size of the 
spheres was 1.5–3.5 μm. The spheres were a 
product obtained by drying the drops formed by 
spraying a precursor suspension. The water, as a 
result of evaporation, shifted the solid phase of 
the precursor to the surface of the drops, where 
a solid shell formed with the release of volume 
inside the spheres. Holes caused by the release 
of water vapour appeared in some places on the 
spheres. 

After dissolving sodium chloride in water, 
the dried Co0.65Zn0.35Fe2O4 powder consisted of 
non-agglomerated particles with sizes up to 
50 nm. TEM-images of Co0.65Zn0.35Fe2O4 showed 
that the particles were well separated from each 
other and not agglomerated. The average particle 
sizes were 25–30 nm and they were comparable 
with the CSR size, calculated according to x-
ray phase analysis (Table 1). The shape of the 
particles was faceted in contrast to particles 
obtained using other production methods 
for Co, Zn-ferrite nanopowders under similar 
temperature conditions. The result was due to 
the use of the synthesis of individual particles in 
an inert NaCl matrix, provided by the proposed 
method. 
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Fig. 3 demonstrates typical x-ray diffraction 
patterns of the material obtained after heat 
treatment. It can be seen that after 8 h of 
heat treatment at a temperature of 740 °C, 
the solid-phase reaction with the formation 
of the spinel ferrite structure (space group 
Fd3m) was completed. Reflex positions and 

their relative intensities confirm that the 
powders represent only one phase with a 
spinel structure. The structural parameters 
of the crystal lattice of Co0.65Zn0.35Fe2O4 solid 
solution heat treated at 740 oС (8 h) are shown 
in Table 1. The composition of the nanoparticles 
was determined by energy dispersive x-ray 

а                                                                                                 b
Fig. 2. a) SEM images of Co0.65Zn0.35Fe2O4 particles in the NaCl matrix after heat treatment at 740 oС (8 h); b) TEM 
images of Co0.65Zn0.35Fe2O4 particles after washing away the NaCl) 

Table 1. The structural parameters of the crystal lattice of Co0.65Zn0.35Fe2O4 solid solution: (lattice constant 
a, size of the coherent scattering region D, dislocation density d, crystal density dx, crystallinity)

Lattice constant a, Å
Size of coherent 

scattering region D, 
nm

Dislocation density 
d ¥ 102 nm–2

x-ray density dx, 
g/cm3

The degree of 
crystallinity, %

8.3998 20 0.26 5.31 84.5

а                                                                                              b
Fig. 3. X-ray powder diffraction spectra of powders of Co0.65Zn0.35Fe2O4 solid solution, after heat treatment at 
740 oС: a) for 2 hours; b) for 8 hours (refl exes related to Fe2O3 are marked with •)
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spectroscopy. Intensive refl ections related to the 
a-Fe2O3 phase (haematite) were still detected 
after 2 h of heat treatment. 

Fig. 4 represents a typical IR -absorption 
spectrum for Co0.65Zn0.35Fe2O4 nanopowders after 
heat treatment. 

The formation of the spinel structure of 
ferrites was evidenced by two main absorption 
bands, which were combined vibrational bands 
of Me–O bonds in the region of characteristic 
frequencies with extrema at 414 and 567 cm–1. 
First n1 usually refers to the octahedral vibrations 
of the metal Meocta↔O, and the n2 band at 
567 cm–1 corresponds to the internal stretching 
vibrations of the metal in the tetrahedral site 
Metetra↔O [12]. A high degree of resolution of the 
absorption bands may refl ect a high ordering of 
the crystalline structure of the solid solution. 

It is known that the absorption bands at 
n4 = 1600 cm–1 correspond to vibrations of 
adsorbed water [17]. The absorption near 2100–
2300 cm–1 may be associated with CO2 adsorbed 
from air, absorption bands in the range of 1500–
1600 cm–1 may be associated with the vibrational 
oscillations of the N=O bond. Weak absorption 
bands near 1000 cm–1 were due to the presence 
of traces of nitrate-ions [11]. Absorption bands 
near wave numbers 1640 and 3400 cm–1 are 
associated with vibrations of O–H bonds [12]. 
Thus, the IR-spectrum of the sample confi rms 
the formation of the cobalt-zinc ferrite phase 
and the presence of water in the material 
structure. 

Fig. 5 shows the change in magnetization 
for Co0.65Zn0.35Fe2O4 nanopowders depending on 
the applied fi eld. All prepared samples exhibited 
ferrimagnetic behaviour at room temperature. 
The obtained values of specifi c magnetization 
powder for Co0.65Zn0.35Fe2O4 coincided with the 
specifi c magnetization of cobalt-zinc ferrites of 
the same composition obtained by other methods, 
for example, by coprecipitation of inorganic 
salts from aqueous solutions (40–70 A·m2·kg–1, 
[19]), sol-gel method (60–80 A·m2·kg–1 [20], 60–
90 A·m2·kg–1, [21]). 

We demonstrated that with an increase in the 
zinc content in the cobalt-zinc ferrite, an increase 
in the saturation magnetization was noted. Thus, 
for Co0.65Zn0.35Fe2O4 Ms = 42.6 A·m2·kg–1, but for 
CoFe2O4 Ms = 25.0–26.0 A·m2·kg–1. 

The magnetic ordering is associated with 
superexchange interaction between the ions of 
the octahedral (B) and tetrahedral (A) sublattices 
of the crystal structure for ferrimagnetic spinel 
ferrites. 

JAB, JBB and JAA exchange integrals are 
usually negative and the antiferromagnetic 
A–B interaction is stronger than B–B and A–A 
interactions. This leads to ferrimagnetism of the 
compound, while B–B and A–A interactions are 
suppressed. The spins of magnetic ions will be 
parallel in each of the individual B–B and A–A 
sublattices, but in two different sublattices they 
are antiparallel. 

As Zn2+ ion substitutes Co2+ ion, it pushes 
out Fe3+ ions from tetrahedral A-positions into 
octahedral B-positions. While the magnetic 

Fig. 4. IR absorption spectrum of Co0.65Zn0.35Fe2O4 
after heat treatment at 740 oС for 8 h

Fig. 5. Curves of the dependence of magnetization on 
magnetic fi eld strength for Co0.65Zn0.35Fe2O4 powder at 
various temperatures of 1 - 10 K, 2 - 300 K 
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moment of A sublattice decreases due to an 
increased number of nonmagnetic Zn2+ ions in it, 
the magnetic moment of B sublattice increases 
due to an increased number of Fe ions3+ in the 
B sublattice. Therefore, when in the present 
work the concentration of Zn2+ ions increased 
from 0 to 0.35, the total magnetization (Moct–
Mtet) for Co1–xZnxFe2O4 also increased due to 
an increase in interlattice A–B superexchange 
interactions between the magnetic ions of A and B 
sublattices. Magnetic moments of Fe3+ ions in 
different sublattices of the crystal spinel structure 
(octahedral and tetrahedral) will not be mutually 
compensated as before. 

However, at high levels of doping with Zn2+ 
ions (x > 0.35) the antiferromagnetic interaction 
of Fe3+ ions located in neighbouring positions in 
the octahedral sublattice begins. It turned out 
that the B–B interaction leads to a decrease in 
the total magnetic moment. 

The explanation for this phenomenon is 
provided by the three-sublattice Yafet–Kittel 
model [22], demonstrating that with an increase 
in the B–B interaction, the A–B interaction 
decreases. When exchange interactions appear in 
a ferrimagnet inside B–B or A–A sublattices, they 
already start “competing” with the interlattice 
A–B interaction. Most likely, the reason for 
such an increase in the interaction in the B or A 
sublattices is the appearance of noncollinearity of 
spins in the sublattice, leading to a decrease in the 
values of the experimental magnetic moment. 

According to the two-sublattice Neel model 
of ferromagnetism, the theoretical magnetic 
moment μB per formula unit in nt

B is described as 

n x M x M xm
B B A( ) ( ) ( ),= -   (4)

Where MB(x) and MA(x) are the magnetic moments 
of the B and A sublattice in μBrespectively. The 
distribution of cations in Co1-xZnxFe2O4 can be 
written as

(Zn Fe ) [Co Fe ] O .x x A x x B
2

1
3

1
2

1
3

4
2+

-
+

-
+

+
+ -  (5)

Depending on the concentration of Zn, the 
theoretical values of the magnetic moment, 
nт

B in Co1–xZnxFe2O4 are calculated using the 
distribution of cations and magnetic moments 
of Fe3+, Co2+ and Zn2+ ions, equal to 4.85 μB, 2.78 
μB and 0 μB, respectively. Experimental values of 
magnetic moments (ne

B), per unit of the formula in 

Bohr magnetrons (μB), were calculated according 
to the ratio: 

n
M Me w s

B ,=
5585

  (6)

where Mw – molecular weight, Ms – saturation 
magnetization, and 5585 – magnetic factor [22]. 

It turned out that the theoretical magnetic 
moment increases linearly as a function of Zn2+ 
concentration, and the experimental magnetic 
moment increases with the concentration of Zn2+ in 
Co0.65Zn0.35Fe2O4 before x = 0.35, and then gradually 
decreases. For Co0.65Zn0 .35Fe2O4composition 
nT

B = 4.95 μB, and nE
B = 3.01 μB. 

The values of the magnetic parameters 
obtained for the hysteresis loops are summarized 
in Table 2. 

Table 2. The parameters of the magnetization curves 
of Co0.65Zn0.35Fe2O4 particles (saturation magnetization 
Ms, adjusted remanent magnetization Mr/Ms, coercive 
force Hc) 

T, K Ms, Am2·kg–1 Mr/Ms Hc, kOe

10 52.47 0.75 10.9 
50 52.42 0.72 9.0

100 51.67 0.67 5.9
200 48.09 0.47 1.7
300 42.57 0.24 0.46

It was established that in terms of shape they 
are close to the known literature data for cobalt 
ferrite and are characterized by their signifi cant 
rectangularity, which is refl ected in the values 
of the adjusted remanent magnetization [23]. 
Saturation magnetization values Ms in the 
range of 5–300 K were slightly reduced. High 
values ofadjusted remanent magnetization can 
be associated with monodispersity of particles. 
Magnetization Ms values slightly decreased with 
a temperature increase in the range of 10–300 K, 
while the adjusted remanent magnetization 
Mr/Ms (Mr – residual induction Ms – saturation 
induction) and coercive force Hc values decreased 
signifi cantly with the temperature increase, due 
to the infl uence of thermal fl uctuations of the 
magnetization of individual particles [24]. 

It is known, that coercivity is associated 
with the characteristic constant of the material 
anisotropy. At the nanoscale, anisotropy depends 
on various factors, such as particle size, exchange 
biases, dipole interactions, particle shape, and 
crystalline nature. The comparison of Hc for the 
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obtained Co,Zn-nanoferrite, with the magnetic 
properties of cobalt nanoferrite demonstrated 
a signifi cant decrease of Hc upon the doping of 
Co,Zn-ferrite with zinc. For example, at 300 K, 
the coercive force for our Co0.65Zn0.35Fe2O4 sample 
was 2.5 times lower than for CoFe2O4 at the same 
particle sizes [13]. We obtained the same results 
for nanopowders synthesized by aerosol pyrolysis 
with the same heat treatment as for spray-drying 
technique. For Co0.65Zn0.35Fe2O4 Hc = 0.13 kOe, 
and CoFe2O4Hc = 0.37 kOe [25]. Thus, for the 
synthesized Co,Zn ferrite nanoparticles, the 
substitution of cobalt atoms by zinc led to a 
decrease in anisotropy and, consequently, a 
decrease in the coercive force.

The adjusted residual magnetization (Mr/Ms) 
values of Co0.65Zn0.35Fe2O4 at different tempera-
tures are presented in Table 2. It was found that 
they gradually decrease for higher temperatures. 
The Stoner-Wohlfarth model determines that 
for low temperatures Mr/MS = 0.5 for randomly 
oriented uniaxial noninteracting particles 
ensembles and when the anisotropy of disordered 
and noninteracting nanoparticles is cubic, then 
Mr/Ms= 0.83. In our case, for Co0.65Zn0.35Fe2O4 
samples at temperatures below 200 K, Mr/Ms is 
defi nitely higher than 0.5 and cubic anisotropy is 
more pronounced here. These results show that 
coercivity can be regulated and changed in the 
structure of Co, Zn-spinels by replacing cobalt 
ions with zinc ions. 

On the hysteresis loop at low temperatures 
(Fig. 5) we also observed a distortion in the curve 
of the dependence of the magnetization on the 
fi eld strength next to the residual magnetization 
in the form of unusual bends. The existence of 
such bends is associated with the two-phase 
behaviour of the hysteresis loop, interparticle 
interactions, etc. [26, 27]. It also seems that 
there is an interaction between the hard and 
soft anisotropy regimes. In addition, this 
phenomenon may depend on the polydispersity 
of the sizes, as well as on the shape of the 
particles. 

The dependences of the shear stress of an MRF 
containing 20 wt.% Co0.65Zn0.35Fe2O4 powder, on 
shear rate in the absence of a magnetic fi eld and on 
magnetic fi eld induction at a shear rate of 200 s–1, 
T = 20 °C were measured for the assessment of the 
effectiveness of the synthesized particles (Fig. 6). 
A high value of shear stress (1000 Pa) at relatively 
low values of the magnetic fi eld induction (from 
600 mT and above) allowed considering the 
obtained material to be suitable for practical use 
as a component of MRF fi ller. It is known that 
ferrimagnetic powders with a large value of the 
residual magnetization can exhibit a signifi cantly 
lower increase in viscosity in a magnetic fi eld. 
Thus, for example, zinc-containing an iron oxide 
powder at Ms (300 K) = 95 A·m2·kg–1 exhibits 
insignifi cant viscosity change in a magnetic fi eld 
(about 15 %) [1]. 

a                                                                                              b
Fig. 6. The dependence of the shear stress of an MRF containing 20 wt.% magnetic nanoparticles 1 – 
Co0.65Zn0.35Fe2O4; 2 – Mn0.3Fe2.7O4 in Mobil 22 oil: a) on shear rate in the absence of a magnetic fi eld; b) in a 
magnetic fi eld at shear rate g = 200 s-1, T = 20 ˚С

Condensed Matter and Interphases, 2020, 22(1), 28–38

 Original articles



36

From the dependence of the shear stress of 
a suspension prepared based on Co0.65Zn0.35Fe2O4 
powder, it is also seen that the shear stress of the 
suspension increased with increased magnetic 
fi eld induction and reached a maximum value 
of 1 kPa at 550 mT, which is signifi cantly lower 
than for most other known materials based 
on doped magnetites and ferrites. In addition, 
Co0.65Zn0.35Fe2O4 powders have high oil absorption 
and form stable suspensions. This allows using 
them as a stabilizing and modifying filler in 
magnetorheological suspensions based on 
carbonyl iron in synthetic oil. 

4. Conclusions
A technique has been developed that allows 

controlling the magnetic properties of cobalt-zinc 
ferrite as a component of magnetorheological 
suspensions by non-magnetic double charge 
ion substitution of cobalt ions, i. e. zinc ionsin 
the structure of Co,Zn spinel. The possibility 
to decrease the coercive force and increase 
magnetization up to maximum cobalt content 
corresponding to the composition formulae 
Co0.65Zn0.35Fe2O4 has been established. For the 
synthesis of cobalt-zinc ferrite, a spray-drying 
technique followed by heat treatment in the inert 
component NaCl matrix has been proposed. The 
proposed technique allows obtaining uniform 
crystallized cobalt-zinc ferrite nanoparticles 
with a diameter less than 50 nm, with a specifi c 
magnetization of about ~ 40 A·m2·kg–1, some of 
which were in a superparamagnetic state. The 
effi ciency of Co0.65Zn0 .35Fe2O4 in MRF composition 
with the industrial Mobil 22 oil (20% wt.) has 
been assessed, the dependence of the shear 
stress on the induction of the magnetic fi eld 
was investigated. The high shear stress (1 kPa) 
with a relatively low magnetic fi eld induction 
(from 600 mT and above) allowed us to consider 
the obtained material as being promising for 
use as an additional functional filler for the 
magnetorheological suspensions of damping 
devices. 
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