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Abstract 
The aim of this study was to study the structure, morphology, magnetic, and magnetorheological properties of cobalt and 
cobalt-zinc ferrite powders to be used as a functional component of magnetorheological fluids.
Ferrites of cobalt CoFe2O4 and cobalt-zinc Co0.65Zn0.35Fe2O4 were obtained by combined hydrolysis of inorganic metal salt 
in aqueous solutions followed by thermal treatment of the precipitates. The ferrites were studied by means of X-ray phase 
analysis, scanning electron microscopy, IR spectroscopy, and magnetometry.
The synthesised ferrites are polydispersed powders with the size of primary particles of 300–400 nm and the size of the 
coherent scattering regions of 22–33 nm. They demonstrate a high shear stress in magnetorheological suspensions, which 
is 2.5 times higher than that of the nanosized particles. High-temperature annealing results in a significant increase in the 
specific magnetisation of the powders, as well as the shear stress in suspensions prepared on their basis. Doping cobalt 
ferrite with zinc leads to an increase in the specific magnetisation and rheological characteristics.
The studied materials have a high shear stress in suspensions (~ 2.5 kPa at 650 mT) and can be used as functional fillers 
for magnetorheological materials. 
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1. Introduction 
Magnetic fluids (MF) and magnetorheological 

fluids (MRF) belong to the category of magnetically 
controllable materials. They differ in the degree 
of the magnetorheological effect, which is much 
stronger in MRFs than in MFs. MFs usually 
contain nanosized magnetic particles, whose 
concentration in the composition does not 
exceed a few vol%. The concentration of magnetic 
particles in MRFs can reach up to 50 vol%, and 
their size usually exceeds 0.1 μm [1]. MRFs 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 influences, as 
well as for shaft hermitization, production of 
prostheses, and production of recoil devices and 
return systems for artillery, etc. [2].

The most  common way to gain the 
magnetorheological response of a suspension 
is to increase the magnetisation of micro- and 
nanosized magnetic particles reducing the 
coercivity, as well as to obtain anisometric 
particles (for instance, needle-like particles). 
In order to do this, it is necessary to enhance 
the existing methods for synthesising magnetic 
materials. A promising solution is to combine 
micro- or nanoparticles rather than to use them 
separately. It is known that micron particles 
demonstrate stronger magnetorheological 
effect, and their combination with nanoparticles 
stabilises the suspension preventing or slowing 
down the aggregation and sedimentation 
processes. A combined effect of several factors (the 
morphology of the particles, their magnetisation, 
the coercive force, and the mass fraction in the 
suspension) can lead to a synergistic effect, which 
in turn results in an emergent viscosity effect. 

Cobalt and cobalt-zinc ferrites synthesised by 
means of chemical coprecipitation [3–6], the sol-
gel method [7], electrostatic spraying [8] and other 
methods are being actively studied as promising 
ferrimagnetic materials. Zinc ferrite has a cubic 
spinel lattice with normal distribution of cations 
in the spinel sublattices, while cobalt ferrite has 
a reverse structure. Structural deviations result 
in a nonequilibrium distribution of cations in 
the lattice and cause a change in the magnetic 
properties [9–11]. In addition, changing the 
distribution of the cations in the ferrite lattice 

by forming solid solutions between certain 
ferrite compositions, we can alter the magnetic 
properties of the material to a certain degree. 
Thus, the introduction of a non-magnetic Zn2+ 
ion to the lattice of cobalt ferrite with a strong 
preference for tetrahedral positions will cause 
the migration of Fe3+ ions into the octahedral 
positions, leading to an increase in the magnetic 
moment. 

In our earlier study [12], we developed a 
technique that allows controlling the magnetic 
properties of cobalt-zinc ferrite by substituting 
for cobalt ions in the structure of Co-Zn spinel 
with a non-magnetic double charge cation, 
namely zinc. We found that an increase in the 
magnetisation and a decrease in the coercivity 
occurs until the concentration of zinc reaches 
x = 0.35 (Co0.65Zn0.35Fe2O4). The ferrites obtained 
by spray-drying followed by annealing in the inert 
component matrix (NaCl) consisted of particles 
that are uniform in size (~ 50 nm), some of them 
being in a superparamagnetic state. The powder 
had specific magnetisation of about ~ 45 A·m2 kg–1 

and demonstrated a shear stress of ~ 1 kPa in 
a suspension based on industrial oil, with the 
magnetic field induction being 600 mT [12]. 

The aim of this study was to study 
the structure, morphology, magnetic, and 
magnetorheological properties of cobalt and 
cobalt-zinc ferrite powders to be used as a 
functional components of magnetorheological 
materials, namely magnetorheological fluids. To 
increase the average size of the particles, their 
specific magnetisation, and, as a result, the shear 
stress in ferrite suspensions, we used the method 
of chemical precipitation from aqueous solutions 
followed by high-temperature treatment of the 
precipitates in air. 

2. Experimental 
The CoFe2O4 ferrite powder was obtained from 

solutions of the metal salts followed by high-
temperature annealing. Samples of CoSO4·

 7H2O 
weighing 36.54 g and Fe(NO3)3·

 9H2O weighing 
52.54 g were dissolved in 1 l of distilled water. An 
ammonia solution was poured into the resulting 
salt solution with vigorous stirring. The pH 
level of the resulting suspension was monitored 
(pH  =  11.0). The suspension was heated to 
90 °C. The precipitate was washed by magnetic 
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decantation, after which it was heat treated at 
740 ºС for 8 h in air and ground in an agate mortar. 

To obtain Co0.65Zn0.35Fe2O4 samples, powders of 
CoSO4·

 7H2O (16.25 g), ZnCl2 (4.26 g), and Fe(NO3)3 
(49.81 g) were dissolved in 1.5 l of distilled water. 
The solution was stirred with magnetic stirrer 
for 5 min to reach complete homogenisation. An 
ammonia solution was poured into the resulting 
salt solution under vigorous stirring and the pH 
level of the formed suspension was monitored 
using indicator paper (pH = 11.0). The suspension 
was heated to 90 °C. The precipitate was washed 
by magnetic decantation [12], after which it was 
heat treated at 740 ºС for 8 h and ground in an 
agate mortar. 

X-ray studies were performed using a DRON-3 
diffractometer (CоКa-radiation, l = 0.1790 nm) 
within an angle range of 2q = 6–90°. The sizes 
of coherent scattering regions (CSR) were 
determined by the broadening of diffraction 
reflections (Scherrer method). 

The radiodensity was calculated using the 
formula: 

d
M

a Nx
A

= 8
3 ,   (1)

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

The degree of crystallinity of the samples was 
determined using the ratio: 
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where I311is the intensity of the reflex of the spinel, 
corresponding to the crystallographic direction 
311; Ibackground is the intensity of the background line 
of the x-ray diffraction pattern. 

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

d = 1
2D
.   (3)

IR-spectra were recorded using an AVATAR 
FTIR-330 spectrometer (Thermo Nicolet) in the 
wavenumber region (n) 400–700 cm–1 with a 
resolution of ±1 cm–1. The spectra were registered 
in adiffuse scattering mode using the Smart 
Diffuse Reflectance accessory. 

The surface structure of polycrystalline 
and film samples was studied by means of 

scanning electron microscopy using 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). 

The magnetic characteristics were studied 
using a Cryogen Free Measurement System 
from Cryogenic Ltd, where hysteresis loops 
were recorded at temperatures of 10 and 300 K 
and magnetic field induction Bmax = 8 T. The 
weight of the samples, not including the capsule, 
was 0.04134 g for CoFe2O4 and 0.0685 g for 
Co0.65Zn0.35Fe2O4. 

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

3. Results and discussion 
Fig. 1 demonstrates the XRD spectra of the 

CoFe2O4 and Co0.65Zn0.35Fe2O4 ferrites, obtained 
by means of coprecipitation followed by thermal 
treatment in air (740 °С, 8 h), and the XRD 
spectrum of the Co0.65Zn0.35Fe2O4 ferrite, obtained 
in  [12] by spray-drying followed by thermal 
treatment in air (740 °С, 8 h) for comparison. 

By analysing the XRD spectra we can say that 
in all the three cases the formation of the spinel 
ferrite structure (space group Fd3m) is completed 
under the set thermal treatment conditions. The 
diffraction peaks demonstrate high intensity and 
slight broadening, which indicates the formation 
of a highly ordered crystal lattice. The peaks 
positions and their relative intensities indicate 
the presence of a single phase with a spinel 
structure. The structural parameters of the crystal 
lattice are given in Table 1. 

The size of the coherent scattering regions 
corresponding to the physical sizes of crystallites 
was 36 and 31 nm for CoFe2O4 and Co0.65Zn0.35Fe2O4 
obtained by coprecipitation, which is significantly 
greater than that of the sample obtained by 
spray-drying (20 nm). This is accounted for 
by the fact that the annealing of ferrite in the 
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inert sodium chloride medium hinders the 
growth of crystallites. The samples obtained 
by coprecipitation also demonstrate higher 
crystallinity and lower dislocation density.

Fig. 2. shows fragments of SEM micrographs 
of the studied CoFe2O4 and  Co0.65Zn0.35Fe2O4 
powders, which demonstrate a high degree of 
agglomeration of the particles. Agglomerates 
larger than 1 μm appear either due to the surface 
properties of the particles, or due to the fact that 
the thermal treatment conditions induced the 

first stage of the sintering accompanied by the 
formation of small bridges between the particles. 
The primary particles have the size of 300 – 400 
nm and a specific shape with pronounced facets. 
Co0.65Zn0.35Fe2O4 particles are more crystallized 
because the temperature of the synthesis and 
sintering of zinc ferrite is much lower than that 
of cobalt ferrite. 

A comparison of the size of crystallites 
(coherent scattering regions), calculated by the 
diffractometry method (Table 1), and the size of 
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Fig. 1. XRD spectra: a) Co0.65Zn0.35Fe2O4 (spray-drying); b) CoFe2O4 (coprecipitation), c) Co0.65Zn0.35Fe2O4 (copre-
cipitation) 

Table 1. The structural parameters of the crystal lattice: lattice constant a, unit cell volume  V, size of 
the CSR D, dislocation density d, radiodensity dx, degree of crystallinity dc for Co0.65Zn0.35Fe2O4 powders 
(spray-drying) (1), CoFe2O4 (coprecipitation) (2), Co0.65Zn0.35Fe2O4 (coprecipitation) (3)

Sample а, Å V, nm3 D, нм d×102 nm–2 dx, g/cm3 dc, %
1 8,3998 592,626 20 0,2500 5,310 85 
2 8,3898 590,554 22 0,2066 5,279 88 
3 8,4037 593,488 33 0,0918 5,293 94 
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the particles demonstrated that after annealing at 
740 °С some particles include several crystallites 
and are multidomain. It is known that the 
critical size for the transition of a single-domain 
particle to a multidomain at 300 K is around 
40 nm (for cobalt ferrite, for instance) [13]. In the 
region of transition to the ferromagnetic state, 
following the growth of the particles crystallites 
spontaneously break up into several domains in 
order to reduce high magnetisation energy of a 
single-domain particle.  

Fig. 3 shows the IR absorption spectra of the 
CoFe2O4 and Co0.65Zn0.35Fe2O4 powders. 

In the region of characteristic frequencies 
both CoFe2O4 and  Co0.65Zn0.35Fe2O4 spectra 
demonstrate pronounced combined vibrational 
bands of Мe–O (at 414 and 567 cm–1). The band 
at 414 cm–1 usually refers to the octahedral 

vibrations of the metal Meocta ↔ O, and the band 
at 567 cm–1 corresponds to the internal stretching 
vibrations of the metal in the site Metetra ↔ O [5]. 
The said absorption bands are also observed in the 
spectrum of Co0.65Zn0.35Fe2O4 obtained by spray-
drying [12]. All the bands have a high degree of 
resolution, which may reflect a high ordering of 
the crystal structure. 

A wide absorption band at 1600 cm–1 [12], 
corresponding to vibrations of adsorbed water 
[11], is much less prominent in the CoFe2O4 
sample (Fig. 3a) and practically absent in the 
Co0.65Zn0.35Fe2O4 sample (Fig. 3b). The spectrum 
of Co0.65Zn0.35Fe2O4 obtained by spray-drying also 
demonstrated absorption at 2100–2300 cm–1, 
1500–1600 cm–1, and near 1000 cm–1 (presumably 
explained by the absorption of СО2 molecules 
and NO3

– ions). The corresponding absorption 
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Fig. 2. SEM micrographs: a) CoFe2O4 (coprecipitation); b) Co0.65Zn0.35Fe2O4 (coprecipitation) 

Fig. 3. IR absorption spectrum: a) CoFe2O4; b) Co0.65Zn0.35Fe2O4
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bands are much less prominent in the spectrum 
of CoFe2O4 (Fig. 3a) and absent in the spectrum 
of the Co0.65Zn0.35Fe2O4 sample obtained by 
coprecipitation (Fig. 3b). 

Fig. 5 shows the change in magnetisation 
for CoFe2O4 and Co0.65Zn0.35Fe2O4 obtained by 
coprecipitation depending on the magnetic field 
induction. Both powders exhibited ferrimagnetic 
behaviour. The specific magnetisation of the 
Co0.65Zn0.35Fe2O4 powder obtained in this study 
exceeds the specific magnetisation of cobalt-
zinc ferrites of the same composition obtained 
using other methods, namely the sol-gel method 
(60÷80 A·m2 kg–1) [14, 15] and coprecipitation 
from aqueous solutions of inorganic salts 
(40÷70 A·m2 kg–1) [16], (60 ÷ 90 A·m2 kg–1) [17]. 

In our earlier article we demonstrated 
that with an increase in the zinc content in 
the cobalt-zinc ferrite, an increase in the 
saturation magnetisation was noted. Thus, for 
the Co0.65Zn0.35Fe2O4 powder the magnetisation 
was Ms  = 42.6 A·m2 kg–1, and for the CoFe2O4 
powder it was Ms = 25.0–26.0 A·m2 kg–1. When 
the concentration of Zn2+ ions increased from 
0 to 0.35, the total magnetisation (Moct.Mtet.) 
for Co1–xZnxFe2O4 also increased due to the 
displacement of iron ions to the octahedral 
positions of the spinel by the zinc ions. The 
increase in the magnetisation of the ferrite is 
accompanied by an increase in interlattice AB 
superexchange interactions [12]. When the 
number of substituting Zn2+ ions is large enough 
(х > 0.35), the antiferromagnetic interaction of 
Fe3+ ions located in neighbouring positions in 
the octahedral sublattice begins. Therefore, the 
BB interaction leads to a decrease in the total 
magnetic moment [12]. 

It was also established earlier, that doping 
cobalt ferrite with zinc ions results in a decrease 
in the coercive force for the same particle sizes 

[7, 12]. This is explained by the reduction of the 
magnetic anisotropy of doped powders. Particles 
of the critical size, i.e. particles on the border 
of the ferromagnetic state, have the highest 
coercive force. For cobalt ferrite, the size of such 
particles is ~ 40 nm. With the further growth of 
the particles the coercive force decreases. This 
dependence can be accounted for by the domain 
structure, the critical size of the particles, and 
the degree of the anisotropy of the surface and 
intercrystalline boundaries. The coercivity of 
0.27 kOe obtained at 300 K is much lower than 
the theoretically calculated coercivity of cobalt 
(5.3 kOe) [13], which indicates the ferrimagnetic 
state of the particles. 

The magnetic parameters of the powders 
calculated based on the magnetic hysteresis 
loops of CoFe2O4 and Co0.65Zn0.35Fe2O4 are given 
in Table 2. 

The shape of the magnetisation curves 
shown in Fig. 4 is similar to the shape described 
in the literature and is characterized by their 
significant rectangularity [18]. Table 2 shows 
that the value of Ms slightly decreases with 
the growth of temperature, while the adjusted 
residual magnetisation Mr/Ms and the coercivity 
Hc decrease significantly. This happens due to 
the influence of thermal fluctuations of the 
magnetisation of individual particles [18–20]. 
For CoFe2O4 Mr/Ms =  0.83 at low temperatures, 
which, according to the Stoner-Wohlfarth model, 
indicates the presence of cubic anisotropy, while for 
Co0.65Zn0.35Fe2O4 it is not observed (Mr/Ms < 0.5) [12]. 
The uncharacteristic kinks on the magnetisation 
curves (Fig. 4a) can result from the interaction 
between the hard and soft anisotropy regimes, 
the polydispersity of the powder, the shape of the 
particles, and their interaction [12]. 

Table 2 demonstrates that the coercivity of 
the zinc-containing ferrite is much lower than 

Table 2. The parameters of the magnetisation curves of CoFe2O4 and Co0.65Zn0.35Fe2O4 powders 
(saturation magnetisation Ms, adjusted remanent magnetisation Mr/Ms, coercivity Hc) 

CoFe2O4 Co0.65Zn0.35Fe2O4

Т, К Ms,
A·m2 kg–1 Mr/Ms Hc, kOe Ms, A·m2 kg–1 Mr/Ms Hc, kOe

10 83.3 0.77 12.5 123.6 0.44 1.35
100 83.5 0.74 8.0 122.4 0.39 1.1
200 80.7 0.60 3.1 112.5 0.23 0.5 
300 73.2 0.37 0.27 97.9 0.12 0.1
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that of CoFe2O4. This is associated primarily 
with the characteristic constant of the material 
anisotropy and the introduction of zinc ions 
into the ferrite structure [12]. The presence 
of inhomogeneities, impurities, and crystal 
lattice defects preventing the remagnetisation 
of the sample, also increase  Hc. These factors 
are associated with the method of synthesising 
the sample. Co0.65Zn0.35Fe2O4, powder obtained in 
this study has Hc = 0.1 kOe at 300 K, while the 
coercivity of the sample obtained by spray-drying 
in sodium chloride medium was 0.4 kOe [12]. With 
regard to MRFs, it is advisable to use ferrites with 
lower coercivity in order to increase the magneto-
control of the composition. 

The comparison of Ms for Co0.65Zn0.35Fe2O4 
obtained by spray-drying followed by annealing 

in the NaCl medium in [12] and for the sample 
obtained by coprecipitation followed by annealing 
in air under the same conditions (Table 2) 
demonstrated a significant increase in the 
specific magnetisation for the coprecipitation 
method. The high-temperature annealing of 
the Co0.65Zn0.35Fe2O4 powder in air results in the 
formation of larger particles with a higher degree 
of crystallinity as compared to the annealing in 
the NaCl matrix. The surface layer of the particles 
with random spin orientation has much less effect 
on the magnetic properties of the particles than 
in the former case, which is why the specific 
magnetisation is much higher. Therefore, the 
suggested annealing conditions proved to be 
optimal for obtaining high magnetisation of 
Co0.65Zn0.35Fe2O4. In this case, we minimised the 
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Fig. 4. Curves of the dependence of the magnetisation on the magnetic field strength at different temperatures 
1 – 10 К, 2 – 300 К: a) CoFe2O4; b) Co0.65Zn0.35Fe2O4

Fig. 5. Dependence of the shear stress of MRF containing 20 wt% of ferrite powder in Mobil 22 on the magnet-
ic field induction at shear rates of 2, 8, and 33 s-1: a) CoFe2O4; b) Co0.65Zn0.35Fe2O4
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negative effect of the non-magnetic surface layer 
of the particles, while the particles retained their 
individuality at the nano scale without sintering. 

The CoFe2O4 and Co0.65Zn0.35Fe2O4 powders 
obtained by coprecipitation have high oil 
absorption and form fairly stable suspensions 
in the industrial Mobil 22 oil. This makes 
it possible to use them as functional fillers 
for magnetorheological materials, including 
magnetorheological suspensions based on 
carbonyl iron in synthetic oil. In the latter case, 
the ferrite additives would perform the modifying 
and stabilising functions. Fig. 5 shows the 
dependences of the shear stress of an MRF on the 
magnetic field induction at different shear rates 
for the MRF containing 20 wt% of ferrite powder 
in the industrial Mobil 22 oil. 

A high value of shear stress (over 2500 Pa) 
at 650 mT indicated that the studied powders 
can be considered promising materials for the 
above listed applications. It should be noted that 
the previously studied Co0.65Zn0.35Fe2O4 powder 
obtained by spray-drying at 650 mT demonstrated 
the shear stress of ~ 1000 Pa [12]. Such a 
significant increase in the shear stress for the 
obtained samples is explained by the conditions 
of the synthesis, namely the high-temperature 
annealing. Comparing the Co0.65Zn0.35Fe2O4 
powders obtained by spray-drying [12] and 
coprecipitation, we can see that besides the 
increase in the particle size and the degree of 
crystallinity (from 85 to 97 %) the annealing 
results in a change in the shape of the particles 
from spherical to faceted. Such morphological 
changes influence the rheological behaviour of 
the powders in the suspension resulting in an 
increase in the shear stress. At the same time, 
the density and the oil absorption of the particles 
can also increase.

4. Conclusions 
In this paper we proposed a new technique 

for synthesising cobalt and cobalt-zinc ferrites 
based on the method of coprecipitation from 
aqueous solutions of the corresponding salts. The 
technique involves high-temperature annealing 
of the precipitates in air which results in highly 
crystalline polydispersed powders with high 
specific saturation magnetisation (97.9 A·m2·kg–1 
at 300 K). 

The synthesised ferrites are polydispersed 
powders with the size of primary particles of 300–
400 nm and the size of the coherent scattering 
regions of 30–35 nm. They demonstrate high 
shear stress in magnetorheological suspensions, 
which is 2.5 times higher than that of the 
nanosized particles. 

In our study, we also obtained suspensions of 
the ferrite powders with the industrial Mobil 22 
oil (20 wt%) for the analysis of the dependences of 
the shear stress on the magnetic field induction. 
The high shear stress (2.5 kPa) with a relatively 
low magnetic field induction (from 600 mT 
and above) allowed us to consider the obtained 
materials as being promising for use as functional 
fillers for magnetorheological materials, including 
magnetorheological suspensions of damping 
devices. 
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