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Abstract

Radiation-thermal synthesis of  ferrite Ni0.75Zn0.25Fe2O4.was investigated. Comparative analysis of  the
reactivity of  mechanically activated mixtures obtained from commercial oxides and from metal nanooxides
was carried out. It was shown that the formation of mechanocomposite was necessary for the efficient
reaction.
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INTRODUCTION

Ferrite ceramics of  the nano- and submi-
cron size is usually obtained using methods of
coprecipitation and mechanochemical activation
of the mixtures of oxides followed by annealing
[1]. However, these methods are not always ap-
plicable in practice for several reasons: differenc-
es in salt solubilities,  contamination by admix-
tures of  precipitating agents,  low reactivity dur-
ing mechanochemical synthesis etc. In addition,
the synthesis of ferrites proceeds intensively at
a temperature above the sintering point, sinter-
ing unformed particles becomes possible.

A known method to decrease temperature
and increase the rate of solid-phase reactions
is thorough mixing of reagents, their intense

grinding and an increase in the deficiency of
the solid body during the mechanical activa-
tion [2]. However, for the classical ceramic syn-
thesis of ferrites, the deficiency generated
through the mechanical activation is likely to
be unimportant because defect annealing oc-
curs before the start of reaction.

The use of intense electron beams provides
new conditions for solid-phase reactions. In spite
of annealing of radiation defects at high tem-
peratures, mass transfer in solids accelerates
[3, 4]. Passing through the substance, high-en-
ergy electrons cause ionization and generate a
cascade of secondary electrons with the ener-
gy about several ten electron-volts [5]. The lat-
ter actively interact with the substance and thus
form the non-equilibrium state [6]. Under the
excitation of the electron subsystem and sub-
sequent decomposition of nonequilibrium states,
defects are formed mainly due to the forma-
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tion of vacancy�interstice pairs [7, 8]. It was
established that associates of point defects,
namely stable double vacancies and unstable
short-lived pairs, accelerate substantially the
mass transfer in ionic crystals [9�11].

It is known that reactions between two sol-
ids are possible only in case of the efficient con-
tact, though its value is very small [12]. One of
the methods to increase the efficient area of
contact between reagents is their preliminary
joint mechanical activation, at which during
joint grinding and secondary aggregation, mech-
anocomposites with a good contact between re-
agents are formed [13].

Works on the radiation-thermal synthesis
(RTS) of nickel-zinc ferrites using pressed tab-
lets were carried out previously. The accelerat-
ing effect of ionizing radiation on diffusion rate
in the systems Fe2O3�ZnO, Fe2O3�NiO and
NiFe2O4�ZnFe2O4 was demonstrated [14, 15]. It
is also known that preliminary joint mechani-
cal activation promotes an increase in the rate
of radiation thermal synthesis in the system
Li2CO3�ZnO�Fe2O3 [16�19] and homogeneity of
resulting ferrite [19].

It is possible to carry out RTS of ferrites
with a noticeable rate at a temperature below
the point of thermal sintering of oxide pow-
ders,  it is reasonable to study the properties of
composites obtained by the joint mechanical ac-
tivation of the mixtures of commercial oxides
and nanoparticles of  oxides as initial reagents.

EXPERIMENTAL

Oxides  Fe2O3, NiO, ZnO of kh. ch. reagent
grade were used after the preliminary thermal
treatment at 300 °C for 2 h. Metal nano-oxides
obtained by means of evaporation in the set-
up based on ELV-6 accelerator (the Institute
of Nuclear Physics of the SB RAS, Novosibirsk)
were also used [20,  21]. To obtain Fe2O3 nano-
particles, the metal was evaporated and then
oxidized by oxygen. NiO and ZnO nanoparticles
were obtained by means of evaporation of com-
mercial metal oxides.

Reaction mixtures for RTS were prepared
by means of the joint mechanical activation. A
mixture composed of 6.6 g Fe2O3, 2.25 g NiO

and 0.8 g ZnO was placed in a metal reactor
60 mL in volume, then milling bodies were add-
ed (steel balls 0.3 cm in diameter with the total
mass of 50 g). The mechanical activation was
carried out with the help of a Spex-8000 vi-
bratory mill (CertiPrep, the USA) in cycles,
10 min each, to prevent heating of the reac-
tion mixture. The mechanical activation lasted
for 20, 40 and 60 min.

The particle size was determined with the
help of two methods: 1) optical method using
a Microsizer-201A instrument (Russia), with a
suspension in water prepared by ultrasonic mix-
ture dispersing; 2) laser ablation at the station
of chemical, physical and biological investiga-
tions involving the radiation of the free elec-
tron laser at the Siberian Centre for Synchro-
tron and Terahertz Radiation (SCSTR), INP of
the SB RAS [22, 23].

Radiation thermal synthesis of the samples
was carried out using ILU-6 accelerator (INP
SB RAS): electron energy 2.5 MeV, current
density up to 1 µA/cm2 without reaction mix-
ture compacting. The mass of weighted por-
tion was calculated so that the surface density
did not exceed 0.69 g/cm2. (This value provides
maximally uniform energy absorption by the
sample). The RTS was carried out as follows.
The samples of reaction mixture were placed
in a corundum crucible which was put into the
reactor. Mixture temperature was controlled with
the help of a thermocouple (Pt�Pt-Rd) directly
immersed into the sample (maximal possible
measurable temperature during short-term heat-
ing was 1200�1300 °Ñ). The rate of heating and
thermal stabilization of the reaction mixtures
was adjusted with the help of the program con-
trolling the parameters of accelerator operation;
temperature and connection with the PC were
recorded with the help of FP-TC-120 unit (Na-
tional Instruments,  the USA).

Synthesis was carried out under the follow-
ing conditions:

1. Heating of the reaction mixture to the
given temperature during 20 min, subsequent
thermostating for 20 min. After cessation of
the electron beam treatment, the mixture was
cooled in the natural way;  at the initial stage,
the cooling rate was 150�200 °Ñ/min.
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2. Heating of the reaction mixture at the
rate of 20 °Ñ/min to 1200 °Ñ, subsequent cool-
ing under the action of the electron beam at
the rate of 20 °Ñ/min to 300�400 °Ñ.

The transformation degree a in reaction mix-
tures was determined from the ratio of inte-
gral intensities of the reflections of ferrite ce-
ramic phase and iron oxide, as the least reac-
tive component. Diffraction studies were car-
ried out at the channel No. 4 of the VEPP-3
storage ring (SCSTR, INP of the SB RAS) [24].

Microscopic studies were carried out using
the scanning electron microscopy (S-3400N with
the attached detector of backscattered electron
diffraction HKL Channel-5, HITACHI) and
transmission electron microscopy (JEM-2000 FX
II, Jeol).

RESULTS AND DISCUSSION

Mechanical activation of commercial metal
oxides leads to the formation of the composite
that is not destroyed during ultrasonic treatment.
According to light scattering data, the size of
agglomerates does not exceed 50 µm. The size

distribution curve has three maxima at 1, 2.5 and
10 µm. With an increase in the time of mechani-
cal activation, particles become larger, which is
the evidence of secondary aggregation.

Analysis of  the size of  separate particles of
mechanocomposites was carried out using the
terahertz radiation, which allows ablation with-
out destruction,  additional grinding and activa-
tion of chemical processes. It was established
that the maximum of particle size distribution
in the samples after treatment for 20, 40 and
60 min falls within the range 30�100 nm (Fig. 1).

After mechanical activation for 40 min, the
most uniform mixture was obtained. A sample
of the mixture treated for 60 min contains par-
ticles smaller than 30 nm, while the particles
prevailing in the sample after mechanical acti-
vation for 20 min have the size more than 100 nm.
Recalculation of particle size distribution for their
mass fraction shows that 20 min of mechanical
activation is insufficient for efficient sample
grinding. For this reason, experiments on RTS
of ferrite involving reaction mixtures obtained
by the joint mechanical activation of commer-
cial metal oxides for 20 min were not carried out.

Mixtures obtained after the treatment of
initial reagents for 40 and 60 min demonstrate
a different reactivity during RTS. The data on
transformation degree in the coordin ates
ln (α/(1 � α)) � 1000/T
are presented in Fig. 2. One can see that this
dependence is linear for the mixtures of com-

Fig. 1. Size of particles in reaction mixtures obtained by
joint mechanical activation of commercial oxides,
determined by means of laser ablation. Treatment time,
min: 20 (a), 40 (b), 60 (c).

Fig. 2. Temperature dependences of the transformations
of reaction mixtures after mechanical activation of
commercial oxides (1,  2) and metal nanooxides (3).
Activation time (min): 40 (1), 60 (2), 20 (3).
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Fig. 3. Electron micrograph of the particles of ferrite
Ni0.75Zn0.25Fe2O4 (a) and electron diffraction (b) after the
synthesis in the slow cooling mode to 1200 °C.

mercial oxides after joint mechanical activation
for 40 and 60 min (experimental points 1, 2 and
dash straight lines obtained by approximation
of these data). The values of activation ener-
gy of the process are close to each other and
equal to 8 kJ/(mol ⋅ K). The additional acceler-
ation of the process is not observed after the
achievement of 800 °Ñ, when the most intense
shrinkage of the samples occurs due to the start
of sintering of reaction mixtures.

We carried out a comparative experiment
with the use of  nanoparticles of  oxides ob-
tained by means of evaporation as the initial
components for the formation of the compos-
ite were. The size of  initial metal nano-oxide
particles is smaller than the size of particles in

reaction mixtures after mechanical activation
(see Fig. 1), so the formation of composites be-
comes possible with a decrease in the time of
the joint mechanical treatment (20 min). It was
discovered that ferrite synthesis proceeds inten-
sively during mechanochemical activation (trans-
formation degree ~50 %), even at a temperature
of 600 °Ñ the transformation degree reached 80 %
and remained almost unchanged till the RTS
temperature of 800 °Ñ (see Fig. 2, experimental
points 3 and a continuous line). With an increase
in temperature to 900 °Ñ, transformation degree
is close to that for the mixture obtained by long-
term joint mechanochemical activation of com-
mercial oxides (60 min). So, short-time mecha-
nochemical activation, even with the use of ox-
ide nanoparticles as initial reagents,  does not
provide the formation of mechanocomposite with
efficient contact between particles.

The size of agglomerates with developed zone
of contact between the particles may be assessed
on the basis of the size of ferrite particles syn-
thesized from the mixtures that were obtained
by long-term joint mechanical treatment. Dur-
ing RTS in the mode of slow heating to 1200 °Ñ,
crystallites 100�500 nm in size with clear face-
ting and the structure close to perfect are formed
(Fig. 3). The unit cell parameter is à = 8.3666 Å,
microdeformation value e = 0.01 %. RTS at tem-
peratures substantially higher than the temper-
ature of oxide sintering does not lead to active
accretion of crystallites in the samples with high
transformation degree.

CONCLUSION

Thus, the possibility to obtain submicron fer-
rite crystals through RTS using reaction mix-
tures prepared by long-term joint mechanical
treatment was demonstrated. The role of the
mechanical activation is an additional decrease
of the synthesis temperature and the formation
of the composite with the developed zone of
contact between reagents. The use of  oxide nano-
particles as initial reagents for the purpose of
decreasing the time of treatment for RTS of
ferrites does not give a positive result: mecha-
nocomposites with a developed zone of the con-
tact between reagents are not formed.
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