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Characterization of nanocrystalline Mn-Zn ferrites
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Different Zn and Mn-Zn ferrites have been obtained by High Energy Ball Milling (HEBM)
from elemental oxides. By varying the rotation speed of vials and main disk, several modes
of milling can be obtained. In this paper, the materials prepared by two modes of milling,
called shock (S) and high shock (HS), are studied by XRD and Mössbauer spectroscopy.
Several mechanisms for spinel phase formation have been proposed. In particular, a
reduction of Fe(III) occurs for the S mode, which leads to the formation of a wüstite-type
phase which disappears after a long milling time. C© 2004 Kluwer Academic Publishers

1. Introduction
The High-Energy Ball Milling technique (HEBM) is
applied in the field of synthesis of spinel ferrites. In
some reports, after the HEBM, a thermal treatment is
done to ensure the formation of fine-grained strained
particles [1, 2]. This way of synthesis can induce
changes in the distribution of cations in the spinel lattice
[3, 4], which leads to unusual magnetic properties.

Mixed manganese zinc ferrites are materials of tech-
nological importance, widely used as transformers and
inductors. They are usually synthesized at high tem-
perature by solid state method. In this paper, their pro-
cessing is performed in a high-energy planetary mill
(Vario-Mill, Fritsch), which allows the vials and main
disk velocities (ω and � (in rpm)) to be chosen inde-
pendently. By varying the ratio of the velocities, it is
possible to control the movements and trajectories of
milling balls and consequently the nature of the end
product. Based on two kinematic studies by Gaffet [5,
6], the different milling parameters are chosen to pro-
duce direct shock mode, intermediate mode or friction
mode.

2. Experimental
The synthesis of Zn, Mn or Mn-Zn ferrite was ac-
complished by combining stoichiometric mixtures of
powdered reactants such as ZnO, α-Fe2O3 and MnO
obtained from ALFA AESAR (99% purity or better).
The milling process was carried out under air atmo-
sphere in a tempered steel vial (80 ml) with steel balls.
A ball-to-powder weight ratio of 1:20 was used for
two grinding modes, (� = 500, ω = −500) and
(� = 600, ω = −300), which are called shock mode
(S) and high shock (HS) mode, respectively. X-ray
diffraction patterns were collected using a D-5000 pow-
der diffractometer (Siemens) with CoKα radiation. The

∗Author to whom all correspondence should be addressed.

Mössbauer measurements were performed in transmis-
sion geometry using 57Co/Rh as γ -ray source. Mosfit
software was used to analyse spectra [7].

3. Results
3.1. Mechanosynthesized zinc ferrite
Synthesis of zinc ferrite (ZnFe2O4) has been performed
using several grinding conditions. The Fig. 1 shows the
evolution of the ZnO/α-Fe2O3 mixture with the milling
time for the S and HS modes. For the HS mode, a pro-
gressive disappearance of reactant oxide powders oc-
curs in favour of a spinel phase which becomes pure
after 12 h of milling. With S mode, disappearance of
ZnO and α-Fe2O3 leads to simultaneous formation of
a spinel phase and a wüstite-type phase (Fe, Zn)O. The
latter phase disappears between 6 and 9 h of milling.
The wüstite-type phase clearly shows the appearance
of Fe(II) in the powders during the milling.

The zinc ferrite phases are obtained for both sets of
grinding conditions, with a small amount of metallic
iron originating from the wear of the milling equip-
ment. However, the S mode is more efficient than the
HS mode: using the S mode, the total disappearance of
the starting oxides is reached within 9 h, whereas 12 h
are necessary for the HS mode. The crystallite sizes of
the obtained spinel phase (7 and 11 nm) and its cell pa-
rameters (0.8439 and 0.8438 nm) are similar for HS and
S mode, respectively. These values are slightly lower
than the cell parameter of a ceramic ZnFe2O4 (0.84411
nm , JCPDS file 22-1012).

In Fig. 2, the room temperature Mössbauer spectra of
the materials obtained using the two different grinding
modes are shown and compared with the spectrum of
a ceramic ZnFe2O4. In the latter case, the spinel for-
mula is (Zn2+)A(Fe3+Fe3+)BO2−

4 , where A and B rep-
resent tetrahedral and octahedral sites, respectively. The
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Figure 1 X-ray diffraction patterns of milled powder obtained by HS and S modes.

Figure 2 Room-temperature Mössbauer spectra of (a) ZnFe2O4 pre-
pared by conventional thermal method, (b) powder obtained by HS mode
(12 h), and (c) powder obtained by S mode (9 h).

spectrum of ceramic ZnFe2O4 (Fig. 2a) is adjusted with
a paramagnetic doublet with isomer shift of 0.35 mm/s
and quadruple splitting of 0.44 mm/s. The spectrum
of the material obtained using the HS mode (Fig. 2b)
consists of a central doublet with a marked background
curvature. The S mode spectrum (Fig. 2c) shows clearly
the presence of magnetic features. The best fits for both
spectra (Fig. 2b and c) are obtained using a distribution
of hyperfine field (HF). In these fits the only variables
of the sextet were isomer shift (IS), the quadrupole shift
(2ε) and the line width (FWHM). Hyperfine parameters
are presented in Table I.

Mössbauer results are in a good agreement with pre-
viously published data, i.e. the milled or mechanosyn-

TABLE I Hyperfine parameters of zinc ferrite obtained by HS mode
(12 h) and S mode (9 h)

Grinding IS FWHM 2ε Average
mode (mm/s) (mm/s) (mm/s) HF (T)

HS (12 h) 0.36 0.92 0∗ 16.7
S (9 h) 0.41 0.88 −0.043 24.1

∗Imposed value.

thesized zinc ferrite shows a broadened doublet com-
pared to the ceramic phase. Several effects can explain
the broadening of the doublet and the HF distribution
required to fit the data. It can result either from a differ-
ent repartition between the octahedral and tetrahedral
sites of ions in the lattice, or from a grain size effect
with a distribution of small particle sizes, or existence
of strains and numerous defects induced by milling (or
the three) [8, 9]. The kind of pattern shape of the S mode
(Fig. 2c) has been observed in ceramic zinc ferrite con-
taining Fe2+ ions [10, 11]. This means that the spinel
ferrite obtained with the S mode contains iron (II).

The appearance of the wüstite-type phase in the early
stages of grinding comes from several reactions. Pre-
vious papers have already shown that a reduction of
Fe(III) is observed during milling with stainless steel
vials and balls. Several mechanisms of the mechani-
cally induced reduction processes are described, e.g.,
Kaczmarek and Ninham [12] explain that metallic-
oxygen bonds can be broken by milling and then oxy-
gen is removed, whereas Kosmac and Courtney [13]
suggest a redox reaction between Fe(III) and metal-
lic iron coming from the milling materials which leads
to Fe(II). Sepelak et al. [14] conclude that the reduc-
tion process could be understood as a result of a short-
time equilibration between spinel and the encrusted
metallic iron phase of the milling tool during the im-
pact period. They suggested that the minute quanti-
ties of abraded iron could play an initiating, catalytic
role in the mechanochemical reduction processes. In
the present study, the first mentioned mechanism is
excluded because chemical analysis shows a gain of
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Figure 3 Cell parameter values of Mnx Zn(1−x)Fe2O4 synthesised by ceramic route (�) [16] and by mechanosynthesis (�).

iron during milling, correlated with a mass loss of the
steel balls, and a slight decompression when opening
the vials. In order to explain the appearance of the
wüstite-type phase, two redox reactions can be con-
sidered, first between metallic iron from milling in-
struments and hematite or the second between metal-
lic iron and zinc ferrite. To identify predominant reac-
tions occurring during grinding, α-Fe2O3 and ceramic
ZnFe2O4 are milled separately during 6 h using S mode.
In this case, the presence of wüstite is not observed by
XRD and Mössbauer spectroscopy. In order to examine
the influence of zinc oxide on the formation of Fe(II),
ZnFe2O4 and α-Fe2O3 are milled during 6 h using S
mode, each of them with ZnO in the molar ratio 3:1.
Mössbauer spectroscopy reveals that ZnO in addition
to ZnFe2O4 does not contribute significantly to reduc-
tion of the spinel phase, whereas the milling of α-Fe2O3
with ZnO in the ratio 3:1 leads to the formation of three
different phases: (i) a large amount of spinel phase, (ii)
trace of iron and (iii) a small amount of non reacting
α-Fe2O3. From the results of Mössbauer spectroscopy
and value of cell parameter (0.8414 nm), the spinel
phase can be identified as a zinc-substituted magnetite
close to the formula Zn2+

0.5Fe2+
0.5Fe3+

2 O2−
4 [15]. This re-

sult indicates that a reduction of Fe(III) by Fe takes
place, reaction which is favoured by the presence of
ZnO. The formation of the zinc ferrous ferrite can be
understood as the two-steps process which includes the
formation of an intermediate solid solution (Fe, Zn)O
and its subsequent reaction with remaining hematite.
It should be noted that a solid solution (Fe, Me)O with
wüstite structure has already been obtained as the result
of the mechanochemical reduction of MeFe2O4 (Me
= Mg, Ni) [14, 16]. Similarly, Kosmac and Courtney
[13] have also observed the formation of the solid
solution (Fe, Zn)O during milling of α-Fe2O3 and
ZnO.

The milling parameters seem to have a real influence
on the nature of the obtained phases: a very high shock
mode leads to a zinc ferrite close to a material prepared
usual ceramic compound, whereas shock mode, by a
reaction with iron, causes a reduction of Fe(III) with

the appearance of Fe(II), first in a wüstite-type phase,
and finally incorporated in a spinel phase.

3.2. Mechanosynthesized Mn-Zn ferrite
Pure Mn-Zn ferrites Mnx Zn(1−x)Fe2O4 are synthesized
using the S milling mode within 9 h of milling. The val-
ues of the cell parameter of the obtained spinel phases
are displayed in Fig. 3, in comparison with the litera-
ture data [17]. The results show a good agreement for
extreme x values but they are different for intermediate
composition. Differences may come from a change of
the cation distribution, which leads to a change of the
cell parameter [18].

Figure 4 Room-temperature Mössbauer spectra of manganese-zinc fer-
rites Mnx Zn(1−x)Fe2O4 obtained by S mode for 9 h.
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The room temperature Mössbauer spectra of the
prepared Mnx Zn(1−x)Fe2O4 phases (Fig. 4) consist of
broadened sextet that are clearly indicative of the distri-
bution of hyperfine fields with a gradual change as the
zinc concentration decreases (average hyperfine field
values are displayed in Fig. 4). It is well known that
in mixed manganese zinc ferrites, the following equi-
librium occurs : Fe3+ + Mn2+ ⇔ Fe2+ + Mn3+ [19].
The way of synthesis governs the shifting of this equi-
librium, so it defines the cation distribution and conse-
quently the magnetic properties [20–22]. In the present
study, Fe(II) may also come from a redox reaction be-
tween Fe(III) and metallic iron, as it has been observed
previously in zinc ferrite. For a 6 h grinding, no wüstite
phase is observed, but the redox reaction can not be
excluded. The existence of multiple elements present
under several valencies and the small particle size make
the room-temperature Mössbauer study of this system
difficult.

4. Conclusion
First results on the mechanochemical preparation of
materials using the new Vario-Mill are very promising:
the possibility of changing the milling parameters leads
to the obtaining of several types of spinel ferrites, dif-
ferent from the usual ceramic powders. Furthermore,
the iron from the milling material has a strong influ-
ence on the synthesis. It could be interesting to make
experiments with WC balls and vials.
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