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Nanocrystalline/nanosized Fe;O, particles obtained by
heat treatment and mechanical milling
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The nanocrystalline/nanosized magnetite — Fe3O4 particles have been obtained by heat treatment mixture of hematite - a-
Fe.Os; and elemental Fe stoichiometric mixture and subsequent mechanical milling procedure. The powder has been
investigated by X-ray diffraction, laser particle size analysis and magnetic studies. The mean crystallite size of the Fe304
rapidly decrease by increasing the milling time. After 5 minutes it is about 14 nm. Prolonged milling times lead to the
oxidation of magnetite into hematite. The particles size presents a rapid decrease in the first stage of milling, up to 3
minutes of milling. The specific surface and the number of nanometric particles increase also in the first stage of milling.
The magnetisation decreases for milling times longer than 15 minutes and tends to become unsaturated.
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1. Introduction

Iron oxides, (wustite - FeO, magnetite - FezO,,
hematite - a-Fe,03, maghemite - y-Fe,05) are of interest
for research and also have applications in various field of
industry [1-5]. Among these oxides, the magnetite is
probably the most studied. The magnetite is
crystallographically isomorphous with the maghemite
which is the allotropic form of this. The magnetite
(FeFe,O4) crystallises in cubic spinel structure Fd-3m
characteristic for the soft ferrites (MeFe,O,4). Typical, as
the large part of the soft ferrite, the iron ferrite - Fe30, is
ferrimagnetic at room temperature [6-7]. The magnetite
ferrimagnetism derive from the arrangement of the Fe®'
and Fe>* cations into the cubic spinel structure. The Fe?*
and half of Fe*" cations are located into octahedral sites
and the other half of the Fe®" cations are located into the
tetrahedral sites. The octahedral sites form a magnetic
sublattice that is coupled anti-parallel with the other
magnetic sublattice, the tetrahedral one [6]. The synthesis
of magnetite particles in nanocrystalline/nanosized state is
nowadays one of the interesting subjects of the research
aiming to optimise the various types of applications from
magnetic storage devices, magnetic refrigeration system,
mineral separation and catalysis to drug delivery,
immunoassay, hyperthermia, magnetic resonance imaging,
cancer therapy or magnetic cell separation [8-11]. Several
synthesis routes such as microwave-solvothermal [12], co-
precipitation [13], hydrothermal [14] or mechanosynthesis
[15] can be used for obtaining magnetite in
nanocrystalline/nanosized state. Among the synthesis
routes, the mechanosynthesis is one of most versatile
technique to obtain nanocrystalline/nanosized magnetite
particles. In order to synthesize obtain such particles by
techniques of mechanosynthesis various precursors such as

magnetite wet milled in methanol [15], magnetite dry
milled [16], iron milled in water [17] or hematite and iron
[18] can be used.

The paper presents the synthesis of magnetite particles
by a new route combining heat treatment and mechanical
milling to produce polycrystalline and
nanocrystalline/nanosized states. It was investigated the
influence of the synthesis conditions to the structural and
magnetic characteristics and particles size.

2. Experimental

A stoichiometric mixture of hematite - Fe,O3 (Alpha
Aesar) and iron - Fe (H6ganas) powders was used for the
synthesis of Fe;O4. The Fe,Os; and Fe mixture has been
homogenized in a turbula type apparatus for 15 minutes.
This obtained blend has been subjected to the annealing in
a tubular furnace in argon at 600 °C for 10 hours. For the
mechanical milling procedure a high energy planetary ball
mill (Fritsch, Pulverisette 6) was used. The milling process
was carried out in air using a vial of 250 ml volume and
balls with the diameter of 14 mm. The milling times were
chosen as follow: 1, 3, 5, 15, 30, 60, 120, 180 and 240
minutes. A balls to powder mass ratio of 20:1 was chosen.
The milling was performed at 300 rpm. The structural
investigations were made by X-ray diffraction technique.
A Siemens D5000 diffractometer which operates in
reflection with CoKao radiation was used for the X-ray
diffraction. The X-ray diffraction patterns were recorded
in an angular range of 2theta=20-100°. The mean
crystallites size and the lattice strain were calculated by
X’Pert HighScore software. The lattice parameter was
calculated using Celref program. The magnetisation curves
were recorded at 300 K using the extraction sample
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method in a continuous magnetic field of up to 10 T. The
saturation magnetisation values were obtained from the
law of approach to saturation:

M=M; (1-2-2) 441 @)

The particle size distribution, specific surface and d,
parameters determinations were performed by a Laser
Particle Size Analyser (Fritsch Analysette 22 — Nanotec).
The d, diameter represents the particles size diameter for
which n% volume percent of particles are smaller than d,.
The apparatus has an analysis range of 10 nm to 2000 pm.
Prior to this lase particles analysis, the samples were
subjected to the dis-agglomeration in ultrasonic bath.

3. Results and discussion

Fig. 1 presents the comparison of X-ray diffraction
patterns of the un-milled and milled magnetite samples. In
the diffraction pattern of the un-milled sample are noticed
the peaks of magnetite, Fe;O,4, cubic spinel structure, thus
indicating the formation of this phase by annealing of the
stoichiometric mixture of Fe and Fe,O; [19]. It can be
remarked that the magnetite presents some FeO - wistite
and Fe impurities, some peaks of these phases are also
noticed in the diffraction pattern of un-milled sample.
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Fig. 1. X-ray diffraction patterns of the magnetite un-
milled and milled for 1, 3, 5, 15, 30, 60, 120, 180 and
240 minutes samples.

The mechanical milling up to 30 minutes leads to the
preservation of Fe;O4 phase (alongside of impurities), no
new peaks can be observed. After 30 minutes of milling
the most intense peak of a-Fe,Oj is detected (at about
38.7°). This is assigned to some powder oxidation during
milling in air. It worth to be mentioned that the formation
of some maghemite (y-Fe,O3) cannot be excluded. This is
difficult to be evidenced by X-ray diffraction due to the
crystallographic isomorphism with magnetite. The amount
of hematite increases by increasing the milling time up to

240 minutes as indicated by the increase of the Bragg
peaks. Increasing the milling time leads the broadening of
the peaks as a result of the crystallite size decrease and the
internal stress induced by mechanical milling.

The evolution of the mean crystallite size and lattice
strain versus milling time is shown in Fig. 2. It can be
noticed that the crystallite size is reduced down to 90 nm
for only 5 minutes of milling. For the un-milled sample
was impossible to determine the mean crystallite size by
the same method due to the too large size of the crystallite.
The mean particles size measured by laser particles size
analyser is at 2.7 pm. Such particles have crystallite in
micrometers range and then, in only 5 minutes the
crystallites size presents an efficient decrease. After 15
minutes of milling the magnetite crystallites are at about
14 nm and continuously refine up to 6 nm by increasing
the milling time up to 240 minutes. The lattice strain
continuously increases upon increasing the milling time.
The lattice strain doubled during milling of the sample
from 15 minutes to 240 minutes. The refinement of the
crystalline size and the increase of the lattice strain are
typically of that reported for milled ferrite [20, 21].
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Fig. 2. Evolution of the mean crystallite size and
lattice strain versus milling time.

Fig. 3 shows the evolution of the dyy, dso and dgg
parameters of the magnetite particles as a function of
milling time. In the first minutes of milling (up to 3
minutes) the djo, dsg and dgg parameters of magnetite
particles present a large decrease. The dy is at 800 nm, dsg
at 1.8 um and dgy at 7.8 pm. The decrease of these
parameters indicates the predominance of the
fragmentation process in this first stage of milling. After 3
minutes of milling and up to for 15 minutes of milling it is
remarkable increase of the dgy parameter is observed (up to
23.7 um) suggesting the predominance of the cold welding
processes. In the mean time the d;o and dso have a slight
increase up to 900 nm and 0.9 um respectively. The cold
welding process tend to become predominate after 3
minutes of milling. The dsq increase continuously up to
120 minutes of milling and dgy parameter has a slight
variation at this milling time suggesting the predominance
of the cold welding processes. The d;, parameter is almost
constant up to the end of the milling process. The ds, and
dgo are also constant by increasing the milling time from
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120 up to 240 minutes of milling. The constancy of all
these three parameters is due to the reaching of a quasi-
equilibrium between fragmentation and cold welding
process [22].

The evolution of the specific surface area of the
particles and of the amount of the nanosized particles with
diameter smaller than 500 nm is presented in Fig. 4. Both
have similar evolution. As it was expected from the
evolution of the dyo, dsg and dgy parameters during the first
minutes of milling, the specific surface increases. Also, in
the same milling period it increases the amount of particles
with the diameter smaller than 500 nm. The percentage of
nanosized particles and the specific surface decrease
during the dominance of cold welding process up to 15
minutes of milling. Indeed, the cold welding can lead to
the decrease of the specific surface. The specific surface
exhibit another increase with increase of the milling from
15 to 30 minutes. In this milling, the dsg and dgy do not
suffer significant changes, but the amount of the nanosized
particles significantly increases and also the diy slightly
increases. This increase is assigned to the change of the
amount of the nanosized particles and the diminution of
other fine particles (dyo decrease). The decrease of the
specific surface is in good correlation with the evolution of
the dyg, dso and dgy parameters and nanosized particles
evolution. One can observe that the significant increase of
the amount of the nanosized particles (from 4.1 up to 7.5
%) goes together with and a slight diminution of the dso
and dgy parameter leads to an increase of the specific
surface.

é 30 (;O JO 1;0 1;0 1é0 2;0 2;0
Milling time (minutes)
Fig. 3. Evolution of the dyq, dso and dgy parameters
of the magnetite particles versus milling time.
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Fig. 4. Evolution of the specific surface area of the particles
and the amount of particles with diameter smaller than 500 nm.

One can remark that in the case of the particles
subjected to mechanical milling the d, parameters and the
amount of nanometric particles may be underestimated.
This may originate from the incomplete separation of the
bonded particles during the ultrasonic bath separation
procedure. Therefore, taken into account the fragile
character of the ferrite and the incomplete separation
during the ultrasonic procedure one can assumes that the
particles are formed by multiple particles that are bonded
[21]. The large particles can have nanoparticles bonded on
the surface and also the very fine particles should consist
in bonded nanoparticles.
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Fig. 5. a) Magnetite particles magnetisation curves

recorded at 300 K b) magnetisation versus 1/H? plots

deriving from the room temperature magnetisation

curves and c) evolution of the saturation magnetisation
versus milling time.
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The formation of the hematite phase for prolonged
milling time, proved by X-ray diffraction, can be
explained by the large particles specific surface area that
can have a lot of atmospheric oxygen adsorbed and by the
influence of the mechanical absorbed energy favouring
oxidation.

The magnetisation curves of the magnetite particles
recorded at 300 K are shown in Fig. 5. In the same figure
are presented the magnetisation versus 1/H? plots deriving
from the 300 K magnetisation curves and the evolution of
the saturation magnetisation as a function of milling time.
The curve of the un-milled sample is typical for the
ferromagnetic/733erromagnetic material. The magnetite
obtained in equilibrium conditions is in 733erromagnetic
state with the cations Fe?* located in octahedral sites and
Fe®* cations equal distributed between tetrahedral and
octahedral sites [6]. The magnetisation curves present
similar shape and closed value up to 15 minutes of milling.
For this short milling time, the milling process does not
affect significant the magnetic structure. The
magnetisation decrease is less than 2.2 % (from 107.5 to
105.2 A-m%kg). The saturation magnetisation of the
samples present a significant decrease by increasing the
milling time from 15 to 30 minutes and a large decrease
upon further increasing the milling time up to 240
minutes. After 240 minutes of milling the saturation
magnetisation reaches 84.9 A-m?/kg. This value represents
only 79 % of the value of the un-milled sample. The
decrease of the magnetisation is assigned to the internal
stresses and spin canted effect induced during milling into
the material and also to the other structural defects. In the
first magnetisation curves one can observe a tendency of
the magnetisation to become un-saturated with increasing
of the milling time. Indeed, the magnetisation increases
linearly by increasing the magnetic field. This behaviour is
typical for the milled samples that present spin canted [20,
21, 23]. During mechanical milling the magnetic spins that
are located on the particles surface become canted. The
large spin canted effect arises for the large specific surface
and the existence of the large number of nanoparticles.
The magnetic moments are consequently more and more
difficult to be orient for long the milling time.

4. Conclusions

The nanocrystalline/nanosized magnetite — Fe;04
particles have been synthesized by a new annealing —
mechanical milling combined route. As precursors for
magnetite pure and low cost materials of iron and hematite
have been used. Very short milling times are favourable to
produce nanocrystalline/nanosized magnetite particles. A
milling time of 15 minutes is enough to decrease the
crystallite size from micrometers down to 14 nm.
Prolonged milling times induce some oxidation process
leading to the formation of hematite — Fe,O3. The amounts
of nanometric particles and of specific surface increase by
a factor two in the first 5 minutes of milling. The
magnetisation exhibits slight change in the first 15 minutes
of milling, but is diminish continuously by increasing the
milling time up to 240 minutes and tends to become
unsaturated as a result of spin canted effect. The annealing
procedure needs to be improved in order to increase the
purity of the as obtained magnetite. A synthesis route

involving annealing-short time mechanical milling is
found to be useful for the synthesis of
nanocrystalline/nanosized magnetite.
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