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The synthesis of magnetite has been studied by mechanical alloying in an inert atmosphere
of a stoichiometric mixture of micrometric particle size iron and hematite powders. The
final products have been characterised by chemical analysis, SEM, TEM, XRD, Mossbauer
spectroscopy as well as specific surface and magnetic measurements. The magnetite
obtained in this way exhibits a high magnetic hardness. The formation of a wistite layer on
the magnetite core, because of the reaction between magnetite and iron contamination
coming from the bowls and grinding balls, tends to decrease the coercive force of
magnetite. The formation of this phase would be avoided by controlling the grinding time.
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1. Introduction
Synthetic magnetite has been extensively used in dif-
ferent industrial processes [1]. Magnetite is one of the
major synthetic iron oxide pigments and it has been
used to produce printing colours and the magnetic inks
used in photocopying and facsimile machines. It’s low
cost, high stability, chemical properties and capabil-
ity to withstand a high level of impurities without be-
ing poisoned make it one of the principal iron oxides
used in catalysis of industrial reactions. Owing to their
hardness, magnetite has been used as abrasives and
polishing agents. Magnetite has been also used as the
dense medium in mineral separation processes. This
material is used as precursor of maghemite, a mag-
netic compound of great technological importance in
ferrofluids, and as raw material for manufacturing cat-
alyst and magnetic recording supports [2—4]. Recently,
there has been considerable interest in magneto-optic
devices that combine magnetic and optical phenomena
[5]. This application demands iron oxide with particle
sizes lower than 10 nm. On the other hand, magnetic
nanostructured materials are characterised by new and
unexpected magnetic properties [6, 7], such as an un-
usual increment of the remanence or coercivity.
Because of their importance in magnetic materials
technology, preparation and properties of iron oxides
have been the subject of numerous studies [5, 8§-21].
Many of these studies have used mechanical attrition to
obtain different iron systems [9-14]. Mechanical attri-
tion has attracted increasing interest in recent years [22]
to make nanocrystalline, amorphous and metastable

00222461 © 2004 Kluwer Academic Publishers

materials because of its simplicity, the relatively in-
expensive equipment needed and the applicability to
essentially all classes of materials [23-28]. Nanostruc-
tured materials are characterised by structural domain
size of the order of a few nanometers in at least one
dimension and for at least one component of the sam-
ple. These materials have a significant atom fraction
associated with interfacial environments. As a result,
their properties can be different from and often supe-
rior to, those of conventional materials with phase or
grain structures on a coarser size scale [6]. In the case
of iron systems, high-energy ball milling has been re-
cently used for the production of Fe;O4/Fe magnetic
nanocomposites with high values of coercivity [10, 14].

The scope of this work is to study the mechanical
attrition of a stoichiometric mixture of hematite and
iron under inert atmosphere. The results of the milled
powder characterisation have also been reported. Their
magnetic properties were studied in a previews paper

[19].

2. Experimental

Metallic iron (<10 pum, 99.9+ %) and hematite (1 pm,
99+ %) powders supplied by Aldrich® have been used
as starting materials. Samples of 5 g were prepared
by mixing iron and hematite powders according to the
stoichiometric proportions of the following reaction:

4Fe, 03 + Fe — 3Fe;04 (1)
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The milling process was carried out in a high-energy
planetary ball mill Fritsch®, model Pulverissette 7,
equipped with steel vials with 45 cc capacity containing
7 steel balls, 15 mm in diameter. The mill is equipped
with a rotating valve that allows it to operate in per-
manent connection to a gas cylinder. A pressure trans-
ducer attached to the valve permits work at any constant
pressure selected by the user in the range from 1 to 10
bar. Two funnels close to the grinding vials were used
for cooling the sample all over the grinding process. A
steady-temperature lower than 50°C was reached after
about 30 min of grinding and was maintained for higher
grinding times.

The samples were ground under nitrogen atmo-
sphere in order to avoid oxidation. For this purpose,
the air initially contained in the grinding jar was out-
gassed before filling with nitrogen. The nitrogen pres-
sure was maintained at a constant value of 2 bars in
order to prevent the entrance of gas from the atmo-
sphere. A rotation speed equal to 830 r.p.m. and a
ball to powder weight ratio close to 18 were used.
The iron-hematite mixture samples were ground un-
der these conditions from 30 min to almost 5 h.
The sample description and labelling is summarised
in Table I.

X-ray diffraction (XRD) analysis of the milled sam-
ples was performed with a Siemens D-501 diffrac-
tometer, equipped with a graphite monochromator and
a fixed slit, using CuK, radiation. The size of the
coherently diffracting domains (D) of the hematite
and magnetite particles has been determined from
the analysis of the (104) and (220) profiles, respec-
tively. X-ray methods are statistically justified as XRD
peaks average diffraction effects from a large number
of individual size particles [29]. Two different meth-
ods have been used, i.e., Scherrer [30] and the vari-
ance [31]. Scherrer method gives maximum crystal-
lite size values. The variance procedure allows the
simultaneous determination of both the crystallite size
(D) and the root-mean square ({¢2)!/?) of the mi-
crostrains. It is well known that “D” values given by
this last method are lower than the ones calculated
from Scherrer method although they follow the same
trend.

>7Fe Mossbauer spectra were recorded at room tem-
perature in transmission geometry by using a source of
Co in a Cr matrix moving in constant acceleration
regime. Isomer shifts were referred to @-Fe. During the

TABLE I Sample description and labelling

Sample label ~ Sample description

MO0-00 Starting mixture of iron and hematite raw materials
according to the stoichiometric proportion given by
Equation 1.

MO0-32 Magnetic powder produced by ball milling of sample
MO0-00 during 32 min (nitrogen atmosphere at a pres-
sure of 2 bar)

MI1-10 Same as M0-32, milling time 1 h 10 min

M1-47 Same as M0-32, milling time 1 h 47 min

M3-09 Same as M0-32, milling time 3 h 09 min

M4-50 Same as M0-32, milling time 4 h 50 min
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fitting procedure of the spectra the following quantities
were left free: the line widths and their distributions,
quadrupole splitting, isomer shift and hyperfine field.

The specific surface area was measured by the BET
method using a Adsorptmeter Micromeritics, model
2200. The apparent equivalent diameter of the parti-
cles can be estimated by assuming spherical symmetry
according to the following expression:

6. 3
dger = — 10 )
oS

dgpr being the diameter of the particle in nanometers;
p is the density of the solid expressed in g/cm?® (p’ =
5.20 g/cm? for magnetite ) and S represent the specific
surface given in m?/g.

Scanning (SEM) and transmission (TEM) elec-
tron microscopy were carried out in a Philips XL30
microscope and in a Philips CM200 microscope,
respectively.

The Fe(Il)/Fe(total) ratio in the milled samples was
determined by dissolving the sample in a diluted mix-
ture of H3PO,4 and H,SO,4 under nitrogen atmosphere.
Fe(0) is dissolved like Fe(IT) while Fe(IT) and Fe(III),
initially present in the solid sample, preserve their
oxidation states under these experimental conditions.
The resulting Fe(I) was determined by titration with
KMnO, solution. The total iron was determined after
dissolution of the sample in dilute HCI by chelatomet-
ric titration. Thus, the Fe(II) figure determined from the
chemical analysis is accounting for the total amount of
Fe(II) + Fe(0).

The abrasive stripping voltammetry has been used
in addition for checking the presence of Fe(0) in the
cases that metallic iron was not detected by XRD. For
this purpose, samples were mechanically deposited on
the working electrode, a paraffin impregnated spectral
graphite rod. The electrode was used for voltamme-
try in three-electrode measuring system with platinum
plate as counter electrode and saturated calomel ref-
erence electrode. The solution of 0.5 M NaClO4 and
0.1 M HClO4 was used as supporting electrolyte. The
voltammograms were obtained by scanning from open
circuit potential towards negative potentials. The re-
ductive dissolution of iron oxides yielded well defined
cathodic peaks as described elsewhere [32-34]. In the
presence of metallic iron sharp anodic peaks were su-
perimposed on the cathodic peaks.

Magnetic measurements were made using a KLY-3
Kappabridge for the temperature dependence of mag-
netic susceptibility and a Princeton Vibrating Sample
Magnetometer (MicroMag™, Model 3900 VSM) for
the hysteresis loops.

3. Results and discussion

Fig. 1 shows the evolution of the X-ray diffractograms
for the Fe/a-Fe, O3 mixed samples during ball milling.
An important reduction of the hematite crystal size is
already observed in the sample M0-32 as shown by the
broadening of the corresponding X-ray lines. Further
milling still promotes this crystal size refinement at the



TABLE II Particle and crystal sizes of the starting raw material and ground samples

Hematite phase Magnetite phase

Djp4(nm) Dyp4(nm) Do (nm) D3y0(nm) SBET dBET
Sample (Scherrer) (Variance) (E)1/2 (Scherrer) (Variance) (E%) 172 (m?%/g) (um)
MO0-00 589 245 1.29 x 1073 - - - - -
MO0-32 129 45 410 x 1073 - - - - -
MI1-10 113 40 4.56 x 1073 65 - - - -
M1-47 118 43 425x 1073 77 25 736 x 1073 - -
M3-09 - - - 90 31 6.29 x 1073 <1 1.2
M4-50 - - - 86 27 6.91x 1073 3 0.4

]

(104) Hematite

(220) Magnetite ‘

M1-47

M1-10

M0-32

H(104)
H(110)

Figure 1 XRD diffraction diagrams of the ground samples.

time that produces the transformation of this phase into
magnetite. After 3 h 9 min milling (M3-9 sample) the
reaction (1) is nearly completed and the diffractogram
indicates that magnetite is the only phase present in this
sample. It is well known that XRD patterns of Fe;O4
and y-Fe,Os are very similar and it is difficult to distin-
guish between the two phases. However, the formation
of maghemite is not expected if we consider both that
the Fe;0O4 cannot be oxidized because we are work-
ing under a high pressure of pure nitrogen and that
the transformation of hematite to maghemite by ball
mill dry grinding does not take place [35, 36]. Further
milling does not seem to produce any change in the

composition and microstructure of the final product.
Table II shows the average crystal sizes of hematite
and magnetite phases determined from the X-ray anal-
ysis for the set of samples here prepared. The results
included in Table II show that the average size of the
hematite nanocrystals reported for the sample M0-32
only changes slightly by increasing the grinding time.
Moreover, the reaction between iron and the hematite
nanocrystals promotes the formation of nanocrystals
of magnetite with an average crystal size smaller than
that of the precursor hematite. The microstrain data of
the hematite and magnetite phases, also included in
Table 11, point out an inverse relationship between the
crystal size and the microstrains level. A similar rela-
tionship has been found for other materials subjected to
thermal or mechanical treatment [37]. This behaviour
could be explained [38] by assuming that the particles
are formed by small crystallites welded in a mosaic
structure and that the grain boundaries constitute the
main contribution to the microstrains. This assump-
tion is supported by the study of the SEM micrographs
reported for the samples M3-09 (Fig. 2a) and M4-50
(Fig. 2b). It can be observed that the particle sizes out-
lined from this figure are in the microns region and,
therefore, these sizes are considerably higher than the
corresponding sizes of the diffraction microdomains
reported in Table II. The TEM micrograph of sample
M3-09 (Fig. 2¢) shows that the average size of the crys-
tals in the aggregates is in the range calculated from
the XRD data. On the other hand, the comparison of
Fig. 2a and b suggests that the sample M3-09 has a
larger aggregate size than the sample M4-50. This fact
is in agreement with the data of specific area determined
for these samples and the corresponding particle sizes
estimated from Equation 1 included in Table II.
Maossbauer spectroscopy allows achieving a more ex-
haustive study of the composition of the milled sam-
ples than X-ray diffraction. At room temperature and
in a zero external magnetic field, the Mossbauer spec-
tra (MS) of magnetite and maghemite are different: the
Mossbauer spectrum of y-Fe,;O3 can be interpreted as
a unique sextet, whereas the Mdssbauer spectrum of
magnetite is commonly interpreted as a superposition
of two sextets [21]. Recorded MS have been included in
Fig. 3a. These spectra were fitted by computing several
sextets in addition to a doublet generally attributable to
the different phases that could be present in the sam-
ple. Fig. 3b shows the phase analysis extracted from
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Figure 2 (a), (b) SEM micrographs of samples M3-09 and M4-50, re-
spectively and (c) TEM micrograph of sample M3-09.
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the MS. The results included in Fig. 3 point out that the
reaction (1) is in progress in the sample M0-32, pro-
vided that its corresponding spectrum clearly shows
the presence of magnetite besides the metallic iron and
hematite used as raw materials. It is observed that the
area percentages of the iron and hematite Mossbauer
peaks decrease by increasing the grinding time and at
the time that the total contribution of the peaks assigned
to magnetite increases. Moreover, Fig. 3b shows that
neither hematite nor metallic iron were found in the
sample M3-09 what indicates that a full conversion has
been already reached. Thus, the percentage of the reac-
tants remains equal to zero if the grinding continues in
progress. The analysis of the MS of the samples M3-09
and M4-50 point out that non-stoichiometric magnetite
has been obtained. In these samples, the peaks corre-
sponding to Fe?* and Fe* in octahedral coordination
(B sites) are so broad that they cannot be fitted just with
one sextet. Thus, two sextets have been required for a
proper fitting of these broad Mossbauer peaks. This
broadening perhaps would be explained by consider-
ing that a large amount of lattice defects are generated
during the grinding process.

On the other hand, it is noteworthy to remark that a
doublet assigned to paramagnetic iron emerges in the
Mossbauer spectrum of the sample M1-10 and the con-
tribution of this phase to the composition of the sample
increases by increasing the milling time until reaching a
value close to 11% in the sample M4-50. The XRD and
Mossbauer data previously reported are not enough for
discerning the paramagnetic phase leading to the MS
doublet. Additional information would be required for
phase assignation of this doublet as it will be discussed
below.

The (Fe(0) + Fe>*)/Fe (total) ratios determined from
the chemical analysis of the samples are shown in Ta-
ble III together with their corresponding conversion
percentages calculated by bearing in mind that the start-
ing sample is constituted by a mixture of iron and
hematite according to the stoichiometric proportion
given by Equation 1. The magnetite conversions es-
timated from the percentage of hematite remaining in
the Mossbauer spectra of the ground samples are also
included in Table III. These values show a good agree-
ment with those obtained from the chemical analysis,

TABLE III Phase composition and coercive field (H.) of magnetite
obtained by mechanical alloying

(Fe(0) + Fe(ID) 2Conversion bConversion H,
Sample Fe(total) (c.a.) (%) (MS) (%) (mT)
MO0-32  0.26 67 50 19.4
M1-10 0.23 53 57 26.7
M1-47  0.29 80 83 31.9
M3-09 0.33 100 100 36.1
M4-50  0.40 Full conversion 100 35.0
+ Fe(II) excess

2Calculated from the ratio (Fe(0)+ Fe(Il))/Fe (total) determined by
chemical analysis (c.a.).

bDetermined from the hematite conversion as determined from
Mossbauer spectroscopy (MS).
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Figure 3 (a) Mossbauer spectra of the ground samples and (b) phase analysis (% = %Fe calculated on all Fe as relative spectral area).

with the only exception of the M0-32 sample. This be-
haviour could be explained by considering that the first
sample ground was the M0-32 sample. At the beginning
of the experiment the surfaces of both the grinding balls
and the bowl walls were not still covered by a protec-
tive layer of the ground material, this fact would lead
to an excess of iron because of a relative higher con-
tamination from the grinding media. It must be pointed
out that Fe(0) has not been found from the abrasive
stripping voltametry analysis of the samples M3-09 and
M4-50 in agreement with the Mdssbauer analysis re-
sults. Thus, the large excess of iron reported for the
sample M4-50 would be as Fe(Il). It is well known [1]
that the total amount of Fe(II) present in the magnetite
lattice is filling half of the octahedral sites (B sites).
Provided that all these positions of the spinel lattice
are occupied, an excess of Fe(II) cannot be accepted
without disrupting the structure of magnetite. Cornell
and Schwertmann have shown in a recent revision [1]
that magnetite with an excess of Fe(Il) has never been
reported in literature while non-stoichiometric Fe(I)
defective magnetite exhibiting an Fe(II)/Fe(total) ratio
lower than the value of 0.33, expected for a stoichio-
metric magnetite, are very common. Thus, the excess
of Fe(IT) here reported could be assigned to the forma-
tion of FeO (wiistite). A finely divided wiistite phase
that cannot be detected by XRD could account for the
paramagnetic component observed in the MS that reach
a value of 10.8% in the sample M4-50.

The above results allow us to propose that besides the
conversion of hematite and iron into magnetite accord-
ing Equation 1, a lateral reaction between the magnetite
and the iron contamination coming from the bowl and
balls seems to take place leading to the formation of

wiistite according to the following equation:

Fe;04 + Fe — 4FeO 3)
The synthesis of FeO by mechanical alloying accord-
ing to Equation 3 has been previously reported in the
literature [10, 13].

Itis noteworthy to remark that the magnetic hardness
of the magnetite obtained for the ground samples is con-
siderably higher than that expected for single-domain
(SD) magnetite [19]. The milled samples exhibit coer-
cive field, H;, of 19 to 36 mT as shown in Table III. For
comparison, the commonly accepted value for SD mag-
netite is 10 mT [39]. The results included in Table III
point out that the coercive field H, increases by increas-
ing the grinding time when we move from the sample
MO-32 to the M3-09 one. However, the sample M4-
50 undergoes a diminution of H. with regard to the
sample M3-09. The diminution of H, seems to be as-
sociated to the important increase of the contribution
of the paramagnetic phase, here ascribed to the forma-
tion of wiistite, to the overall phase composition of the
M4-50 sample as reported in Fig. 3b. The enhanced
magnetic hardness could be explained on the basis of
the nanostructure nature of the obtained powder and by
the presence of a surface layer with high concentration
of defects induced by the milling process.

4. Conclusions

Nanostructure magnetite with a high magnetic hard-
ness has been synthesized by mechanical alloying in an
inert atmosphere. The obtained samples exhibit coer-
cive magnetic force three times higher than that typical
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for single domain natural magnetite. The X-ray and
Mossbauer data suggest that the M4-50 sample is con-
stituted by a combination of non-oxidised magnetite
core with a highly wiistitised surface. The formation of
wiistite seems to reduce the coercive field of magnetite,
but its formation would be avoided by controlling the
grinding time.
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