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a b s t r a c t

The effect of high energy ball milling on the hematite for milling periods of times ranging from 1 to 48 h
was investigated by Rietveld analysis based on XRD patterns and Mössbauer spectroscopy. An expansion
of the unit cell parameters was observed. Both Scherrer method and Rietveld analysis show an evident
decrease of the grain size with the increase of the milling time. Moreover, some dependence of the lattice
parameters on the grain size was observed. Mössbauer spectroscopy measurements reveal that there
are two kinds of particles which co-exist in the sample: nanostructured and micrometric hematite. The
magnetic hyperfine field is affected by the grain size.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, nanoparticle systems have attracted increasing
ttention due to their immense technological applications [1,2].
any nanoparticle systems have been investigated particularly

he magnetic nanoparticles in the field of nanoscience and nan-
technology, because of the unique and novel physico-chemical
roperties that can be attained according to their size, morphol-
gy and engineering form [3–5]. Hematite nanoparticles (�-Fe2O3)
ave potential applications into many areas such as magnetism,
atalysis, electrochemistry, and biotechnology. Several groups have
een interested by the mechanical alloying of hematite [6–9]. Zduji
t al. [16] studied the mechanochemical treatment of �-Fe2O3 pow-
er in air and oxygen atmospheres using a conventional planetary
all mill. They observed that �-Fe2O3 completely transforms to
e3O4, and for prolonged milling to the Fe1−xO phase, either in air
r oxygen atmosphere. The transformation of �-Fe2O3 to Fe3O4

n wet-milling �-Fe2O3 under low milling energy conditions in
acuum was investigated by Campbell et al. [15]. Randrianantoan-
ro et al. [6] studied the phase transformation from hematite to
aghemite during high energy ball milling in ethanol. They show
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that maghemite (�-Fe2O3) can be directly produced from hematite
(�-Fe2O3) after 48 h milling time. Recently, we studied the syn-
thesis and structural characterization of hematite nanoparticles
produced by dry mechanical alloying [11,17].

In this report, the effect of ball milling time on the hematite
was investigated. Structure (phase formation) and microstructural
parameters (crystallite size) evolution were analysed by means of
Rietveld analysis. Magnetic properties were measured and anal-
ysed by means of Mössbauer spectroscopy measurements.

2. Experimental

Commercial �-Fe2O3 powder was used as the starting material. The mechanical
milling was carried out in a planetary ball mill Fritsch Pulverisette 6. The powder
was ground in vial with 200 g of mixture 1:1 in weight of stainless steel balls (10 and
15 mm in diameter). Different milling times were used (1, 6, 12, 24 and 48 h) and the
sample to balls weight ratio was fixed to 1:10 and the milling intensity was fixed
to 250 rpm. X-ray diffraction (XRD) measurements were performed using Shimadzu
diffractometer (�–2�) by using Cu-K� radiation (� = 1.5418 Å). Qualitative and quan-
titative analyses were carried by the Rietveld method using Rietan’s programme
[12]. Both refined lattice parameters and the crystallite size were reported.

The crystalline size was also calculated using Schererrer formula:
D = K�

B cos �
(1)

In this case, the peak width B (in rad) was determined as full width at half-
maximum (FWHM) by a Gaussian fitting.

57Fe Mössbauer spectroscopy provided relevant information concerning the
valence state of iron atoms and magnetic hyperfine characteristic of iron oxide
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ig. 1. An example of pattern fitting using Rietveled refinements. The net difference
etween the observed and measured profile is given on the bottom of the plot.

hases present in the obtained nanoparticles. Mössbauer spectra are recorded at
oom temperature in the standard transmission geometry, using a constant accelera-
ion signal spectrometer with Co57 source diffused into a rhodium matrix. Hyperfine
nteraction parameters were derived from the Mössbauer spectra using a least-
quares method. Isomer shifts are referred to �-Fe at room temperature.

. Results and discussion

XRD characterization of the samples was described in our pre-
ious work [11,17], but brief description is reported here. All Bragg
eaks of the XRD patterns showed only the hematite reflections,

ndicating that there is no change of the main phase, hematite
-Fe2O3, during the milling. With increasing the milling time,

he diffraction peaks became broader and their relative inten-
ity decreases due the particle size reduction and accumulation
f strains and defects during the milling process. Qualitative and
uantitative phase analyses using the Rietveld method have been
erformed based on the XRD patterns. An example of pattern fit-
ing after refinements is shown in Fig. 1. During the refinements,

he zero shift and the instrumental parameters were determined
sing a standard (Si 640 b) and then fixed during the refinement
f all the samples. There are several parameters for the evaluation
f pattern fitness. One of the common parameters is the goodness-
f-fit indicator S, which is defined by: S = Rwp/Re, where Rwp and

ig. 2. Comparison of the evolution of the crystallite size between the Rietveld
nalysis and Scherrer’s method with milling time.
Fig. 3. Evolution of the fractional unit cell parameters (a and c) for different milling
times.

Re, are respectively the R-weighted and the R-expected patterns
[13]. Table 1 presents the results of the Rietveld refinements for
the samples as function of the milling time. It can be seen that
the lattices parameters increase for longer milling times, while the
crystallite size decreases. Similar behavior has been reported by
several groups where a clear reduction of the grain size for longer
milling times has been observed [9,10,14]. The decrease of the crys-
tallite size with increasing the milling time has been also confirmed
by Sherrer’s formula (Table 1) but the crystallite sizes obtained by
Scherrer’s formula are slightly higher than those obtained earlier
by the Rietveld analysis (Fig. 2). This difference may be due to the
fact that the effect of the internal strain is not considered in Scher-
rer model, where the peak shape is fitted with a Gaussian only.
However, in the Rietveld method, the peaks shape profile is fitted
using a Voight function, which is a combination of both Gaussian
(crystallite size) and a Lorentzian (microstrain) functions.

Fig. 3 shows the fractional variation of unit cell parameters:

�a

a0
= a − a0

a0
(2)

and

�c c − c0
c0
=

c0
(3)

where a0 and c0 are the unit cell parameters for the non-milled sam-
ple, whereas a and c are the unit cell parameters of the hematite
during milling [10,14]. It is shown from Fig. 3 that the quanti-

Fig. 4. Fractional variation of the lattice parameter a versus the inverse of the aver-
age grain size D.
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Table 1
Rietveld analysis refinements results and crystallite size estimated using Scherrer’s method for various milling times.

Milling time (h) Rietveld analysis Scherrer’s method

Lattice parameter a (Å) Lattice parameter c (Å) Crystallite size (nm) Crystallite size (nm)

0 5.0328 13.7447 77 82
6 5.0357 13.7698 11 14

12 5.0410 13.7795 9 12
24 5.0421 13.7826 7 9
48 5.0426 13.7898 7 7
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also noticed that the Bhyp of the new component decrease (Fig. 7a)
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ig. 5. Fractional variation of the lattice parameter c versus the inverse of the aver-
ge grain size D.

ies �a/a0 and �c/c0 are both positive for all milled samples and
ncrease with increasing the milling time, indicating the presence of
n anisotropic lattice expansion. Others groups obtained the same
esults for the hematite milled under air and in ethanol [10,14].

Figs. 4 and 5 show the evolution of the fractional variation of
nit cell parameters with the inverse of the average calculated
rystallite size. It is clear that there is some dependence of the
attice parameters and the crystallite size. The unit cell increases
s the crystallite size decreases. Stewart et al. [14] found that for
hort milling time, the lattice parameters of the hematite increase
ith the decrease of the size of the particles. However, they have

uestioned about the possibility to observe the same behavior at
rolonged milling time. According to the results reported here, sim-

lar results, i.e., crystallize size reduction for longer milling time, are
bserved (Fig. 2).

Fig. 6 shows the room-temperature transmission Mössbauer
pectra of the samples obtained for different milling times. Table 2
ives the results of the spectra fitting. The spectrum for the non-
illed sample was adjusted by introducing only one sextet with
yperfine field (Bhyp) of 51.3 T, quadrupolar shift of −0.2 mm/s and
somershift of 0.37 mm/s relative to �-Fe. From these values, we
onclude that the initial powder consists only of �-Fe2O3 crystalline
hase. When the milling time increases, the spectra exhibit some

able 2
esults of the Mössbauer analysis spectra fitting for various milling times.

Milling times (h) First sextet

Bhyp (kOe) IS (mm/s) Relative are

0 513.4 0.36 100
1 515.8 0.36 100
6 512.2 0.37 48

12 504.5 0.37 52
24 502.2 0.36 52
48 492.2 0.37 40
Fig. 6. Mössbauer spectra at room temperature for different milling times.

line broadening and the intensity of the initial lines decreases. The
best fit was obtained by considering a new sextet. The new compo-
nent might be attributed to the hematite nanoparticles and the first
sextet is associated to the micrometric hematite. It can be seen that
the decrease of the relative abundance of the micrometric compo-
nent (first sextet) with milling times is accompanied by the increase
of the nanometric component (second sextet). The increase of the
new component is in accordance with the hypothesis that the dis-
ordered regions become apparent as the grain size reduces [14]. It is
while the Bhyp of the other sextet approaches always at the value
of the bulk hematite (Fig. 7b).

This result can be explained by the dynamic effects. Small grains
produced upon applying prolonged milling are basically single

Second sextet

a (%) Bhyp (kOe) IS (mm/s) Relative area (%)

– – 0
– – 0

475.7 0.382 52
452.7 0.4 48
447.7 0.34 48
444 0.37 60
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ig. 7. Evolution of the hyperfine field with the milling time for the hematite phase
a) nanometric and (b) micrometric.

rystals and single magnetic domains. The magnetic interaction
etween such particles is weak even for tightly pressed powder as
agnetic domains remain antiferromagnetic (or very weakly fer-

omagnetic below Morin transition). Hence, the relaxation of the
omain magnetization can occur even at room temperature. Such
rocess leads to the reduction of the magnetic dipole interaction
etween nucleus and the electronic shell and produces significant

ine broadening, the latter depending on the particular hyperfine
ine. Strong compaction of the powder prevents observation of the
ompletely collapsed magnetic hyperfine structure easily seen for
ematite particles really dispersed in the non-magnetic carrier. In
ddition, the dynamic effect hypothesis seems supported by the
onstancy of the overall shift (isomer shift) versus milling time.
t means that the electron density on the iron nucleus remains
lmost unchanged during milling. On the other hand mixed state is
bserved around mixed state is observed around Morin transition,
.e., regions of either antiferromagnetic order or with the canted
tructure, as the Morin transition is driven by defects. One can
ary Morin transition temperature applying pressure or external
eld. Usually Morin transition temperature is lowered by extensive
efects, i.e., for nanoparticles.
The results reported here are in good agreement with those
eported in the literature [6,9,14]. Sancheza et al. [10] obtained
nly nanoparticles and micorparticles of �-Fe2O3 by performing
illing in ethanol. When milling under air, the authors detected
new phase (maghmite). The difference with the results reported

[

[
[

[
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here may be explained by the experimental procedure and milling
conditions. In the experimental conditions reported in this work,
the bowls were closed during the milling, while in their experi-
ments; the bowls were opened after every hour of milling. More
importantly, their experimental conditions are somehow differ-
ent compared to the conditions reported in this work: type of
miller pulverisette P5 (P6); milling speed 390 rpm (250 rpm);
balls/powder ratio 1:20 (1:10). Therefore, the phase transforma-
tion, hematite–maghmite occurs, as reported by the authors [10],
due to the high milling intensity, the values of both milling speed
and balls/powder ratio are much higher than the values reported
in this work.

In order to clarify some points, such as how to distinguish
between the two components, the Morin temperature evolution
with milling time; Mössbauer measurements either at lower tem-
perature or in the external field will be conducted.

4. Conclusion

The crystallite size decreases with increasing the milling to
reach a nanometric size after 48 h of milling. The fractional vari-
ation of the unit cell parameters increases with the milling time,
indicating the presence of an anisotropic lattice expansion. This
anisotropic lattice dilation is correlated to both the decrease of the
grain size and the increment of the structural disorder.

Mössbauer spectra show the existence of two components for
the milled samples, one attributed to the nanocrystalline hematite
and the second to micrometric hematite. The magnetic hypefine
field and the relative abundances of each component are affected
by the grain size.
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