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aUniversidad del Valle, A.A. 25360, Cali, Colombia,

e-mail: ligia.zamora@correo.univalle.edu.co
bInstituto de Ciencia de Materiales de Madrid,
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XRD diffraction, Mössbauer spectrometry and magnetization were carried out on samples of the Fe59.5Al25.5Si15 system, synthesized by
mechanical alloying in a high energy ball milling (during 12, 24, 36, 54 and 60 h). All the prepared samples present the BCC structure, with
lattice parameter 2.92̊A. The crystallite size decreases from 23.1 to 8 nm with milling time. On the other hand, the fit of the Mössbauer
spectra reveals that, all the samples present a paramagnetic and ferromagnetic contributions. A relationship between the mean hyperfine field
and the saturation magnetization was found, the change in the ferromagnetism of the samples is associated with a disorder effect. At 36 h of
milling a good soft magnetic behavior is obtained, with a coercive field of 15 Oe and with a maximum mean hyperfine field and saturation
magnetization of 18 T and 94 emu/g, respectively.

Keywords: Mössbauer; FeAlSi alloys; soft magnetic behavior.

El sistema Fe59.5Al25.5Si15 producidas por aleamiento mecánico durante 12, 24, 36, 54 y 60 horas fue estudiado por las técnicas de difracción
de rayos X, espectrometrı́a Mössbauer y magnetización, las. Todas las muestras presentaron estructuras BCC, con un parámetro de red
aproximado 2.92̊A. El tamãno de cristalito disminuye desde 23 a 8 nm con el tiempo de molienda. Por otro lado, el ajuste de los espectros
Mössbauer revela que todas las muestras presentan contribuciones paramagnéticas y ferromagńeticas. Se evidenció una relacíon entre el
campo hiperfino medio y la magnetización de saturación, el cambio en el ferromagnetismo de la muestra se asocia con efectos de desorden.
El mejor comportamiento magnético blando se encontró a 36 horas con un campo coercitivo de 15 Oe, con un campo hiperfino medio de 18
T y una magnetización de saturación de 94 emu/g.

Descriptores: Mössbauer; aleaciones FeAlSi; comportamiento magnético blando.

PACS: 51.60.a

1. Introduction

Many researchers have been attracted by Fe–Si alloys due
to their excellent behavior as soft magnetic materials [1,2,3].
The addition of proper amounts of Si to Fe, not only results
in detriment of magnetic anisotropy and coercive force but
also increment of electrical resistivity and thereby, reduction
of eddy current losses [4].

Different researches in nanocrystalline FeSiAl alloy pow-
ders, produced by high-energy planetary ball milling start-
ing from elemental powders, have shown that they present
good magnetic properties [6,7,8,9]. In our earlier study [10]
of the alloys series (Fe70Al30)100 xSix with x=0, 5, 10 and
20, we showed that introducing Si into the system produces a
magnetic dilution and decreases the saturation magnetization
values. The aim of this work is to study the structural and
magnetic properties in samples of the Fe59.5Al25.5Si15 sys-
tem, obtained using mechanical alloying (MA) with different
milling times12, 24, 36, 54 and 60 hours.

2. Experimental procedure

Elemental powders of Fe, Al and Si (with purity> 99%),
were mechanically alloyed in a high-energy planetary ball

mill (Fritsch Pulverisette 7). All the samples were milled
under the same milling conditions, with a 15:1 ball mass to
powder mass ratio, the speed used was 280 rpm, with a pres-
sure of 4.5×10−2 mbar. The XRD patterns of the samples
were performed at room temperature (RT) using the Cu/Ka
radiation. The structure of the samples, their lattice param-
eters and the crystallite sizes were determined by the re-
finement with the Rietveld method, using the MAUD pro-
gram [11]. Transmission M̈ossbauer spectra (MS) were col-
lected by using a conventional M̈ossbauer spectrometer at RT
with a 25 mCiγ-source of57Co/Rh. Direct current magnetic
hysteresis loops were collected using a vibrating sample mag-
netometer (VSM) at room temperature.

3. Results and discussion

The typical X-ray diffraction patterns (Fig. 1a) for samples
obtained by MA show the (110) and (200) reflections which
are typical of a BCC phase. The alloys present higher lattice
parameter than in pure Fe (a = 2.86Å), and this is due to the
substitution of Fe by Al or Si atoms into the Fe matrix. A
lattice parameter of 2.920±0.005Å was determined for the
milled samples with no systematic variations with the milling
time, as shown in Fig. 1b.
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FIGURE 1. XRD diffraction patterns of samples for 12 hours of
milling; and b) lattice parameter and c) crystallite size vs. milling
time.

Figure 1c shows that during MA the crystallite size de-
creases from 23 to 8 nm while the milling time increases. In
according to these results it can be conclude that the system
presents a nanocrystalline structure.

Figure 2 shows the M̈ossbauer spectra with their cor-
responding hyperfine magnetic field distribution from the
Fe59.5Al25.5Si15 samples. It was necessary a paramagnetic
component and one hyperfine magnetic field distribution
(HMFD) to obtain the best fit of the spectra. S. Gialanella
et al. [12], reported that when the paramagnetic and or-
dered Fe60Al40 alloy is submitted to a grinding process, its
magnetic behavior changes and it behaves as ferromagnetic.
While the milling time increases the magnetic behavior in-
creases, as a consequence of the growth of the disorder in-
duced by the milling.

Figure 3 shows a typical hysteresis loop of the samples.
The saturation magnetization, obtained from the hysteresis
loops, and the mean hyperfine field (BHF), obtained from the

FIGURE 2. a) Mössbauer spectra and b) corresponding HMFD of
the system.

FIGURE 3. Magnetic hysteresis loop for 36 H of milling time.

fit of the Mössbauer spectra, as a function of the milling time,
are presented in Fig. 4. It can be seen that both present a sim-
ilar behavior: they increase from 12 h to 36 hours, and after
this time of milling a reduction is observed. The continuous
lines shown on the figure is a guide for the eyes.

S. Gialanellaet al., [12], showed that in milled Fe60Al40
alloy while disorder increases into the system, the ferromag-
netic character increases and the long range parameter S de-
creases. They concluded that the average hyperfine field also
increases linearly with decreasing S.

Taking into account that this parameter is obtained by X-
ray, we analyzed the behavior of the intensity of the (110)
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FIGURE 4. Mean hyperfine magnetic field BHF, saturation magne-
tization (Ms) and (100 intensity) of the milled samples Vs. milling
time.

line of the samples [13], produces an approximate estimate of
S. It was shown that there is a relationship between this value
and the magnetic parameters (BHF and MS). The results show
that the sample milled during 60 hours is that which presents
the biggest paramagnetic contribution and the biggest inten-
sity of the (110) line and them the smallest magnetic behav-
ior. In this way it was shown that there is a relationship be-
tween the calculated intensity of this line in the other samples
and the magnetic parameters (BHF and MS), as illustrated in
Fig. 4. Our S has a same behavior reported by Gianella [12]

then according with this, we associate the presence of ferro-
magnetism in the system due to disorder phenomena.

The coercive fields (Hc) obtained from the hysteresis
loops, do not present a systematic variation with the milling
time, and the obtained values are lower than 27 Oe, evidenc-
ing a soft magnetic behavior. The best soft magnetic proper-
ties were observed in the alloy milled during 36 hours, since
it exhibits a highest magnetization (94 emu/g) and a lowest
coercive field (15 Oe), at room temperature.

We have showed a dependence of the magnetic properties
of the Fe59.5Al25.5Si15

system due to disorder induced by mechanically alloyed
of the samples. A first increase of BHF and Ms is observed
with the milling time, reaching a maximum at 36 h, and then
decrease for longer milling times.

4. Conclusions

By using mechanical alloying, Fe59.5Al22.5Si15 samples
were prepared with different milling times. The magnetic
properties change when the milling time changes. A rela-
tionship between the mean hyperfine field and the saturation
magnetization was found, the change in the ferromagnetism
of the samples is associated with a disorder effect. At 36 h of
milling a good soft magnetic behavior is obtained.
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(2006) 313.

11. L. Lutterotti and P. Scardi,J. Appl. Crystallogr.23 (1990) 246.

12. S. Gialanella, X. Amils, M. D. Baŕo , P. DelaRoix, G. Le
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