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Abstract. The structural and the magnetic properties of nanocrystalline and amorphous
FessMnjgAlss alloys prepared by the mechanical alloying process are studied as functions of the
milling time varying from 1 hr to 48 hrs, Structural analyses based on X-ray diffraction (XRD) and
extended X-ray absorption fine structure spectroscopy (EXAFS) reveal that the alloying process
took place after 12-hr milling. Nanocrystalline alloys are found until 24-hrs milling, and an
amorphous phase afterward. Concerning the magnetic behavior. the data obtained from a vibrating
sample magnetometer show that both the magnetization saturation (M;) and the coercivity (H,) are
dependent strongly on the milling time and the crystallite size. By adjusting the milling time, both
appropriate structural transformation and magnetization values are obtained.

Introduction

Amorphous and nanocrystalline magnetic materials have been studied for many applications in
industrial products. including transformers, motors, and a wide variety of magnetic components in
sensors, power clectronics, electrical energy control/management systems, telecommunication
equipment and pulse power devices [1]. The wide range of applications arises from the versatile
nature of these materials which can provide fast magnetization reversal with minimal magnetic
losses. One aspects of the versatility is that materials can be prepared without stoichiometric
restrictions characteristic of crystalline materials and by post-fabrication heat treatment. In certain
cases, alloys can be designed for specific applications. There are, however, constraints that limit the
fabrication of these materials [2]. Amorphous and nanocrystalline materials are a class of their own.

In 1977 Chakrabarti, by using x-ray diffraction, studied the structural phase diagram of the
ternary Fe-Mn-Al system for alloys quenched from 1000 "C. The phase diagram of the ternary Fe-
Mn-Al system is shown in Figure 1. Dashed lines represent structural transition, exhibiting two
principal phases: the y phase with crystalline fcc structure. which is stable for small Al
concentrations and less than 60 at.% of Mn: and the o phase with bee structure, which is stable for
large Al concentration and more than 45 at.% of Fe. The dots represent the experimental results of
the ferromagnetic (FM) to paramagnetic (PM) transition in bce structure [3].
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Fig. 1: Phase diagram of the ternary Fe-Mn-Al system [3].

This alloy system is intensively investigated because of the possibility of its application in stainless
steels. Although its structural and mechanical properties are well known, its magnetic properties
have not been investigated in detail [3].

The alloy system of Fe-Mn-Al belongs to a large family of ternary alloys consisting of two
3d transition metals and aluminum. These alloys are of technical and scientific interest because
various propertics. depending on concentration and heat treatment. It was observed that these alloys
can be prepared in crystalline, quasi-crystalline and amorphous states. In many systems solid state
reactions appear, such as order or disorder, influencing the physical properties. Especially magnetic
properties depend very strongly on the crystal structure, on the phase composition. and on the
degree of order in such systems [4]. The system is important due to the presence of competitive and
diluted exchange interactions, which are allow to obtain different magnetic phase as paramagnetic,
ferromagnetic, spin-glass, reentrant spin-glass and antiferromagnetic phases. The Fe-Mn-Al system
which is present depending on composition has a semi-soft magnetic character [5]. Cast Fe-Mn-Al
alloys in the bcc disordered phase have been highly studied from the theoretical and experimental
point of view, due to the different magnetic phases that can appear as a consequence of the variation
in composition and in temperature [6].

The alloys in the Fe-Mn-Al system are characterized by an occurrence of competitive
exchange interactions: a given Fe atom is coupled ferromagnetically to its Fe first neighbors and
antiferromagnetically to its Mn ones (both the Mn—Fe and the Mn—Mn first-neighbors couplings are
antiferromagnetic). The system is also a diluted one since at the Fe and Mn sites, and due to the
presence of the nonmagnetic Al atoms. the average number of first neighbors bearing magnetic
moment depends on composition (if the alloys have quenched disorder that the number of magnetic
first neighbors fluctuates along the crystalline lattice). Thus, the system can be considered a
candidate one to exhibit magnetic frustration and spin-glass-like behavior. That phenomenology
has. in fact. been shown to occur in the case of disordered FegssMngasAl (o alloy [7]. A few
studics of the ternary Fe—Mn—Al system by mechanical alloying process have been reported in the
literature describe the effects of varying the Mn (or Al) concentration on the structural
characteristics (the crystal structure and lattice parameters) as well as on the grain size. In general,
the magnetic and structural properties of these systems are very similar to those exhibited by
powders of melted allovs with the same composition. especially when they are mechanically
alloyed for long times [8].

In this work. we prepared and studied structural and magnetic properties of FessMnjoAlss
alloys by mechanical alloying (MA) with the milling time (7,,) ranging from 1 hr to 48 hrs. Their
structural and magnetic properties were then studied by means of X-ray diffraction (XRD).
extended X-ray absorption fine structure spectroscopy (EXAFS), and vibrating sample magnetic
(VSM).
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Experimental

FessMnss Al nanocrystalline and amorphous alloys were prepared by mechanical alloying using a
SPEX 8000 mixer with stainless-steel balls and a stainless-steel vial. The starting mixture of
FessMn3sAl o was formed by using commercial powders of Fe (53 um, 99.9%). Mn (75 pm. 99.9%)
and Al (53-106 um, 99.9%). For the milling, the weight ratio of the ball-to-powder was 5:1.
FessMnssAl g alloys were mixed and ground for differing times of 1, 6, 12, 24, and 48 hrs. This
process was performed in an Ar ambient to avoid oxidation. After the preparation, magnetic
measurements were carried out by using a Vibrating Sample Magnetometer (VSM) with magnetic
field 2 kOe. we found both of magnetic saturation (M,) and Coercivity (H.) from hysteresis loop.
Structural data were obtained by using an X-ray diffractometer with the Cu-K, radiation and
Extended X-ray absorption fine structure (EXAFS). Based on XRD data, the crystallite size and the
lattice parameters of the samples were estimated by the Scherrer and Bragg equations of the
Fe(110) peak. EXAFS data were collected from the 3C1 EXAFS beam linc of the Pohang Light
Source (PLS). The PLS was operated at an energy of 2.5 GeV and a maximum current of 200 mA.
EXAFS spectra were obtained at the Fe K-edge (7112 eV) in the transmission mode at room
temperature. After that, the EXAFS data were analyzed by making use of the IFEFFIT software.
The structural properties are discussed in connection with the magnetic properties of the alloys.

Results and Discussion

The effects of milling time on FessMn;sAl,g structural characterization were investigated by XRD
and EXAFS. In
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Fig. 2: XRD patterns for FessMn3sAlyg alloys Fig. 3: Variations of the crystallite size and
prepared by ball milling. lattice parameters as functions of the milling
time.

Figure 2, XRD patterns are obtained from the FessMnssAly nanocrystalline and amorphous alloys
with different milling times. The 1-hr milled sample consists of mixed phase, such as bec-Fe, bee-
Mn and fcc-Al. The Al and Mn diffraction peaks rapidly weaker after 1-hr milling while the
remaining Bragg peaks from the bce-Fe phases are becoming weaker and broader as the milling
time increased. It could be assumed that the amorphization of Al and Mn occurs and the
deformation of Fe structure starts undergoing fracture and welding. repeatedly. With further milling
time, the Mn and Al peaks disappeared while the Fe peaks still remained. With the increasing of
milling time (). the FessMnjgAlss peaks of XRD patterns become weaker and broader. which
correspond to the deformation of structure and variation in the particle size. It is shown that the
alloying was activated after 6 hrs milling and both of nanocrstalline and amorphous were
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discovered after 24-hr and 48-hr milling. One can sce all the peaks after 6 hrs milling are broader
and shifted to smaller angles, which are due to the deformation of the structure and variation in the
crystallite size. The deformation is due to the replacement of the Fe atoms by Al and Mn atoms,
which are the indication that an alloy has began to form. It means that the Al and Mn atoms are
diffused into the Fe structure. After 48-hr milling, the deformed peak is look like a single crystal.
and only one peak is still exist. It means that the sample is become amorphous.

Based on these XRD data, the crystallite size and the lattice parameter () can be evaluated from the
Scherrer and Bragg equations, Figure 3. The crystallite size and lattice parameter based on Fe(110)
peaks with respect to the milling time for FessMnssAl, nanocrystalline and amorphous alloys. As a
result, the sample alloyed until 48 hrs shows a bce phase and the estimated crystallite size is around
20 to 2 nm and the lattice parameter is around 2.86 to 2.92 A. We can see that the variation of the
crystallite size and the lattice parameter based on Fe(110) peak with respect to the milling time is
reasonable, the crystallite size decreased and the lattice parameter increased as the milling time is
increased. The local structure and the atomic ordering were examined also by using EXAFS
experiment. Variations of EXAFS spectra are related to the structural changes of alloys at the
atomic scale. Mostly. the reduction of the amplitude of EXAFS spectrum is caused by the disorder
in local structure. The phase shift of EXAFS spectrum is related to the change of chemical order
|9]. Figure 4 shows k-weighted EXAFS spectra for mechanically-alloyed FessMnssAly, for different
milling time of 1, 6, 12, 24, and 48 hrs, respectively. The decrease of the amplitude until 6-hrs
milling indicates that the fracture and the cold welding of Fe, Mn and Al were dominant and there
was a minor change in the local structure. However, the significant changes in the amplitude and the
phase took place after 12-hrs milling. This indicates that the alloying was dominant and new phases
were formed after 12-hrs milling. The amount of the new phases increased as the processing time
increased. It seems that the amount of the diffusion of Al and Mn atoms into the Fe structure
increased gradually as the milling time increased. Especially. for the 48-hrs milled spectra near the
value of k =2.3 A the spectrum patterns are different from the others. It means that the amorphous
alloy was occurred in long range ordering. These results are in good agreement with the XRD
results.

The radial atomic density in real space can be seen in the Fourier transformed spectrum. The
peaks of the Fourier transformed spectra have the local structural information, such as the
coordination number and the bonding distance, and the information on the vibration of neighboring
atoms [10]. Figure 5 shows the Fourier transform of the EXAFS spectra measured at the Fe K-edge.
The vertical dot lines indicate the first, second, third, and fourth shells of pure Fe which served as
the guide lines (for alloyed samples to be compared). Based on the spectra, it is shown that the
structure of the alloy is a bee structure, also in a good agreement with Fe spectrum. As shown in
Figure 5. the intensity of the shell peak in the Fourier transformed spectra gradually decreased with
increasing the milling time.
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Fig. 4: k-weighted EXAFS spectra. Fig. 5: Fourier transformed EXAFS spectra.
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This indicates that the number of Fe—Fe direct bonds was decrcased duc to the diffusion of
Mn and Al atoms into the bce Fe shells. After 12-hr milling, the shift of the first shell peak
represents the change of local structure around the Fe atoms due to formation of alloys respect to
milling time. The substitution of Fe atoms by Mn and Al atoms increased as the milling times
increased. The third shell peaks showing the long-range order in Fe-Fe in the Fourier transform of
EXAFS spectra also decreased and shifted to longer atomic distances. This indicates that the long
range order also reduces with the increase of themilling time. The higher shell peaks exhibit the
long-range order in the Fe—Fe alloy in the Fourier transform of EXAFS spectra until 24-hrs milling.
The higher shell peaks also gradually reduced up to a processing time which corresponds to the
reduction of the long-range order. The 24-hrs milled sample exhibits the quite different position in
the first shell with compare to the 1-hr milled sample. It can be explained that the Fe-Fe ordering
was changed to Fe-Mn and Fe-Al order, indicating the alloy formation. One we can see also for the
sample with 48-hrs milling, only the short-range order atoms were remained. the long-range
ordering structures disappeared. It means that with the 48-hrs milling the sample becomes an
amorphous.

Concerning the magnetic behaviors, both magnetization saturation (M) and coercivity (H,)
depend strongly on /,. The M, is decreased because thereis a decrease in the particle size and a
change in the composition of a mixed powder. the transition from Fe. Al and Mn grains to
FessMnjgAlss grains. This variation could be come from the
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Fig. 6: Variations of magnetization saturation and coercivity to the milling time.

dilution of magnetic lattice of Fe which is caused by Mn and Al as increasing f,,. Meanwhile. H. is
found to increase with increasing f,,. which is assigned to a reduction in the crystallite size in single
domain regimes. Figure 6 shows M, and H, for FessMn3sAlyg alloys as a function of the milling
time. We can sce that M, rapidly decrcases in the range of 1 - 12 hrs because changes in the
structure of mixed powder from Fe grains to FessMnisAljo grains occur [11.12]. Starting from 12-
hrs milling and afterwards, M, slightly decreased. This variation of M, is due to the saturation of the
dilution of the magnetic lattice of Fe caused by Mn and Al. In Figure 6, one can also see that the H,
increases with the increasing of the milling time, reaching a maximum value at about 300 Oe after
12-hrs milling, and it decreases to about 150 Oe after 48-hrs milling. The H. increase for a
relatively short milling time can be attributed to a reduction in the crystallite size. Meanwhile, the
decreases in H. for a longer milling time indicate an increased formation of the Fe-Mn-Al alloy.
Further milling times tended to make all samples highly disordered. then. they lost part of their high
magnetic anisotropy. and H, was reduced [ 13]. Furthermore, one can see from Fig. 3 and Fig. 6 that
M is decreased while the lattice parameter increases.
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Conclusion

The formations of FessMnoAlss nanocrystalline and amorphous alloys were explicitly shown in the
XRD patterns with shifted and broadened peaks. EXAFS spectra showed variations in the amplitude
and the phase for the samples with milling time of 12 hrs and afterwards. The significant change in
the structural phase confirmed that Al and Mn atoms were introduced to the Fe host lattice during
the mechanical milling process. In the amorphous state the atoms of long-range order were
disappeared. The FessMnpAlss alloy is a good agreement with phase diagram of the ternary Fe-Mn-
Al system by Chakrabarti as a ferromagnetic with the bee structure. M was decreased due to the
magnetic dilution caused by the incorporation of Al and Mn. Meanwhile, H. decreased due to the
development of single domains and the reduced particle size.
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