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Nanocrystalline Feao—.MnioAl: (z = 10, 20, 30, and 40) were pre

1 via mechanical alloying

by using Fe, Mn, and Al powders with a 48 hours milling time. The structural and the magnetic
properties were studied. All X-ray diffraction peaks are broader and shifted to smaller angle with
increasing Al contents, depending on the crystalline size and the lattice parameter. All the samples
exhibit alloys behavior with an average crystallite size around 10 nm. The magnetic saturation,
coercivity, and permeability obtained from measurements using a vibrating sample magnetometer
showed strong dependences on the Al content and these dependences were related to changes in the
structure and the erystallite size. The hyperfine field obtained from Missbauer spectroscopy varied
with the Fe content. These results suggest that, by adjusting Al, appropriate magnetization values
can be obtained without affecting the coercivity and the structure of the bee phase.
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L. INTRODUCTION

A wide range of applications for amorphous and nano-
crystafffle magnetic materials arises because of the ver-
satile nature of those materials, which can provide fast
magnetization reversal with minimal magnetic losses [1,
2]. TFe-Mn-Al alloys are of technical and scientific in-
terest becanse many different properties appear depend-
ing 1911 the concentration and the heat treatment. In
fact, these alloys can be prepared in crystalline, quasi-
crystfline and amorphous states. Especially, the mag-
netic properties depend very strongly on the crystalline
structure, the phase composition, and the degree of order
in such alloys [3]. Due to the presence of competitive and
diluted exchange interactions, they can exhibit different
magnetic phases, such as paramagnetic, ferromagnetic,
spin-glass, rltra.nt spin-glass and anti-ferromagnetic
phases [4,5]. Fe-Mn-Al alloys in the bee-disordered phase
have been intensively studied both theoretically and ex-
perimentally owing to different magnetic phases appear-
ing as a consequence of variations in the composition and
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in the temperature [6].

In 1977, Chakrabarti studied the disordered Fe-Mn-Al
alloy system and obtained a structural phase diagram by
using X-ray diffraction [7]. Those alloys were obtained
by melting in an arc furnace and afterwards by heating
them to 1000 °C and quenching them in iced water. The
results showed a stable austenitic phase (FCC) at low
Al concentration and Mn concentrations below 60 at.%.
Some researchers found that the system was antiferro-
magnetic, that the behavior was diluted by increasing
the Fe and the Al contents, and that the allovs become
paramagnetic when the Fe content was over 70 at.% [8,9].
A few studies on the ternary Fe-Mn-Al systems obtained
by mechanical alloying (MA) have reported the effects
of varying Mn or Al concentration the structural proper-
ties, i.c., the crystalline structure, the lattice parameter,
and on the grain size [10]. Rebolledo et al. reported that
the Fe-Mn-Al system has magnetic and structural prop-
erties similar to those exhibited by powders of melted
alloys with the same composition in general, especially
wherffffley had been mechanically alloyed for long times
[10]. The magnetic properties of FeMnAl alloys were re-
ported in a single Fess MnjpAlss composition as a func-
tion of milling time in our previous work [11]. Systematic
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works, however, on the Fe-Mn-Al alloys are required to
understand the structural and the magnetic properties.

We prepared nanocrystalline Fegy_,MnygAl, (x = 10,
20, 30, and 40) alloys by using MA with a milling time of
48 hours and 5ed their structural and magnetic prop-
erties. Their structural and magnetic properties were
then studied by using X-ray diffraction (XRD), scanning
electron microscopy (SEM), Mosshauer spectroscopy and
vibrating sample magnetometer (VSM).

II. EXPERIMENTS

Nanocrystalline Fegg_.MnigAl,: (z = 10, 20, 30, and
40 atm alloys were prepared by using the MA method
with a high-energy planetary ball mill SPEX 8000 mixer
with stainless-steel balls and a stainless-steel vial at a
speed of 1425 rpm. The starting mixture of the sam-
ples was formed by using commercial powders of Fe (Im-
3m, 53 pm, 99.9%), Mn (I-43m, 75 pm, 99.9 %), and
Al (fm-3m, 53 - 106 pm, 99.9%). For the milling, the
weight ratio of the balls-to-powder mixture was 5:1. The
Fegp_»MnygAl, alloys were mixed and ground with a
milling time of 48 hours. This process was performed
in an Ar ambience to avoid oxidation.

After the preparation, the sizes and the morphologies
of the particles were checked preliminarily by using SEM.

» magnetic measurements were carried out by using
VSM with a maximum field of 1.5 T at room tempera-
ture. The XRD data were obtained by using an X-ray
diffractometer with Cu-Ka radiation. The alloy samples
‘e also investigated by using Mossbauer measurements
at room temperature with a conventional constant accel-
eration spectrometer in the transmission geometry. The
hyperfine structure was then refined by fitting with the
MOSFIT program [12].

II1. %SULTS AND DISCUSSION

Figure 1 shows typical SEM images with a magnifica-
tion of 100k and reveal the variation in the particle shape
and the size of the nano-crystalline Fegy_,MnipAl, (2 =
10, 20, 30, and 40 at.%) alloys after 48 hours of milling.
Our SEM study reveals that the particles present in the
samples have quite similar shapes, with very small parti-
cles being located on the surfaces of big particles. There
are large particles or agglomerates with spherical shapes.
The particle sizes varied as we changed the Al content.
The average particle sizes estimated from the SEM im-
ages decreased with increasing Al content.

XRD patterns obtained from the nanocrystalline
Fego—.MnjgAl, alloys are shown in Fig. 2. The three top
curves show the XRD patterns of the elements of a pure
crystalline sample for comparison. After milling, the
peak intensities of Al and Mn disappeared. The amorph
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Fig. 1. (Color online) Typical SEM images of nanocrys-
talline Fegn—, MnpAl, alloys with (a) @ = 10, (b) @ = 20, (c)
o = 30, and (d) z = 40 at.%.
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Fig. 2. XRD patterns of mechanically-alloyed nanocrys-
talline Fegy_, MnpAl, (x = 10, 20, 30, and 40 at.%) alloys.

process of Al and Mn can be assumed to have occurred, of
the Fe structure starts undergoing fracture and welding
during repeated milling. The four curves below show the
progress of the solid-state reaction of the Fegy_, MnygAl,
(z = 10, 20, 30, and 40 at.%) system during MA with
milling for 48 hours. All the Fegg—_,MnygAl, peaks are
broader and shifted to smaller angles, which is due to
the deformation of the structure and the variation in the
crystallite size. The deformation is due to the replace-
ment Fe atoms by Al and Mn atoms as defects caused
by large local strains in the powder particles, which is
a signal for the formation of an alloy. One can also see
that all the peaks have the same trend belonging to the
bee phase structure. Furthermore, the peak positions
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Fig. 3. (Color online) Crystallite size and lattice parameter
of nanocrystalline Fego—»MnipAl. alloys as functions of the
Al content.

shift ??ghtly toward lower angle upon partial substitu-
tion of Al and Mn for Fe-site, indicating an increase in
the lattice parameter based on Bragg's law.

The crystallite size and the lattice parameter, based
on Fe (110) peaks, with respect to the Al content for
the Fegg_,MngAl, (2 =10, 20, 30, and 40 at.%) sys-
tem, are shown in Fig. 3. Based on the XRD data
the crystallite size (D) be evaluated from the Scher-
rer formula D = 0.9)\/(B cosfp), where A is the X-ray
wavelength (1.5406 A), 0p the diffraction angle at the
peak, B the full width at half maximum (FWHM). The
lattice parameter can be evaluated from Brage condi-
tion nd = 2dy,; sin 6, where dyy; is the distance between
atomic layers in a crystal plan hkl, and n an integer. In
this case, dp = a/(h? + k% + !2}"{2. As a result, the
estimafed crystallite size is around 8 to 11 nm and the
lattice parameter is around 2.87 to 2.92 A. The variations
of the erystallite size and the lattice parameter based on
Fe (110) peak with respect to the Al content are rea-
sonable. The changes in crystal size and internal strain
have been examined by using X-ray diffraction on pow-
der samples for different Al contents. The crystallite size
decreases as the Al content is increased, being around 11
nm at & = 10 and around 8 nm at # = 40 at.%. Accord-
ingly. the lattice parameter inciféifies as the Al content is
increased because it is related to the larger atomic size
of the Al atoms in comparison to those of the Fe and the
Mn atoms.

The magnetic behaviors can be found from the M — H
graph and can be modified to the 8 — H graph as shown
in Fig. 4. The magnetic saturation (M), the coercivity
(H,.), and the permeability (jt;,4:) found from the hys-
teresis loop depend strongly on the Al content. Figure 5
shows that the M., H., and 1,4, decrease as the Al con-
tent is increased. Based on XRD for all compositions, we
see that the Al and the Mn atoms are diffused into the
Fe structure. Variations of these quantities could come
from a decrease in crystallite size and a dilution of the
magnetic Fe lattice with increasing Al content. Grains
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Fig. 4. (Color online) Typical hysteresis loops of nanocrys-
talline Fego— . MnioAl, (z = 10, 20, 30, and 40 at.%) alloys.
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Fig. 5. (Color online) Variations of the magnetic
saturation, coercivity, and permeability of nanocrystalline
Fegp— . MnypAl, alloys with the Al content.

of Fegg_;MngAl; occurred in the mono-domain region.
The permeability can be obtained indirectly by using the
ERation B(G) = H(Oe) + 47 M (emu/cm®), where B is
magnetic induction, H the magnetic field and M the
magnetization in a unit volume. The gradients (B/H)
yield the maximum permeability (ftmaz) values as shown
in the inset to Fig. 5. The pnes value decreases with
increasing Al content, being around 9 G/Oe at z = 10
at.% and around 3.5 G/Oe at @ = 40 at.%.
Room-temperature Massbauer measurements taken at
different compositions allowed us to observe the alloy for-
mation, as shown in Fig. 6. For the lowest Fe content,
that is, FesoMnygAlyg, a singlet spectrum and a positive
isomer shift (§ = 0.067) without a hyperfine field was
detected. This spectrum is similar to that in the work of
with Rico et al. on FeyyMnggAlsy, which means that at
lower Fe content in the Fe-Mn-Al system, the Méssbauer
spectra (MS) has a singlet spectrum. One can find with
increasing Fe content, a significant change in MS. The
starting FegoMnjgAlzg hyperfine field distribution has a




-1972-
»
@)
e EE
£ st
E P s-00s68 mas #
il i
a4 °
m %
w b
12
1
T : s . 0
o
*
3 v
Soast
g #2408 KOs
H 250083 mumis
e T
i
BT
1
5 .
] m. . m... !
g . @ 3 ﬁa :
] Hu-ziz.nogi j 1
g £, 0007 mmbs ¢ :
F i s 0032 mms
- -
-
3 . H
.‘I. o s
3

Selgc ty (mmis)

Fig. 6. Massbauer sptzctra@)f nanocrystalline
Fesp—zMnioAl: with (a) = = 40, (b) =z = 30, (¢} ¢ =

20, and (d) @ = 10 of at.% measured at room temperature.

sextet structure and all negative isomer shifts correspond
to the bee Fe phase, similar to other previous work re-
ported by Rebolledo [10]. The MS for various Fe contents
show various line broadenings due to diffusion of the Al
and the Mn into Fe matrix. Increasing Fe content implies
a broadened line spectra and increasing hyperfine field.
The hyperfine field from the MS gives information on
the Fe sites surrounded with other Fe nearest neighbors
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(nn). Higher Fe content has more Fe nn, as confirmed
by the broader line spectra, while lower Fe content has
fewer Fe nn. The spectra changes dramatically, becom-
ing a singlet spectrum at the lowest Fe content. Even
the evolution of the MS shows evidence for an Fe - Fe in-
teraction corresponding to the magnetization; however,
the alloy structure remains stable in the bee phase.

IV. CONCLUSION

We can conclude that the Fegg MngAl, (x = 10, 20,
30, and 40 at.%) samples produced by mechanical alloy-
ing present a ferromagnetic behavior for different Al con-
tents. We suggest that the structures of all the samples
are of the bee type and that the elements Mn and Al
replace the Fe atoms, as explicitly shown by the XRD
peaks of Fegy_,MnjgAl,. The M,, H. and p,,,, were
significantly changed when the Al content was changed.
Therefore, we may control the Al content to obtain ap-
propriate M., H,. and jr,,, values. Mosshauer spec-
troscopy gives local magnetic information around Fe and
showed that increasing the Fe content resulted in a higher
hyperfine and a broader line. Wide applications of mag-
netic material based on the Fe-Mn-Al system have drawn
attention to the Al content. In this work, we demon-
strated that the Al content played an important role in
the magnetization with a stable coercivity. As a strue-
tural study, our work showed that there were no changes
in structure even for large Al contents.
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