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eg'uctural and the magnetic properties of nanocrystalline FesoAlso alloys prepared by using
a mechanical alloying process (using commercial Fe and Al powders as precursors) were studied
in detail as functions of th@illing time for milling times ranging from 1 hr to 24 hrs. The
structural analyses based on X-ray diffraction (XRD) and extended X-ray absorption fine structure
spectroscopy (EXAFS) revealed that the alloying process took place after 12 hrs of milling. Using
the Williamson-Hall plot, we found that the crystallite size decreased from to 220 to 14.3 nm while
the strain increased from 5.32 x 107% to 19 x 107" when the milling time was varied from 1 hr
to 24 hrs. Concerning the magnetic behavior, the data obtained from a superconducting quantum
interference device (SQUID) showed that both the magnetic saturation (M.) and the coercivity
(H.) depended strongly on the milling time and that these dependence were related to changes in
the crystallite size, With these results, we believe that by adjusting the milling time, we can obtain

an appropriate structural transformation and appropriate magnetization values.
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Nanocrystalline materials obtained by high-energy ball
milling are of great interest since it is known that those
materials may exhibit different electrical, magnetic, op-
tical, and other physical pfffrties in the nano-regime
due to finite size effects [1]. The formation of metastable
phases and disorder in the crystal lattice through me-
chanical alloying (MA) gives interesting mechanical and
magnetic properties. This is particularly evident in the
case of the Fe-Al intermetallic system because the com-
plicated phase diagrams and dependence of magnetic
properties on disorder and microstructure make them
interesting to study through the MA process. Further-
more, the Fe-Al systems are technologically important
because of their superior mechanical properties and re-
sistance to corrosion, besides their being amenable to
easy substitution by other metal atoms. For these rea-
sons, alloyed Fe-Al systems with various compositions
have been investigated in recent years [2,3]. More par-
ticularly, q‘c Fe-Al intermetallic compounds offer a com-
bination of attractive properties, such as high specific
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strength, good strength at intermediate temperatures
and excelent corrosion resistance at elevated tempera-
tures under oxidizing, carburizing and sulfidizing atmo-
sphere [4,5]. The degree of order in Fe-Al intermetal-
lic alloys has an important influence on their magnetic
properties. Moreover, the deformation of ordered alloys
causes a dramatic increase in magn@ffation [6]. In Fe-Al
allovs with the bee structure, the magnetic moment
Fe atoms depends on the local structure. As a rule, Fe
atoms with less than four nearest Fe neighbors possess
no localized magnetic moments, and Fe atoms become
magnetic only fhen they have four or more Fe nearest
neighbors [7]. e magnetic properties of an assembly
of small grains depend on the counter play between the
local magnetic anisotropy energy and the ferromagnetic
exchange energy [8].

In this work, we studied FespAlsg alloys by changing
the milling time. Their structural an@Phagnetic prop-
erties were then studied by means of X-ray diffraction
(XRD), extended X-ray absorption fine structure spec-
troscopy (EXAFS), and superconducting quantum inter-

ference device (SQUID).
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II. EXPRIMENTAL DETAILS

FespAlsy nanocrystalline alloys were prepared by
mechanical alloying using a SPEX 8000 mixer with
stainless-steel balls and a stainless-steel vial. The start-
ing mixture of FeggAlsg was formed by using commer-
cial powders of Fe (53 pm, 99.9%) and Al (53-106 pm,
99.9%). For the milling, the weight ratio of the ball-to-
powder was 5:1. FeggAlsy alloys were mixed and ground
for differing times of 1, 2, 4, 6, 12, and 24 hrs. This pro-
cess was performed in an Ar ambienfff§ avoid oxidation.

After the preparation, magnetic measurements were
carried out by using a superconducting quantum inter-
ference device (SQUID). The sizes of the particles and
their morphologies were checked preliminarily by using
scanning electron microscopy (SEM). XRD data were
obtained by using an X-ray diffractometer with the Cu-
K, radiation. Based on these data, the crystallite size
and the strain of the samples wFl estimated in terms of
the Williamson-Hall method. Extended X-ray absorp-
tion fine structure (EXAFS) data were collected from
the 3C1 EXAFS beam line of the P g 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 transmis-
sion mode at room temperature. After that, the EXAFS
data were analyzed by making use of the IFEFFIT soft-
ware. The structural properties are discussed in connec-
tion with the magnetic properties of the alloys.

III. %SULTS AND DISCUSSION

Figure 1 shows typical SEM images revealing the vari-
ations in particle shape and size of the FesgAlsy pow-
ders after 2, 12, and 24 hrs of milling. Our SEM study
revealed that the particles present in the FeggAlsg sam-
ples had quite similar shapes, where very small particles
were located on the surfaces of big particles. The ﬁ-
ticle size varied as we changed the milling time. e
average particle sizes estimated from the S images
decreased with increasing milling time. Such results are
in good agreement with the data estimated by using the
Williamson-Hall plot.

XRD patterns obtained from the FesgAlsy nanocrys-
talline alloys are shown in Fig. 2. All the peaks after 12
hrs of 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 Fe atoms by Al atoms, which signals
the fm'matof an alloy. Based on these XRD data, the
crystallite size and the lattice strain can be evaluated
from the intercept and slope of the Williamson-Hall plot
[9):

Beost = (KA/D) + 2esiné, (1)
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Fig. 1. Typical SEM ima, or FesoAlsp nanocrystalline
alloys with milling times of (a) 2 hrs, (b) 12 hrs, and (c) 24
hrs.
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Fig. 2. XRD patterns of FesoAlso with different milling
times.

where B is the FWHM in radians, D is the averageffs-
tallite size, € is the strain, K is the shape factor, A is the
X-ray wavelength and theta is the Bragg angle.

Figure 3 shows the@E¥stallite size and the strain of the
samples as functions of the milling time. The crystallite
size and the strain of the sample after a 1-hr of milling
were found to be about 220 nm and 5.32 x 1073, respec-
tively. After a 24-hr of milling, the crystallite size de-
creased to ~13.5 nm while the strain increased to 19.03
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Fig. 3. Crystallite size (dashed-dotted line) and strain
(solid line) for FesoAlse nanocrystalline alloys as functions of
the milling time. The inset shows the variation of the lattice
parameter based on (110) peak with respect to the milling
time.

o
w
(1]

% 1073, The inset of Fig. 3 presents the variation of
the lattice parameter, calculated from Scherrer’s formula
(here, the 110 peak of the FesoAlsy was fitted to a Gans-
sian function); it increases slightly from 2.01 to 2.06 A.
Figure 4(a) shows the Fourier transform of the EX-
AFS spectra of the FespAlsy alloys measured at the Fe
K-edge for various milling times. The radial atomic den-
sity in real space can be seen in the Fourier-transformed
spectra [10]. The dotted lines shown in Fig. 4(a) indi-
cate the first, second, third, and fourth shells of pure Fe,
which are guidelines to compare with alloyed samples.
The magnitude of the Fourier-transformed spectrum de-
creased when the milling time was increased. This -
gest that the number of Fe-Fe bonds are decreased due
to the inter-diffusion of Fe and Al atoms. In addition,
the first and the fourth shells were shifted, correspond-
ing to the increased Fe-Al bonding. This indicates that
the short- and the long-range orders increased with in-
creasing milling time. Clearly, the 12- and the 24-hr
milled samples exhibit different positions of the phase in
the first and the fourth shells compared to the 1-, 2-,
4-, and 6-hr milled samples. This can be explained by a
change in§E} Fe-Fe order due to alloy formation of Fe-
Al. Such results are in good agreement with the XRD
data. These changes in the local structural order caused
the variation in the magnetic properties of the samples.
Here, EXAFS was used to examine the local structure of
the samples. Variations in amplitude and the shift of an
EXAFS peak give information on the structural changes
oceurring in the MA process on an atomic scale. The re-
duction of the amplitude in the EXAFS spectrum can be
caused by spatial and chemical disorders. Most spatial
disorder causes variations in the phases in EXAFS spec-
tra. Figure 4(b) shows the k-weighted EXAFS spectra
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Fig. 4. (Color online) (a) Fourier transform measured
at the Fe K-edge and (b) k-weighted EXAFS spectra for
mechanically-alloved FespAlsg for different milling times.

of FesgAlsg powders processed for 1, 2, 4, 6, 12, and 24
hrs. The decrease in the amplitude before a 12-hr milling
indicates that the fracture and the cold welding of both
Fe and Al were dominant and that a minor change in
the local structure had occurred. However, a significant
change in the phase took place for the sample with a
milling time of 12 hrs. This indicates that the alloying
process was dominant, and that a new phase was formed
for this sample. The amount of the new phase increased
as the milling time was increased. Such a situation in-
fluences the magnetic properties of the samples strongly,
as will be presented below.

In Fig. 5, the magnetization and the coercivity are
shown as functions of the milling time. One can see that
magnetization rapidly decreases in the initial stage of the
milling (lower milling time) because changes in the struc-
ture of mixed powder from Fe grains to FesoAlsp grains
occur [10,11]. Beginning at a 2-hr milling and after, the
magnetization decreased slowly. This variation of the
magnetization could come from the dilution of the mag-
netic lattice of Fe caused by Al with increasing milling
time. In Fig. 5, one can also see that the coercivity
(H.) increases with increasing the milling time, reaching
a maximum value at about 225 Oe after a 6-hr milling,
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Fig. 5. Magnetic saturation (dashed-dotted line) and co-

ercivity (solid line) for FesoAlso alloys as functions of the
milling time.

and it decreases to about 100 Oe after a 24-hr milling.
The H. increase for a relatively short milling time can be
attributed to a reduction in the crystallite size. Mean-
while, the decreases in H,. for a longer milling time indi-
cate an increased formation of the Fe-Al alloy. Further
milling tended to make all samples highly disordered,
then, they lost part of their high magnetic anisotropy,
and the H, was reduced [12]. Furthermore, one can see
from Figs. 3 and 5 that magnetic saturation decreased
as the lattice parameter increased.

IV. CONCLUSION

The formations of FesoAlsg metastable alloys were ex-
plicitly shown in the XRD patterns with shifted and
broadened peaks. EXAFS spectra showed variations
in the amplitude and the phase for the samples with
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milling times of 12 and 24 hrs. The significant change in
the phase confirmed that new Al atoms were introduced
around the central Fe atoms during the MA process. The
magnetization saturation was decreased due to magnetic
dilution cansed by the Al. Meanwhile, the coercivity de-
creased due to growing single-domain size and reduced
particle size.
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