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Fe50Cr50 metastable alloys were prepared by the mechanical alloying method with milling periods of 1, 2, 4, 6,

12 and 24 hours, respectively. The structural evolution was analyzed by the extended x-ray absorption fine

structure (EXAFS). In this work, the EXAFS analysis provided the local structural information around Fe cen-

tral atom. The saturation magnetization was also measured by VSM. The magnetization decreased as the pro-

cess mechanical alloying progressed. The magnetic property was related to the local structural variation as a

function of processing time. The analysis showed that the diffusion Cr atoms into Fe clusters caused the reduc-

tion of magnetization. EXAFS analysis exhibited that the local ordering of magnetic atoms caused the mag-

netic ordering. Also, EXAFS analysis showed that the long range order of Fe atoms was destroyed completely

in 24 hour milling.
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1. Introduction

The Fe-Cr alloy system has been widely investigated
and much attention has been paid to the study of the
structural characteristics and of the physical properties of
final products. Especially, the Fe-Cr layered magnetic
materials were extensively studied for the application of
magnetic devices [1-5], and the stainless Fe-Cr alloy has
been used in various applications of the structural materials
of fuel cells and fusion reactors [6]. The peculiarity of the
Fe-Cr system is the existence of a wide miscibility gap in
the phase diagram where both Fe and Cr are insoluble at
room temperature. Fe-Cr based alloys fabricated by the
mechanical alloying techniques exhibited nanostructured
characteristics in the X-ray diffraction analysis [7]. The
mechanically alloyed nanocrystalline materials have a
great attention to the field of new material fabrication
because the mechanical alloying techniques provides
practical alloys beyond the solubility limit of chemical
elements for the industrial use. The anti-ferromagnetic

interaction between iron ions via a non-magnetic chromium
ion in the layered structure plays an important role in the
device mechanism. The magnetic interactions in these
alloys are closely related to the local structure of magnetic
atoms. Therefore, the aim of this work is to investigate
the atomic interdiffusion phenomenon and the structural
changes during mechanical alloying process of Fe50Cr50
metastable alloys. The magnetization was examined by
using the vibrating sample magnetometer (VSM), and the
local structure was analyzed by the synchrotron X-ray
absorption fine structure (EXAFS) study [8-10].

2. Experiments

Fe50Cr50 metastable alloys were prepared by the mech-
anical alloying system using the SPEX 8000 mixer and
mill with stainless steel balls, and the ball-to-powder ratio
of the mixed powder was 6 : 1 in weight. The starting
material was a mixture of pure Fe and Cr powders (~80
mesh, 99.9). The mechanical alloying (MA) process was
performed for 1, 2, 4, 6, 12, and 24 hours in Ar atmo-
sphere. Magnetic moments of the samples were measured
by using the vibrating sample magnetometer (VSM) with
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the maximum filed of 10 KOe. EXAFS experiments were
carried out at the beam line, 3C1 EXAFS of the Pohang
light source (PLS) synchrotron in the Pohang Acceleratory
Laboratory (PAL) in Korea. PLS was operated with the
electron energy of 2.5 GeV and the maximum current of
200 mA. The EXAFS spectra were obtained near Fe K
edge (7112 eV) in the transmission mode at room temper-
ature. The ion chambers were filled with the pure nitrogen
gas.

3. Results and Discussion

The introduction of a large number of crystal defects
upon mechanical milling of a mixture of powders pro-
vides the conditions required for the solid-state reactions
which lead to alloying effect [11]. The mixed powder of
iron and chromium partially undergoes some fracture and
welding repeatedly as the milling progresses. Many works
showed that the fracture and welding in mechanical
alloying (MA) process caused the decrease of particle size
and formation of alloy [12]. The materials fabricated by
MA have significant fraction of atoms residing in defect
environments such as grain boundary and lattice defects
which might offer different unusual physical properties to
the alloy. The analysis of magnetization and EXAFS
spectra is one of good method for investigation of intrinsic
properties of metastable materials. Fig. 1 shows the M-H
curves for Fe50Cr50 metastable alloys at room temperature
with increasing milling times. All curves exhibit a hysteretic
behavior and magnetization of these samples almost satu-
rates at H=5 kOe. Hc increases with increasing milling
time. The implication of this is that new materials are
produced during the mechanical alloying process. Fig. 2
shows the variation of saturation magnetization measured
at room temperature in an external field of 10 kOe for the
Fe50Cr50 metastable alloys with the increase of milling
times. The values of magnetization were obtained from
the M-H curves of the samples. The magnetization behavior
is a physical property sensitive to the structural change.
As seen the Fig. 2, the magnetization shows that there is a
significant difference on milling time. The magnetization
decreased rapidly before 6 hours milling, but it decreased
slowly and linearly after 6 hours milling. This indicates
that two possible steps exist in the alloying process. In the
first step, the iron clusters decreased in size and the inter-
diffusion of the iron and the chromium increased rapidly.
In the second step, the magnetic interaction was changed
gradually due to the creation of new alloys as the milling
progressed. Iron and chromium have same BCC crystal
structure, and the lattice parameters are similar to each
other. We expected that the local structure of Fe-Cr would

be unchanged. However, the local structures were serious-
ly changed with milling time in MA process.

The local structure of the mixed powder transformed to
complex different structure from the initial structure due
to the intermixing of chemical bonds. The variation of
magnetization can be compared to the EXAFS spectra.
Fig. 3 shows the EXAFS spectra of Fe50Cr50 metastable
alloys with the indicated milling times. The significant
difference of local structure before and after 6 hours
milling is shown in the EXAFS spectra. The amplitudes
decreased slowly before 6 hours milling time but de-
creased rapidly from 6 to 24 hours milling. The line shape
near k=5.0 Å−1 was changed significantly in 24 hours
milling. This indicates that the Fe-Cr alloying began at 6
hours milling time, and new alloys were created in 24
hours milling. Also, this is consistent with the variation of
magnetization with the milling time shown in Fig. 2.

Fig. 1. M-H curves for Fe50Cr50 powders with increasing mill-

ing times.

Fig. 2. Variation of magnetization for Fe50Cr50 powders with

increasing milling times.
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Variations of EXAFS spectra are related to information on
the structural changes of alloys at atomic scale. The
reduction of the amplitude of EXAFS spectrum is mostly
caused by the disorder in local structure. The phase shift
of EXAFS spectrum is related to the change of chemical
order. 

As shown in Fig. 3, the amplitude decreased signifi-
cantly as milling time increased. Also, the line shape was
seriously deformed with the increase of milling time.
Before 6 hours, the reduction of amplitude was dominant.
This indicates that the fracture and cold-welding of both
Fe and Cr were dominant. However variations of the
phase were dominant after 6 hours. This indicates that
new phases were created in this period. It seems that the
amount of the new phases increased gradually as the
milling time increased. Especially, the spectra near k=3.5
Å−1 shows that there was no significant change before 6
hours but changed gradually in 60 to 24 hours. This
means that no significant variation occurred in the local
structure but the structure was changed gradually after 6
hours.

Fig. 4 shows the Fourier transform of EXAFS spectra
measured at Fe K-edge with the indicated milling time.
As shown in Fig. 4, the magnitude of the Fourier trans-
formed spectra decreased gradually as the processing time
increased. This suggests that the number of Fe-Fe bonds
decreased due to the diffusion of Cr atoms in the unit
shell of iron cluster. The reduction of Fe-Fe bond gives
rise to the decrease of magnetization. The higher shell
peaks showing the long range ordering in Fe-Fe in the
Fourier transform of EXAFS spectra decreased gradually
in up to 12 hour milling. However, the peak disappeared
after 24 hours milling. This indicates that the long range

order disappeared after 24 hours milling. Also, the peak
near R=4.5 Å in Fig. 4 decreased gradually as the milling
time increased until 12 hours milling but disappeared in
24 hours milling. This indicates that the amount of Fe in
the metastable alloys decreased until 12 hour milling but
pure Fe does not exist in 24 hour smilling. From this, we
see that the mixture of Fe and Cr was dominant in the
beginning of the MA process and new alloys began to be
formed after 4 to 6 hour milling time. It will be expected
that some mixture of Fe, Cr, Fe-Cr alloy exists in 12
hours milling and Fe-Cr alloy was dominant in 24 hours
milling.

According to the mean field theory, magnetization is
proportional to the average magnetic moment of unit cell
in crystalline solids. The average magnetic moment increases
as the number of magnetic atom in unit cell increases.
The decrease of magnetization shown in Fig. 2 is com-
pared with the reduction of Fe atoms in the first shell
shown in Fig. 4. The first shell in Fig. 4 contains the
information of Fe-Fe and Fe-Cr bonds. It is expected that
the Fe-Cr bond length is shorter than Fe-Fe bond length.
The peak position of the sample milled for 24 hour was
moved to lower position than those of other samples. This
indicates that Fe-Cr pairing is dominant in 24 hours
milling. This means that there is no magnetic ordering in
the sample milled for 24 hours.

4. Conclusion

In this work, we fabricated Fe50Cr50 metastable alloys
with mechanical alloying. From the analysis of magneti-
zation and local structure, we found that the alloying was
activated in 6 hour milling and completed in 24 hour
milling. The analysis showed that the diffusion Cr atoms

Fig. 3. EXAFS spectra of Fe50Cr50 alloys with indicated mill-

ing times.

Fig. 4. Fourier transform of EXAFS spectra for Fe50Cr50 alloys

measured at Fe K-edge with indicated milling times.
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into Fe clusters caused the reduction of magnetization.
EXAFS analysis exhibited that the local ordering of
magnetic atoms gives rise to the magnetic ordering in
these alloys.
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