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Fe-Co nanoparticles were prepared by mechanical alloying in air with various
milling times from 0 h to 10 h and annealing temperatures in the range from
773 Kto 973 K. The combined use of both conventional x-ray diffraction (XRD)
and synchrotron x-ray absorption spectroscopy (XAS) techniques allowed us to
obtain accurate data on the phase formation and the oxidation state of the
materials. XRD patterns reveal a secondary phase of Fe3O,4 that is present in
as-milled samples and those annealed in Ar + Hy (5%) at temperatures of up
to 600°C. This secondary phase disappeared for annealing temperatures of
over 700°C. Meanwhile, analyses of Fe K-edge x-ray absorption near-edge
structure (XANES) and extended x-ray absorption fine structure (EXAFS)
spectra clearly showed that the local structure around Fe of all samples were
of a bee structure and had the oxidation state of +0. Most importantly, the
ratio of bec and hep structures was also extracted from the Co K-edge XANES
and the measured K-weighted EXAFS spectra of the alloyed Fe-Co samples.
Moreover, magnetization measurements at room temperature indicated that
the saturation magnetization (M) increased with increasing milling time and
annealing temperature. While the former behavior is assigned to the Fe-Co
alloy formation, we believe the effects of reducing the oxidation of the an-
nealed samples to be the major cause of the enhanced M,. The dependence of
coercivity (H.) on milling time and annealing temperature was also investi-
gated and discussed.
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INTRODUCTION

Magnetic nanoparticles with high saturation mag-
netization are considered very important for
exchange-coupled nanocomposite magnets, micro-
wave absorbing, and biomedical applications.'™ Fe-
Co alloy nanoparticles have been intensively investi-
gated because of their high saturation magnetization

(Received October 12, 2015; accepted February 6, 2016;
published online February 23, 2016)

and other remarkable magnetic properties, such as H,.,
magnetic ordering temperature, and hyperfine mag-
netic field. These magnetic properties significantly
differ from those of other microcrystalline materials
and are highly sensitive to the structure and
microstructure of a given material.*®

Several techniques have been used to synthesize
Fe-Co alloy powders, such as polyol, colprecipitation,
electrochemistry, and ball milling.%'°~** Mechanical
alloying (MA) is one of the most common and
efficient methods to obtain nanocrystalline oxides
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and alloys,™"'%1* especially considering the large

industrial scale of the applications. Fe-Co alloy
nanoparticles obtained by MA are usually prepared
by using Fe and Co powders under an argon
atmosphere. The phase formation and magnetic
properties of MA Fe-Co nanoparticles has been fully
investigated and is now well understood.””

Recently, Fe-Co nanogpartlcles prepared by MA in
air have been reported. One issue that could
arise from this technique is that the oxide phases of
Fe and/or Co could be co-formed during the millings
in air, however, we have detected the presence of
only a small amount of the Fe3O,4 phase (in the as-
milled sample for 10 h) from the x-ray diffraction
(XRD) pattern. 16 The effects of oxidation are inter-
esting issues that require further investigation.

XRD and x-ray absorption spectroscopy (XAS) are
powerful techniques used for investigating the
structure of materials. XRD can be used to deter-
mine the formation of nanocrystalline phases and to
gather information on average crystal size, while
XAS gives information about the local structure
surrounding an absorbing atom.'” Both techniques
can be combined on one synchrotron beam line to
study samples in a single experiment, as reported
by Ehrlich et al.'® To the best of our knowledge, no
publication has been reported on the local crystal-
lographic structure of Fe-Co alloys prepared by MA
in air.

In the present study, we report a detailed study of
the structure of Feg g5Coq 35 nanoparticles prepared
by MA with various milling times and annealing
temperatures. Our aim is to verify the presence of
an Fe30,4 phase in the samples during fabrication by
using an appropriate control for recording the XRD
patterns. Additionally, we report new findings from
synchrotron x-ray absorption measurements on the
formation and ratios of the nanocrystalline phases,
as well as the oxidation state of Fe or Co ions in the
samples. Finally, the effects of milling time and
annealing temperature on the magnetic properties
of Fe-Co were investigated and discussed.

EXPERIMENTAL
Synthesis

Commercial Fe and Co powders with a particle
size less than 100 um were used to prepare Feg5Coszs
nanoparticles by MA. The MA process was per-
formed in air using the P6 planetary ball miller with
a ball-to-powder weight ratio of 15:1, a milling speed
of 450 rpm, and a milling time (¢,,) of 2-10 h. The
M of the samples increased with milling time and
reached a peak value (200 emu/g) after 10 h of
milling, due to the progress of the alloying reaction
between elemental Fe and Co powders (see Ref. 16
for more details). A small amount of powder that
was milled for 10 h was used for thermal treatment
processing. The samples were annealed for 1h
under flowing Ar + Hy (5%) gas at different temper-
atures. Samples are labeled S1, S2, S3, S4, and S5

for the samples that were milled for 2, 4, 6, 8, and
10 h, and S6, S7, S8 for samples that were annealed
at 773 K, 873 K, and 973 K, respectively.

Characterization Techniques

XRD data were collected with an x-ray diffrac-
tometer (Bruker, D8 ADVANCE with DAVINCI.-
DESIGN, Cu-K, radiation, 1=0.154nm) to
determine the structural characterization of each
sample. Diffraction patterns were recorded in a 20-
angle range from 20° to 90° with a step size of
0.001°/s. The average crystallite size (D) and strain
(o) were determined by a Rietveld method using the
commercial X-Pert HighScore with the Plus option
program.

To distinguish different structures and oxidation
states of Fe or Co ions in each samples, x-ray
absorption near-edge structure (XANES) and
extended x-ray absorption fine structure (EXAFS)
spectra for all samples and reference compounds
were acquired in transmission mode at Beamline
5.2 (SUT-NANOTEC-SLRI) of the Synchrotron
Light Research Institute (SLRI), Nakhon Ratcha-
sima, Thailand. A Ge (220) double crystal
monochromator with an energy resolution (AE/E)
of 3 x 10~* was used to scan the synchrotron x-ray
beam. The normalized XANES and EXAFS data
were processed after background subtraction in the
pre-edge and post-edge region using ATHENA
software, which is included in an IFEFFIT
package.'®

Mg and H. of each sample were determined at
room temperature using a homemade vibrating
sample magnetometer (VSM) under externally
applied magnetic fields of up to 12 kOe.

RESULTS AND DISCUSSION
XRD Analyses

Figure 1la shows a series of XRD patterns indi-
cating the phase evolution with different milling
times. As shown by this figure, when the milling
time is less than 2 h, the Fe and Co diffraction
peaks can be distinguished, but after 6 h of milling,
the hep Co peaks disappeared. The diffusion of Co
into the Fe matrix leads to the formation of a
disordered bee Fe-Co solid solution.®?° For samples
milled for 10 h, we observed strong and sharp
diffraction peaks matching with bcc Fe-Co; we also
observed weak diffraction peaks for the fcc phase of
Fe30y4, but no traces of Co oxide were evidenced.
These results are consistent with our previous
report, in which the diffraction patterns were
recorded under similar experimental conditions
(very slow scanning rate of 0.001%s).'® In other
words, the Fe304 phase could be found in FegsCogzs
powders prepared by MA in air by choosing an
appropriate scanning rate for recording XRD pat-
terns. In addition, the characteristic diffraction
peaks of the fcc Fe-Co phase were broadened
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gradually, while the intensity decreased with
milling time. This behavior could be related to the
decrease of crystallite size and an increase of
internal strain during milling.%1%2°

Figure 1b presents XRD patterns of sample S5
and samples annealed at different temperatures,
i.e., samples S6, S7, and S8. It clearly shows that
the characteristic peaks for the bce FesO4 phase
diminish gradually as the annealing temperature
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Fig. 1. XRD patterns of (a) Fe-Co powders milled for various milling
times and (b) 10-h, as-milled powders subsequently annealed at the
different temperatures.

increases and completely vanish at 973 K. This
means that the Fe;O,4 phase was reduced by hydro-
gen. At the same time, the width of the character-
istic diffraction peaks of the fcc Fe-Co phase
decreases, while the intensity increases with
annealing temperature. This behavior could be due
to the growth of crystallite size and the relief of
strain with increasing annealing temperature.”'?

The best Rietveld refinement of the XRD patterns
for the samples was performed and fitted to deter-
mine average crystallite size and strain. The fitting
results are summarized in Table I, indicating that
the changes of the average crystallite size and the
strain with the milling times and the annealing
temperatures are consistent with ones reported in
Refs. 7, 12, and 20.

XANES and EXAFS Analyses

The XANES spectra of pure Fe and Co foils can be
used as models for bee and hep structures, respec-
tively. Figure 2 shows the Fe and Co K-edge-nor-
malized XANES spectra of reference standards,
indicating the differences in main edge position
(valence), shape of main edge peak, and shoulders
(geometry of local environment).

Figure 3 presents the Fe and Co K-edge XANES
and EXAFS spectra of the alloyed Fe-Co samples
along with the foil Fe(bcc) and Co(hcp) reference
standards. The measured Fe K-edge XANES and
EXAFS spectra presented in Fig. 3a and b clearly
show that the local structure around Fe of all
samples is of a bec structure and has the oxidation
state of +0. In other words, our XAS data showed no
evidence of the Fe30, phase that was detected by
the XRD measurement (see Fig. 1). Such, XAS
technique is not sensitive enough to detect low
concentrations of the Fe3O, phase.

Importantly, from Co K-edge XANES and EXAFS
measurements shown in Fig. 3¢ and d, we found
that the peak position moved from the Co(hcp) shell
peak near 4.1 A to the Fe(bcc) shell peak near 4.5 A
between 2 h and 6 h. At the same time, the peak at

Table I. The dependence of average crystallite size (D) and strain (¢) on milling time (£,,) and annealing

temperature (T,) for nanocrystalline alloy powders

Treatment
Sample name tm (h)
S1 2
S2 4
S3 6
S4 8
S5 10
S6 10
S7 10
S8 10

T, (K) d (nm) o
32(2) 0.185
20(2) 0.316
17(2) 0.337
14(2) 0.363
10(2) 0.380
773 30(2) na
873 35(2) na
973 46(2) na

na not available.
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Fig. 2. The normalized Fe and Co K-edge XANES spectra of (a) Fe and (b) Co standards.
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Fig. 3. Comparison of the normalized XANES and the Fourier transforms of EXAFS spectra of (a, b) foil Fe(bcc)—obtained from Fe K-
edge—and (c, d) foil Co(hcp)—obtained from Co K-edge—and the alloyed Fe-Co samples.
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4.5 A increased. This result is in agreement with
those earlier reported in Ref. 21. In other words, the
local structure of Co gradually changed from an hcp
to a bec structure when the alloying time was
increased.

To better observe the transformation of Co from
the hcp to bee structure, Fig. 4 shows a plot of
kE?y(k) for the alloyed Fe-Co samples along with
foils of Fe(bcec) and Co(hcp) reference standards,
where £ is the modulus of the wave vector of the
photoelectron. As shown in Fig. 4, the peak posi-
tion near 4.5 A is similar to that of bce Fe for all
milled samples (6 h and 10 h), as well as annealed
samples (773 K and 973 K). This result is consis-
tent with observations from XRD patterns as
shown in Fig. 1a.

Moreover, the proportion of bce and hcp struc-
tures in the samples can be determined by using a
linear combination fitting (LCF). In the LCF
method, the x-ray absorption spectrum is modeled
by least squares fitting using a linear combination of
known species to fit an unknown spectrum. The
LCF method can be applied to XANES, derivative
XANES, or EXAFS spectra. The fitting results from
the measured K-weighted EXAFS spectra of the
alloyed Fe-Co samples are summarized in Table II.
The fitting quality was also judged via the normal-
ized sum of residuals (R-factor). From this table, it
can be seen that the alloying process was incomplete
for the sample that was milled for 10 h and was
almost fulfilled after annealing at 973 K for 1 h.

In order to examine the fraction of Co in the hcp
or bee structure, we consider K-weighted EXAFS
spectra of Fe(bcc) and Co(hcp) foils as the parent
components for doing the LCF. The fit is done by
generating the weighted sum of the two pure (bcc
and hcp) signatures, i.e.,

Sav(k) = fbccsbcc(k) + (1 _fbcc)Shcp(k> (1)

where Sy.. and Sy, are the measured bcc (Fe foil)
and hcp (Co foil) EXAFS signature and fp.. is a becc
fraction. f3.. is allowed to vary between 1 (com-
pletely bee structure) and O (completely hep struc-
ture). The fitting results are shown in Table II.

In a similar way, we can determine the fraction
of Co in bce and hcep structures from the measured
Co K-edge XANES spectra by using XANES spec-
tra of S8 (completely bec structure) and S1 (com-
pletely hcp structure) samples as parent
components. The comparison of the normalized Fe
K-edge XANES spectra of the alloyed Fe-Co sam-
ples and their fits using the LCF method is shown
in Fig. 5. The proportions of two parent compo-
nents obtained from the fitting also were shown in
Table III. There are differences in the results given
in Tables II and III due to sample S1 being
regarded as having a completely hcp structure.
However, the fitting results allow us to more
accurately assess the alloying process during
milling and annealing.

Co K-edge EXAFS Spectra

Fe foil(bce)

R0l (A%

k(A"

Fig. 4. Comparison of the measured K-weighted EXAFS spectra of
Co foil(hcp), the alloyed Fe-Co samples and Fe foil(bcc).

Table II. The proportion of bec and hep structures
extracted from the measured k-weighted EXAFS
spectra of the alloyed Fe-Co samples

Proportion Proportion
Samples of bee (Fe foil) of hep (Co foil) R-factor

S1 0.212 0.788 0.0932
S2 0.551 0.449 0.2414
S3 0.740 0.260 0.1785
S4 0.831 0.169 0.1164
S5 0.835 0.165 0.0656
S7 0.936 0.064 0.0122
S8 0.961 0.039 0.0071

Magnetic Characterization

Figure 6a presents the variation of H. of the
samples as a function of milling time. It can be seen
that the value of H. decreases with milling time
from 2 h to 4 h, then increases slightly for longer
milling times. While the former behavior is attrib-
uted to the belief that there is a reduction of particle
size, and could be explained based on a random
anisotropy model;*? the increase of H, could be a
consequence of several possibilities, e.g., internal
strain (as shown in Table I), contamination, various
defects, and/or particle interaction.” In other words,
the behavior of the samples before annealing may
also have an influence on H..

It can also be seen from Fig. 6b that the H, of the
samples after annealing was smaller than that of
the as-milled sample. Additionally, we found that
the tendency of H. to change with the annealing
temperatures of FegsCoss samples in this experi-
ment is different than that our previous report in
Ref. 23 but is similar to that of FesoCosy in Ref. 13.
This may be due to the difference of the milling time



2506 Manh, Tung, L.T.H. Phong, Phuec, P.T. Phong, Jutimoosik, and Yimnirun

Co K-edge XANES Spectra

Normalized Absorbance

1 " 1 " 1 e 1 " 1 " 1

7700 7720 7740 7760 7780 7800
Energy (eV)

Fig. 5. Comparison of the normalized Fe K-edge XANES spectra of
the alloyed Fe-Co samples (solid lines) and their fits (dash lines)
using the LCF method.

Table III. The proportion of bcec and hep structures
extracted from the measured Co K-edge XANES
spectra of the alloyed Fe-Co samples
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Proportion Proportion Fig. 6. H, variations of the ball-milled FegsCo35 powder mixture as a
Samples of bece (S8) of hep (S1) R-factor function of (a) milling time and (b) annealing temperature.
S2 0.405 0.595 0.00023
S3 0.672 0.328 0.00025
S4 0.836 0.164 0.00027 (a)
S5 0.822 0.178 0.00050 2051
S7 0.994 0.006 0.00005
200+
2’)
2 n
5 195 4
before annealing, which can produce alloy powders 2
with different characteristics such as strain, defects, 190 4
and oxidation.

Figure 7a presents the M, dependence on milling 185 . . . . .
time of the as-milled samples, showing the increase 2 4 6 8 10
of the magnetization monotonically with the milling Milling time (h)
time. It is related to the progress of the alloying
reaction between elemental Fe and Co powders (b) 230
during milling, as shown by XRD and XAS mea- 973K

. 225
surements presented earlier, as well as Mossbauer
spectroscopy reported in Refs. 8, 9, and 24. 220

Figure 7b shows the changes of M for sample S5 2
annealed at different temperatures. The plot clearly £ 2151
shows that the M of all annealed samples was % 2104 .
increased (compared to that of the sample S5). We = 773K 873K
believe that the enhancement of M, is due to the 205+
reduction of the oxide phase (see Fig. 1b) as well as 200
the growth of the particle size (see Table I). This 800 900 1000

result is consistent with a recent report.'® However,
it can also be seen from Fig. 7b that the M of all of
the annealed samples is smaller overall than that of
their bulk counterparts. This may be caused by

Annealing temperature (K)

Fig. 7. Saturation magnetization dependence of FegsCoss powder
mixture on (a) miling time and (b) annealing temperature at
T =300 K . Annealing time was 1 h.
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oxidation and the

surface/interface anisotropy
effect.”

CONCLUSION

We have performed the complimentary studies on
the phase formation during fabrication of
Fey65C00 35 nanoparticles by mechanical alloying
in air and annealing by using both conventional
XRD and synchrotron x-ray absorption spectroscopy
techniques. The results have reconfirmed that the
minor secondary phase of FesO4 could be detected
from XRD experiments by choosing a very slow
scanning rate to record the diffractogram. Mean-
while, XAS experiments show an oxidation state of
+0 for the Fe ion, as well as the exact ratio of bcc and
hcp structures in the samples that was expected.
These results emphasize the unique sensitivity of
these two complementary methods to follow the
phase evolution and oxidation processes.

Magnetization measurements at room tempera-
ture indicated that M increased with milling times
due to the alloying process, while the increase of M
with annealing temperatures could be due to the
reduction of oxidation, as well as the increase of
particle size. The tendency of H, to change depends
not only on the annealing temperature, but also on
the milling time (before annealing).
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