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ABSTRACT

In this investigation, the chemical and microstructural characteristics of nanostructured Fe rods produced by mechano-
thermal processes have been explored. High purity Fe powder was used as the starting material. The ball milling was
carried out at room temperature using a SPEX-8000 mixer/mill. The subsequent annealing experiments were conducted
at 600, 800 and 1100 °C under inert atmosphere. The structure, morphology and compositions of the powders were
obtained using X-ray diffraction patterns, scanning and transmission electron microscopy.
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NANORODILLOS DE Fe SINTETIZADOS POR MOLIENDA DE BOLAS DE ALTA ENERGIA Y
TRATAMIENTOS TERMICOS

RESUMEN

En este trabajo, han sido investigadas las caracteristicas microestructurales y quimicas de rodillos de Fe
nanoestructurado producido por un proceso mecano-térmico. Se utilizaron, como materia prima, polvos de Fe de alta
pureza. La molienda de bolas fue realizada a temperatura ambiente usando un molino SPEX-8000. Los experimentos de
recocido fueron realizados bajo una atmosfera de gas inerte a las temperaturas de 600, 800 y 1100 °C. La estructura,
morfologia y composiciéon de los mismos fue obtenida mediante difraccion de rayos X, microscopia electrénica de
barrido y de trasmision.
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INTRODUCTION

High-energy ball milling (HEBM) is a simple
technique currently used to prepare different kinds of
materials. In most of them the crystal size decreases
gradually reaching the nanometer scale in a few hours
of milling. In recent years, HEBM has also been used
for the synthesis of one dimensional (1D)
nanostructured materials like a nanorods and nanotubes
[1-7]. The synthesis of 1D nanostructures consist to
applied HEBM to obtain nanocrystal size of iron
powders and subsequently a soft annealing treatment to

nanostructure growth [8-9]. Through this versatile and

no expensive route, different 1D nanostructure types
were prepared. On the other hand, Fe nanostructured
has been produced through other synthesis methods
[10-12]. The magnetic properties of nanostructured
iron materials have drawn special attention due to
potential applications in sensors and storage devices
[13-15]. Also, iron has been found to be one of the
main catalytic elements for the growth of nanotubes
[16-17]. In this work, we present the results obtained
after applied both HEBM and thermal treatment to iron

powders to produce Fe nanorods.
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MAERIALS AND METHODS

Cubic Fe-BCC powder of high purity (99.99%) was
used as the starting material. Ball milling was carried
out at room temperature using a SPEX 8000
mixer/mill. A stainless steel container and hardened
steel balls were used. The samples were prepared in
argon-flushed glove box to prevent oxidation during
ball milling. A ball-to-powder weight ratio of 10:1 and
30 h. of milling was employed in all experiments. The
annealing experiments were carried out at 600, 800 and
1100 °C in a nitrogen atmosphere for different periods
of time 5, 10 and 25 min. Structure, morphology and
composition of the powders were characterized using
X-ray diffraction patterns (Siemens DS5000, CukK,
radiation), scanning electron microscopy equipped with
an energy dispersive X-Ray spectroscope (JEOL-6400)
and transmission electron microscopy (FEG Philips
Tecnai F20). The TEM observations were carried out
using powder samples deposited on carbon coated

copper grids.

RESULTS AND DISCUSSION

Figure la corresponds to the XRD pattern of the
sample milled during 30 h. Typical broader Fe
reflections are observed as result of small crystal sizes
and internal strain. Figure 1b corresponds to XRD
pattern from a specimen annealed at 600 °C for 25 min.
With an increase of temperature, the broaden XRD
peak transforms to sharp diffraction peaks. However, it
is observed that the peak of iron grown over a
broadened peak, which are indicating the partial

amorphous character of the material.

Figure 2a shows a bright-field TEM image with its
corresponding FFT pattern of the Fe powders after 30 h
of milling. This image is confirmed that some regions
of the specimen have an amorphous-like morphology.
The FFT pattern inset confirms the amorphous nature
of these particles. The chemical analysis in Figure 2b
only illustrate iron element. However, Figure 2c, shows
a bright field image of a 600 °C annealed specimen.

This image shows a crystalline tubular region
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embedded in an amorphous matrix. A FFT filtered
image displayed in the inset show lattice-fringes of the
tubular specimen. The dimensions of this nanostructure

are approximately 150 nm long and 22 nm wide.
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Fig. 1. X-ray diffraction patterns obtained from the
iron specimens; a) after 30 h of HEBM process and b)
subsequent annealing treatment at 600 °C.

Fig. 2. a) Bright field image and the power spectrum
(inset) of the Fe powders after 30 hours of milling
process, b) EDS from regions of figure 2a, showing the
iron presence (the Cu signal is related with the
observation Cu grid), ¢) tubular crystalline specimen
and its corresponding filtered image (inset) and d) EDS
spectrum showing Fe and Ni presence.

EDS microanalysis from this region shows also the
presence of Fe element (figure 2d). However, there are

small amounts of Ni, this element is related with the
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diffusion phenomena from the steel vial used in the

milling process.
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Fig. 3. a) and b), show SEM images from the annealed

powder specimens. The figures show crystalline spikes

growing from the material. ¢) EDS spectrum obtained
from the spikes region showing the iron presence.

Figures 3a and b show high magnification SEM images
(40,000X and 20,000X respectively) from the
annealing sample at 600 °C for 25 min. This figure
clearly indicates the nanostructured spikes growing
closely parallel to the surface. The EDS analysis from a
dense zone of nanostructures is shown in Figure 3c. It
can be observed that the composition is based on Fe

with small quantities of Cr. The presence of the last
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element (Cr) is the result of the contamination from

milling media.

As the milling media have a composition mainly based
on iron, the presence of Cr in the powders also suggests
iron contamination. These results are in agreement with

the XRD data.

It is noteworthy that the growth of these nanostructures
was only obtained for a temperature of 600 C. Above
this temperature the iron nanorods decompose. Figure
4 shows bright-field TEM images of iron nanorods
after the heat treatment procedure at 600 C. The
nanorods have different sizes in ranges of
approximately 120 and 200 nm long and 15-25 nm
wide. These images show some preferred orientation
growth of these iron rods, but, were generally observed

that grew in several directions.

Fig. 4. Bright field images (a and b) of nanorods after
the annealing procedure at 600 °C. Their sizes are in
the range of 120 to 200 nm long and 15 to 20 nm wide.

More data about the composition of the nanorods were

obtained using a STEM line scan technique. Figure 5a
102
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shows a HAADF image (High-Angle Annular Dark
Field) with high bright contrast in the middle of the
nanorod, this is in agreement with the iron profile,
illustrated in figure 5b, where a high iron contents was
obtained in the central region. Because the HAADF
technique show thickness contrast the detector receives
more iron counts from the central region of nanorods
that elsewhere due to the cylindrical nature (the
nanorod is thinner on both sides). HREM image of
these nanorods is displayed in figure 6a where lattice
fringes with a 0.208 nm lattice distance can be seen.
This distance corresponds to the (200) interlayer
spacing of the iron FCC structure. The HREM image
contrast of the iron nanorod shows a surface layer
where the lattice fringes ends. This layer is about 3 nm
and presumably its chemical composition would be

based on an iron oxide.

—SADF Uatazior

10 nm

Cuurns

T T T T
[1} 10 =0 30 Al 52

1'05107 (M)

Fig. 5. a) HAADF (high angle dark field image)
showing high bright contrast in the center of the
nanorod. b) STEM X ray linescan from the nanorod.
There is a high iron profile in the central region of the
nanorod in agreement with the high angle dark field
image contrast.
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In order to get a qualitative insight of the HREM image
contrast displayed by the iron nanorod, a theoretical
simulation based on the multislice approach of the
dynamical theory of electron diffraction has been
carried out [16]. Figure 6b shows the supercell used for
the simulation. This structure is based on a truncated
FCC nanoparticle with a growing direction along the
[001] axis. This structural model takes into
consideration an atomic layer of oxygen stacking on
the iron nanorod surface. A geometry optimization
procedure was applied to this structure based on
SimulaTEM software [16]. Figure 6¢ shows the HREM
simulated image at the Scherzer’s defocus This image
resembles the main image contrast characteristics of
the experimental HREM image (figure 6a). The
simulated HREM image includes the external surface

layer of the iron nanorod, suggesting that the layer is of

oxide nature.

Fig. 6. a) HREM image of an iron nanorod which
displays lattice fringes (0.208 nm lattice distances).
The image contrast indicates the presence of an
external layer of material on the nanorod surface. b)
nanorod supercell used for the multislice simulation.
This structural model has a stacked oxygen layer. c)
HREM simulated image at the Scherzer’s defocus. This
image resembles the main image contrast features of
the experimental nanorod HREM image.
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CONCLUSIONS

Nanorods of iron were obtained with a mechanically
alloyed technique, following with a subsequent
annealing at 600 °C of the obtained powders. The
chemical nature of the nanorod was confirmed with
EDS, high resolution X-ray linescan and also with high
angle dark field images. Simulated HREM images
suggest that the external layer of the nanorod is of

oxide nature.
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