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The ball milling technique has been extensively used to prepare different metastable states with nano-
crystalline microstructures from intermetallic compounds. In the present manuscript, the authors have
systematically investigated the structural and electronic properties of a series of mechanically alloyed
Fe1_:Al: (0.3 <x<0.6) samples using transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). The ball milling process causes the formation of solid-state reactions that are aided by
severe plastic deformation, resulting in reduced crystallite size and interesting microstructural and elec-
tronic changes in the resulting system. The TEM results show that the crystallite size decreases to the na-
nometer range (between 6-8 nm) as a function of x and the metals dissolve at the nanograin boundaries. As
a result of nanometric dimensions, the reactivity increases as a result of the increased surface-to-volume
ratio, which leads to the FeAl alloy phase formation. The XPS survey scan shows that the samples do not
have any major contamination, and the core level spectra show a slight shift of Fez, and Alg, peaks toward
higher binding energy (BE), which proves that different Fe- and Al-rich phases of FeAl alloy have formed
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after 5 h of milling.
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1. INTRODUCTION

Intermetallic compounds have caught the attention
of scientists for decades due to their exceptional charac-
teristics. Ordered intermetallics based on transition
metal aluminides, particularly with iron, have been
studied for their potential application as high-
temperature structural materials [1-5]. As a result of
their superior physical, chemical, and mechanical char-
acteristics, FeAl intermetallics are becoming increas-
ingly appealing to materials scientists. It has been
shown that an increase in the Al content enhances the
oxidation and sulfidation resistance of FeAl alloys
while lowering their density [6-9]. This makes FeAl
intermetallics with high Al concentrations suitable for
structural materials used in harsh environments. But
these intermetallics have not been widely used because
they are not very flexible at room temperature [10-13].
Making fine-grained materials, on the other hand, has
been suggested as a possible way to improve room tem-
perature ductility [14, 15].

The mechanical alloying (MA) process leads to a re-
finement of the grains accompanied by the evolution of
the system through different metastable phases due to
which there is a notable change in the microstructural
and mechanical properties. SEM and TEM studies also
show that structural changes take place during alloy
formation and these changes are very much interesting
due to their direct application in the industrial sector.
The electronic properties of FeAl-based alloys are also
of interest, as there are changes in the structure, mag-
netic coupling, binding energy, s-p hybridization, etc.
during the alloying process [16]. In the present work,
the authors have discussed in detail the microstructur-
al and electronic properties of Fe1_Al: alloys prepared
by MA. The variation in particle size and phase for-
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mation has been determined using TEM whereas the
change in chemical and electronic structure has been
studied with X-ray photoelectron spectroscopy (XPS).

2. EXPERIMENTAL DETAILS

Fe1_xAl: (x=0.3, 0.4, 0.5, and 0.6) alloys were pre-
pared by high-energy MA of analytical grade Fe and Al
powders of approximately 100 pm size and with purities
of 99.9 %. From here onwards, Feo7Alos, FeosAlos,
FeosAlos and FeosAlos samples are referred to as
Fe7Als, FesAls, FesAls, and FesAls. The powders were
initially mixed thoroughly using an agate pestle and
mortar and then dry-milled in an argon atmosphere
using a SPEX 8000M high-energy mixer/mill with
hardened steel vials and balls for a fixed time of 5 h. To
avoid excessive heating during milling, each 30 min of
milling was followed by a pause of 1 h under Ar atmos-
phere. Microstructural characterization of the milled
powders was performed by using TEM.

The XPS technique is used to identify the possibili-
ties of in-equivalence in the samples prepared. Chemi-
cal and electrical information about the samples is ob-
tained using XPS at various depths utilizing Mg-Ka
radiation at a base pressure greater than 5 x 109 Torr.
Mg-Ka radiation was emitted from a source operated at
an emission current of 10 mA and an anode voltage of
10 kV. A concentric hemispherical energy analyzer
(CHA) with a pass energy of 50 eV was utilized, yield-
ing an overall resolution of 0.9 eV. To correct shifts of
the binding energy (BE) of core levels caused by the
charging effect, an external reference of Au 4f2 at
84.7 eV and an internal reference graphitic C-1s peak
at 284.7 eV were used. All measurements were taken at
constant room temperature.
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3. RESULTS AND DISCUSSION

3.1 Transmission Electron Microscopy (TEM)
Measurements

Fig. 1 shows the TEM images of a series of 5 h ball-
milled Fe1-Alx (x=0.3, 0.4, 0.5, 0.6) alloy powder sam-
ples. The color contrast in the TEM micrograph of the
unmilled sample is mainly due to the difference in
atomic number (Z). Since Fe (Z = 26) has a much larger
electron scattering form factor than Al (Z = 13), in the
bright-field image there will be less contribution from
Fe regions than from Al regions, and hence the Fe crys-
tallites appear darker as compared to Al.
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Fig. 1 — TEM micrographs of Fe: Al (x=0.3, 0.4, 0.5 and 0.6)
samples at room temperature

The average crystallite sizes measured from TEM
are shown in Fig. 1. The diameter of a nanoparticle is
found by taking the average of its diameters as seen in
TEM images from different directions. It shows that
the average crystallite size decreases drastically in all
the cases as compared to the unmilled sample. Howev-
er, the average crystallite size is found to be in the
range of 6 to 8 nm, irrespective of the sample concen-
tration. This may be a result of the progressive accu-
mulation and interaction of dislocations, leading to the
continuous refinement of crystallite size, yielding na-
nometric structures as well as an increase in lattice
strain. When this structure is milled on for a long time,
it changes into a fully nanocrystalline structure where
the orientation of neighboring crystallites is completely
random, and they are separated by high-angle grain
boundaries.

3.2 X-ray Photoelectron Spectroscopy (XPS)
Measurements

As already discussed, XPS is the most powerful and
quantitative technique for elemental characterization.
Therefore, Fe1-xAl: alloy samples milled for 5h were
used for the XPS study to get information about chang-
es in the BE position as a result of phase formation.

The survey scan of the FesAls unmilled powder sam-
ple is shown in Fig. 2. The unmilled sample clearly
shows two prominent peaks of Carbon (Cis) at 284.7 eV
and Oxygen (O1s) at 532.4 eV as compared to other
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small peaks of Iron (Fe) and Aluminum (Al). The prom-
inent signals of Oxygen and Carbon might be due to the
atmospheric exposure during the sample transfer in the
XPS chamber. To gain more insight into the elements,
separate detailed scans have been recorded for Iron and
Aluminum.

The core level spectra of Fezp and Alsy of the un-
milled FesAls powder sample are shown in Fig. 3. Using
the standard XPS peak fit 4.1 software, the detailed
scan spectra of Fez, and Als, were de-convoluted. The
data were normalized to the Cis peak position at a BE
position of ~284.6 eV. The recorded spectrum of Fe
shows some significant differences, which are charac-
teristics of the oxidized state.
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Fig. 2 — Survey scan of the FesAls alloy sample milled for 5 h
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Fig. 3 — Core-level spectra of Fez, and Al for an unmilled
sample of FesAls

In order to analyze the results more precisely, the
Fez, peak was de-convoluted into two peaks, one of
which corresponds to the metallic phase of Fe and the
other to the oxide state of Fe. A satellite peak is also
observed at a BE position of ~ 718.5eV, which is
~ 8.05 eV higher than the Fe2ps2 peak. Furthermore,
the 2p spin-orbit effect divides the Fesp spectrum into
the 2pse2 and 2pi12 parts, and the continuous tail is
caused by electron-hole pair excitations and is a char-

04022-2



TEM AND XPS STUDY OF BALL MILLED FE1 - xALx ALLOYS

acteristic of metallic states. In the same way, the Al
core level is also fitted with two peaks, one of which
corresponds to metallic Al and the other to the oxide
state of Al. It is worth noting that the relative intensity
of the Al-Ox peak is greater than that of the elemental
Alz, peak. This suggests that oxygen interacted to a
greater extent with Al and partially with Fe (Fig. 3).
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Fig. 4 — Core-level spectra of Fey, of the Fei_:Al. alloy samples
milled for 5 h

Drastic changes are visible in the core level spectra
of both Fes, and Alsy after 5 h of milling (see Fig. 4 and
Fig. 5, respectively). It is attention-grabbing to find out
that when the sample is milled for 5 h, the Fegpar core
level peak is followed by 711.17 eV for Fe7Als, 711.70 eV
for FesAls, 710.55 eV for FesAls, 711.53 eV for FesAls. A
meticulous study of the data shows that the peak posi-
tion is shifted by 0.1 to 1.25 eV towards higher BE com-
pared to the Fegzpsz core line of the unmilled sample.
Analogous changes are observed in the Als, core level as
indicated in Fig. 5. Standardized to the Als, core line,
the Alsy core line is also shifted by ~ 1.4 eV towards a
higher BE as compared to the unmilled sample. These
changes in Feg, and Algy core lines are clearly seen in
the alloy formation in the samples.

If we compare the samples of the Fei_ Al (x=0.3,
0.4, 0.5, and 0.6) system, we find some differences in
the BE positions of Fes, and Alsp core lines. The BE of
the Fezy and Alz, peaks is shifted towards a higher BE
compared to their element peak position. Additionally,
depending on the atomic percentage of the Al content in
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the FeAl alloy, the shift of the peak position is different
in different cases. The different shift in each case is due
to the formation of various phases of Fe- and Al-rich
FeAl alloy.

4. CONCLUSIONS

The study of the Fei_xAl: (x=0.3, 0.4, 0.5, 0.6) in-
termetallic alloy as a function of x prepared by ball
milling has given interesting results. The ball milling
process causes the formation of solid-state reactions
that are aided by severe plastic deformation, resulting
in reduced crystallite size and interesting microstruc-
tural and electronic changes in the resulting system.
The TEM study shows major structural changes (nano-
crystallization and FeAl alloy formation) after 5 h of
milling. Additionally, amorphization also increases as a
result of milling with an increase in x. The survey scan
during XPS measurements shows that contamination is
on the surface only, and Fes, and Alz, peaks are shifted
towards higher binding energy, which can be attributed
to the formation of various Fe- and Al-rich phases of
the FeAl alloy.
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Fig. 5 — Core-level spectra of Aly, of the Fei<Aly alloy samples
milled for 5 h
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Hocaig:xkenns criasis Fei - xAly, mongpioHeHUX y KyJILOBOMY MJINHI,
3a gornomorow TEM ta XPS
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Texuika moapiOHEHHS B KyJIBOBOMY MJIMHI IITUPOKO BHKOPUCTOBYETHCS JJIS OTPUMAHHSA PI3HHX METacTa-
01JIbHUX CTAHIB 3 HAHOKPUCTAIYHUMYI MIKPOCTPYKTYPAMH 3 IHT€PMETAJIIYHHX CIIOJIYK. ¥ CTATTI aBTOPH CHC-
TEeMATHUYHO OCJIMKYBAJIM CTPYKTYPHI TA €JEeKTPOHHI BJIACTUBOCTI cepll MEXaHIYHO JIETOBAHUX 3PA3KIB
Fe1_.Al: (0.3 <x < 0.6) 3a mormomoro pocBiuyiouoi esexrporHoi Mikpockorii (TEM) ta penrreHiBeskoi do-
ToesteKTpoHHoI cuerTpockomii (XPS). Iporiec moapibHeHHS B KyJIbOBOMY MJIMHI BUKJIMKAE MPOTIKAHHS TBE-
PAOTLIBHIUX PEAKINH, SKUM CIPUSE CHJIbHA ILUIACTUYHA JeopMarliisi, 0 IPU3BOJUTE JI0 3MEHIIEHHS PO3Mi-
Py KPHUCTAJIITIB 1 IIIKABUX MIKPOCTPYKTYPHHUX Ta €JIEKTPOHHMX 3MiH y OTpUMaHii cucremi. Pesyabratn TEM
TIOKA3YIOTh, III0 PO3MIP KPHCTAJIITIB 3MEHIITYEThC 0 HAHOMETPOBOTO lanas3oHy (Misk 6-8 HM) Sk (QYHKITIS X,
1 MeTaJ Iy PO3UMHSIOTHECA HA MeKax HaHO3epeH. depe3 HAHOMETPHUUYHI PO3MIPHU PeakIfiiHa 3IaTHICTh ITIBU-
IYETHCS B Pe3yabTaTl 301IBIMEHHS CIIIBBITHOIIEHHS MOBEPXHI /10 00'€My, 10 MPHU3BOIUTH JI0 YTBOPEHHS
dasu crutaBy FeAl. Orssimose ckanyBanss XPS mokaaye, 1o 3pasky He MAlOTh CEPHO3HOTO0 3a0pyaHEHHs, a
CIIEKTPH PIBHA sAIpa JeMOHCTPYIOTh HeBEeJIMKU 3CyB miKiB Feg, Ta Aly, y Gik Buioi eneprii 38'sa3ry (BE), 1o
JIOBOJUTH, 10 pisHi 6arari Ha Fe ta Al dasu cunasy FeAl yrBopuiucst micsst 5 rogus moapiGHeHHS.

Kmiouosi cnosa: XRD, Touxka miiska, Harnoxpucramiuumii, Mesxa poamiry, AMopdHuIA.
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