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Abstract. Nanocrystalline Fe100-xAlx powders (x= 25, 30, 34 and 40 at %) were
prepared by the mechanical alloying process using a vario-planetary high-energy ball
mill for a milling time of 35 h. The formation and physical properties of the alloys were
investigated as a function of Al content by means of X-ray diffraction, scanning electron
microscopy (SEM), energy dispersive X-ray and Mössbauer spectroscopy. For all Fe 100xAlx samples, the complete formation of bcc phase was observed after 35 h of milling.
As Al content increases, the lattice parameter increases, whereas the grain size decreases
from 106 to 12 nm. The powder particle morphology for different compositions was
observed by SEM. The Mössbauer spectra were adjusted with a singlet line and a sextet
containing two components. The singlet was attributed to the formation of paramagnetic
A2 disordered structure rich with Al. About the sextet, the first component indicated the
formation of Fe clusters/ Fe-rich phases; however, the second component is
characteristic of disordered ferromagnetic phase.
Keywords: Fe100-xAlx alloy; nanostructured powders; X-ray diffraction; microscopy;
Mössbauer effect;

1 Introduction
Nanostructured materials have a crystallite size of the order of a few nanometres in at least one
dimension [1]. Due to the extremely small size of the grains, a large fraction of the atoms in these
materials is located at the grain boundaries and thus the material might exhibit unusual physical
properties, compared to those of more conventional materials with microcrystalline grain size [2, 3].
Nanocrystalline Fe-based alloys combine the advantageous properties of various soft magnetic
materials, such as high saturation induction and high permeability [4, 5]. The key of this property
combination is the structural correlation length which is much smaller than the ferromagnetic one.
Among Fe-based compounds, Iron-aluminium alloys have drawn the attention of a large number
of materials scientists for at least past four decades [6]. With the variation of composition, a series of
binary FeAl alloys having different soft magnetic and physical properties can be obtained [7, 8].
Moreover, the relative simplicity of FeAl alloys in both the composition and structure (up to 70 at. %
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Al) and their and magnetic properties are up to date an object of numerous experimental and
theoretical investigations [9].
Mechanical alloying (MA) is a powerful technique which allows the preparation of
nanostructured FeAl alloys [10, 11]. It is an intensive energy process of mechanical grinding for the
preparation of alloyed powders or composites in powder form [12]. It involves a repeated fracturing
and welding of particles, leading to size reduction and particle shape changes [13].
Many works have been reported on the synthesis of FeAl alloys by different kinds of planetary
ball mill systems (Low-energy horizontal [14, 15], SPEX 8000D [16, 17, 19, 20], High-energy
planetary [18, 21]); however, to our knowledge, no reports on the elaboration of FeAl compounds by
using the vario-planetary high energy ball mill (Fritsch P4) have been found in the literature. It is
known that the high energy planetary ball mill (Fritsch P4) exhibits the particularity to control
separately the rotation speeds of the main disk () and the vials (Ω) and consequently the milling
mode. We use the shock mode when Ω >>  and the friction mode when Ω <<  [22]. The effect of
milling modes (friction or shock) has already been studied for Fe80Ni20 and Fe90Ni10 compounds [23]
and it has been shown that the variation of milling mode influences the structural, hyperfine and
magnetic properties of these alloys. In this perspective, we have studied the effect of Al content on
the structural, microstructural and hyperfine properties of Fe100-xAlx powder using the P4 planetary
ball mill. To do so, we used two different values of Ω and . X-ray diffraction (XRD) and
Mössbauer studies are used for a better understanding of the evolution of Fe100-xAlx structure as a
function of Aluminium content. Scanning electron microscopy (SEM) and X-ray microanalysis are
also used to study the morphology of the powder and to investigate the chemical homogeneity of the
powder particles.

2 Experiments
Elemental Fe and Al powders of 99.995 % purity and particle sizes of 50 μm and 4 μm respectively
were separately weighted and mixed to get the desired composition. The mechanical alloying process
was performed in a vario-planetary high-energy ball mill (Fritsh P4). The rotation speed of the disc,
Ω, and the vials, , were equal to 150 rpm and 250 rpm respectively. To prevent oxidation
phenomena, the mixed powder was sealed in a cylindrical vial under argon atmosphere with stainless
steel balls. The ball-to-powder weight ratio was 30:1. To avoid excessive heating during milling,
each 15 min of milling was followed by a pause of 15 min under Ar atmosphere. We have elaborated
a series of Fe100-xAlx sample with Al content of 25, 30, 34 and 40 (at %) for a fixed milling time of
35 h. XRD experiments were performed with a Philips X-Pert Pro diffractometer in continuous
scanning mode using Cu Kα radiation.
The X-ray patterns were analyzed by X’Pert High Score [24]. Each peak was fitted by a PseudoVoigt (PV) function in order to get the exact values of the interreticular spacing and the peaks
broadening. The mean crystallite size and the mean level of microdistorsions (estimated by the
Williamson–Hall method [25]) as well as the lattice parameter were calculated from the XRD data
taking into account Cu Kα1 radiation, after Kα2 stripping using the Rachinger method. The
instrumental broadening was determined using a Si standard (provided with the diffractometer) and
subtracted from the experimental breadth to obtain the “pure” broadening of each diffraction line,
which was then used for the Williamson–Hall calculations.
SEM and X-ray microanalysis studies were performed on a Philips XL 30 microscope coupled to
an energy dispersive analyzer (EDX). Mössbauer spectra were obtained at room temperature with a
Wissel instrument in the constant acceleration mode, using a radioactive 57Co source diffused into a
Rhodium matrix. Metallic iron was used for energy calibration and also as a reference for isomer
shift. Mössbauer spectra were evaluated with the Recoil software using the Voigt-based hyperfine
field distribution method (HFD-VB-F) [26].
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3 Results and discussion
3. 1 Structure
Fig. 1 shows the evolution of XRD patterns for Fe100-xAlx (x=25, 30, 34 and 40 at %) samples as a
function of Al content. XRD spectrum for the starting powder (labelled 0 h in Fig. 1) shows the
reflections corresponding to distinct bcc Fe and fcc Al metals. This spectrum also shows that the Al
(111) peak is the most intense and Al (200), (220), (222) and (400) peaks overlap with Fe (110),
(200), (211) and (220) peaks respectively. After 35 h of milling, we observed that the Al peaks
disappear completely, whereas the peaks related to Fe slightly shift towards lower angles. This
proves that Al atoms dissolve in the Fe lattice leading to the formation of bcc solid solution (Fe–Al).
The slightly angular shift is attributed to the formation of (Fe–Al) solid solution and also to the firstorder internal stress induced by milling. The first-order of angular stress acts as a macroscopic level
by modifying the lattice parameter and consequently produces an angular shift of XRD peaks [27].
Also, we can clearly observed that the diffraction peaks broaden after 35 h of milling for all X-ray
peaks indicating a continuous decreases in the grain sizes and the introduction of lattice strain. This
broadening is due to the second-order internal stress which acts at a macroscopic level of the
crystallites and produces a broadening of X-ray peaks [27].

Fig. 1. X-ray diffraction spectra for Fe100-xAlx powder after 35 h of milling time.

It is worth noting that for Fe100-xAlx obtained by mechanical alloying, the formation of bcc solid
solution Fe(Al) was confirmed by several authors. Indeed, E. Jartych et al. [28] showed the
formation of bcc solid solution in Fe100-xAlx (50, 60 and 70 at %) after 800 h using a conventional
horizontal low energy ball mill. With a high energy ball mill (SPEX 8000M), V. Sebastian et al. [29]
observed the total formation of bcc solid solution after 10 h of milling for Fe 100-xAlx (x = 20, 40 at
%), while for (x= 66, 80 and 90 at %) the complete alloying was not achieved. Using a high energy
ball mill (SPEX 8000D), the formation of bcc solid solution in Fe100-xAlx for x= 60 and 65 at % has
been confirmed by M. Krasnowski et al. [19] after 10 h and 15 h of milling respectively.
Fig. 2 shows the change of the lattice parameter, a (nm), versus Al content for Fe100-xAlx (x=25,
30, 34 and 40 at %) samples after 35 h of milling. The lattice parameter increases slightly with Al
content, from 0.28601±0.00001 nm for pure Fe to 0.28609±0.00001, 0.28615±0.00001,
0.28645±0.00001, 0.28706±0.00001 nm for 25, 30, 34 and 40 at % respectively. A similar behavior
of a (nm) versus Al content (at %) was reported by E. Jatych et al. [30] for Fe 50Al50, Fe60Al40 and
Fe70Al30 nanostructure powders obtained after 800 h of milling using a conventional horizontal low
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energy ball mill. The increases of a (nm) with Al (at %) is due to the larger atomic size of the Al
atom (rAl = 0.143 nm) in comparison with the Fe atom (r Fe = 0.124 nm) [30].

Fig. 2. Lattice parameter, a (nm), versus Al content for Fe100-x Alx powders after 35 h of milling time.

Table 1 presents the values of the average crystallite sizes <D> (nm) and the mean level of
microdistorsions <> (%) for all samples. It is clear that the crystallite size decreases with increasing
Al content from 106 nm for the 0 h (the un-milled sample) to 28 nm for Fe75Al25 then to 14 nm for
Fe70Al30 and Fe66 Al34. The smallest value of <D> (nm) equal to 12 nm was found for the Fe 60Al40
sample. About the mean level of microdistortions, <> (%), We note a sharp decreases from 0.49 %
for 25 at.% Al to 0.15 % for 30 at.% Al, then <> (%) increases again to reach a value of 0.51 % for
40 at.% Al.
Table 1. Average crystallite sizes, <D> (nm), and level of microdistorsions <> (%) versus Al content.
Sample

<D> ±1(nm)

<> (%) ±0.04

Fe+Al (0 h)

106

0.047

Fe75Al25

28

0.49

Fe70Al30

14

0.15

Fe66Al34

14

0.19

Fe60Al40

12

0.51

It is interesting to note, for comparison, that the decrease of the average crystallite sizes <D>
(nm) with Al content (Fe50Al50, Fe60Al40 and Fe70 Al30) was observed by E. Jatych et al. [31] after 800
h of milling using low-energy horizontal ball mill. In this study, the authors found that the <D> (nm)
values are equal to 7 nm, 5 nm and 4 nm for Fe70Al30, Fe60Al40 and Fe50Al50 respectively. Also, V.
Sebastian et al. [29] found a value of <D> (nm) equal to 10 nm after 10 h of milling for Fe 100-xAlx (x
= 20, 40, 66, 80 and 90 at %).
3. 2 Microstructure
The powder morphology was studied by SEM. Fig. 3 shows the morphology of Fe and Al (un-milled
sample) particles and that of Fe100-xAlx alloy (x= 25, 30, 34 and 40 at %) after 35 h of milling.
For the un-milled powder (Fig. 3a), the existence of iron particles (the larger ones) and Al particles
(smaller ones) are clearly observed. After 35 h of milling, the micrographs corresponding to the
samples with different Al content (Fig. 3b, 3c, 3d and 3e) show the quasi similarity of particles
morphology i.e. the presence of particles with different sizes. The majority of particles exhibit a
round shape with small diameter; however, one can still note the presence of some big ones having a
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platelet shape. We have estimated, from the SEM pictures, the sizes of the particles in the FeAl
alloys. A considerable refinement of the particle sizes is observed. After 35 h of milling, the average
size value of the particles decreased from 30 µm for 0 h to 5 µm.

Fig. 3. SEM micrographs of unmilled powder and Fe100-xAlx milled powders for various Al content after 35 h of
milling time.

Fig. 4. Maps of Al and Fe distributions for Fe70Al30 powder milled for 35 h.
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Elemental mapping by EDX coupled to the SEM was carried out on the mechanically alloyed
powders. Fig. 4 shows an example of the maps of Al and Fe distribution for the selected areas of
Fe70Al30 sample after 35 h of milling. The elemental maps show that the Fe and Al elemental
distributions are closely correlated, in the error limits of this method, indicating that the two
elements are completely alloyed and the FeAl solid solution is formed. These results are consistent
with those obtained from XRD analysis (see section 3.1).
Energy dispersive X-ray (EDX) analyses were made on all samples. Fig.5 shows an example for
Fe70Al30 sample. For all samples, the composition was close to the nominal one and no Cr
contamination from the milling media was found in the error limits of this method.

Fig.5. EDX spectrum relative to the Fe70Al30 powder milled for 35 h.

3. 3 Mössbauer spectroscopy
The Mössbauer measurements were performed in order to monitor the process of alloy formation for
each sample. They also enabled us to inspect the local interactions between the iron nuclei as well as
to image the nearest neighbourhood of the iron atoms. The room temperature Mössbauer spectra and
their corresponding hyperfine field distribution (HFD) for different Al content are shown in Figure 6.
For all measured samples, the average values of hyperfine magnetic fields, <Hhf,> were calculated
from distributions. For the un-milled sample, the spectrum shows the presence of a typical sextet
with a mean hyperfine field, <Hhf >, equal to 32.92 T, which corresponds to the α-Fe present in the
starting FeAl powder. The full width at half-maximum (FWHM) of the spectral lines was about
0.202 mm s-1.
After milling time of 35 h, the spectra show a broadening of spectral lines in relation to α-iron.
The analysis of the spectra show that the full width at half-maximum (FWHM) of the spectral lines
increases from 0.202 for 0 h to 0.272, 0.26, 0.29 and 0.24 mm s-1 for Fe75Al25, Fe70Al30, Fe66Al34, and
Fe60Al40 respectively. This broadening can be due to the alloying process accompanied with the
reduction of the grain size [32-34]. The Mössbauer spectra were fitted with a singlet and one sextet
containing two components. The singlet, which increases with increasing Al content, is explained by
the formation of a paramagnetic phase characteristic of the A2 disordered structure rich with Al [35,
36]. Concerning the sextet, the first component with a mean hyperfine field values, <Hhf> (T) equal
to 33.19, 32.96, 32.96 and 32.91 T for Fe75Al25, Fe70Al30, Fe66Al34 and Fe60Al40, respectively, is
attributed to the formation of Fe clusters/ Fe-rich phases [29]. However, for the second component,
the obtained <Hhf> (T) values equal to 27.17, 26.12, 27.47 and 28.04 T for Fe75Al25, Fe70Al30,
Fe66Al34 and Fe60Al40 respectively, are characteristic of disordered ferromagnetic phases [29, 37].
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Fig. 6. Mössbauer spectra at room temperature and corresponding relative hyperfine-magnetic field distributions
for Fe100-x Alx powders after 35 h of milling time.

A local environment model was applied to estimate the nearest neighbourhood of 57Fe nuclei in FeAl
ball milled alloys [38]. According to the data taking from Refs [39, 40], it was assumed that one Al
atom in the first coordination sphere decreases the value of hyperfine field by 2.54 T (ΔH1 = -2.54 T)
when at most three aluminium atoms surround 57Fe nuclei and by 4.7 T (ΔH1 = -4.7 T) when four
and more aluminium atoms are located in the nearest neighbourhood. The change of hyperfine field
caused by one Al atom in the second coordination sphere was assumed to be 0.89 T (ΔH2 = -0.89 T).
The value H (m, n) of the hyperfine magnetic field at 57Fe site may be described as [31]:
H (m, n) = H (0, 0) - m 2.54 – n 0.89

(for m ≤ 3)

(1)

H (m, n) = H (0, 0) – m 4.7 – n 0.89

(for m ≥ 4)

(2)

where H (0, 0); denotes the value of hyperfine magnetic field at 57Fe nucleus which is surrounded
only by Fe atoms in the first and the second coordination spheres; m the number of impurity atoms
in the first sphere; n the number of impurity atoms in the second sphere; ΔH1; ΔH2 the changes of the
hyperfine magnetic field caused by impurity atoms in the first and in the second neighbour shells,
respectively.
In our case, the values of average hyperfine magnetic field, related to disordered ferromagnetic
phases, are equal to: 27.05, 27.47 and 28.04 T for Fe75Al25, Fe66Al34 and Fe60Al40 respectively. This
corresponds to at least two Al atoms in the nearest neighbourhood of the 57Fe atom. For Fe70 Al30
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alloy, the average hyperfine magnetic field is equal to 26.12 T; this corresponds to at least three Al
atoms in the nearest neighbourhood of the 57Fe atom.

4. Conclusion
From X-ray diffraction spectra we have followed the formation of Fe100-xAlx (x= 25, 30, 34 and 40 at
%) alloys from elemental Fe and Al powder after 35 h of milling time. It is found that for all the
compositions, Al atoms are dissolved into the Fe lattice leading to the formation of bcc Fe(Al) solid
solution. This observation is confirmed by EDX elemental mapping. The SEM micrographs taken
for different compositions allowed us to follow the morphology of the materials after 35 h of milling.
EDX experiments show that for all samples, the composition was close to the nominal one.
Increasing Al content leads to an increase of the lattice parameter values and a decrease of the grain
size. The Mössbauer spectra were analyzed with a singlet line and a sextet containing two
components. The singlet was attributed to the formation of a paramagnetic phase related to the A2
disordered structure rich with Al. For the sextet, the first component was attributed to the formation
of Fe clusters/ Fe-rich phases; however, the second component is characteristic of disordered
ferromagnetic phase.
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