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Abstract. Nanostructured (Fe0.6Al0.4)100-xSix powders with x= 0, 5, 10, 15 and 20 at.% were elaborated 
by means of mechanical alloying for a fixed milling time of 72 h. We have investigated the effect of 
silicon addition on the microstructure and magnetic properties of these ternary alloys. X-ray 
diffraction experiments reveal that these powders are single-phase disordered solid solutions with 
body centered cubic crystal structure. The lattice parameter diminishes almost linearly as the Si 
content increases. The mean crystallite size, <D(nm)>, is around three times smaller for the samples 
with higher amount of Si (≈ 10 nm) compared with that of the binary alloy (27 nm). Moreover, the 
volume fraction of grain boundaries (fgb) seems to be higher with increasing the Si content, as well 
as both dislocation density (ρ) and lattice microstrain (<ε>), that follow a linear trend. The SEM 
images show that the Si helps in refining the shape and size of the powder particles, leading to a 
nearly homogeneous small particle. The addition of Si strongly affects the value of the saturation 
magnetization, Ms, that falls nearly an order of magnitude for the sample with 20 at.% Si, while the 
coercivity remains almost unchanged. The Mössbauer spectra show the presence of a sextet 
(ferromagnetic phase) and a singlet or a doublet (non ferromagnetic phase), except for the sample 
corresponding to x = 10, where only one singlet is observed in the spectrum. 

1. Introduction  
Mechanical alloying (MA) technique is a powerful method for the elaboration of powdered 
nanostructured materials. The physical-chemical properties of the nanostructured powders depend on 
different parameters such us: type of milling device, ball to powder mass ratio, milling time, cycle of 
milling, .....) and hence a careful choice of these parameters is essential in order to optimize 
thematerials’properties [1]. During the MA process the initial elemental powders are repeatedly 
deformed, cold welded and fractured until reaching the equilibrium state which corresponds to a 
minimum value of the crystallite size [2]. In the case of nanostructured ferromagnetic materials, if 
the cristallite size decreases down to the nanometric scale a change in the magnetic properties is 
frequently observed, which has been well explained by the random anisotropy model (RAM) [3, 4]. 
Ternary nanocrystalline Fe-Al-X (X=Ni, Mn, Cu, Ti, Cr, B, Si) alloys elaborated by MA exhibit a 
nanostructured state that have been extensively investigated due to their interesting magnetic 
behaviour [5]. In addition, the MA technique induces different phase transformations in these metallic 
systems, even in out-of-equilibrium conditions [3]. A particular interest has been focused towards the 
nanocrystalline Fe-rich Fe-Al-Si alloys, especially (Fe0.8Al0.2)100-xSix and (Fe0.7Al0.3)100-xSixfabricated 
under diverseconditions using different planetary mills [6-9]. The evolution of microstructural and 
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magnetic properties are directly related to the chemical composition of the particular alloy and to the 
elaboration conditions. However, the Fe60Al40 binary alloy displays a particular interest because its 
magnetic behavior (ferro- or paramagnetic) depends on the degree of disorder of the alloy [10, 11]. 
Then, the addition of a third element, such as silicon, and the use of MA as fabrication method, allow 
obtaining nanocrystalline disordered solid solutions in which we expect important changes of the 
magnetic behaviour. To the best of our knowledge, few works have been reported on the 
nanocrystalline ternary (Fe0.6Al0.4)100-xSix alloys prepared by MA from elementary Fe, Al and Si 
powders. Hence, the curiosity on these ternary systems, and especially the effect that the addition of 
Si could have on the microstructure and consequently on the magnetic behavior, is the main 
motivation to undertake this research work. 

2. Experimental Procedure 
2. 1. Elaboration of samples  
(Fe0.6Al0.4)100-xSix nanostructred alloys (with x=0, 5, 10, 15 and 20 at.%) were elaborated by 
mechanical alloying of elemental powders Fe, Al and Si with a purity of 99.99% and mean particle 
size of ~100 µm. The MA process was performed under anargon atmosphere using a vario-planetary 
high-energy-ball mill (FritschP4) which permits the control of the rotation speed of the main disc (Ω) 
as well as that of the vials (ω) separately, and consequently the mode milling (shock or friction).We 
have selected the friction mode (Ω<ω ) with rotation speed values Ω =250 rpm for the disc and ω=400 
rpm for the vials. The powders were milled for a fixed time of 72 h, which corresponds to the optimum 
duration for the single-phase formation of the binary Fe(Al) and tenary Fe(Al, Si) solid solutions as 
previously confirmed [8, 9]. The ball to powder weight ratio was fixed to 15:1. In order to prevent an 
excessive increase of the temperature inside the vials during the milling process, each period of 30 
min of milling was followed by a pause of 15 min. 
2.2. Characterization methods 

The powder morphology and the chemical composition were analyzed with a scanning electron 
microscope (SEM, Philips XL 30) equipped with an energy-dispersive X-ray spectroscopy (EDX) 
analyzer. 

The X-ray diffraction patterns were collected in a Philips X’Pert Pro powder diffractometer 
using Cu Kα radiation (λ=1.5418 Å), in the 2θ range between 10° and 110° with a step of 0.02°. In 
order to fix the shift of zero angle, a silicon crystal was used as a standard sample. The full profile 
fitting of the XRD lines was performed by means of the X’Pert High-Score software [12]. The latter 
uses analytical functions approximating the pseudo-Voigt function which is a linear combination of 
a Lorentzian (L) and a Gaussian (G) function. The XRD data allows to determine the crystal structure 
and the values of the lattice parameters of the samples, and to estimate the values of the mean 
crystallite size, <D> (nm), together with of the lattice microstrain, <ε> (%), through the Williamson–
Hall method [13]. This procedure is based on the line-broadening of the Bragg reflections and is given 
by the following equation: 

𝛽𝛽 cos 𝜃𝜃 = 𝐾𝐾𝐾𝐾
𝐷𝐷

+ 2𝜀𝜀 sin𝜃𝜃                                                                            (1) 
where K is the Scherer constant, λ the wavelength of x-ray radiation, D the crystallite size, ε the lattice 
microstrain and θ is the Bragg angle. The parameter β is the full width at half-maximum of the Bragg 
peak (in fact, β=βexp-βinst, where βexp is the measured width and βinst is the instrumental width 
determined from the XRD pattern of a Si standard powder). The slope of the Williamson-Hall plot, 
βcos θ vs.2sinθ, gives us the value of the lattice microstrain, ε, and the intercept with the βcosθ axis 
gives the term Kλ/D, and then the value of the mean crystallite size. If we assume that a crystallite is 
a sphere of diameter D surrounded by a shell of grain boundary with thickness t, the volume fraction 
of grain boundary, fgb, can be written as [14, 15]: 

𝑓𝑓𝑔𝑔𝑔𝑔 = 1 − 𝑓𝑓𝑔𝑔                                                                                                                      (2) 
where fg is the volume fraction of the grains and is given by: 
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𝑓𝑓𝑔𝑔 = (𝐷𝐷−𝑡𝑡)3

𝐷𝐷3
                                                                                   (3) 

The values of fgb, of (Fe0.6Al0.4)100-xSix samples, were obtained from this equation taking into account 
the calculated values of D and assuming t = 1 nm. 

The magnetization vs. applied magnetic field curves, M(H), were collected at room temperature 
with a LakeShore 7400 vibrating sample magnetometer (VSM), within the applied magnetic field 
range of ±7 kOe. The values of the saturation magnetization and coercivity for all the powder samples 
were estimated from the M(H) loops.  

The Mössbauer spectra were collected at room temperature in transmission geometry with a 
constant-acceleration Wissel spectrometer, using a radioactive 57Co-Rh source. The spectra were 
fitted with the Recoil software using the voigt-based hyperfine field distribution method (HFD-VB-
F) [16]. The isomeric shift value was estimated taking that of α-Fe at 300 K as a reference value. 
From the fit of the spectra, we obtained the average hyperfine magnetic field <Hhf> wich is calculated 
using the following expression: 

< 𝐻𝐻ℎ𝑓𝑓 >= ∑ 𝑃𝑃𝑖𝑖𝑖𝑖 (𝐻𝐻𝑖𝑖)𝐻𝐻𝑖𝑖                                                                            (4) 
Were Hi is the magnetic field value of the ith site and Pi(Hi) is the calculated probability associated 
with the magnetic field Hi. 

3. Results and Discussion  
3.1. Morphological changes and chemical composition  

Fig. 1 shows the change of the powder particle shape and size of (Fe0.6Al0.4)100-xSix samples 
after 72 h of milling. The binary Fe60Al40 powder consists of large agglomerates with irregular shape 
and size. This could be due to the fact that both iron and aluminium are ductile, and therefore gives 
rise to the formation of alloy with a softer character that favours the coalescence between particles. 
These agglomerates become smaller as more silicon atoms are introduced into the powders, and their 
shape becomes gradually rounded. The latter suggests that the Si acts as a coalescence inhibitor and 
helps in the refining of the particle shape, leading to a nearly homogeneous small particle. A similar 
observation was already reported for nanostructured Fe-Co-Si and Fe-Al-Si alloys [8, 17, 21] and has 
been attributed to the fact that silicon is a brittle material and its introduction into a ductile iron lattice 
gives rise to harder compounds with more tendency to particle fragmentation as the amount of Si 
increases. 
Energy dispersive X-ray analyses (EDX) were made on the samples. In Fig. 2 we present examples 
of EDX spectra corresponding to samples with lowest and highest Si content. We have noted that 
only the peaks belonging to Fe, Al and Si are present; hence, contamination from the vials and/or 
balls, during the milling process, is negligible within the experimental uncertainty of the EDX 
equipment. For the quantification, we have performed standardless ZAF simulation of EDX spectra 
(see Fig. 2) and we found that, for all samples, the composition is very close to the nominal one. 
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Figure 1. SEM images of (Fe0.6Al0.4)100-xSix milled powders. 
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Figure 2. Examples of Energy dispersive X-ray (EDX) spectra for the samples with  

(a) x=0, and (b) x= 20. 
3.2. X-ray diffraction and microstructural changes  

The XRD patterns of (Fe0.6Al0.4)100-xSix milled powders are shown in Fig. 3a, where the X-ray 
pattern of the Fe-Al-Si un-milled powders (0 h) is also shown for comparison. For 0 h of milling, the 
XRD pattern shows the peaks corresponding to iron (body centred cubic crystal structure, bcc) [18] 
and those of aluminium and silicon (face centered cubic crystal structure, fcc) [19, 20]. After 72 h of 
milling, all the observed peaks in the five diffraction patterns can be indexed as the Bragg reflections 
corresponding to a single phase with bcc crystal structure. It is worth noting the absence of any 
superstructure peak or any additional peaks coming from impurity phases and/or from pure Fe, Al or 
Si phases. This indicates that both Al and Si atoms diffused and randomly occupy some of the Fe 
sites within the conventional α-Fe bcc lattice leading to the formation of the bcc α-Fe(Al, Si) 
disordered solid solution. This structural disorder is commonly obtained in the systems prepared by 
mechanical alloying as previously mentioned. 
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Figure 3. (a) X-ray diffraction patterns of (Fe0.6Al0.4)100-xSix samples. (b) Detail of the most intense 

Bragg reflection (110). 
 

A rigorous observation of the superposition of the five diffraction patterns shows clearly that 
the introduction of Si into Fe60Al40 alloy produces a shift of the diffraction peaks toward higher 
angular positions [see Fig. 3b, detail of the most intense Bragg reflection (110)], thus indicating a 
decrease in the value of the lattice parameter mainly due to the smaller atomic radius of Si compared 
with those of Fe and Al. We have calculated the values for the lattice parameter, a(Å), from the 
formula relating to the cubic structure, Eq. (5) [21]: 

 
𝑎𝑎 = 𝑑𝑑ℎ𝑘𝑘𝑘𝑘√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2                                                                     (5)  

 
were h, k, l are the Miller índices and dhkl  is the interplanar spacing. 
The obtained results are listed in table 1 and plotted in Fig. 4 where the value for the bcc α-Fe is 
denoted as a horizontal blue line for comparison. The value of a(Å) is around 2.91 Å for the as-milled 
binary alloy, in good agreement with that already reported in [22], and it decreases below that 
corresponding to bcc-Fe, reaching a value of 2.847(2) Å for the alloy with the highest Si content (a 
decrease of 2.35%). The smaller atomic radius of Si (117 pm) compared with Al (143 pm) and Fe 
(124 pm) gives rise to a reduction of the lattice parameter value as the Si content increases [8, 9].  
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Figure 4. Dependence of lattice parameter with Si content for the (Fe0.6Al0.4)100-xSixpowders. The 

value for bcc-Fe is also included (dotted blue line) for comparison. 
 

Table 1. Estimated values of lattice parameter, a(Å), mean crystallite size, <D(nm)>, volume 
fraction of grain boundaries, fgb, average level microstrains, <ε >, and dislocation density, ρ, of 

(Fe0.6Al0.4)100-xSix samples. 
 

Sample a (Å) ±0.002 Å <D> (nm) ±1 nm fgb (%) <ε > (%) ρ (1016 /m2) 
x=0 2.916 27  10,5(3) 0.85(2) 1.63(8) 
x=5 2.890 19  14(7) 1.11(4) 2.8(2) 
x=10 2.874 15  18(6) 1.3(3) 4.0(2) 
x=15 2.860 10 26(1) 1.54(5) 5.6(4) 
x=20 2.847 10  27(1) 1.76(5) 7.0 (4) 

 

Fig. 5 illustrates the evolution of the mean crystallite size, <D> (nm), and the volume fraction 
of the grain boundaries, fgb (%) as a function of Si content.  

 
Figure 5. Evolution of mean crystallite size (left y-axis) and volume fraction of the grain boundaries 

(right y-axis) as a function of Si content. The dotted line represents an exponential fit of the data. 
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The mean crystal size vs. Si content follows an exponential decrease, and its value falls from 
about 27 nm for the as-milled binary alloy to 10 nm for the alloys with x>15 (see table 1). As 
previously mentioned [8, 9, 17, 23], the decrease of <D> is mainly due to the fact that the brittle 
nature of Si enhances the material hardening and therefore the easy fragmentation of the powders as 
the amount of Si increases, leading to a diminution of the crystalline size. However, the fact that <D> 
remains unchanged for x above 10% is probably due to the fact that silicon favours the increase of 
the local internal strain compared to the reduction in size of the crystallites, hence, regarding the 
preparation conditions; the limit of Si content which can provokes a clear reduction of the crystallite 
size may be around 15%. Turning to the analysis of the volume fraction of the grain boundaries, fgb, 
it shows an opposite trend to that of <D> (see Fig. 5, right y-axis); the addition of silicon provokes 
the increase of the volume fraction occupied by the grain boundaries (from about 10% to 27% for 
x=0 and x=20 respectively, see table 1), which is a direct consequence of the grain refinement. 

More information about the microstructure of the powders can be obtained by considering the 
evolution of the average microstrain, <ε > (%), as a function of Si content (see Fig. 6). 

 
Figure 6. Variation of average microstrain (left y-axis) and the dislocation density (right y-axis) for 

(Fe0.6Al0.4)100-xSixpowders. The dotted line represents a linear fit of the data. 
 
As we could expect, <ε (%)> is higher for the samples enriched in Si and exhibits a linear trend. Its 
value is double for the sample with the highest silicon content (1.76 (5) %) compared with that for 
the binary alloy (0.85(2) %). This increase of <ε >, could be due to stress fields associated with the 
multiplication of dislocations [24, 25]. 

In order to see the relationship between the microstrain and the dislocations, we have calculated 
the dislocation density, ρ (m-2) using the following formula [26]: 

𝜌𝜌 = 14.4
𝜀𝜀2

𝑏𝑏2
                                                                                  (6) 

where, b is the magnitude of the Burgers vector, ε is the microstrain. The direction of the b vector 
depends on the plane of dislocation, which is usually on the closest-packed plane of the unit cell. In 
the case of bcc-Fe, the closest-packed plane is (111). The magnitude of b is given by [27]: 
 

𝑏𝑏 = 𝑎𝑎
2 
√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2                                                       (7) 

 
where a is the lattice parameter of the crystal and h, k, and l are the Miller indices. 

Journal of Nano Research Vol. 58 109



The calculated values of dislocation density for (Fe0.6Al0.4)100-xSix powders as a function of Si content 
are also recorded in table 1 and shown in Fig.6 (see right y-axis). It is clear that ρfollows an almost 
linear trend, likewise the lattice microstrain does. Hence, the increases of ε and ρ and closely related. 
Moreover, a higher volume fraction occupied by the grain boundaries could also cause a larger lattice 
strain. 
3.3. Hysteresis curves  

The hysteresis loops, M(H), for the all samples are presented in Fig.7 It is clearly seen that with 
increasing Si content, the magnetization value is reduced. 

 

 
Figure 7. Hysteresis loops for the five (Fe0.6Al0.4)100-xSixsamples. 

 

The value of the saturation magnetization, MS, has been estimated from the high magnetic field 
region of the M(H) curves using a fit to an approach-to-saturation law [28]: 

H+
H
b

H
aM=M S χ






 −− 21                                                      (8) 

where a is a coefficient related to defects and/or microstress, b is a coefficient related to crystal 
anisotropy and χ is ascribed to an independent field susceptibility.  
The obtained values of Ms as a function of Si content are recapitulated in Table 2 and shown on Fig.8.  
The value of Ms strongly dependson the Si content, it’s value is around 102 emu/g for the binary 
alloy and drastically falls down to 41.5 emu/g for the alloy with x=5% (Fe57Al38Si5). These values 
are in good agreement with the data reported for the ball-miled Fe60Al40 [29] and Fe56Al24Si20 [9], 
respectively. For Si content above 5 at%, a further decrease of the saturation magnetization, but less 
pronounced, occurs reaching a value of about 15 emu/g for x=20  (see Fig. 8 and Table 2). Moreover, 
it is interesting to note that, in the present work, the behavior of Ms is similar to that of Fe/Si ratio 
and<D> (see Fig. 8 and Fig. 5). Under these findings and since the Fe/Al ratio is constant, the decrease 
of Ms could be mainly due to small variations of the Fe-Fe interatomic distances due to the insertion 
of smaller Si atoms in the lattice. Furthermore, the silicon decreases the magnetic moment of 

110 Journal of Nano Research Vol. 58



individual Fe sites due to a decrease in the direct ferromagnetic interaction between Fe-Fe sites. In 
order to get a quantitative information about the moment carried by each Fe atom in all the samples, 
we have estimated the values of magnetic moment per Fe atom (μFe in μB/at. Fe) using the formula 
of the Eq. (9), [30, 31] and taking into account the percentage of Fe atoms in the samples. 
 

μB = Mw×Ms
5585

                                                                        (9) 
 

where Mw is the molecular weight of the sample, Ms is the saturation magnetization and 5585 is a 
magnetic factor. The obtained values of μFe for (Fe0.6Al0.4)100-xSix powders as a function of Si content 
are also recorded in Table 2 and shown in Fig.8. We see that the evolution of μFe vs. Si content follows 
the same trend as Ms. The decrease of μFe with x is consistent with the modification of the density of 
states at Fermi level. Indeed, it has been reported that when adding Si to Fe-based alloys, and with 
increasing Si content, more Si atoms ([Ar] 3s2 3p2 ) will be dissolved into the Fe ([Ar] 3d64s2) lattice 
enhancing the electron transfer from 3p Si band to 3d Fe band and resulting in a reduction of the iron 
magnetic moment μFe [8-12].  
 

 
Figure 8. Variation of(a) the saturation magnetization, Ms, (b) the Fe/Si ratio and (c) the magnetic 

moment per Fe atom, µB as a function of Si content. 
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Table 2. Values of the saturation magnetization, Ms, magnetic moment per Featom, μFe, and 
coercive field, Hc, for the (Fe0.6Al0.4)100-xSixnanostructured powders. 

Sample Ms (emu/g) ± 1emu/g μFe (μB) Hc (Oe)±2 Oe 
x=0 102 1.34 40 
x=5 40 0.57 30 
x=10 23 0.33 25 
x=15 18 0.29 30 
x=20 15 0. 23 38 

 
Fig. 9, shows the evolution of Hc as a function of Si content and the values are depicted on Table 2. 
Two stages can be observed on Figure 9: a first stage where Hc decreases from 40 Oe (x=5 at.% Si) 
to a minimum value of 25 Oe (x=10 at.% Si) and a second stage marked by an increase of Hc reaching 
a maximum of 38 Oe for 20 at.%Si. 
 

 
Figure 9. Variation of coercive field as a function of Si content 

 
With reference to random anisotropy model (RAM), when the crystallite size of nanocrystalline 
materials is less than the exchange correlation length (Lex), the variation of coercivity follows a law 
in D6 [4]. In this work, the values of <D(nm)> varied between 19 nm and 10 nm and are lower than 
the typical value of Lex equal to 23 nm for nanocrystalline Fe-based alloys [32]; hence according to 
random anisotropy model, this leads to a decrease of Hc. However, the increase of Hc beyond x=10 
at.% cannot be explained by the RAM model, despite that <D(nm)> still decreases with increasing Si 
content. We belive that the increase of Hc could be attributed to the change in GBs due to the non 
dissolved Si atoms which acts as magnetic inclusions and block the domains walls motion (domain 
wall anchoring) [9]. 
3.4. Mössbauer analysis 

Fig.10 shows the Mössbauer spectra and their corresponding hyperfine field distributions 
(HFD).  
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Figure 10. Room temperature Mössbauer spectra and magnetic hyperfine field distributions for the 

five (Fe0.6Al0.4)100-xSix powders. 
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For the as-milled binary alloy (x=0), the spectrum was fitted by considering two main different sites: 
the first centred paramagnetic singlet (with weak relative area, 4.5%, and mean isomer shift <IS> 
around 0.2 mm/s) whose origin could be attributed to the formation of an Al-rich α-Fe(Al) phase. The 
second one, a ferromagnetic contribution (sextet) with spectral lines much broader than those of pure 
iron (0.12 mm/s) which can be attributed to the formation of a bcc Fe(Al) solid solution with 
disordered magnetic iron sites that are occupated randomly by Al atoms. The hyperfine field 
distribution (HFD) corresponding to the sextet contains two regions associated to different 
environments of iron atoms surrounded by aluminium and silicon atoms: a peak with a maximum 
around 24 T and a shoulder with a most probable Fe site of 17 T, which correspond to the following 
atomic configurations in the first (NN) and in the second neighbour (NNN) shells around the Fe 
atoms: [(5Fe+3Al)NN+(4Fe+2Al)NNN] and [(4Fe+4Al)NN+(0Fe+6Al)NNN], respectively. Note 
that these configurations were deduced by the application of the local environment model [32-36] 
after the fit of the spectra, in which the magnetic moment of an element depends on the number of 
nearest neighbors (NN) (see ref [8] for more details). The first component of 24 T comes from the Fe 
atoms inside the nanocrystals and corresponds to the Fe-rich α-Fe (Al) phase and the second 
component (the low Hhf shoulder) can be attributed to a similar phase but less rich in Fe or to Fe 
atoms localized at grain boundaries [8]. The two components calculated from HFD gives a mean 
quadratic hyperfine field, <׀Hhf׀>, of 21T. It is worth noting that the Mössbauer spectrum we have 
collected for disordered Fe60Al40 alloy is completely different from those already reported for the 
identical composition of alloy, prepared by melting in arc furnace and by induction melting 
techniques [22, 37]. Indeed, E. Legarra et al. [37] found that the Mössbauer spectrum of ordered 
binary Fe60Al40 alloy shows only paramagnetic contribution (singlet) and the mechanical deformation 
of this alloy cause the appearance of a weak ferromagnetic contribution (sextet). Also G. A. Peérez 
Alcázar et al. [22] found that the Mössbauer spectrum corresponding to disordered Fe60Al40 is 
composed of a dominant paramagnetic singlet and a very weak ferromagnetic sextet with a <׀Hhf׀> 
of around 19 T, contrary to our case where the spectrum is composed of a both dominant sextet and 
a weak paramagnetic singlet. The authors explained these findings by the fact that the structural 
disorder in binary Fe-Al alloys reinforces the ferromagnetic exchange due to the larger effective 
number of magnetic NN in the disordered phase compared with the ordered one.  
For the ternary alloys, we have observed a significant change in the shapes of the spectra as more Si 
atoms are introduced into the lattice. Indeed, the introduction of a low quantity of Si (5 at. %) into the 
bcc solid solution provokes an increase of the relative area of the singlet to 77.5% and decreases that 
of sextet to 22.5%, respect to those of the binary Fe60Al40 solid solution. As one can see, the sextet 
can be fitted properly taking into account a single HFD with a mean hyperfine magnetic fiel of 17 T, 
the same value as that of the shoulder already observed. Increasing Si content to 10 at.%, the 
ferromagnetic sextet entirely disappears and the spectrum consist only of the paramagnetic 
contribution (singlet) with an identical isomer shift,<IS>, that found at x=0 and 5 at. % (≈ 0.2 mm/s). 
The singlet is generally attributed to paramagnetic domains with symmetrical surrounding of Fe by 
non-ferromagnetic atoms of Si and/or Al, that is domains of the B2 ordered phase [38-41]; however, 
in the present study, no ordered phase was observed in XRD spectra which showed only the formation 
of the disordered (bcc) solid solution (see section 3.2). Hence, this single phase corresponds to 
paramagnetic disordered Fe54Al36Si10 solid solution. Finally, the Mössbauer spectra for the samples 
with higher Si content (x=15 and x=20) are almost identical and were ajusted with two sub-spectra: 
one is a dominant doublet with a quadrupole splitting, <QS>, around 0.33 mm/s and an isomeric shift 
<IS> of 0.26 mm/s, is probably due to the formation of a superparamagnetic Fe(Al, Si) solid solution 
as a consequence of the small size (~10 nm). The other is a minor sextet with narrow lines and an 
HFD which have the shape of a simple Gaussian function centered on ∼33 T. This component 
corresponds to atomic configurations with (8Fe in NN + 6Fe in NNN) and may be due to the formation 
of Fe clusters in these alloys [42]. 
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4. Summary and Conclusion 
Single phase nanocrystalline Fe(Al, Si) solid solutions have been successfully fabricated, from the 
mixture of elemental Fe, Al and Si powders, by high energy mechanical alloying process for a milling 
time of 72 h. The XRD profiles analysis have shown that the obtained Fe(Al, Si) alloys are single 
phase in the whole range of Si content and exhibit a disordered bcc crystal structure with a lattice 
parameter which decreases as the Si content increases. The insertion of Si atoms into the α-Fe lattice 
leads to a progressive diminution of the mean crystallite size and a linear increase of the average 
microstrain and the dislocation density. The SEM images suggest that the addition of Si stimulate the 
reduction of the powder particle size. Mössbauer spectroscopy corroborates the formation of Fe (Al, 
Si) solid solution as concluded from XRD spectra and also provided additional details on the 
differences in the local environments of the Fe atoms in the disordered Fe(Al, Si) phase with different 
amount of Fe, Al and Si but having the same bcc lattice. These details, which cannot be revealed 
neither by X-ray diffraction nor by magnetization measurements, allows for a clear understanding of 
the relationship between the structure and microstructure of disordered Fe(Al, Si) alloys and the 
corresponding hyperfine and magnetic properties. 
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