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Nanocrystalline Fe;;Alg alloy samples were prepared by mechanical alloying process using planetary high-
energy ball mill. The alloy formation and different physical properties were investigated as a function of
milling time, #, (in the 0-24 h range) by means of X-ray diffraction technique, scanning electron microscopy
(SEM), energy dispersive X-ray, and Maossbauer spectroscopy. The complete formation of bec-FeAl solid
solution was observed after 4 h of milling. The lattice parameter quickly increased to a maximum value of
0.291 nm within the first hours of 12 h of milling, then decreased to a value of 0.2885 nm after 24 h. The
grain size decreased from 55 to 10 nm, while the strain increased from 0.18 to 0.88%. Grain morphologies
at different formation stages were observed by SEM. The Mossbauer spectrum showed the presence of a
singlet and sextet after 4 h of milling. The singlet indicated the presence of paramagnetic phase charac-
teristic of A, disordered structure and the sextet with a mean hyperfine field, (Hy), of 21 T was indicative of
ordered DOj; structure. After 8 h of milling, the paramagnetic phase disappeared allowing the appearance
of a sextet. For the higher milling time, i.e., 24 h, the Mdossbauer spectrum was analyzed with two com-

ponents. The first with (Hy¢) equal to 29.9 T and the second with a (Hy;) value of 10.25 T.

Keywords ball mill, FeAl alloy, Mossbauer effect, nanostruc-
tures, ordered and disordered structure, X-ray diffrac-
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1. Introduction

Mechanical alloying (MA) is a processing technique for
synthesis of phases or phase mixtures (Ref 1-3). The MA
process leads to an alloy formation by solid-state reactions
assisted by severe plastic deformation that occurs during ball
milling of the elemental powders. The MA technique helps in
overcoming problems such as the large difference in melting
points of the alloying components, and unwanted segregation
or evaporation that might occur during melting and casting. A
great advantage of this process is the fact that it allows the
formation of materials far from their thermodynamic equilib-
rium. In particular, nanocrystalline, quasicrystalline, or amor-
phous structures can be formed by MA process (Ref 1-3).

Nanocrystalline materials are potentially attractive for many
applications because the reduction of grain size to nanometer
scale can improve their physical and mechanical properties
(Ref 4, 5). Some properties, such as high strength and hardness
(Ref 6, 7), ductilization of brittle materials (Ref 8, 9), and
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enhanced diffusivity (Ref 10) are superior to those of conven-
tional materials. This is possibly due to the nanocrystalline
structure. A class of materials widely produced by the MA
process is the supersaturated solid solution. Due to the specific
chemical composition of this class of materials, their structure
orders upon thermal annealing and they transform into
intermetallic compound.

Iron-aluminum alloys have drawn the attention of a large
number of material scientists for at least the last four decades.
Special attention has been given to intermetallic alloys in the
composition range of 20-32% Al. For the series of Fe-Al alloys,
different soft magnetic and physical properties can be obtained
(Ref 11). Apart from the disordered solid solution of Al in a-Fe,
two types of superlattices appear in the FeAl alloy systems: the
imperfectly ordered B, phase and the ordered DO; phase. The
basic crystal structures of all the phases are the same, i.e., BCC.
The alloys in DOj; structure have interesting magnetic and
structural properties, and an extremely good resistance to
environmental degradation. For example, Fe-25% Al shows
large magnetostriction, while Fe-28% Al shows high magnetic
permeability (Ref 11).

Many works have reported the elaboration of nanocrystalline
FeAl using different kinds of planetary ball milling systems
(Ref 12-20) under different experimental conditions. However,
even for the same composition, different phases have been
obtained by MA using the same type of mill (Ref21, 22), because
MA is a complex multiparameter process. Thus, despite the same
composition of initial powder mixture, various products can be
obtained depending on the parameters of the process (type of
milling device, ball-to-powder weight ratio, temperature of
milling, milling time, milling intensity, etc.) (Ref 3).

The purpose of this article is to study the structural and
phase transformations taking place during the MA of Fes,Alyg
powder mixture in a high-energy ball mill. The effect of milling
time on structural, microstructural, and hyperfine properties

Volume 21(9) September 2012—1943



was investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Mdssbauer spectroscopy.

2. Experiments

Elemental Fe and Al powders of 99.9% purity and particle
sizes smaller than 100 pum were separately weighed and mixed
to obtain the desired composition. The MA process was
performed in a high-energy planetary ball mill (Retsch PM400).
The mixed powder was sealed in a cylindrical vial under an
argon atmosphere with stainless steel balls to prevent oxidation
phenomena. The ball-to-powder weight ratio was 50:1, while
the vial rotation speed was set to 380 rpm. Different milling
times ranging from 2 to 24 h were used. To avoid excessive
heating during milling, each 15 min of milling was followed by
a pause of 15 min under Ar atmosphere. XRD experiments
were performed with Philips X-Pert Pro diffractometer in
continuous scanning mode using Cu Ko radiation. The X-ray
patterns were analyzed using Philips X-Pert Plus software
(Ref 23). Each peak was fitted by the pseudo-Voigt (PV)
function, a linear combination of Lorentzian (L) and Gaussian
(G) functions described by PV (20) = yL (20) + (1 —v) G (20)
where y was a refinable “mixing” parameter called the shape
parameter. This parameter described the amount of Gaussian
profile versus the amount of Lorentzian profile; and thus
described the overall profile shape. The shape parameter of the
PV profile function determined the profile. It could vary
between 0 (= Gaussian profile) and 1 (= Lorentzian profile).
After removing the Cu Ko, radiation from the profiles using the
Rachinger method and removing the instrumental broadening
using a high purity silicon sample, the physical breadths () of
the spectral lines were determined for each peak of the pattern.

In order to calculate the mean grain size values from XRD
spectra, many methods were used by different researchers.
Among those methods, there were Williamson-Hall method,
Warren-Averbach method, and Scherrer method, to name few.
Each of these methods could be used to estimate the mean
value of grain sizes of 10 nm and less (Ref 24).

In the present study, the mean size of the nanocrystallites,
(D), was calculated according to the Scherrer’s formula
included in the software and defined by (Ref 25):

D = K)\/B - cosb

where K represented the shape factor which varied with the
crystal shape, A the wavelength of the Cu Ko radiation, 0
the Bragg angle, and P the Lorentzian part of the integral
breadth due to the crystallite size.

The mean level of microstrain, (g), was calculated using the
tangent formula included in the software and given by (Ref 26):

(€) = B/ (4 tanb)

where Pg represented the Gaussian part of the integral
breadth due to microdistortions, and 0 the Bragg angle.

SEM and X-ray microanalysis studies were performed on a
Philips XL 30 microscope coupled to an energy dispersive
analyzer (EDX). Mdssbauer spectra were obtained at room
temperature with Wissel instrument in the constant acceleration
mode, using a radioactive >’Co source diffused into a Rhodium
matrix. Metallic iron was used for energy calibration, and as a
reference for isomer shift. Mossbauer spectra were evaluated
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with the Recoil software using the Voigt-based hyperfine field
distribution method (HFD-VB-F) (Ref 27).

3. Results and Discussion

3.1 Structure

The XRD spectrum for the starting powder (labeled 0 h in
Fig. 1) shows reflections corresponding to distinct bec Fe and
FCC Al metals. It can be clearly seen that the diffraction peaks
are broadened as the milling time increases, indicating a
continuous decrease in grain sizes. This broadening was due to
the second-order internal stress which acted at the macroscopic
level in the crystallites (Ref 28). After 4 h of milling, the
reflection peaks corresponding to FCC Al disappeared and the
Fe peaks slightly shifted towards lower angles. This proved that
Al atoms dissolved in the Fe lattice leading to the formation of
Fe (Al) solid solution. The slight angular shift could be
attributed to the formation of the new bcc phase, and the first-
order internal stress induced by milling. The first-order angular
stress acted at the macroscopic level by modifying the lattice
parameter, and consequently produced an angular shift of XRD
peaks. It is worth noting that for Fe;,Al,g obtained by MA, the
formation of bec solid solution (Fe-Al) was confirmed by
Wolski et al. (Ref 29), Fan et al. (Ref 18), and Oleszak et al.
(Ref 30) after 10 h of milling, and by Tang et al. (Ref 19) after
5 h of milling.

The evolution of the lattice parameter for FeAl samples is
presented in Fig. 2 as a function of milling time. The figure
shows that the lattice parameter monotonously increased within
the first hours of milling time, then seemed to reach a stationary
value (0.2911 = 0.0005 nm) when the milling time is extended
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Fig. 1 X-ray diffraction spectra of mechanically alloyed Fe;;Alsg
for various milling times
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Fig. 3 Mean crystallites size, (D) (nm), and mean lattice strain, (€)
(%), as a function of milling time for Fe-28at.%. Al alloy

to 12 h. This behavior might be explained by the diffusion of
aluminum atoms into the iron lattice during the first stage of
milling (Ref 19, 31). However, the lattice parameter decreased
monotonously after 12 h of milling time and reached a constant
value of 0.2885 £ 0.0005 nm. This type of decrease in a (nm)
was also observed by Fan et al. (Ref 18), and was attributed to
the ordered structure (Ref 32).

Figure 3 shows the evolution of the average crystallite sizes
(D) and the mean level of internal strains (&) as functions of
milling time. It is clear that the crystallite size monotonously
decreases as the milling time increases. This decrease in (D),
accompanied by an increase of the mean internal strain level (€},
is acommon behavior of metallic materials obtained through high
energy ball milling (Ref 33); it is due to repeated fracturing and
cold welding of the powder particles during milling. However,
the increase of the mean level strains is due to the shock power
which increases with prolonged milling time. Similar dependen-
cies of D and € parameters on the milling time have been reported
by Jartych et al. (Ref34), and Tang et al. (Ref 19). The (D) values
of the crystallite size decrease from (D) = 55 nm for the un-
milled powder (0 h, corresponding to the Fe powder) to 10 nm
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for a milling time of 24 h, while the mean internal strain (&)
values increase from 0.2 to 0.9%.

3.2 Microstructure

Figure 4 shows the morphological evolutions of Fe;,Alyg
alloy as a function of milling time. Figure 4(a), shows the
spherical shapes of iron particles of 10 um size. The presence
of irregular structure of 50 pm average size shows the existence
of aluminum powder particles (Fig. 4b). After 4 h of milling,
new surfaces were formed (Fig. 4c). The initial shape of
particles disappeared completely, and their structure became an
amalgam of small and large angular-shaped particles with sizes
ranging between 10 and 50 pm. After 8 h of milling (Fig. 4d),
the formation of lamellar particles is favored (Ref 29); this is
certainly related to the fracture and welding phenomena. A
further increase in the milling time to 16 h brings the spherical
morphology back (Fig. 4e). The increase in the milling time
causes the MA progress and refinement of the particles size to
continue. For the longest milling time (24 h, see Fig. 4f), the
powder particles become equiaxed with small diameters and
relatively homogenous in size. This phenomenon is a result of
the existence of a balance between the fracture and re-welding
processes. EDX analyses were performed on all samples. The
standard deviation of the chemical composition of the samples
with respect to the nominal ones was less than 1%, and no Cr
contamination was found in the samples.

3.3 Mdssbauer Spectroscopy

Maossbauer measurements were performed to monitor the
process of alloy formation at every stage of milling. Mossbauer
spectra at room temperature for different milling times are
shown in Fig. 5. The average values of hyperfine magnetic
fields (Hy,r) were calculated for all measured samples. For the
un-milled sample, the spectrum (not shown here) indicated the
presence of a typical sextet with a mean hyperfine field (H,y)
equal to 32.98 T, which corresponds to the a-Fe present in the
starting FeAl powder. By increasing the milling time, the
Mossbauer spectra showed different behaviors. Indeed, after
4 h, the Mdssbauer spectrum showed the presence of a singlet
and sextet. The singlet indicated the presence of a paramagnetic
phase, a characteristic of A, disordered structure (Ref 35, 36).
The sextet, on the other hand, with a mean hyperfine field {(H,¢)
of 21 T, was indicative of ordered DOj5 structure (Ref 37, 38).

After 8 h of milling, the paramagnetic phase (singlet line)
disappeared completely; and the Maossbauer spectrum was
analyzed with one sextet with a mean hyperfine field (Hy¢) equal
to 24.18 T, a characteristic of DO;” structure (Ref 39). For the
sample milled for 16 h; the Mdssbauer spectrum exhibited two
sextets. The first sextet with (H},s) = 28.5 T is a characteristic of
DOs structure. The second sextet with (Hyp of 24.8 T is still
characterized of DO3’. For the longer milling time, i.e., 24 h, the
Mossbauer spectrum was analyzed with two components. The
first one with {H,,¢) equal to 29.9 T was still indicative of ordered
DOs, while the second, with a (Hy) value of 10.25 T, was a
characteristic of the fine domain B, ordered structure (Ref37, 38).

4. Conclusion

The formation of Fe;,Alyg alloy from elemental Fe and Al
powders was monitored with XRD spectra and Mossbauer
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Fig. 4 SEM micrographs of Fe;;Al,g powders for various milling times: Starting (a) iron and (b) aluminum powders; (c) 4 h; (d) 8 h; (e) 16 h;

(24 h

spectroscopy. It was found that, after 4 h of milling, the
Fe;;Al,g was formed. The SEM images taken at different
milling times allowed the monitoring of the morphology of the
materials at different stages. The Mossbauer spectra showed
different behaviors with the increase of milling time. Indeed,
after 4 h, the Mossbauer spectrum showed the presence of a
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sextet, a characteristic of DOj;” structure. For longer milling
time, the Mdossbauer spectrum was analyzed using two
components: The first one having (Hyr) equal to 29.9 T was
indicative of ordered DO; and the second one having a (Hyp)
value of 10.25 T was characteristic of the fine B, ordered
structure domain.
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Fig. 5 Room-temperature Mdssbauer spectra of Fe;;Al,g for vari-
ous milling times
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