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Nanocrystalline Fe – 40at.% Al alloy powders were prepared by using a mechanical alloying (MA)
process with a planetary high-energy ball mill. The structural and the morphological properties
of the powders were investigated by means of X-ray diffraction (XRD), and scanning electron
microscopy (SEM), respectively. A disordered Fe(Al) solid solution with bcc crystal structure was
formed after 10 h of MA. Longer MA durations introduced ordering in the alloyed powders. The
final crystallite size was found to be as small as 5 nm whereas the internal strain was found to
reach a final value of 2.1%. Also, the lattice parameter quickly increased to a maximum value of
0.2926 nm at 30 h of MA, and then decreased to a value of 0.2873 at 80 h of MA. SEM results
showed variations in the shapes and the sizes of the particles in the powders at different stages.
Furthermore, the microhardness values were found to increase gradually with increasing MA time
due to work hardening, grain refinement and solid-solution formation. Magnetic properties such as
the saturation magnetization (Ms) and the coercive field (Hc) were calculated from the hysteresis
loops, and the results are presented as functions of the MA time.
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I. INTRODUCTION

Fe-Al alloys have generated considerable interest in the
scienti?c community because of their unique properties:
relatively high strength, high melting temperature, high
electrical resistivity, excellent oxidation-corrosion resis-
tance, low thermal conductivity, low density, low mate-
rial cost compared to Ni-, Co-, and Fe-based superalloys,
availability of raw materials, etc. These features have led
to consideration of Fe-Al alloys for many structural, elec-
trical, thermal, and magnetic applications [1–6]. More-
over, with the changes made in the chemical compo-
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sition and microstructure in the Fe-Al alloys, different
soft magnetic and physical properties can be obtained
[7]. Experimental results have shown that Fe-Al alloys
have a ferromagnetic, disordered, body-centered cubic
(bcc) structure up to 22-at.% Al at room temperature
and that the ferromagnetic state of the alloy decreases
slowly with increasing Al content. At 30-at.% Al, the
average magnetic moment per Fe atom decreases more
rapidly and becomes zero. Above this Al concentration,
the alloys are paramagnetic at room temperature, and
the ordered bcc structure (B2) exists over the composi-
tion range 36- to 50-at.% Al. However, the atomically-
ordered alloys at concentrations above 32-at.% Al can
become ferromagnetic at room temperature, after hav-
ing been disordered [8–10]. We note that the structural
disorder (e.g., internal stresses, grain boundaries, dislo-
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cations, and impurities) and lattice expansions have been
found to increase the ferromagnetism (e.g., increase the
magnetic moment) [10].

By using mechanical alloying (MA) process, one can
produce disordered Fe-Al solid-solution nanostructures.
In this process, materials are produced in powder form,
which can be compacted in to desired shapes with di-
mensions for the practical applications. This powder
metallurgy process leads to an alloy formation by solid-
state reactions assisted by the severe plastic deforma-
tion that occurs during MA of the elemental powders.
The repeated stressing, deformation, fracturing, and cold
welding of powder particles can lead to the formation
of supersaturated solid solutions, nanocrystalline, qua-
sicrystalline, and amorphous structures. The formation
of these structures is well known to depend strongly the
process conditions, such as the type of MA device, the
MA time and temperature, the ball-to-powder weight
ratio, the milling intensity, etc. However, even for the
same nominal composition, different phases have been
obtained by MA using the same type of MA device be-
cause MA is a complex multiparameter process [11–16].

In recent years, a number of studies have been re-
ported on MA of Fe – 40-at.% Al. For instance, Wolski
et al. [17] investigated the effect of milling conditions
on the Fe – 40-at.% Al (Fe-40Al) intermetallic formed
by MA. They reported that this process occurred in two
steps, a nanocrystallization step and a FeAl formation
step. Amils et al. [18] examined the changes in the
hardness of the same alloy during MA and during sub-
sequent annealing. In that work, the increase in hard-
ness during MA was explained by the combined contri-
butions of vacancy hardening, ordered domain/particle
hardening, and disorder hardening within the ordered
regions. Zeng and Baker [19] studied the effect of the
MA time on the crystallite size, lattice strain, and lat-
tice parameter of Fe-40Al powders. According to their
results, a nanostructured disordered bcc Fe(Al) solid so-
lution was formed after 2 h of MA. Increasing the MA
time led to lattice expansion and a decreased paramag-
netic fraction. Also, Nogues et al. [20] demonstrated ex-
perimentally and theoretically that about 35–45% of the
magnetic moment of Fe60Al40 alloys arises from lattice
expansion effects induced during the disordering process.
Shokrollahi [21] reported that, generally, some magnetic
properties could be enhanced when the grain size was
reduced to nanoscale while the presence of stresses and
defects introduced by MA impair the magnetic property.
Zamora et al. [22] investigated the effect of MA time
(12, 24 and 36 h) on the crystallite size, lattice param-
eter, and magnetic properties of Fe1−xAlx alloys (0.2 ≤
x ≤ 0.4). According to their investigation, with increas-
ing MA time, the lattice parameter remained constant,
but the crystallite size increased. Also, they proposed
a simple illustrative model to explain the occurrence of
ferromagnetic behavior due to the presence of structural
disorder. Besides these works, emphasis has mostly been
on the magnetic properties and the order-disorder pro-

Table 1. Details of the MA conditions.

Rotation speed of disc (rpm) 300

Rotation speed of vial (rpm) 600

Vial material Hardened steel

Capacity of vials (ml) 250

Diameter of the disc (mm) 250

Ball material Hardened steel

Diameter of balls (mm) 10

Ball-to-powder weight ratio 10 : 1

Process control agent 1 wt.% stearic acid

Type of MA Dry

Atmosphere Argon

MA time (hour) 0 − 80

cess during MA, without correlating them with struc-
tural and microhardness evolution. Thus, in the present
work, mechanically-alloyed nanocrystalline Fe – 40-at.%
Al powders were investigated by means of X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), Vick-
ers microhardness (HV) testing, and vibrating sample
magnetometry (VSM). The obtained results will be dis-
cussed in detail.

II. EXPERIMENTS

Pure Fe (99.9% purity, mean particle size < 10 μm)
and Al (99.5% purity, mean particle size < 45 μm) el-
emental powders (both Merck products) were mechan-
ically alloyed to produce a Fe60Al40 (at.%) alloy in a
planetary-ball mill (Fritsch Pulverisette-5) at room tem-
perature. The MA conditions are given in Table 1. Each
20 min of MA was followed by a pause of 20 min to avoid
excessive heating during MA. The MA was interrupted
at selected times, and a small amount of powder was
removed for further characterization.

The structural evolution and the phase identification
were investigated by using XRD with a Rigaku D-max/B
diffractometer with Cu Kα radiation generated at 40 kV
and 30 mA. The XRD analyses were performed at angles
from 25 to 90◦ (2θ) with a step size of 0.02◦ and a count
time of 1 s per step. The average crystallite size and
lattice strain of the samples were calculated by using the
following equations [11]:

D =
0.9λ

β cos θ
, (1)

ε =
β

4 tan θ
, (2)

where D is the crystallite size, ε is the lattice strain, λ
is the wavelength of the X-ray radiation (0.15418 nm), θ
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Fig. 1. XRD patterns of Fe60Al40 powders for various MA
times.

is the diffraction peak’s position for the sample, and β is
the full-width-at-half-maximum (FWHM). Instrumental
broadening corrections were performed using an Y2O3

standard. Also, the pseudo-Voigt peak fitting function
was used to fit the peak profile of the XRD pattern,
and a polynomial function was used to determine the
background. Lattice parameters of the samples were
calculated using JADE software [23]. The morphology
of the powder particles was characterized by SEM with
a FEI-Quanta FEG 450 microscope at an acceleration
voltage of 13 kV. The hardness of powders was also de-
termined by microhardness test using a Vickers inden-
ter. The Vickers microhardness (HV) tests were done at
room temperature with a Shimadzu HMV-2 microhard-
ness tester at a load of 100 g and a dwell time of 10 s.
Five indentations were made on each sample to obtain an
average value of the hardness. Prior to indentation, cross
section of powder particles was prepared by mounting a
small amount of powder in a resin, followed by conven-
tional grinding and polishing. The magnetic properties
were measured at 300 K in a maximum field of 20 kOe
by using a superconducting quantum interference device
(SQUID, Quantum Design MPMS7) equipped with a vi-
brating sample magnetometer.

III. RESULTS AND DISCUSSION

1. Structural Evolution

Figure 1 shows the XRD patterns of the Fe60Al40 pow-
ders as-received and after different MA times. The XRD
spectrum for the as-received powders (labeled 0 h) shows
reflections corresponding to distinct body-centered-cubic
(bcc) Fe and face-centered-cubic (fcc) Al peaks, where Al
(2 0 0), (2 2 0) and (2 2 2) peaks overlap with the Fe (1
1 0), (2 0 0) and (2 1 1) peaks, respectively. However,

Fig. 2. (Color online) Crystallite size and lattice strain of
Fe60Al40 powders as functions of MA time.

the diffraction peaks of Al (1 1 1) and (3 1 1) do not
overlap. As seen, the first 10 h of the MA process led to
the disappearance of these Fe and Al peaks, while result-
ing the presence of a single phase, a disordered Fe(Al)
solid solution with a bcc crystal structure, where the
peak corresponding to Fe(Al) (1 1 0) became the most
intense one. This indicates that a solid solution had been
formed because Al atoms, which have a larger atomic ra-
dius, dissolves into the Fe lattice. With increasing MA
time, the diffraction peaks of the solid solutions were
broadened and reduced in the intensity. This is due to
the contribution of the crystallite size and to an increase
in the atomic-level strain because of heavy plastic de-
formation [24]. Furthermore, during MA from 10 to 30
h, the Fe(Al) (1 1 0) peak shifted towards lower 2θ an-
gles. This shift indicates that the Fe(Al) solid solution
had been completely formed. A similar phase evolution
was obtained for Fe70Al30 powders Kezrane et al. [25].
In their report, the bcc Fe(Al) solid solution was com-
pletely formed after 27 h of milling time. However, as can
be seen in Fig. 1, with increasing MA time from 40 to 80
h, the angular position of the Fe(Al) (1 1 0) peak slightly
shifted to a higher 2θ value, which signals ordering in the
alloyed powders. This is in agreement with the results
of Rajath Hegde et al. [26], wherein the Fe(Al) solid so-
lution was transformed into an ordered FeAl phase after
28 h of milling in the case of Fe50Al50. According to
Miedema’s semi-empirical model for the Al-Fe system,
an amorphous phase is predicted to form in the compo-
sition range from 25 to 60% Fe [5]. However, such an
amorphous phase was not observed in the present study,
probably because of the current experimental parameters
(type of ball mill, the ball-to-powder ratio, the purity of
the atmosphere during milling, etc.), which are likely to
influence the range over which the amorphous phase oc-
curs.

As mentioned above, the change in the XRD peak’s
broadening is associated with both crystallite size refine-
ment and increased lattice strain. The crystallite size
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Fig. 3. Variations of the lattice parameter of Fe60Al40
powders with the MA time.

and the lattice strain of the major phase were calculated
from the broadening of the XRD peaks by using Eqs. (1)
and (2), after correcting for instrumental broadening.
Figure 2 shows the evolution of the crystallite sizes (D)
and the level of internal strains (ε) along (1 1 0) direction
as functions of MA time. Clearly, the reduction in crys-
tallite size is accompanied by an increase in the lattice
strain level as the MA time increases. This is a common
behavior for all metallic systems prepared by MA [21].
As can be seen in Fig. 2, the crystallite size decreased
rapidly to about 7.3 nm in the early stage of MA (at
20 h) and the rate of decrease slowed down afterwards.
After 30 h of MA, the crystallite size became gradually
smaller with increasing MA time, with a final value of
about 5 nm. The internal strain increased steadily with
increasing MA time and reached a final value of 2.1%, as
seen in Fig. 2. Similar values were reported by Mhad-
hbi et al. [24] for the same composition. We note that,
during the course of the MA process, severe plastic de-
formation leads to an increasing number of matrix dislo-
cations. The successive accumulation and interaction of
dislocations cause a reduction in the crystallite size and
an increase in the lattice strain [27].

Figure 3 shows the lattice parameter (a) as a func-
tion of the MA time for Fe60Al40 powders. The Fe and
Fe(Al) lattice parameters were calculated, with accuracy
of 0.02%, from the shift of their diffraction (1 1 0) peak’s
position. As one can see, during the first 10 h of MA, the
lattice parameter monotonously increased from 0.2863
nm for pure Fe (0 h) to 0.2920 nm. When the MA
was continued to 30 h, the lattice parameter increased
slightly to reach a steady value of 0.2926 nm. This can
be attributed to substitutional dissolution of Al in the
Fe lattice, because the atomic radius of Al (0.142 nm) is
larger than that of Fe (0.123 nm) [7,15,26]. Another rea-
son for the increase in the lattice parameter is probably
the lattice expansion due to the increase in the density of
dislocations, with their characteristic strain fields, on the
nanograin boundary [6,24,25]. After 30 h of MA, the lat-

Fig. 4. SEM micrographs of Fe60Al40 powders for various
MA times: (a) 0, (b) 10, (c) 30, (d) 50 and (e) 80 h.

tice parameter decreased monotonously with increasing
MA time and reached a final value of 0.2873 nm. Such a
decrease in the lattice parameter of Fe-Al powders was
observed by Hamlati et al. [15,28] and was attributed to
the ordered structure.

2. Morphological Changes

The morphologies of Fe60Al40 powders as-received and
after various MA times are shown in Fig. 4. Clearly, dif-
ferent morphologies are present during the MA. For the
as-received powders (0 h), smaller particles of Fe (light
color) and larger ones of Al (gray color) are clearly ob-
served (Fig. 4(a)). When the MA time is 10 h, all the
initial shapes of the powders were changed, and new sur-
faces were formed with sizes ranging between 1 μm and 6
μm (Fig. 4(b)). Also, the powder’s particles were found
to be irregular in shape and to be flattened because of
the strong plastic deformation that was accompanied by
particle fracture [24]. For extended MA (30 h and 50
h), the morphology became inhomogeneous because of
the cold welding of the small particles to the surfaces
of large ones. Figures 4(c) and (d) show the lamellar,
and roughly-spherical agglomerate particles within the
range of about 2 − 7 μm. Longer MA times (> 80 h)
led to a matrix of randomly-welded thin layers of highly-
deformed particles. This layered structure was produced
due to cold welding and repeated mechanical deforma-
tions [24,29]. Also, the particle sizes were in the range
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Fig. 5. Microhardness values of Fe60Al40 powders as a
function of MA time.

of 200 nm − 6 μm (Fig. 4(e)).

3. Microhardness Measurements

Figure 5 shows the average Vickers microhardness
(HV) values (with standard deviations from 5 measure-
ments) of the Fe60Al40 powders at different MA times.
As can be seen, increasing the MA time for the start-
ing powders enhanced the hardness of the powders. The
increasing microhardness during MA may be attributed
to several effects including work hardening, grain refine-
ment and solid-solution formation [30]. Besides these
effects, a disorder-to-order transition is another cause of
the enhanced hardness after 40 h of MA [26]. This is due
to lattice contraction (Fig. 3). The maximum microhard-
ness value was found to be 845 ± 24 HV0.1 (8.29 ± 0.23
GPa) for 80 h of MA. This value is slightly higher than
the reported values for Fe50Al50 [26] and Fe75Al25 [30]
powders prepared by using the same procedure, prob-
ably due to a refinement of the grain size. Moreover,
the microhardness of a nanocrystalline FeAl intermetal-
lic prepared by using MA and hot forging was found to
be 680 HV0.3 [31], as reported in Refs. [2], [32], and [33],
while that of the Fe50Al50 mechanically alloyed for 80 h
and subsequently sintered for 3 h at 800 − 1100 ◦C was
in the range of 337 − 453 HV0.1 [34]. The maximum
hardness in this work is significantly higher than those
reported values, probably due to the elimination of both
lattice defects and internal strain during annealing.

4. Magnetic Studies

Figure 6 shows the hysteresis loops (magnetization M
versus applied magnetic field H) for selected samples of
Fe60Al40 powders (0, 10, 20 and 60 h) by applying an

Fig. 6. (Color online) Hysteresis loops of the powders at
different MA times.

Fig. 7. Variation of Ms and Hc with the MA time.

external field between −2 and +2 T at 300 K. All the
alloy powders exhibited similar hysteresis loops, typical
of a ferromagnetic state. The saturation magnetization
(Ms) and the coercive field (Hc) were obtained from these
hysteresis loops, and Fig. 7 illustrates Ms and Hc as func-
tions of the MA time. From this figure, one can see that
during the initial stage of the MA process (up to 10 h),
the Ms rapidly decreased from a value of 166 emu/g, at-
tained a minimum value of 89 emu/g, and then slightly
increased and remained nearly constant on further MA.
Meanwhile, the Hc gradually increased with increasing
MA time and reached a maximum value of about 120 Oe
at 80 h of MA. The rapid decrease in Ms is mainly due to
the dilution of the magnetic lattice of Fe caused by Al,
as evidenced by the XRD analysis (increasing lattice pa-
rameter). Al has been reported to decrease the magnetic
moment of individual Fe sites due to a decrease in the di-
rect ferromagnetic interaction between Fe-Fe sites and to
an antiferromagnetic superexchange interaction between
Fe sites mediated by Al atoms [9,16,19,35]. After 10 h of
MA, the slight increase in Ms of the aggregates can be
attributed to the formation of a solid solution of Fe(Al)
and a diminution of the magnetocrystalline anisotropy
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due to the grain refinement, which leads to an easier ro-
tation of the magnetic vectors [36]. However, according
to the Refs. 9 and 19, such an increase in Ms can be as-
cribed to Fe contamination from the milling media and to
oxidation of Al, which causes a decreasing in the Al con-
tent. On prolonged MA, the Ms was not increased dis-
tinctly because the crystallite size was nearly constant.
A similar behavior was observed for Fe50Al30Cu20 pow-
ders [16]. In addition, the increase in Hc during the MA
process can be attributed to the progressive formation
of the solid solution and to a decrease in the crystallite
size, which is associated with an increase in the stresses
during MA. This effect has been reported previously as
the internal stress can be the prevailing factor in the
coercivity, which leads to an increase in the Hc with in-
creasing MA time rather than to the usual effect of a
crystallite-size reduction [37]. Indeed, the internal stress
may ensure a narrow and irregular type of magnetic do-
main, which could increase the Hc significantly. The
sample could be annealed at a suitable temperature in
order to reduce the Hc. This would eliminate the irreg-
ular domain patterns and reduce the coercivity, leading
to larger crystallite sizes [38]. Another reason for the
increase in the Hc might be the high levels of impurities
and various defects (dislocations). During MA, impu-
rities like inclusions and oxides could be introduced to
the powders from the vial, the balls, or the atmosphere
of the vial. Those impurities or nonmagnetic inclusions
could increase the Hc by pinning the magnetic domain
walls [39].

IV. CONCLUSION

The outcome of this study can be summarized as fol-
lows:

1. The MA process was successfully applied to the
synthesis of a nanocrystalline bcc Fe(Al) solid so-
lution.

2. After 10 h of MA, the dissolution of Al in the Fe
lattice led to the formation of a disordered Fe(Al)
solid solution with a bcc crystal structure. Longer
MA durations introduced ordering in the alloyed
powders.

3. Increasing the MA time led to increases in the val-
ues of the lattice parameter and the strain values,
but to a decrease in the crystallite size. Typi-
cally, these values were estimated to be around
0.2873 nm, 2.1% and 5 nm, respectively, for the
80-h mechanically-alloyed powders.

4. SEM results revealed that small particles were
cold-welded to the surfaces of large ones and that
the powder’s particles tended to form a matrix
of randomly-welded thin layers of highly-deformed
particles.

5. The increase in microhardness during the MA pro-
cess is due to work hardening, grain refinement and
solid-solution formation. Besides these effects, a
disorder-to-order transition can also enhance the
hardness value.

6. The Ms was found to rapidly decrease in the first
stage of MA due to the magnetic dilution caused by
the Al. As the MA process was continued, the Ms
slightly increased due to solid-solution formation
and reduction in the magnetocrystalline anisotropy
caused by the grain refinement. Meanwhile, the
Hc increased with increasing MA time, where the
internal stress may be the dominating factor in the
coercivity rather than the usual effect of crystallite
size reduction. Also, the introduction of impurities
and various defects (dislocations) may increase the
Hc during the course of the MA process.
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