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A nanostructured disordered Fe(Al) solid solution was obtained from elemental powders of Fe and Al using a high-energy ball mill.
The transformations occurring in the material during milling were studied with the use of X-ray diﬀraction. In addition lattice
microstrain, average crystallite size, dislocation density, and the lattice parameter were determined. Scanning electron microscopy
(SEM) was employed to examine the morphology of the samples as a function of milling times. Thermal behaviour of the milled
powders was examined by diﬀerential scanning calorimetry (DSC). The results, as well as dissimilarity between calorimetric curves
of the powders after 2 and 20 h of milling, indicated the formation of a nanostructured Fe(Al) solid solution.

1. Introduction
Mechanical alloying (MA) is a technique commonly used to
obtain supersaturated solid solutions, compounds with high
energy of mixing, and alloys of combinations of elements
which do not show appreciable solubility in their equilibrium
phase diagrams [1–3]. The Fe-Al system is an example
of a binary system with a low solid miscibility at room
temperature; however, by means of MA Fe(Al) solid solutions
have been obtained in almost all the compositional range.
In recent years, a number of studies have been reported
on mechanical alloying of FeAl. It is established that the
formation of the supersaturated solid solution (SSS) αFe(Al) as a final product of MA takes place with x ≤ 60 at
% Al though in a number of papers the formation of SSS
was found with x = 75 at % Al [4–9]. For instance, Zeng
and Baker [9] investigated the eﬀect of milling time on the
crystallite size, lattice strain, and lattice parameter of Fe40 at % Al powder mixture. According to their results, the
crystallite size is less than 7 nm after 4 h, indicating a rapid
decrease of size, but milling for more than 6 h results in some
increase in the nanocrystalline size. They attributed this
fact to the dynamic recrystallization and/or nanocrystalline
grain growth. The same results were shown in the case of

MA Fe-45 at % Al [10]. Moreover, the lattice parameter
also increased at first up to 10 h milling, then decreased.
This decrease has attributed to the oxidation during milling,
which decreases the Al content. In addition, Wolski et al.
[11] studied the eﬀect of milling conditions on the Fe35 at % Al intermetallic formation by MA. According to
their investigation, this process occurred in two steps: a
nanocrystallization step and an FeAl formation step. FeAl
formation started rapidly by the creation of Al-rich and Ferich solid solutions; the latter became dominant after long
milling times and tended to the composition Fe-35 at %
Al. Haghighi et al. [12] investigated the structural evolution
of nanocrystalline Fe-50 at % Al compound during MA.
As their results showed, with increasing the milling time,
the lattice parameter of the Fe(Al) phase increased due to
the solution of Al atoms in Fe lattice and reached a steady
value after 80 h of milling. The crystallite size and lattice
strain of the Fe(Al) solid solution increased to 50 h of MA,
then decreased between 50 and 80 h and remained nearly
constant to 100 h. On the other hand, Krasnowski et al. [13]
investigated the eﬀect of milling time on the microstructure
evolution of the same alloy and showed that the lattice
parameter increased, but the crystallite size and lattice strain
increased up to 6 h and then decreased and finally after 10 h
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remained constant. In all powders studied, these authors
found that the grain size of BCC Fe(Al) solid solution was
in the nanometer range and the lattice strain increased with
milling time. These variations of structural parameters may
be understood in terms of the various deformation and
annealing mechanisms occurring and the way these create
or eliminate defects within the solid solution and/or the
intermetallic [14, 15]. During milling, initial deformation
leads to the accumulation of a high dislocation density,
with many antiphase boundaries (APBs) as the dislocations
become dissociated into partial dislocations, followed by the
rearrangement of the dislocations into cell walls, subgrain
boundaries, and later into grain boundaries. In this way a fine
grain size is quickly introduced, with the extent of internal
strain determined by the remnant dislocation density and the
perfection and types of the grain boundaries present.
The aim of this paper was to study the structural and
phase transformations taking place during the mechanical
alloying of the Fe-40 at % Al powder mixture in a highenergy ball mill. For this purpose several experimental
methods, such as X-ray diﬀraction (XRD), scanning electron
microscopy (SEM), and diﬀerential scanning calorimetry
(DSC), were used. The obtained results demonstrate that
strain broadening caused by high-energy mechanical alloying can be explained by the mechanism of dislocations.

where λ is the wavelength of Co-Kα irradiation and Dhkl
2 1/2
and εhkl

represent the thickness and the mean lattice
strain of the grains in the hkl directions, respectively. θhkl
is the centroid peak position, and βhkl is the integral width
of the physical broadening profile which is taken as the
ratio between the integrated intensity (the area of the peak)
Iint and its height Imax . By performing a least square fit to
2
βhkl
/tg 2 θhkl plotted against λβhkl /tgθhkl sin θhkl for all of the
measured peaks of a sample, we are able to determine the
2 1/2
 .
mean grain size D and the mean lattice strain εhkl
The lattice parameter of the powder before and after
milling was obtained from a linear regression analysis of the
measured lattice parameter, obtained from each peak, plotted
against the Nelson-Riley function [19]:
NR = cos2 θ ×





1
1
,
+
2 sin θ 2θ

(2)

and extrapolated to NR = 0; that is, 2θ = 180◦ .
The morphology and composition study was followed
by scanning electron microscopy (SEM). Thermal behaviour
was performed under Ar atmosphere using diﬀerential
scanning calorimetry (Mettler DSC822e) at a temperature
range from 25 to 700◦ C at a constant rate of 20◦ C/min.

3. Results and Discussion
2. Experimental Data
Pure elemental powders, Fe (99.9%) and Al (99.3%), with,
respectively, 80–60 and 120–80 μm particle sizes, were separately weighed and mixed to get the desired composition (Fe40 at % Al). Mechanical alloying was carried out in a vibrator
mixed Mill (Fritsch “Pulverisette 9”) at room temperature,
using agate vials and ball, so that contamination debris, if
any, should not be soluble in the powder. Milling proceeds
with a constant speed of rotation automatically fixed. In
order to reduce the heating by milling, the duration of the
process is fixed by an electronic timer and is on a maximum
of 15 min.
The microstructural characterizations of the milled powders were carried out with a wide angle diﬀractometer using
Co-Kα radiation (λ = 0.1791603 nm). Scans were collected
over a 2θ range of 30–110◦ with a step of 0.02◦ . A 10second acquisition time was used at each step to obtain good
statistics.
The experimental Bragg reflections were fitted by the
pseudo-Voigt function [16, 17]. The software used was
PROFILE-FIT, included in the WinPLOTER graphical tool
software package. Therefore, one can get the physical profile
of the milled Fe(Al), which is the convolution of size
broadening with strain broadening profile, by removing the
instrumental broadening eﬀect from the measured intensity
profile. The grain size and the lattice strain of the milled
samples can be calculated from the integral width of the
physical broadening profile βhkl by the Scherrer and Wilson
equation [18]:
2
 1/2
βhkl
λβhkl
2
=
+ 16 εhkl
,
2
tg θhkl
Dhkl tgθhkl sin θhkl

(1)

3.1. Morphology and Particle Size Analysis. Figure 1 shows
SEM images of Fe(Al) powder particles mechanically alloyed
for 2, 12, and 20 h of milling. In the first stage of the process
the powder particles were found to be nearly spherical shaped
or at least equiaxed (Figure 1(a)) with an average size of
∼50 μm (2 h). In addition, one can see the fracture of these
particles (Figure 1(a1 )). After 12 h of milling the shape of
the particles became more regular and almost spherical,
and a considerable change in the particle size is observed
(Figure 1(b)). Figure 1(b1 ) shows how small particles are
welded to the surface of bigger ones during subsequent
milling until the entire particles consist of thin welded layers
(Figure 1(c)). Moreover, further milling leads to a matrix of
randomly welded thin layers of highly deformed particles.
Probably some undeformed fragments of initial powder
particles are embedded (Figure 1(c)).
Figure 2 shows the change of the average particle size as
a function of milling time. It can be seen that the average
particle size changes greatly after the mechanical milling.
Three stages, that is, severe plastic deformation (SPD),
fracture, and cold welding, can be diﬀerentiated depending
on milling time. The unmilled powder particles were found
to be nearly ellipsoids or spherical shaped. When the milling
time is 4 h, the average particle size decreases from 150 to
20 μm, and the particles were found to be irregular in shape,
and flattened, because of the strong plastic deformation
occurring accompanied by particle fracture during the first
period of the milling (Figure 1(a1 )). Then, for extended
milling time (about 8 h), cold welding of very small particles
to the surface of big particles has occurred, and the average
particle size increases from 20 to 70 μm. Further milling leads
to the fracture of the bigger particles, and their shape was
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Figure 1: SEM images of the Fe(Al) powder particles mechanically alloyed: (a) and (a1 ) for 2 h, (b) and (b1 ) for 12 h, and (c) and (c1 ) for 20 h.

found to be nearly spherical. Finally, the fragments are cold
welded together, and the fine powder particles are embedded
to form a matrix of randomly welded thin layers of highly
deformed particles (Figure 1(c1 )). Figure 2 suggests that the
size grows with milling times.

3.2. Structural Analysis. Figure 3 shows the XRD patterns
for the Fe(Al) samples after diﬀerent milling times. The
most noticeable features are the transformations occurring
in the powder samples during milling. In addition, one can
see the decrease of the amplitude and the broadening of
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Figure 2: Change of particle size with milling time for the Fe(Al) powder particles mechanically alloyed.
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the Bragg peaks with milling time (Figure 3). This is due
to the contribution of the eﬀective crystallite size and an
increase of the atomic level strain because of heavy plastic
deformation. In the milled powders for 2 h, the Al (200),
(220), and (222) peaks overlap with the Fe (110), (200), and
(211) peaks, respectively (Figure 3). After 12 h of milling the
intensity of the most intense Al(111) is very low. Moreover,
the (311)Al peak is not present. Therefore, we can assume
that the contribution of other relatively less-intense Al peaks
to the intensity of the asymmetric peaks is negligible. This
allows us to fit and analyse all the asymmetric peaks in the
XRD pattern of the powder mechanically alloyed for 12 h.
The result of the fitting procedure is shown in Figure 4(a)
for the bcc (211) peak, as an example. The lattice parameters
of the Fe and Fe(Al) phases calculated using the positions of
the fitted peaks (in Figure 4(a)) of each phase are equal to
2.866 and 2.872 Å, respectively.
After 14 h of milling the (111)Al peak disappears completely (Figure 3), whereas the remaining peaks become more
symmetric (i.e., the bcc (211) peak represented in Figures
4(b) and 4(c)) and can be related to one Fe(Al) bcc phase.
The XRD patterns of the powders mechanically alloyed for
16, 18, and 20 h do not diﬀer from the pattern obtained after
14 h of milling (Figure 3).
Figure 5 shows the dependence of the calculated grain
size and microstrains on the milling time. The refinement of
the microstructure during mechanical alloying is significant,
and it is less than 100 nm after 2 h. It is seen that the average
crystallite size decreases exponentially with rapid decrease in
the initial hours of milling to reach a nearly constant value
of 10 nm after 10 h of milling (Figure 5(a)). This might be
related to the fact that during MA, the nanometer scaled
diﬀusion couples are produced by high-energy mechanical
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Figure 3: X-ray diﬀraction patterns of mechanically alloyed Fe(Al)
samples as a function of the milling time.

milling which involves plastic deformation, fracture, and
cold welding of powder particles. Thus, the atomic diﬀusivity
is enhanced through the creation of a large amount of
structural defects. Consequently, metastable phases, such as
α-Fe(Al) SSS, may well be the first product of the solid
state reactions. After 10 hours of milling one can see an
increase of the value of the mean crystallite size from
10 (for 10 h) to 15 nm (for 12), then decreases to 8 nm
(for 18 and 20 h). This is most probably due to dynamic
recrystallization of grains created by local heating during
the mechanical alloying process, where the temperature may
increase by up to 100 degrees [9, 20]. Similar behaviour is
observed in the case of the microstrain (we note a decrease
of lattice strain for 12 h milling (Figure 5(b))) and can
be attributed to strain release. The final grain sizes of the
BCC solid solution after 20 h of milling is about 8 nm.
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Figure 4: Observed (points) and calculated (solid line) room temperature X-ray diﬀraction patterns of (211)Fe and (211)Fe(Al) peaks for
(a) 12 h, (b) 14 h, and (c) 20 h (λ = 1.7890100 Å). Positions of the Bragg reflections are represented by vertical bars. The observed-calculated
diﬀerence pattern is depicted at the bottom of each figure.

This drastic decrease of the grain size corresponds to substantial increase of lattice strain from 0.4 to 1.85% for 2 and
20 h, respectively, due to plastic deformation generated from
the high energy introduced by ball milling. Lattice strain
caused by MA is commonly attributed to the generation and
movement of dislocations [21]. Fecht [22] claimed that the
generation and the movement of dislocations could decrease
grain size. Rawers and Cook [23] showed that the strain
on the nanograin boundary could extend into nanograin,
expanding the lattice. So, for MA samples subjected to severe
plastic deformation, dislocations are the main defects, and
this dislocation density, ρ, can be represented in terms of D
1/2
and ε2  by [24–26]:
√ ε2 1/2
,
D×b

ρD = 2 3

(3)

where
√ b is the burgers vector of dislocations and equals
(a 3)/2 for the bcc structure. The calculated dislocation
densities of the MA Fe(Al) samples are represented in
Figure 6. It is clearly seen that ρD increases from about 0.09 ×
1016 /m2 to 1.85 × 1016 /m2 with increasing milling time from
0 to 10 h and then decreases slightly to 1.4 × 1016 /m2 . This
is most probably due to partial dynamic recrystallization.
Usually, in conventional polycrystalline materials, the GBs
are thought to be barriers to the dislocations motion; therefore, the slight decrease in the dislocations density within
further milling time indicates a softening of the GBs. When
the GBs have turned soft or relaxed, the amount of the
dislocations piled up near the GBs will be decreased. At
further milling time, one can see a drastic increase of ρD to
2.9 × 1016 /m2 and remain unchanged at a steady-state value.
By performing a least square fit to ρD plotted against milling
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Figure 6: Milling time dependence of the mean dislocation density
of the mechanically alloyed FeAl powders.
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Fe(Al) powders at room temperature.

time for the two stages, we are able to see an exponential
evolution as pointed on Figure 6.
The lattice parameter values of the Fe(Al) phase calculated as a function of milling time, are given in Figure 7.
As can be seen, during the initial period of the milling
process, an increase of the lattice parameter of nucleated
phase, increasing from 2.885 to 2.908 Å. Then, it increases
slightly to reach a steady value of 2.915 Å.

The Al atom has a covalent radius close to that of the Fe
atom: RAl /RFe = 1.01. The increase of the lattice parameter is
probably caused by the lattice expansion due to the increase
in the density of dislocations with their characteristic strain
fields on the nanograin boundary. On the other hand, the
steep increase followed by a steady-state saturation value can
be related to the accumulated strain hardening of the powder
material during longer milling times.
3.3. Thermal Analysis. Figure 8 shows the DSC curves of the
powders after 2, 10, 14, and 20 h of milling. After milling for
2 h, an exothermic peak is observed to start at about 425◦ C.
This is due to the reaction between Al and Fe powders,
which are not completely alloyed to form Fe(Al); the result
is consistent with XRD observation. The endothermic peak
observed at 655◦ C is attributed to melting of a small quantity
of Al which was not consumed by the reaction.
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Figure 8: DSC curves of the Fe(Al) powders mechanically alloyed
at selected times. Dashed lines are for a second heating cycle.

Three overlapping exothermic peaks are observed at
temperature near 375, 453, and 638◦ C, respectively, in the
case of powder milled for 10 h. The low-temperature peaks
with total enthalpy of 109.46 j/g correspond to the ordering of disordered Fe(Al) solid solution to form FeAl(B2)
intermetallic by mechanisms of atomic-scale interchange and
the movement of defects. These two overlapped exothermic
peaks have been revealed by Zhu and Iwasaki [27] in MA of
ternary Fe-Ti-Al powders. They have considered that these
exothermic behaviours are associated with (i) the thermally
assisted alloying of elements to form Fe(Ti,Al) solid solution
and (ii) the ordering of the Fe(Ti,Al) solid solutions to
form (Fe,Ti)3 Al intermetallics. These exothermic behaviours
have been also investigated by Guilemany et al. [28] in
cryomilled Fe-25wt% Al alloy. They supposed that the peaks
at lower temperature (below about 450◦ C) related to the
exothermic eﬀects connected directly with alloying of Fe
and Al remaining after short milling time, as well as to the
ordering and forming the FeAl phase. With increased milling
time (14 and 20 h milling), these peaks become weaker and
indistinguishable since the Fe and Al have been completely
alloyed to form disordered Fe(Al), which is also consistent
with the XRD data. The total enthalpy of these exothermic
eﬀects is about 7 and 4 j/g for the powders milled for 14
and 20 h, respectively, so it decreases with milling time. The
examination of the second heating curve reveals once more
the presence of a weaker endothermic peak for the powders
milled for 10 h, attributed to the fusion reaction of a small
quantity of Al which is not yet incorporated into Fe(Al) solid
solution. This peak disappears for the powders milled after 14
and 20 h of milling. According to Zhu and Iwasaki [27], the
former mechanism would be dominant for powders milled
for shorter times, and the ordering of the solid solutions to
form intermetallics would be dominant for powders milled
for longer time. On the other hand, Zeng and Baker [9]
supposed that the peaks at lower temperature (for longer
times) related to the exothermic eﬀects could be associated
with short-range ordering and/or vacancies annealing out.
Note that, for the milled powder, the formation of solid
solutions by the thermally assisted alloying of elements
and the formation of the intermetallics by the disorderorder transformation of solid solution probably proceed
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through a vacancy migration mechanism [27–29], which
depends on the local internal strain, which could enhance the
vacancy migration process, thus promoting the formation
of solutions or intermetallics. This hypothesis can probably
explain the decrease of the intensities of the two overlapped
exothermic peaks with milling time as observed in Figure 8.
The peaks at higher temperatures (above about 450◦ C)
are probably related to the recrystallization and grain
growth in the FeAl intermetallics. The total enthalpy of the
exothermic eﬀects is about 530, 528, and 533 j/g for the
powders milled for 10, 14, and 20 h. However, Morris-Muñoz
et al. adapted this analysis of DSC results to mechanical
alloying of elemental Fe-Al powders [30]. They supposed
that higher temperatures will be required for complete loss
of the defects produced by milling and for grain growth.
Very high temperatures are required, nevertheless, to remove
essentially all the internal strain. The crystal size increases
steadily with annealing temperature, and it is only at 900◦ C
and above that grain growth becomes excessive [30].

4. Conclusion
The nanostructured Fe(Al) solid solution is successfully
synthesized from the mixture of elemental Fe and Al powders
in an atomic ratio of 60/40 by mechanical alloying. The phase
changes of the powder mixture during mechanical alloying
are investigated. At the early stage of the process, Fe(Al) solid
solution is formed firstly by the solution of Al atoms into
BCC Fe lattice; we note that the increase in milling, time
favours the disappearance of the Al melting peak. The single
phase of disordered Fe(Al) was formed after 14 h of milling
and the resulting powder has a nanometer scale structure,
with an average crystallite size about 8 nm and a dislocation
density of 2.9 × 1016 /m2 .
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Baró, “Thermoanalytical characterization of a nanograined
Fe-40Al alloy,” Materials Science Forum, vol. 225, no. 1, pp.
227–395, 1996.
[15] S. Gialanella, X. Amils, M. D. Barò et al., “Microstructural and
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