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Abstract Elemental powders of Fe and Al were
mechanically alloyed using a high energy rate ball mill.
A nanostructure disordered Fe(Al) solid solution was
formed at an early stage. After 28 h of milling, it was found
that the Fe(Al) solid solution was transformed into an
ordered FeAl phase. During the entire ball milling process,
the elemental phase co-existed with the alloyed phase. Ball
milling was performed under toluene to minimise atmo-
spheric contamination. Ball milled powders were subse-
quently annealed to induce more ordering. Phase
transformation and structural changes during mechanical
alloying (MEA) and subsequent annealing were investi-
gated by X-ray diffraction (XRD). Scanning electron
microscope (SEM) was employed to examine the mor-
phology of the powders and to measure the powder particle
size. Energy dispersive spectroscopy (EDS) was utilised to
examine the composition of mechanically alloyed powder
particles. XRD and EDS were also employed to examine
the atmospheric and milling media contamination. Phase
transformation at elevated temperatures was examined by
differential scanning calorimeter (DSC). The crystallite
size obtained after 28 h of milling time was around 18 nm.
Ordering was characterised by small reduction in crystal-
lite size while large reduction was observed during
disordering. Micro hardness was influenced by Crystallite
size and structural transformation.

Keywords nanostructured powder, mechanical alloying,
FeAl, disorder, order

1 Introduction

The FeAl intermetallic compound possesses advantageous
properties, in particular, a high specific strength (strength
to density ratio), high specific stiffness, good strength at

intermediate temperatures, an excellent corrosion resis-
tance at elevated temperatures under oxidizing, carburizing
and sulfidizing atmospheres, with relatively high electrical
resistivity and low thermal conductivity [1–4]. These
features make the FeAl intermetallics compound a very
attractive material for structural applications at elevated
temperatures in hostile environments [3,4]. Moreover, Fe
and Al, which are raw materials of the FeAl phase, are
inexpensive. Additionally the FeAl intermetallic com-
pound is lighter than steels or Ni-based alloys. Therefore,
ordered FeAl alloys would be utilised as a substitute for
stainless steels or Ni-based super alloys. However, in the
FeAl compound, and likewise in the other intermetallic
aluminides, the main drawback concerning their possible
technological applications is its low ductility in the cast
form at room temperatures and processing problems [3,4].
Mechanical alloying (MEA) is a widely used process for
the synthesis of variety of alloys [5,6]. The MEA 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 MEA technique
allows one to overcome problems such as large differences
in melting points of the alloying components as well as
unwanted segregation or evaporation that could occur
during melting and casting. Usually the mechanically
alloyed products possess nanocrystalline or amorphous
structure [5,6]. Nanocrystalline materials are potentially
attractive for many applications since the reduction of the
grain size to the nanometer scale can improve their
physical and mechanical properties [7,8]. Some properties,
such as high strength and hardness [9,10], ductilisation of
brittle materials [11,12] and enhanced diffusivity [13] that
are superior to those of the conventional materials may
result from the nanocrystalline structure.
In this work, we focus on the MEA of elemental

powders of Fe and Al. MEAwas achieved by high energy
rate ball milling to obtain nanostructured Fe-50at.%Al
alloy powders. The phase transformation, nanostructure,
morphology, thermal stability and the thermal behaviour of
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the powders were investigated by XRD, SEM and DSC,
respectively. Micro hardness test was conducted on the ball
milled powders.

2 Experimental

2.1 Procedures

Elemental powders (purity of 99.5% and about 60 μm in
size) of Fe and Al were ball milled using high energy rate
planetary ball mill of the Retsch PM-100 type. The ball to
powder weight ratio was 10∶1. Tungsten carbide jar and
balls were used and to minimise atmospheric contamina-
tion, milling process was carried out under toluene
solution. The lid of the jar has an ‘o’ ring. The jar is filled
with balls, elemental powders and the required quantity of
toluene solution. The lid is placed firmly on the jar and the
jar is then clamped securely inside the ball mill and is
completely leak proof. Elemental powders were mechani-
cally alloyed as a function of ball milling time and an
average composition of about Fe-50at.%Al was obtained.
The milling process was interrupted at certain time interval
and a small quantity of powder was taken out for
characterization.
The ball milled powders were subsequently annealed at

temperatures ranging from 150°C to 450°C in a vacuum
furnace evacuated down to 10–4 Torr (&1.33�10–2 Pa). A
reference sample was produced by annealing the mechani-
cally alloyed powder at 900ºC for 2 h.
Phase transformation at elevated temperatures was

investigated by a Shimadzu Differential Scanning Calori-
meter (DSC-50). The powders were heated under flowing
argon at a heating rate of 10°C/min in the temperature
range from 30°C to 400°C.
The Vicker’s micro hardness (VMH) indentation test

was performed using a Clemex computer-controlled micro
hardness tester. The powders were mounted in an epoxy
cured at room temperature resin and were successively
polished down to 0.3 μm. The test was carried out by
applying a load of 10 gm on single powder particle. Each
micro hardness value shown in the results are the average
of at least 5 measurements on different particles.

2.2 Characterization

A Jeol X-ray diffractometer with a Cu Kα radiation (l=
0.1542 nm) was utilised in investigating the structural and
phase changes during the MEA of the elemental powders
and subsequent annealing. Furthermore, the investigations
into the atmospheric and milling media contaminations
during MEA were also done by XRD.
The lattice parameters were determined using at least

three higher angle 2θ peaks. The effective grain size, D,
was calculated by averaging the results from applying the

Scherrer formula (Eq. (1)) to the first three diffraction
peaks:

βcrystallite ¼
Kl

Dcos�
(1)

where K is the Scherrer constant, l is the wavelength of the
incident radiation and θ is the Bragg angle. β, the full width
at half maximum (FWHM) of the peaks, was obtained by
subtracting the instrumental broadening using a fully
annealed sample, βi, from the observed broadening, βo,
using Eq. (2) as follows:

β2crystllite ¼ β2o – β
2
i (2)

From XRD patterns, the relative long range order (LRO)
parameter, S, was determined (Eq. (3)) by a comparison of
the relative intensities of super lattice (h+ k+ l = odd) and
fundamental (h+ k+ l = even) peaks of nano powders
(28 h milled powder sample 221/110) with respect to the
well annealed reference sample (100/110) according to
Eq. (3) as follows:

S ¼ ðIs=If Þn
ðIs=If Þr

� �1=2
(3)

where Is is the integrated intensity of the superlattice
reflection peak, If is the integrated intensity of the
fundamental (110) peak, while ‘n’ and ‘r’ represent nano
(28 h milled) and reference samples, respectively.
A Jeol 6380 analytical scanning electron microscope

(SEM) was utilised in particle size measurements and to
study the morphology of the mechanically alloyed powder
samples.
The Energy dispersive X-ray spectroscopy (EDS)

facility in the SEM was utilised to examine the chemical
composition of the mechanically alloyed samples. The
investigation into milling media and atmospheric contami-
nations were also done utilising the EDS facility.

3 Results and discussion

3.1 XRD results of ball milled samples

The XRD patterns for the samples ball milled for different
durations are shown in Figs. 1–4. For the 1 h milled
sample, the fcc Al (200), (220), (222), (400) and (420)
peaks superpose upon the (110), (200), (211), (220) and
(310) peaks of bcc Fe. The intensity of the Al (111) peak is
highest and the Al (331) the least among all the peaks in
the diffraction pattern as shown in Fig. 1. From Table 1, for
the 1 h milled sample, the Bragg angle of the superposed
(110/200) peak is slightly less than that of unmilled bcc Fe,
whereas the lattice parameter (0.2870 nm) obtained from
this peak is greater than that of the unmilled Fe. These
results suggest the beginning of the phase transformation.
The XRD pattern for 12 h milled sample from Fig. 2 shows
the intensity of the strongest Al (111 and 311) peaks
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decreased compared to the pattern of one hr sample. The
strongest Fe peak (110) becomes the most intense one,
slightly asymmetric, broadened and appears at a slightly
lower Bragg angle. The decrease in the intensity of Al
peaks indicate the diffusion of fcc Al atoms into bcc α Fe
lattice, simultaneously peak shifting to lower Bragg angles
and asymmetric formation indicates the phase transforma-
tion from elemental phase to a disordered bcc Fe(Al) solid
solution. Peak broadening is due to grain refinement, as
seen from Table 1. The crystallite size reduces to around
22 nm. The intensity of bcc (110) peak is around 350 units,

this increase in intensity compared to the pattern of 1 h
milled sample suggests the strong prevalence of Fe(Al)
phase at the expense of elemental phase, the bcc (110) peak
of Fe(Al) solid solution is known as fundamental peak.
Asymmetric broadening of Fe peaks is mainly due to the
formation of Fe(Al) solid solution and the unit cell
parameter of such bcc solid solution are higher than that
of pure Fe, such similar observations are also mentioned
[14], Table 1 indicates that the lattice parameter obtained is
0.2875 nm, which is greater than that of unmilled Fe and
1 h milled sample.

Fig. 1 XRD pattern of 1 h milled sample; fcc Al (111) peak has
the highest intensity among all the peaks, while among the
superposed peaks Fe/Al (110/200) has the highest intensity

Fig. 2 XRD pattern of 12 h milled sample; the intensity of Al
peaks decreased while that of fundamental peaks increased with
peak broadening

Fig. 3 XRD pattern of 18 h ball milled sample; decrease in
intensity of Al peaks, fundamental peak broadening are further
observed compared to the pattern of 12 h milled sample

Fig. 4 Indexed XRD pattern of 28 h milled sample; low intensity
bcc super lattice peak (221) is seen, further broadened fundamental
peak and diminished Al peaks are observed, Al 331 peak is not
seen

Table 1 XRD peaks and structural parameters for fundamental peaks and super lattice peak at different ball milling duration, contracted lattice
parameter and crystallite size are 0.2869 and 18.32 nm respectively

milling time/h 2θ/degree hkl bcc/fcc FeAl space, d/nm lattice parameter,
a/nm

crystallite size,
D/nm

fundamental/
super lattice peak

0 38.52 111 fcc Al – 0.4044 – elemental

0 44.73 110 bcc Fe 0.2024 0.2862 – elemental

1 44.632 110/200 bcc/fcc Fe/Al 0.2030 0.2870/0.4060 25.68 fundamental

12 44.56 110 bcc Fe(Al) 0.2033 0.2875 22.44 fundamental

18 44.5 110 bcc Fe(Al) 0.2036 0.2879 19.95 fundamental

28 44.656 110 bcc FeAl 0.2029 0.2869 18.32 fundamental

28 71.308 221/300 bcc FeAl – – – super lattice
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As the milling time increases, separate Fe and Al phases
are being replaced by a bcc Fe(Al) solid solution, hence the
peaks corresponding to bcc Fe(Al) solid solution, the
fundamental peaks (h+ k+ l = even) are visible with
greater intensities than the Al peaks as shown in Fig. 3
for 18 h milled sample. Figure 3 also shows fundamental
peak broadening, shifting to a lower Bragg angle and the
absence of super lattice reflection (h+ k+ l = odd). Peak
shifting to a lower Bragg angle as a result of milling time,
points to an expansion of the bcc Fe lattice (0.2879 nm)
during the alloying process as indicated in Table 1. Lattice
expansion introduces antisite defects during the disorder as
a result of milling time [15], i.e., both Fe and Al atoms are
able to substitute each other’s lattice, and the crystallite
size obtained at the end of 18 h of milling is 19.95 nm. The
absence of super lattice reflection proves the disordered
structure of the solid solution. Sebastian et al. [16] have
observed such variations in peak intensities, shift in the
Bragg angle, peak broadening and asymmetric formation
and have interpreted it to be due to the migration of Al into
Fe, formation of bcc Fe(Al) solid solution (A2) and
crystallite size refinement.
Further diminishing of Al peaks, fundamental peak

broadening and shift to higher Bragg angle are noticed for
28 hrs of milled sample as shown in Fig. 4. Observe the
vanishing of Al (331) peak and the emergence of a low
intensity bcc super lattice peak (221). These results
indicate the transition from bcc Fe(Al) solid solution of
the disordered phase to the FeAl ordered phase. The
ordering phenomenon reduces the lattice parameter
(0.2869 nm) and shifts the peak to higher Bragg angle as
observed from the Table 1. The lattice contraction is due to
annihilation of the antisite defects resulting from diffusion
over short distances and increased short range order [17].
From the XRD data of the reference sample and the 28 h
sample, the LRO parameter, S, is 0.49, indicates that the
mechanically alloyed sample is partially ordered. Morris-
Munoz et al. [18] have shown the formation of a partially
ordered FeAl phase at longer milling duration. The
presence of elemental Al peak during the MEA process
as a result of ball milling indicates the prevalence of two
phases (the elemental phase co-exists with the alloyed
phase).
The absence of Fe3Al (DO3) peak around the Bragg

angle of 26° in the XRD pattern confirms that the
nanoparticle sample does not contain significant contami-
nation from oxygen during the processing, furthermore,
none of the XRD patterns show peaks of tungsten and
carbon, suggesting negligible contamination from the
milling media.
The lattice parameter increases from 0.2862 nm for

unmilled Fe to 0.2879 nm for 18 h milled sample. This
lattice expansion is shown in Fig. 5(a). It is due to the
formation of disordered Fe(Al) as explained earlier. The
lattice contraction is accompanied by a transformation to
an ordered FeAl phase. One of the possible reasons for

fundamental peak broadening is crystallite size refinement,
(Fig. 5(b)). Lattice contraction is characterised by a mar-
ginal decrease in crystallite size (from 19.95 to 18.32 nm)
as compared to a large reduction (from 25.68 to 19.95 nm)
during lattice expansion. In Fig. 5(c), the crystallite size
decrease is steep during the milling time from 12 to 18 h. It
is due to the disordered phase which prevails during MEA
at this juncture. During disordering, the lattice expansion
occurs, the entropy of the system is dominant and the
atoms are located randomly in the bcc lattice of Fe(Al),
leading to the formation of an antisite defect in the bcc
lattice, thereby, increasing the chances of like atoms being
the nearest neighbours. Thus, an atom occupying the
wrong atomic site is possible. Such an arrangement of
atoms causes the free energy of Fe(Al) to rise. Thus, the
solid solution becomes thermodynamically metastable and
offers much less resistance to grain refinement during the
processing. In Fig. 5(d) and (e), the peak is shifted to the
lower Bragg angle during milling to 18 h time causing an
expansion in lattice, whereas peak shift to higher Bragg
angle for 28 h of milling time is followed by contraction in
lattice parameter.

3.2 DSC

The DSC plot obtained for powder sample mechanically
alloyed for 28 h duration is shown in Fig. 5(f). An
exothermic peak is observed at 400°C. This is due to the
reaction between Fe and Al which are not completely
alloyed to form FeAl phase, this result is also consistent
with the XRD data, and such DSC data have been reported
earlier [17].

3.3 SEM

SEM micrographs of unmilled powder samples are shown
in Fig. 6(a) and (b). The unmilled Fe powders were
rounded while those of Al were elongated in shape. Figure
6(c)–(f) show the sequence of SEM micrographs obtained
at different milling duration, they illustrate the morphology
of the powder particles ball milled from half an hour to 27 h.
The average size of the powders gradually decreased with
increasing milling time; it is also observed that the particle
size distribution is wider at a longer milling time. Welding
and flattening of particles are observed during longer
milling duration as seen from Fig. 6(d) to (f).

3.4 XRD results of annealed powder

The XRD pattern of annealed powder sample is shown in
Fig. 7. The sample was mechanically alloyed as a result of
28 hrs of milling time and subsequently annealed at 450°C.
Figure 7 indicates super lattice peaks (100 and 221) of
higher intensity, an Al (111) peak of lower intensity and the
fundamental peak (110) is narrow compared to the XRD

M. M. RAJATH HEGDE et al. Synthesis, characterization and annealing of mechanically alloyed nanostructured FeAl powder 313



pattern of sample milled for 28 h (Fig. 4). These results
indicate that the lattice becomes more ordered after
annealing. High temperature diffusion of Al atoms into
bcc FeAl lattice occurs and the grain size increases [19].

3.5 EDS

The SEM image in Fig. 8(a) shows the energy dispersive
spectroscopy investigation on a particle mechanically

alloyed for 18 h of time, approximately an average
composition of Fe-50at.%Al is obtained as indicated in
Table 2. The EDS analysis shows only Fe and Al peaks,
and no tungsten and carbon peaks can be seen in Fig. 8(b),
suggesting negligible contamination from the atmosphere
and the milling media. EDS and XRD results are similar
with respect to phase transformation, particle size and
contamination, thus, showing consistency in the investi-
gated results.

Fig. 5 (a) Lattice expansion occurs during 1 to 18 h of milling time, lattice contraction occurs during 18 to 28 h of milling time; (b) Crystallite
size decreases from 25.68 to 19.95 nm during lattice expansion, while the decrease is from 19.95 to 18.32 nm during lattice contraction; (c) The
crystallite size decrease is steep during 12 to 18 h of milling time; it is due to stabilisation of disorder; (d) The Bragg angle for the fundamental
peak decreases from unmilled sample to 18 h milled sample, increase in Bragg angle occurs from 18 to 28 h of milling time; (e) The Bragg angle
decreases during lattice expansion from 0.2862 to 0.2879 nm, while it increases during lattice contraction from 0.2879 to 0.2869 nm; (f) The
DSC curve shows a rise in exothermic value from 180°C to a peak at 400°C
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3.6 Particle size measurement

The SEM image in Fig. 9 reveals the particle size of ball
milled powders, micrograph shows 149 nm sized particle,
obtained for a milling duration of 10 h. Particle of 673 nm
size is seen in the micrograph shown in Fig. 10, a number
of minute particles much smaller than the 673 nm sized
particle are visible, and these results indicate particle size

reduction with increased milling time, leading to the
formation of nanosized particles at longer milling duration.

3.7 Micro hardness test

It is a well known fact that the introduction of atoms into
the solid solution produces an alloy, which is stronger than
the pure metal. Following this approach, it can be inferred

Fig. 6 SEM images: (a) unmilled Al powders; (b) unmilled Fe powders; (c) ball milled for 0.5 h; (d) ball milled for 4 h; (e) ball milled for 8 h;
(f) ball milled for 27 h
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that the mechanical properties of the mechanically alloyed
intermetallics should be correlated to the induced structural
changes, in particular, the disorder to order transition.
From Table 3 and Fig. 11(a), it can be seen that the
hardness increase is large during disordering (from 0 to 18 h
of milling when lattice expansion occurs). The hardness

increase is marginal during lattice contraction (from 7.55 to
7.84 GPa) as shown in Fig. 11(b). The lattice contraction
during ordering is accompanied by a softening of the
material. The softening is related to the marginal increase
in hardness (from 7.55 to 7.84 GPa) and small reduction in
crystallite size (from 19.95 to 18.32 nm) as a result of ball
milling (Fig. 11(c)). These changes would be mainly
controlled by the concentration of antisite defects present
in the alloy. Micro hardness increases with grain size
reduction. Hardness is not only enhanced by the disorder to
order transition but also by the grain refinement. Amils
et al. [15] and Varin et al. [20] have shown that the

Fig. 7 XRD pattern of sample ball milled for 28 h of time and
annealed at 450°C

Fig. 8 (a) EDS micrograph shows spot analysis on a mechani-
cally alloyed particle; (b) EDS graph indicates Fe and Al peaks

Table 2 Results of EDS performed using SEM on a mechanically
alloyed particle

element keV mass% error% atomic%

Al Kα 1.486 29.43 0.17 46.33

Fe Kα 6.398 70.57 0.37 53.67

total – 100 – 100

Fig. 9 SEM micrograph shows particle size measurement for
10 h milled sample

Fig. 10 SEM micrograph shows different particle sizes for a
powder sample obtained at 24 h ball milling time

Table 3 Vickers micro hardness test results

milling
time /h

hardness
value /GPa

lattice
parameter/nm

crystallite size,D hkl reflection

0 5 0.2862 60–70 μm 110

1 5.24 0.2870 25.68 nm 110/200

12 6.46 0.2875 22.44 nm 110/200

18 7.55 0.2879 19.95 nm 110/200

28 7.84 0.2869 18.32 nm 110/200
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disordering process is characterized by an alloy hardening,
which mainly depends on the grain refinement and the
creation of antisite defects while the ordering process
shows softening of the nanocrystalline alloy, which is
governed by the annihilation of antisite defects.

4 Conclusions

Mechanically alloyed samples as a result of milling time
for 18 h duration indicated the bcc Fe peak broadening,
slight asymmetric formation, and shift to slightly lower

Bragg angle. Simultaneously, the lattice parameter
expanded, suggesting the formation of a new phase, the
disordered bcc (FeAl). The contraction of lattice parameter,
peak shift to higher Bragg angle and broadening, coupled
with the presence of super lattice peak have shown the
transition to an ordered FeAl phase for ball milling
duration of 28 h. The LRO parameter obtained suggests a
partial ordering of the mechanically alloyed sample for ball
milling duration of 28 h. The ordered structure obtained is
characterised by a small decrease in crystallite size
compared to large decrease during disordering. Formation
of nanocrystallites was confirmed by the XRD peak
broadening and the XRD estimated nanocrystallite size
decreased from 26 nm after 1 h to the 18 nm range after 28 h
of milling. The presence of low intensity fcc Al peak along
with the fundamental and super lattice peaks even after a
substantially long milling time reveals that the process of
MEA is still incomplete. The complete alloy phase (Fe(Al)
or FeAl) formation is prolonged due to milling under
toluene solution. The XRD results do not show DO3,
tungsten and carbon peaks, suggesting negligible contam-
ination from the atmosphere and the milling media.
XRD result of annealed powder shows more ordering,

elevated temperature diffusion of Al into FeAl phase and
grain enlargement.
The DSC result indicates the reaction between elemental

Fe and Al, thus, elemental phase exists even after 28 h of
MEA, and this result is also consistent with the XRD
results.
The SEM micrographs show particle size reduction

leading to nanoparticles during MEA as a function of
milling time. EDS analysis on a mechanically alloyed
particle show the atomic percentage of Fe and Al, thereby,
confirming the formation of an alloy phase.
The hardness increase is large during disordering and

marginal during ordering. Hardness is not only enhanced
by the disorder to order transition but is also due to grain
refinement.
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