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a b s t r a c t

Iron aluminides, despite having desirable properties like excellent corrosion resistance, present low
room-temperature ductility and low strength at high temperatures. Mechanical alloying as a capable
process to synthesize nanocrystalline materials is under consideration to modify these drawbacks. In
this study, the microstructure of iron aluminide powders synthesized by mechanical alloying and sub-
sequent annealing was investigated. Elemental Fe and Al powders with the same atomic percent were
eywords:
anostructured materials
echanical alloying
-ray diffraction
rder–disorder effects

milled in a planetary ball mill for 15 min to 100 h. The powder milled for 80 h was annealed at temper-
atures of 300, 500 and 700 ◦C for 1 h. The alloyed powders were disordered Fe(Al) solid solutions which
were transformed to FeAl intermetallic after annealing. The effect of the milling time and annealing treat-
ment on structural parameters, such as crystallite size, lattice parameter and lattice strain was evaluated
by X-ray diffraction. Typically, these values were 15 nm, 2.92 Å and 3.1% for the disordered Fe(Al) solid
solution milled for 80 h and were 38.5 nm, 2.896 Å and 1.2% for the FeAl intermetallic annealed at 700 ◦C,

respectively.

. Introduction

FeAl intermetallic compounds present desirable properties,
uch as high specific strength, high specific stiffness and good
trength at intermediate temperatures. They have relatively high
lectrical resistivity, low thermal conductivity, and excellent
orrosion resistance at elevated temperatures under oxidizing, car-
urizing and sulfidizing atmospheres [1–3]. These features make
he FeAl a very attractive material for structural and coating
pplications at elevated temperatures in hostile environments [4].
dditionally, its tensile strength is comparable to that of austenitic
nd ferritic steels [5,6]. The FeAl intermetallic compound is lighter
han steels or Ni-based alloys; therefore, it could be considered as a
ubstitute for stainless steels or Ni-based superalloys [1]. However,
t has not been developed commercially due to low ductility at room
emperature and low mechanical strength above 600 ◦C [7,8]. It has
een found that restricted cross-slip and intense planar slip are the
ey features of low ductility in B2-structured compounds such as

eAl [11]. Intense planar slip can lead to crack nucleation from dis-
ocation pile-ups at low overall strains. The general approach to
his problem is to prevent intense planar slip by homogenizing slip
hrough dispersing slip to other slip planes or, possibly, other slip
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systems, and to limit the length of dislocation pile-ups [11]. This
can be performed by reducing the crystallite size to the nanometer
range or by introducing fine hard incoherent particles to induce slip
homogenization [9–12].

Mechanical alloying (MA) is a viable technique of produc-
ing nanostructured materials on an industrial scale [13]. MA is
a solid-state dry milling process that through a micro-sandwich
morphology leads to the mixing of elemental powders and even-
tual alloy formation [14]. This technique allows one to overcome
problems, such as large differences in melting points of the alloy-
ing components and unwanted segregation or evaporation that
could occur during melting and casting [1,2]. In recent years, a
number of studies have been reported on mechanical alloying of
FeAl. For instance, Krasnowski et al. [2] investigated the effect of
milling time on the crystallite size, lattice strain and lattice param-
eter of Fe–50 at% Al powder mixture. According to their results,
with increasing milling time, the lattice parameter increased but
the crystallite size and lattice strain increased up to 6 h and then
decreased and finally after 10 h remained constant. In addition,
Wolski et al. [15] studied the effect of milling conditions on the
FeAl intermetallic formation by MA. According to their investiga-
tion, the crystallite size decreased and the lattice stresses increased

with increasing speed and time of milling. Guo and Shi [16] inves-
tigated the structural evolution of nanocrystalline FeAl compound
during MA. As their results showed, the crystallite size decreased
and the lattice strain increased with milling time. They also stud-
ied the effect of annealing on XRD patterns of the mechanically
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lloyed powders. During annealing, the superlattice reflections of
he ordered structure appeared and the broadening of reflection
eaks decreased.

In this work, microstructural changes of Fe–50 at.% Al pow-
er mixture taking place during MA and subsequent annealing
ere studied in detail by X-ray diffraction (XRD), scanning electron
icroscopy (SEM) and transmission electron microscopy (TEM).
enerally, overlapping XRD reflections, leading to asymmetric
eaks, make the analysis difficult. In this work deconvolution of
he asymmetric peaks was performed by Fityk software. The mor-
hological and microstructural evolutions were determined and

nterpreted according to processing and metallurgical parameters.

. Experimental procedure

Elemental Fe (>99%) and Al (>99.9%) powders (Fe was supplied by MERC and Al
y BDH) with a nominal composition of Fe–50 at.% Al were milled in a planetary ball
ill under argon. The milling operation was performed at 300 rpm for times rang-

ng from 15 min to 100 h. In all the experiments, seven hardened steel balls with a
iameter of 20 mm were used with 4.67 g powder mixture, i.e. the ball-to-powder
eight ratio was 50:1. To observe the microstructural changes during MA, the pow-
ers milled for 15 min, 1 h and 80 h were compacted by a load of 30 kN to disks of
0 mm in diameter and 2 mm thickness. They were polished and then etched in Nital
% solution to remove any surface contamination. The microstructural morphology
f the compacted samples was characterized by SEM (Leica Cambridge model).

The 80 h milled powder was annealed in a sealed quartz tubes evacuated to
0−3 torr for 1 h at 300, 500 and 700 ◦C. Annealing was performed in a Carbulite
urnace with a heating rate of 15 ◦C/min. After annealing, the samples were air-
ooled to room temperature. Phase changes that occurred in the powders during
illing and annealing were investigated by X-ray diffraction using Philips Analytical

C-APD with a CuK� radiation (� = 0.1542 nm). The step size and step time were
.05◦ and 1 s/step, respectively. The lattice parameter, long-range order parameter,
rystallite size and lattice strain were calculated from the XRD data.

The asymmetric peaks in the XRD patterns were fitted with pairs of overlapping
ymmetric peaks of Fe and Fe(Al) solid solution. It was performed by pseudo-Voight
unction with the help of Fityk [17] computer software. This fitting method permits
he deconvolution of asymmetric diffraction profiles and the analysis of the peaks
elated to each phase. From the XRD patterns, the crystallite size, D, and the lattice
train, ε, of the samples were calculated using the Williamson–Hall equation:

cos � = k�

D
+ 2ε sin � (1)

here B is the full width at half maximum (FWHM) of a diffraction peak, k is a con-
tant, � is the X-ray wavelength, and � is the Bragg angle. According to Eq. (1), B cos �
s. sin � were plotted. Then, the crystallite size and lattice strain were calculated
rom the intercept and slope of this line, respectively [18]. The lattice parameter, a,
f each phase was estimated according to the peak position of phases and by the
se of the following equation [19]:

=
�
√

h2 + k2 + l2

2 sin �
(2)

The long-range order parameter, S, was determined by a comparison of the rela-
ive intensities of superlattice (h + k + l odd) and fundamental (h + k + l even) peaks of
he annealed powders with respect to the well-annealed reference material accord-
ng to:

2 = IS(dis)/IF(dis)

IS(ord)/IF(ord)
(3)

here (IS/IF)dis and (IS/IF)ord are the ratios of the integrated intensities (peak area)
f the superlattice reflection to the fundamental line for the disordered (dis) and
eference (ord) powders, respectively [20,21]. For the determination of S (2 0 0) and
1 0 0) reflections were chosen to minimize any texture effect [21]. To verify the
alidity of the XRD method in determining the crystallite sizes, transmission elec-
ron microscopy (TEM, JEOL-JEM 2010) was used. The TEM sample preparation was
erformed by dispersing the powder particles in ethanol and dropping down them

n a copper rigid.

. Results

Fig. 1 shows variations of the XRD pattern of the initial pow-

er mixture with the milling time. According to these results,
ith increasing the milling time to 50 h, the intensity of Al peaks
ecreases gradually; however, Fe diffraction peaks slightly shift
o lower angles and become asymmetric and broadened. It is due
o the appearance of new broad peaks on the left side of the Fe
Fig. 1. XRD patterns of the initial powder mixture and the powders milled for the
different times.

peaks. These additional peaks are attributed to a new phase, Fe(Al)
solid solution which possesses the same structure as Fe, but is
characterized by a slightly larger unit cell parameter [2]. The asym-
metric peaks can be fitted by two overlapping symmetric peaks;
the more intense peak is related to Fe and the lesser one is Fe(Al)
[2]. This deconvolution was carried out by the pseudo-Voight func-
tion which provides the best data fit, as represented in Fig. 2(a)
for the (2 1 1) peak. More focus on the XRD profiles of Fig. 1 reflects
that after 50 h of MA, the strongest Al peak, (1 1 1), disappears com-
pletely and the peaks get symmetric (Fig. 2(b)). This indicates that
all the Fe and Al peaks were replaced by those of the Fe(Al) solid
solution. But under no circumstances, the superlattice reflections
of the FeAl ordered structure (B2) were detected. This suggests that
MA does not result in ordering under the experimental conditions
of this work.

The lattice parameter of the Fe and Fe(Al) phases as a function of
milling time is depicted in Fig. 3. For 5, 10, 20 and 30 h, the Fe and

Fe(Al) lattice parameters were calculated according to their diffrac-
tion (2 1 1) peak position. However, for 50, 80 and 100 h of milling
because of the existence of one phase, only the Fe(Al) lattice param-
eter was estimated. It can be seen that the lattice parameter of both
phases increases with increasing the milling time; and the lattice
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Fig. 2. (a) Deconvolution of Fe and Fe(Al) peaks after 20 h milling and (b) symmetric
profile after 50 h MA process.
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Fig. 4. Williamson–Hall plots of the powder milled for 50 h; using the data of the
five peaks (a) and the three peaks (b).
ig. 3. Lattice parameter of the Fe and Fe(Al) phases as a function of milling time.

arameter of the Fe(Al) solid solution increases to 50 h milling and
hen reaches a steady value of 2.92 Å.

To establish the Williamson–Hall plot, XRD peaks which are
lastically isotropic are required to be selected. The elastic mod-
lus of iron single crystal in 〈1 1 0〉 and 〈2 1 1〉 directions is equal
o 219 GPa and in 〈1 0 0〉 and 〈3 1 0〉 directions is 130 GPa. Accord-
ng to the Hook’s law, it is expected that the strain in 〈1 0 0〉 and
3 1 0〉 directions to be larger than in 〈1 1 0〉 and 〈2 1 1〉 directions;
herefore, the broadening of diffraction planes (2 0 0) and (3 1 0)
s larger than (1 1 0), (2 1 1) and (2 2 0) planes [22]. If all the five
eaks are employed for the Williamson–Hall plot, the R-squared
ould be lower than the case in which only (1 1 0), (2 1 1) and

2 2 0) planes are used. Thus, for the Williamson–Hall plots, only
1 1 0), (2 1 1) and (2 2 0) diffraction peaks were used. For instance,
he Williamson–Hall plots of the sample milled for 50 h by the five
nd three peaks are shown in Fig. 4.
The crystallite size and lattice strain are plotted as a function
f milling time in Fig. 5, obtained from the Williamson–Hall analy-
es. They suggest that the crystallite size and lattice strain of Fe(Al)
ncrease from 11.3 nm and 2.4% (for 20 h) to 23 nm and 3.3% (for
0 h), respectively, then decrease to 15 nm and 2.9% (for 80 h), and
Fig. 5. Estimated crystallite size (a) and lattice strain (b) as a function of milling
time.

remain nearly constant to 100 h. The TEM micrograph and cor-
responding selected area diffraction (SAD) pattern of the powder
milled for 80 h are presented in Fig. 6, confirming the validity of the
XRD analysis in the crystallite size determination.

Fig. 7 demonstrates the SEM morphology of the powders milled

for 15 min, 1 h and 80 h after compaction and polishing (backscat-
ter electron mode). Since the backscatter electron signal in SEM is
sensitive to atomic number, the contrast in the grayness of zones is
an indication of their different chemical compositions. The micro-
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Fig. 6. TEM micrograph and corresponding SAD pattern of the powder milled for
80 h.

Fig. 7. SEM micrograph of the compacted and polished samples milled for 15 min
(a), 1 h (b) and 80 h (c).
Fig. 8. XRD pattern of the powders milled for 80 h and annealed at 300, 500 and
700 ◦C.

graphs reflect that after 1 h MA, the layered structure consisting of
Fe and Al is created; in contrast, in the powder milled for 15 min
this structure is not observed. On the other hand, the observation
of individual layers in the sample milled for 80 h is not possible and
only the Fe(Al) solid solution persists according to the XRD analyses
of Fig. 1.

The XRD patterns of the powder milled for 80 h and annealed for
1 h at 300, 500 and 700 ◦C are presented in Fig. 8. The comparison
of the XRD patterns of the annealed powders with the as-milled
powder reveals that the (1 0 0) and (1 1 1) superlattice reflections
of the B2 structure appear, implying the ordering of the Fe(Al) solid
solution and its transformation to the FeAl ordered intermetallic.
In addition, all the peaks of the annealed powders are sharper than
those of the as-milled powders. The lattice parameter, long-range
order parameter, strain and crystallite size of these annealed sam-
ples are listed in Table 1, obtained from the analyses of the XRD
data. It can be seen that during annealing, the crystallite size and
long-range order parameter increase and the lattice parameter and
strain decrease.

4. Discussion
4.1. MA of the Fe–50 at.% Al mixture

In the first stages of MA, the particles are plastically deformed
and become flattened. By continuing the milling process, the par-

Table 1
Microstructural parameters of the annealed samples.

Long-range
order
parameter

Lattice
parameter (Å)

Lattice
strain (%)

Crystallite
size (nm)

Annealing
Temp. (◦C)

0.49 2.903 2.215 19 300
0.77 2.898 1.685 26.68 500
0.82 2.896 1.2 38.5 700
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icles fracture due to work hardening. This leads to the creation of
ew surfaces which enabled the particles to weld together and form
layered structure consisting of the starting constituents. Due to

he continued impact of the balls, the structure is steadily refined;
onsequently, the inter-layer spacing decreases and the number
f layers in a particle increases. This gives rise to the enhanced
iffusion of Al atoms into Fe lattice and the creation of zones in
hich Al atoms are dissolved in Fe lattice (Fe(Al)). After 20 h of
A, the primary Fe(Al) solid solution zones with the final compo-

ition are created (Fe(Al)). At this time, the Fe, Al and Fe(Al) phases
xist together in the powders. With increasing the milling time to
0 h, retained Al atoms are dissolved in Fe lattice, leading to the
rowth of primary Fe(Al) solid solution zones and the increase of
he crystallite size and lattice strain between 20 and 50 h of MA.
evertheless, between 50 and 80 h milling, as shown in Fig. 5, the
owder structure is refined and the lattice strain decreases because
f severs plastic deformation, starting with the localization of defor-
ation into shear bands with high dislocation density, which is

ollowed by annihilation and recombination of dislocations form-
ng subgrains that are transformed to grains [23]. After 80 h of MA,
steady state condition is obtained due to a balance between the
islocation accumulation and dynamic recovery through the for-
ation of subgrain boundary and new grains. In addition, Fig. 3

hows that the lattice parameter of Fe(Al) is larger than that of Fe.
his is due to the solution of Al atoms in Fe lattice; on the other hand,
he increase in the Fe lattice parameter is related to an increase in
e lattice defects during MA.

The deconvolution of the asymmetric diffraction peaks results in
more precise analysis of the phases. The powders milled for 5 and
0 h in which the intensity of Al(1 1 1) peak is considerable, Fe(2 1 1)
eak is deconvoluted, because the ratio of the Fe-to-Al reflection

ntensity is the largest compared to other peaks [2]. For the samples
illed for 20 and 30 h, all the peaks could be deconvoluted. Because

he intensity of the strongest Al peak, (1 1 1), is very low; hence,
he effect of other Al peaks on the intensity of the asymmetric peak
ould be neglected. In the powders milled for 50, 80 and 100 h,
nly one phase (Fe(Al)) exists; thus, no deconvolution of the peaks
s needed.

.2. Annealing

As tabulated in Table 1, annealing causes a decrease in the lat-
ice strain and lattice parameter and an increase in the crystallite
ize and long-range order parameter. MA produces lattice defects,
specially a high concentration of vacancies in this material. Dur-
ng annealing, movements of the excess vacancies in the lattice
ead to the reordering of the structure and the decrease of the

umber of lattice defects, particularly in highly disordered regions.
his reduces the lattice strain and enhances the long-range order
arameter. Subsequently, by increasing the annealing temperature,
he migration distances become larger and these excess vacan-
ies get lost at grain boundaries or dislocation sinks which were

[
[

[

[
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produced during MA. This diffusion allows further ordering and a
reduction in lattice parameter and strain [24]. Higher annealing
temperature causes grain growth, since recovery and recrystalliza-
tion processes occur faster and more time was available for grain
growth [19].

5. Conclusion

1. MA of Fe and Al powders produced a micro-sandwich structure
consisting of Fe and Al layers, then the structure was steadily
refined and consequently the inter-layer spacing decreased. This
led to an increase in the diffusion rate of Al atoms into Fe lattice
and the creation of the Fe(Al) solid solution.

2. 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 milling.

3. 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.

4. Annealing of the powders led to the ordering of the Fe(Al) solid
solution and its transformation to FeAl ordered phase. The higher
the annealing temperature gave rise to the higher the order
parameter.

5. During annealing, the crystallite size and long-range order of
the FeAl phase increased and the lattice parameter and strain
decreased.
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