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ABSTRACT

The synthesis of nanocrystalline Fe Al powder by mechanical alloying as well as the structural ordering
of the synthesized Fe Al particles during the subsequent thermal analysis were investigated. Mechanical
alloying was performed up to 100 hours using a planetary ball mill apparatus with rotational speed of
300 rpm under argon atmosphere at ambient temperature. The synthesized powders were characterized
using X-ray diffraction, SEM observations and differential scanning calorimetry (DSC). The results show that
the A2-type Fe Al with disordered bcc structure is only formed after 70 hours milling. The corresponding
lattice strain, mean crystallite and particle sizes for the 70 hours milled Fe Al powder were determined as
2.5%, 10 and 500 nm, respectively. The subsequent heating during DSC causes a DO,-type Fe Al ordering
in 70 and 100 hours milled powders, however in 40 hours milled powder it only assists for the formation
of disordered solid solution. Longer milling time induces a large amount of lattice strain in Fe Al powder
particles and consequently facilitates the atomic diffusion thus decreases the activation energy of ordering.
The activation energy for ordering transformation of 100 hours Fe Al milled powder was calculated as
152.1 kJ/mole which is about 4 kJ/mole lower than that for 70 hours milled powder.
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1. Introduction

Fe, Al (Fe-28 at.% Al) is one of the intermettalic
compounds which due to its interesting properties
has been widely studied by the materials
researchers. In addition to disordered bcc structure
at temperatures higher than 800°C, it has two
ordered structures including B2 (between 550-
800°C) and DO, (below 550°C) [1].

Fe,Al owing to its excellent corrosion resistance
in oxidizing and sulfidizing environments, low

density, high elastic modulus and lower cost has
shown adequate potentials for many structural
applications such as gas metal filters and heating
elements [2-5]. However, the brittleness at
ambient temperature has limited its applications
[1, 5, 6]. So many attempts have been employed
to improve the ductility of Fe Al intermetallic
via controlling the chemical composition,
microstructural modifications and improvement of
fabrication methods [7-12]. Grain refining is one
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of these attempts which through dissemination
of microstructural grain boundaries can suspend
the propagation of micro cracks. Also it decreases
the anti-phase boundaries (APBs) energy thus
facilitates the slip of super-dislocations [12, 13].
Since the mechanical alloying is a capable technique
in synthesis of nanocrystalline materials, a wide
attention has been paid to the use of this technique
in synthesis of fine structured intermetallics [9-12,
14-16]. Apart from all capabilities of mechanical
alloying in disordering the lattice structure and
grain refining of the brittle intermetallics like Fe,Al,
it is also flexibly controlled and reasonably low-cost
[16]. So in this article, in addition to synthesize
the nanocrystalline Fe,Al by mechanical alloying
ant its characterization, DO,-type ordering of the
synthesized Fe Al powder is studied during the
subsequent heating.

2. Materials and Methods

The elemental pure powders of iron (99.5%
purity) and aluminum (99% purity) were used
as raw materials for mechanical alloying of Fe-28
at.% Al i.e. Fe Al, intermetallic. The mechanical
alloying was carried out using a planetary ball
mill laboratory apparatus, manufactured by an
Iranian company named as Asia Sanat Rakhsh,
under argon atmosphere at ambient temperature.
The rotational speed of the ball mill and the ball
to powder weight ratio was considered as 300 rpm
and 10:1, respectively. The balls diameter was 10
and 15 mm. In order to reduce the effect of cold
welding 0.5 wt.% stearic acid was added to the
powder mixture. The powders were milled up
to 100 hours then the synthesized powders were
withdrawn from the cups after a few time intervals.
Phase analysis and structural investigations for
determination of lattice parameter, crystallite size
and internal strain of the powders were carried out
by X-ray diffraction (XRD) technique using Cu-k_
radiation in a Bruker-Axe diffractometer model
advanced D8. The lattice parameter of Fe-28 at.%
Al powder at different milling times was calculated
by equation (1) called as Nelson-Riley [17]
equation, where a is the lattice parameter which
is calculated for each of the appeared peaks in the
XRD pattern of the sample,a_ is the true value of
lattice parameter, O is the diffraction angle and k is
a constant. The term (cos0?/sinf + cos0?/0) is called
as the Nelson-Riley function. If the value of a is
plotted against the Nelson-Riley (N-R) function, a
straight line will be resulted which by extrapolating
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it to cos§’=0 the value of a_is obtained.

N cosB?
0

In order to separate the contribution of the
crystallite size and internal strain of the powders on
the broadening of XRD peaks, the Williamson-Hall
[18] method was used as equation (2).

cos6?
Sind

a=a0+a0k< (eq- 1)

A
Bcosb = D + 4 &sinf (eq. 2)

In this equation, P is integral breadth, A is
the radiation wavelength of the used X-ray, 0
is diffraction angle, D is the average crystallite
size and ¢ is the internal strain of the powders.
By plotting PcosO versus sin0, the average values
of crystallite sizes and internal strains can be
estimated from extrapolating of the obtained line to
sinB=0 and slope of the resultant line, respectively.
Furthermore, the morphology and size of the
powders were observed using scanning electron
microscopy (SEM) model Cam Scan MV2300.

To track any structural changes which may be
occurred during the heating of the milled powders,
differential scanning calorimetry (DSC) was carried
out using an apparatus model NETZSCH DSC 404
C in a temperature range of 200-600°C under a
high purity argon atmosphere and heating rate of
10 K/min. In addition to determine the activation
energy needed for ordering of Fe Al, the 70 and
100 hours milled powders were DSC analyzed at
different heating rates of 5, 10, 20 and 30 K/min.
Then the activation energy was determined by
Kissinger method [19] using equation (3):

a
d(In=—
(nzz) g

der)

R

(eq.3)

where a is heating rate of DSC, R is gas constant,
T is peak temperature observed for corresponding
ordering in DSC curves and E is the activation
energy of ordering. Plotting (In %) versus (i)
yields a straight line which its slope, according to
equation (3), give us the activation energy of the
ordering.

3. Results and discussion

SEM images of pure Fe and Al powders have
been shown in Fig. 1. As it can be seen in this figure
the Al particles have irregular shape with size of
5-30 um and Fe particles show nearly spherical
shape with less than 5 um sizes.
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Fig. 1- SEM micrographs of pure powder of Al (a) and Fe (b).
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Fig. 2- XRD spectrums of Fe-28 at.% Al powder after milling for
different times.
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Fig. 3- The variation of lattice parameter of Fe-28 at.% Al
powder as a function of milling time.
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Fig. 2 illustrates the XRD spectrums of milled
powders after different milling times. As it can be
observed the reflections of (200), (220), (222) and
(400) in fcc Al have been superimposed, with the
reflections of (110), (200), (211) and (220) in bcc
Fe, respectively. Despite that the (111) and (311)
reflections of aluminum are not superimposed with
the iron peaks which clearly indicates the presence
of pure aluminum in powder mixture until 20
hours milling. However by increasing the milling
time to 20 hours both of (111) and (311) reflections
of aluminum have been disappeared. By increasing
the milling time to 70 hours, iron peaks have shifted
a little to the lower angles then their positions have
been fixed after 70 hours milling. Since Al atoms
with atomic radius of 0.143 nm are bigger than Fe
atoms with atomic radius of 0.124 nm, so dissolving
of Al in Fe lattice leads to increase in the distance
of the atomic planes of iron hence shifts its peaks
to lower angles and increases the lattice parameter.
So it seems that through milling up to 70 hours,
bec iron dissolves the aluminum atoms to form a
disordered Fe(Al) solid solution, however after that
the formed solid solution is saturated hence further
milling up to 100 hours has no effect on the position
of the reflection peaks of Fe(Al) solid solution.

The variation of the lattice parameter of bcc phase
as a function of milling time has been illustrated
in Fig 3. As it can be seen in this figure, while the
lattice parameter of the bcc phase indicates no
considerable changes in the preliminary times of
milling, however its obvious changes begin after
30 hours and continue up to 70 hours milling.
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The lattice parameter after 70 hours ball milling is
0.2911 nm which is nearly the same value reported
by Cahn [20] for A2-type Fe Al compound. So it
seems that after 70 hours ball milling the A2-type
Fe, Al intermetallic is formed. A2-type Fe Al is one
of the allotropies of the Fe Al compound which
has a disordered bcc structure. After 70 hours
milling no noticeable change has occurred in lattice
parameter of the formed Fe Al
In Fig. 2 via increasing the milling time a
progressive broadening in diffraction peaks of the
synthesized powders is observed which is attributed
to either the reduction of grain size or increasing
the internal strain of the powders [16]. The
Williamson-Hall method [18] is a technique which
can separate the contribution of strain level and
crystallite size refinement on the peak broadening.
The lattice strain and average crystallite size of the
synthesized Fe-28 at.% Al powders as a function of
milling time have been separately illustrated in Fig. 4.
According to this figure, by increasing the milling
time the lattice strain of the powder particles has
constantly increased while the average crystallite
size has decreased. As it can be seen the crystallite
size in the preliminary times of milling has abruptly
decreased then after 40 hours milling it has followed
arather steady state behavior. The abrupt reduction
in crystallite size during the preliminary times of
milling, as previously reported by Karimbeigi et al.
[21], is caused from severe plastic deformation of
the powder particles. The longer milling times, due
to inducing the higher concentration of vacancies
and dislocations in powder particles, increase
their lattice strains. According to Fig. 4, the lattice
strain and average crystallite size of the synthesized
A2-type Fe Al powder after 70 hours milling was
calculated as 2.5% and 10 nm, respectively. So
a nanocrystalline disordered Fe, Al powder was
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synthesized by mechanical alloying after 70 hours
milling.

Fig. 5 shows SEM micrographs of the
synthesized Fe-28 at.% Al powder particles after
different milling times. In 10 hours milled powder
(Fig. 5 (a)) which illustrates the metallic particles
of iron and aluminum, owing to their ductility
and low lattice strains, the agglomerations of flake
shape particles have formed. In micrograph of this
sample, the variation of particle sizes from about 15
to 5 um or less is observed. After 20 hours milling
the particles have found a semi spherical shape. By
continuing the ball milling for longer times, owing
to increasing the lattice strain of the particles hence
their strain hardening and brittleness, the particles
have been fractured and their size has been further
decreased (Fig. 5 (c-e)). The mean size of the
particles in 70 hours ball milled sample, according
to Fig. 5 (e), is estimated to be about 500 nm.

The synthesized powders were subjected to DSC
analysis to follow their phase transformations as
well as structural changes during heating. Fig. 6
illustrates the DSC curves of the 40, 70 and 100
hours milled powders. As it can be seen in this
figure, all of the samples exhibit an exothermic
peak at a temperature range between 330-450°C.
However it should be noted that by increasing
the milling time not only the released heat has
noticeably decreased but also the peaks have
shifted to lower temperatures. For 100 hours

milled powder only a too weak exothermic peak
is observed at about 360°C. To characterize the
corresponding phase transformation of these
exothermic peaks, the DSC analyzed powders were
studied by XRD which their related spectrums
have been illustrated in Fig. 7. Comparing the XRD
peaks of the milled powders before DSC and after
that (Fig. 2 and Fig. 7) shows clearly that the XRD
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Fig. 4- Lattice strain (a) and average crystallite size (b) of the synthesized Fe-28 at.% Al powder as a function of milling time.
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Fig. 5- SEM micrographs of Fe-28 at.% Al powder after 10 (a), 20 (b), 30 (c), 50 (d) and 70 (e) hours milling.

peaks have been sharpened in Fig. 7. This can be
attributed to either grow of the grains or stress relieve of
the powders during DSC heating. The mean crystallite
size and lattice strain of the powders before DSC and
after that have been presented in Table 1. According to
this table, the influence of heating on reducing the lattice
strain is more perceptible than that on the increasing
of crystallite size. Such a behavior has been previously
reported by Rafiei et al. [22]. As previously mentioned
mechanical alloying imposes a high concentration
of lattice defects such as vacancies and dislocations.
During the subsequent heating through absorbing the
vacancies in grain boundaries or dislocations the lattice
is re-ordered hence the lattice strain as well as lattice
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parameter are decreased [23]. As can be seen in Fig. 7 the
DO, super lattice reflections have been appeared for 70
and 100 hours milled powders after DSC. This indicates
that during the heating of the Fe Al powder the bcc
disordered structure has been transformed to ordered
DO, structure. The lattice parameter of 70 hours milled
powder after DSC was calculated as 0.5793 nm which
is in good agreement with the DO,-type Fe,Al lattice
parameter reported by Cahn [20].

The lack of DO, super lattice reflections for 40 hours
milled powder in Fig. 7 denotes no ordering in this
sample. The observed exothermic peak for 40 hours
milled powder in DSC curve in Fig. 6 can be related to
the thermally assisted formation of Fe(Al) solid solution
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from elemental Fe and Al powders. In longer time milled
powders this exothermic peak can be associated with the
ordering of Fe Al to DO,-type super lattice structure.
These results are also in good agreement with Zhu and
Iwasaki [24] results. Thermally activated formation of
Fe(Al) solid solution as well as ordering of Fe Al can be
described via a vacancy migration mechanism based on
local state strain. Internal strain enhances the vacancy
migration hence improves the formation of solid
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Fig. 6- DSC curves of the synthesized Fe-28 at.% Al powder in
different milling times (heating rate: 10 K/min).
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Fig. 7- XRD spectrums of Fe-28 at.% Al milled powder for
different milling times of 40 (a), 70 (b) and 100 (c) hours after
DSC heating.

solutions and intermetallics [24]. As illustrated in Table
1, 100 hours milling not only has induced a large amount
of lattice strain in the particles but also has reduced the
starting and peak temperatures of Fe Al lattice ordering
in DSC curves (Fig. 6). In other words the long time
milling through increasing the lattice strain of the
particles promotes the kinetics of DO,-type ordering of
Fe Al during the subsequent heating,

By calculating the area under the exothermic peaks in
DSC curves of Fig. 6, the transformation enthalpies were
determined as -27.17, -6.73 and -6.48 kJ/mol for the 40,
70 and 100 hours milled powders, respectively. Wang
et al. [25] have theoretically calculated the formation
enthalpies of disordered as well as ordered Fe Al (Fe-
28Al) as -18.04 kJ/mol and -24.88 kJ/mol, respectively.
Their difference yields the ordering energy of Fe Al
as -6.84 kJ/mol which is in good agreement with the
DO,-type ordering enthalpy values determined for
70 and 100 hours ball milled Fe-28Al powders in this
article. These values of enthalpies appropriately support
the reflections of DO,-type structure XRD peaks of the
thermally analyzed samples in Fig. 7. It should be noted
that the extent of the solid solution formation thus its
corresponding enthalpy differs by milling time [26].
So the value of -27.17 kJ/mol calculated for the solid
state transformation of 40 hours milled powder can be
attributed to solid dissolution of Al in Fe and may be
varied by milling time.

In Fig. 7, in addition to Fe,Al peaks, some other
peaks are also observed which are corresponded to
Fe AIC, precipitates. The formation of these precipitates
is attributed to the stearic acid which has been added as
a process control agent to the powder mixture during
ball milling.

Fig. 8 illustrates the DSC curves of 70 and 100
hours milled Fe-28 at.% Al powder at different
heating rates. The curves in this figure exhibit an
exothermic peak which as previously mentioned
is associated to DO,-type ordering of Fe Al
This ordering progresses by vacancy migration
[24] which is a diffusional procedure and its
accomplishment needs time. In Fig. 8 it is clearly

Table 1- Mean crystallite size and lattice strain of the synthesized Fe-28 at.% Al powder in different milling times (before DSC and

after that)
Milling time Mean crystallite size (nm) Lattice strain (%)
(h) Ball milled  After DSC Ball milled After DSC
40 14 22 1.40 0.35
70 10 15 2.50 0.45
100 10 17 3.35 0.50
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Fig. 8- DSC curves of the 70 (a) and 100 hours (b) milled Fe-28 at.% Al powder at different heating rates.

observed that through increasing the heating rate of
DSC thuslack of adequate time for atomic diffusion,
the exothermic peak (T ) has shifted to higher
temperatures. The Kissinger plots for DO,-type
ordering extracted from the DSC curves in Fig. 8,
have been illustrated in Fig. 9. From the slope of the
plotted lines in this figure, the activation energies
for DO,-type ordering of Fe,Al are calculated
as 156.4 and 152.1 kJ/mole for 70 and 100 hours
milled powders, respectively, which are realistically
higher than 31 kcal/mole (~130 kJ/mole) reported
by Feder and Cahn [27]. They calculated this value
based on the results of resistivity kinetics for Fe-24.8
at.% Al compound. This discrepancy is rationalized
through considering the dissimilar chemical
compositions and vacancy concentrations of the
samples synthesized by different techniques as well
as dissimilar methods used for calculation of the
activation energy. Regarding the above mentioned
values, the activation energy of ordering for 100
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hours milled Fe, Al powder is about 4 kJ/mol lower
than that for 70 hours milled powder. According to
Table 1, 100 hours milling has induced about 3.35
% lattice strain in Fe Al particles which is higher
than 2.5 % for the 70 hours milled powder. It seems
that the higher lattice strain due to decreasing the
needed activation energy for atomic diffusion in 100
hours milled powder has decreased the activation
energy for DO,-type ordering in this sample.

4. Conclusion

In order to synthesize the Fe Al intermetallic
compound by mechanical alloying, pure elemental
powders of iron and aluminum were mixed in a
planetary ball mill apparatus for up to 100 hours.
Then the synthesized powders were analyzed
by XRD, SEM and DSC techniques. The main
extracted results are:
1- By increasing the milling time up to 70 hours,
aluminum atoms via dissolving in bcc- iron form
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Fig. 9- Kissinger plots of DO3-type ordering in 70 (a) and 100 hours (b) milled Fe-28 at.% Al powder.
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a disordered Fe(Al) solid solution. After 70 hours
milling an A2-type structure of Fe, Al intermetallic
compound is formed.

2- By increasing the milling time, not only the
lattice strain of the particles constantly increases
but also the mean crystallite and particle sizes
decrease.

3- The lattice strain, mean crystallite and particle
sizes of 70 hours milled powder were analytically
measured as 2.5%, 10 and 500 nm, respectively.

4- Subsequent heating of 70 and 100 hours milled
powders causes a DO,-type structural ordering of
Fe,Al accompanied by the released heat of 6.73 and
6.48 kJ/mol, respectively. However for 40 hours
milled powder, this heating only assists for the
formation of disordered solid solution.

5- The activation energies of DO,-type ordering
for 70 and 100 hours Fe Al milled powder were
calculated as 156.4 and 152.1 kJ/mole, respectively.
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