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We use ab initio density functional theory to examine the structural and mechanical properties of Fe–Al
alloys at various Al concentrations with or without a small amount of Mn. For each disordered Fe–Al
alloy, we consider sundry disordered configurations to determine the equilibrium structure. It is found
that the disordered Fe–Al alloy with high Al content (�25 at%) becomes less stable and more brittle than
its ordered counterpart D03 second phase. To predict the ductility of Fe–Al alloys, we estimate Pugh’s con-
stant defined by the ratio between bulk and shear moduli and apply the Pugh’s criterion. We find that an
addition of a small amount of Mn may stabilize disordered solid solutions over the D03 second phase.
Moreover, the Mn addition also improves its mechanical properties making the disordered Fe–Al alloy
more ductile than D03.

� 2013 Elsevier B.V. All rights reserved.
In recent years, there are increasing demands for novel ad-
vanced high strength steels (AHSS) with high ductility, which are
essential for fuel-efficient and safer vehicles. High alloying steels
containing light element Al have been considered as promising
candidates for materials with the high strength–ductility balance
and light weight. However, extremely brittle property at high Al
content impedes Fe–Al alloys for the industrial applications [1].
There are two primary factors closely related to the brittleness of
Fe–Al alloys. Second phase formation is known to be responsible
for the brittleness of Fe–Al alloy in high Al concentration range
[2]. Surface reaction of Fe–Al alloys with the environmentally
delivered hydrogen [3] is another important factor. While many
researchers have reported various approaches to avoid the hydro-
gen effect [4–6], mechanical properties in individual phases have
rarely been studied because of difficulties in separating the struc-
ture effect from others. Theoretical studies have been performed
to understand the interplay between the mechanical properties
and the geometrical structures; previous literatures reported the
formation energies and the electronic/magnetic properties of or-
dered alloy structures with 25 at% and 50 at% of Al concentration
[7–10]. The mechanical and electronic properties of disordered
structures were reported as well [11].
Although a variety of theoretical studies have been performed,
those computational results or predictions, unfortunately, are not
always consistent with experimental results. Such discrepancy
could be ascribed to a rather small unit cell size (16 atoms or so
in a unit cell), which is too small to describe the disordered struc-
tures. Moreover, theoretical studies did not cover a broad range of
Al atom concentration x in Fe1�xAlx, but were restricted only at a
few values of concentration [11]. Here, we report mechanical prop-
erties of Fe-based alloys in disordered solid solutions (a-Fe) ob-
tained using first-principles density functional theory (DFT) with
large unit cell sizes in a broad range of added atom concentration.
Our theoretical calculations have focused on examining ductility
on the basis of the order–disordered second phase transition and
study the possibility for light steel with desirable mechanical prop-
erties. Our calculated data in the whole concentration range reveal
the trends of their mechanical and physical properties. Addition-
ally, we present the role of Mn addition in disordered Fe–Al alloy,
motivated by twining induced plasticity (TWIP) steel containing
15–25 wt% of Mn concentration with 2 wt% Al and 4 wt% Si addi-
tions, which exhibits high strength and exceptional ductility [12].
In contrast to the TWIP steel, our study focuses on the influence
of a small amount of Mn in the Fe alloy with high Al content. We
found that a small amount of Mn enhances structural stability
and ductility of disordered Fe–Al alloy and evades forming an or-
dered second phase.

To explore the physical properties of various Fe-based alloys,
we used first-principles DFT [13] based on the norm-conserving
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Table 1
Calculated lattice constant a in Å, formation energy DEf in eV, and magnetic moments
per atom, l, in lB, Bohr magneton of known iron–aluminum alloy structures. The D03

structure contains 25 at% of Al concentration, while B2 and B32 structures are at 50
at%. The bcc iron structure is selected as a reference for the formation energy
comparison. Data in brackets are experimental data for Fe [37], theoretical formation
energy for D03, B2 and B32 [8] and magnetic momentum data for D03, B2 [7].

a (Å) DEf (eV/atom) l (lB)

Fe (bcc) 2.86 (2.87) 0.00 (0.00) 2.27
D03: Fe3Al 5.81 (5.77) �0.34 (�0.33) 1.71 (2.06)
B2: FeAl 2.87 (2.89) �0.53 (�0.62) 0.5 (0.75)
B32: FeAl 5.90 (5.90) �0.33 (�0.31) 1.63

Fig. 2. Total energy difference defined by (DE = Eagg � Edis, where Eagg and Edis) are
the total energy of the aggregated and dispersed configurations of Fe1�xAlx systems
as a function of Al atom concentration. Positive DE means that the dispersed Al
atom configuration is more stable than the aggregated one with the same Al
concentration.
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pseudopotential method [14] with separable non-local operators
[15]. Atomic orbitals basis (SIESTA package) with double-f
polarization was used to expand the electron wave functions with
an energy cutoff of 200 Ry for the real-space mesh [16]. For
exchange-correlation (XC) functional, the generalized gradient
approximation (GGA) [17] with spin polarization was used. We
sample the small Brillouin zone with 8 k-points in order to
represent the Bloch wave functions for the momentum-space
integration. To confirm the reliance of the data, we also performed
DFT calculations based on projector augmented wave (PAW)
method [18,19] with VASP package [20–23]. The wave functions
were expanded with plane wave basis with 400 eV of energy cutoff
and Perdew and Wang XC functional is used [24,25].

The reliability of our computational technique was verified by
testing our technique with bulk bcc Fe, D03, B2 and B32 structures.
First, we performed a series of geometry relaxation calculations to
find the equilibrium structure. Our calculated formation energy
DEf in eV, lattice constant a in Å and magnetic moments l in lB

(Bohr magneton) are compared to those obtained in previous stud-
ies [7,8]. As summarized in Table 1, our results agree well with pre-
vious results, indicating that our technique can be applied to
describe Fe–Al alloy structures and explain their thermodynamic
phase diagram.

To investigate the physical properties of structures with Fe1�xAlx

(0 < x < 0.5) and their formation energies, it is required to find the
equilibrium geometry with disordered configuration for a given Al
atom concentration. A ‘‘perfect’’ disordered alloy structure could
only be formed with an infinite system. In practice, however, we
can examine only super cells with a finite size of a quasi-disordered
structure. A larger super cell improves its disorderedness at the cost
of significantly increased computational time. Here, we chose a
Fig. 1. (a) A typical configuration of disordered Fe1�xAlx at x � 0.039 containing 5 Al ato
connected by bonds. Note that 37 Fe atoms are missing for better display of the bcc latti
atoms in a disordered manner. (b) Total energy curves as a function of cell volume
configurations with the same x. The configuration represented with thick solid line, which
a given concentration x. (For interpretation of the references to color in this figure legen
128-atom unit up to 10 at% of added atom concentrations
(x � 0.78, 1.56, 3.12, 4.68, 7.81, 8.59, 9.38 at%) to compromise
between disorderedness and computation time. Over 10 at% of con-
centration (x � 12.96, 20.37, 22.22, 27.77, 29.62, 38.89, 55.55 at%),
we used a 54-atom unit cell to reduce the computational time. For
structural relaxation, all the atoms in the unit cell were fully relaxed
by conjugate-gradient method [26] until none of the residual
Hellmann-Feynman forces acting on any atom exceeded 0.001 Ry/
aB, where aB is the Bohr radius. The Murnaghan equation of state
was used to fit the total energy as a function of volume.

First, various distributions of added Al atoms in disordered
structures were examined to find the most stable configuration
of Fe1�xAlx for a given concentration of x. We considered two
extreme configurations. In one configuration, the added atoms
were aggregated to form a cluster by themselves within a unit cell,
while in the other configuration, they were dispersed not to form
any direct bonds with other added atoms. The total energy differ-
ences between these two cases, defined by DE = Eagg � Edis, where
Eagg (Edis) is the total energy of the aggregated (dispersed) configu-
ration, were calculated as a function of their concentration. The
calculated DE values are all positive suggesting that the dispersed
configurations are energetically preferred for Fe–Al alloy as
displayed on Fig. 2. Therefore we chose the disordered structures
ms denoted by dark (blue) spheres and 123 Fe atoms represented by lattice points
ce structure. Many more configurations were similarly generated by distributing Al
V in Å3 for selected disordered configurations among many different disordered
is the most stable structure, was selected as an equilibrium disordered structure for
d, the reader is referred to the web version of this article.)



Fig. 3. (a) Formation energy DEf, (b) lattice constant and (c) bulk modulus B of
disordered Fe1�xAlx as a function of Al concentrations. Result for Fe–Al alloys are
displayed in columns. For the DEf, the value of D03 phase is displayed with a hollow
circle for the comparison with the disordered phase. Experimental lattice constant
data for Al [28] is represented with circle dots on (b).
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where Al atoms are distributed without direct bonding between Al
atoms within a super cell. This enabled us to reduce the total num-
ber of configurations to be considered to determine the equilib-
rium disordered structure for a given concentration of added
atoms. We studied considerable numbers of configurations for
the dispersed cases (at least 3 cases for each Al concentration),
although not all the configurations, which could be adopted as dis-
ordered structures. Total energy curves for dispersive configura-
tions are shown in Fig. 1(b). We found that the total energy
differences among those calculated configurations are typically
less than 4 meV per atom as long as added atoms are not clustered.
We chose stable configuration for subsequent calculations for
physical and mechanical properties.

The corresponding physical properties of disordered solid solu-
tions, discussed in Fig. 1(a) and (b), are calculated. The formation
energy of Fe1�xAlx with Al atom concentration x was calculated
from the total energy of the bulk Fe (bcc) and the bulk Al (fcc)
structures. The formation energy of Fe–Al solid solutions decreases
with Al concentrations as shown in Fig. 3(a) which shows reason-
able agreement with the experimental values, especially at low Al
concentrations [27]. As listed in Table 1, D03 and B2 crystal struc-
tures of Fe–Al alloy, which have 25 at% and 50 at% of Al concentra-
tions, are more stable than the corresponding solid solutions. This
is consistent with the known phase diagram for Fe–Al binary alloy.
The B32 structure of 50 at% of Al concentration is less stable than
B2, D03 structure, as predicted in an earlier study with full
Table 2
Calculated elastic constants C11–C22, C44, B, G and m = B/G of various solid solutions: Fe1�xAlx

and x = 13/54 (X = 13) with y = 3/54 (Y = 3), and D03 and B2 crystal structures correspondin
the high Al concentrations were calculated using plane wave basis, and those in square bra
[38].

Composition C11–C12 C44

Fe 87.4 [105] 101 [121.9]
Fe50Al4 57.8 117.6
Fe41Al13 33 (55) 156.4 (141)
Fe38Al13Mn3 27 (56) 120 (128)
D03 (Fe3Al) 38.6 134
B2 (FeAl) 131 143
potential LAPW method [8]. Lattice constant increases with
increasing Al concentration (Fig. 3(b)). At low Al concentrations,
the agreement is reasonable with the experimental values [28],
but the discrepancy increases with increasing Al concentration.
This discrepancy could be ascribed to the second phase (D03, B2)
formation in the experimental condition. Fig. 3(c) shows bulk mod-
ulus of Fe–Al. Significant reduction in bulk modulus with increas-
ing Al concentration presents the same trend as previous ab initio
calculations [9,29]. Comparing the bulk moduli of solid solution
structures shown in Fig. 3(c) with those of second phases listed
in Table 2, we found that the B2 structure appears to have higher
bulk modulus than its disordered counterpart with a similar
concentration, whereas the bulk modulus of D03 structure is essen-
tially similar to that of disordered ones.

We further explored the mechanical properties of Fe–Al alloy in
terms of Al concentration by calculating various elastic moduli and
investigating ductility. To evaluate ductility, we used the Pugh’s
criterion which states that a material is ductile (brittle) if m > 1.75
(m < 1.75), where m is Pugh’s constant defined by the ratio of bulk
modulus B to shear modulus G, i.e. m = B/G. It is known that the
Pugh’s criterion [30] can be used for materials whose melting tem-
peratures are above TP � 1198 K for pure elements. It has been re-
ported that small shear modulus could cause multiple shear bands,
which elongate largely without fracture. If extensive elongation
acts dominantly on the material, the fracture would appear easily
[31]. Recently, the Pugh’s criterion was applied to disordered Fe–
Mg, Fe–Cr to estimate their ductility and reasonably verified the
experimental values [32]. The ductility of alloys of rare earth ele-
ments and transition metals was also successfully predicted with
this criterion [33]. Since the melting points of Fe–Al alloys [34]
are well above TP [9], the Pugh’s criterion may also work to de-
scribe the ductility of Fe–Al alloy.

To estimate the shear moduli of disordered solid structures, we
applied monoclinic and tetragonal strains with no volume change
and performed geometrical relaxation while keeping the deforma-
tion. Elastic constants were obtained by fitting the changes in en-
ergy under these strains for selected configurations of Fe1�xAlx

with x = 13/54 and 4/54. For the comparison, we also represent
the energy changes for the D03, B2 second phase corresponding
to x = 0.25, x = 0.5 respectively. For the shear modulus G, we used
uniform strain condition of Voigt [34], G = (C11 � C12 + 3C44)/5. This
condition could well describe elastic properties of single crystalline
materials. The calculated m values are given in Table 2, where we
summarized other elastic data obtained using both methods with
atomic orbitals basis and with plane wave basis. Pugh’s constant
of D03 and B2 structures are below 1.75, successfully reproducing
experimentally observed brittleness of the Fe–Al alloys with high
Al content. At low concentration of Al (e.g., at x � 0.074 or 7.4
at%), disordered Fe–Al alloy almost keeps the Pugh’s constant pre-
senting ductile property. But around 25 at% of Al concentration
(�24.1 at%), the Pugh’s constant falls a way below the Pugh’s crite-
rion value m = 1.75, suggesting brittle characteristics in disordered
phase, even worse than D03 and B2 structures as shown in
(Fe54�xAlx) and Fe1�x�yAlxMny (Fe54�x�yAlxMny) for x = 4/54 (X = 4), x = 13/54 (X = 13),
g to x = 0.25 and x = 0.5, as well as pure Fe bcc crystal structure. Values in brackets for
ckets for Fe are experimental data obtained at T = 4.2 K by Rayne and Chandrasekhar

B G m

181 [173.1] 77.8 [87.5] 2.33 [1.98]
190 82.1 2.31
154.3 (146) 100.5 (95.6) 1.54 (1.54)
143 (157) 77 (88) 1.86 (1.78)
152 88 1.72
176 112 1.57



Fig. 4. (a) Formation energy of Fe1�xAlx and Fe1�x�yAlxMny disordered structures as a function of Al concentration x, depicted by solid triangles and solid circles, respectively.
The Mn content is fixed at y � 5.6 at%. The formation energy of the D03 structure is depicted by solid square with a solid line, below (above) which the structures are more
(less) stable than the D03 structure. Mn addition stabilizes the Fe–Al disordered structure even more than D03 structure. (b) Bar graph of the calculated Pugh’s constants of
various structures. Substitution of Mn in high Fe–Al disordered structure increases the Pugh’s constant implying ductile property. The bars at 25 at% and 50 at% of Al
concentration correspond to D03 and B2 structures.
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Fig. 4(b) and Table 2. This interesting and unexpected finding im-
plies that even if a disordered solid solution phase could persist
near 25 at% of Al concentration, its ductility would be significantly
deteriorated.

In search of the possibility for having ductile and light alloy, we
noticed a report that Mn atoms could influence the ductile prop-
erty of the alloys by modifying the magnetic property which pre-
fers certain slip systems [35]. To investigate the role of Mn
addition in disordered Fe–Al alloy, we randomly substituted Mn
atoms into Fe atoms in a disordered manner while keeping Al con-
centration, which is the same method as used to model the disor-
dered Fe–Al alloy. The most energetically favorable disordered
configuration was chosen after taking into accounts 3 different
cases. For the formation energy calculations, the concentration of
Mn is fixed to �5.6 at%, while Al concentration is varied over 20–
40 at% range (Fig. 4(a)). To estimate Pugh’s constant by calculating
the elastic constants, only a single case of �24.1 at% Al with
�5.6 at% Mn was considered (Fig. 4(b)). We found that second
phase formation could be suppressed by Mn content in Fe–Al alloy
steel by changing the energetic preference of second phases.
Fig. 4(a) displays the calculated formation energy of Fe1�x�yAlxMny

disordered structure as a function of Al content compared to that of
Fe1�xAlx disordered solid solution. As a reference, a solid horizon-
tal line passing through the formation energy of the D03 structure
is displayed. For a given Al concentration, the structure with the
formation energy below the line is more stable than that with
higher formation energy. It is clear that near 25 at% of Al content,
a 5.6 at% addition of Mn improves the stability of disordered Fe–Al
alloy, which becomes even more stable than D03 structure. This
matches the TEM observation results which showed lowered
amount of ordered D03 structure in Fe–28Al–1.5Mn [36]. Through
this result, we propose that a disordered structure would be
formed easily at high Al concentration, if small amount of Mn is in-
cluded in the solid solution. More importantly, its ductile property
was enhanced in the presence of Mn atoms. Fig. 4(b) summarizes
the calculated Pugh’s constants of selected disordered structures
as well as of D03 and B2 ordered configurations. Though disordered
Fe–Al (Al � 24.1 at%) has much lower Pugh’s constant than 1.75,
small amount of Mn (5.6 at%) in disordered phase lifts the Pugh’s
constant more than m = 1.75.

In conclusion, we performed first principles density functional
theory calculations to understand the fundamental properties of
iron-based alloys Fe1�xAlx. We found that Al atoms substituted
for Fe atoms are distributed in a disordered fashion without
self-clustering. It was shown that Fe–Al alloys exhibit unusual
structural and elastic properties. Especially for Fe–Al alloy, at low
concentrations of the Al atoms, disordered solid solution structures
are energetically preferred with similar mechanical properties to
those of the pure bulk iron system. In contrast, at high concentra-
tions, especially around 25 at%, ordered second phases, such as D03

structure, are found to be more stable than its disordered counter-
parts with a similar Al content. At high concentration, not only the
second phase structures, but also disordered configurations exhibit
degraded mechanical and elastic properties. We found that the
formation of second phases may be suppressed by incorporation
of Mn atoms. Furthermore, we found that Mn atom addition im-
proves the ductility of the alloy, which shows the paths to achieve
ductile and light Fe alloys.
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