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The electronic structure and bonding in a B2 FeAl alloy with and without hydrogen interaction with a Fe

antisite were computed using a density functional theoretical method. The hydrogen absorption turns

out to be a favorable process. The hydrogen was found close to an octahedral site where one of its Al

capped is replaced by a Fe antisite. The Fe–H distance is of 1.45 Å same as the Al–H distance.

The density of states (DOS) curves show several peaks below the d metal band which is made up

mostly of hydrogen based states (450% H1s) while the metal contribution in this region includes mainly

s and p orbitals.

An electron transfer of nearby 0.21e� comes from the metal to the H. The overlap population values

reveal metal–metal bond breaking, the intermetallic bond being the most affected. The H bond mainly

with the Al atom and the reported Fe–H overlap population is much lower than that corresponding to

FePd alloys and BCC Fe. The changes in the overlap population show the Fe–Al bond is weakened nearly

41.5% after H absorption, while the Fe–Fe bond is only weakened 34.5%. H also develops a stronger bond

with the Al atoms. The main bond is developed with Al being twice stronger than Fe–H.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

The chemical bonding in iron aluminides has attracted
attention over the last years. Yield strength anomaly, vacancy
hardening, and the effect of alloying elements on hydrogen
embrittlement have stimulated interest in this subject. A clear
understanding of the mechanical, electrical, and thermodynamic
properties of alloyed iron aluminides require the study of the
features of metal–metal bonding in these alloys, doped by other
elements and with defects present [1].

Both chemical bonding and site preference occupation of
transition metal (TM) in Fe–Al result from chemical properties of
the TM, which determine the atomic coordination according to
the Pauling concept [2].

Vacancy and antisite defect energies are important in the
accommodation of stoichiometry deviations. It has been observed
in FeAl and NiAl [3,4] that Al-deficient compounds present only
antisite defects while constitutional vacancies accommodate the
variation from stoichiometry in Al-rich compounds. In order to
accommodate deviation from stoichiometry, either two vacancies
or one antisite could occur. Using the energy values obtained by
embedded atom potentials, Vailhe and Farkas [5] predict antisite
ll rights reserved.

).
defects on both sides of the stoichiometric composition. In the
case of an Al-rich compound, the predictions of the potentials did
not agree with the experimental observations of Xiao et al. [3] and
Baker and Munroe [4], but agree with the more recent experi-
mental observation of Hosada et al. [6].

B2-type FeAl is known to be an intermetallic compound that
generates a large number of thermal vacancies at high tempera-
ture and retains them in supersaturation through conventional
cooling processes [7]. The vacancy concentration should approach
several percent near its melting point, which is two times higher
than that of pure metals and disordered alloys. The primary
reasons for this unique vacancy phenomenon are the properties of
low vacancy formation enthalpy and high vacancy formation
entropy in B2-type FeAl [8].

There are an interesting number of theoretical studies on
intermetallic alloys [9–19]. Zou and Fu have shown that the
dominant factor for early TM aluminides is the directional
bonding between the d orbital of TM atoms, whereas for late
TM aluminides, charge transfer and hybridization between Al sp
and TM d states play more important roles in the bonding [10].

Theoretical calculations have been performed in Fe aluminides by
Schott and Fänhle [12] and by Bogner et al. [20]. The electronic
structure of iron aluminides has also been computed using clusters
and extended structures of variable Al composition [13–16].
Recently, density functional theory (DFT) in the local density
approximation with the Hubard Hamiltonian (LDA+U) [17] and
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accurate tight-binding (TB) parameterization of LDA schemes yield a
non-magnetic ground state for B2 FeAl [17,18].
The difficulties to reproduce experimental ground states for FeAl
and Fe3Al have been pointed out by Lechermann et al. [19].
DFT has also been used to study the behavior of single defects
in B2-FeAl-vacancies, as well as boron, carbon, nitrogen,
and oxygen substituting for Fe or Al atoms [21–23]. The environ-
mental embrittlement in FeAl aluminides has been reviewed by Liu
et al. [22].

The aim of the present is to evaluate the changes in the metal–
metal bonding when a Fe antisite is present and its interaction
with hydrogen as an impurity.
Fig. 1. Crystal structure of the B2 FeAl alloy (a). Schematic view of the Al vacancy

frame (b). Schematic view of the Fe antisite frame (c).

Fig. 2. Schematic view of the B2 FeAl+FeAl cell after H absorption (a). Schematic

view of the frame H location (b). The small black circle indicates the energetic

minima for H.
2. Computational method

Gradient-corrected density functional theory (GC-DFT) calcu-
lations were performed on a supercell containing 108 atomic sites
in a cubic lattice (B2-phase) to model bulk FeAl, with a 4� 4� 4
reciprocal space grid in the supercell Brillouin zone. We used the
Amsterdam Density Functional 2000 package (ADF-BAND2000)
[24]. The molecular orbitals were represented as linear combina-
tions of Slater functions. The gradient correction of the Becke [25]
approximation for the exchange energy functional and the B3LYP
[26] approximation for the correlation functional were employed.

In order to increase the computational efficiency, the inner-
most atomic shells of electrons are kept frozen for every atom
except hydrogen, since the internal electrons do not contribute
significantly to the bonding. We have used a triple-zeta basis set
(this means three Slater-type functions for each atomic valence
orbital occupied) with polarization functions to express the
atomic orbitals of Fe and Al. The basis set of Fe consisted of 3p,
3d and 4s orbitals and for Al 3s and 3p. With this set we obtained
a magnetic moment of 2.26mB for BCC Fe, which compares very
well with the experimental value of 2.20mB.

To understand the Fe–Al–H interactions we used the concept of
density of states (DOS) and overlap population density of states
(OPDOS). The DOS curve is a plot of the number of orbitals as a
function of the energy. The integral of the DOS curve over an
energy interval gives the number of one-electron states in that
interval; the integral up to the Fermi level (EF) gives the total
number of occupied molecular orbitals. If the DOS is weighed with
the overlap population between two atoms the overlap population
density of states OPDOS is obtained. The integration of the OPDOS
curve up to EF gives the total overlap population of the specified
bond orbital and it is a measure of the bond strength. If an orbital
at certain energy is strongly bonding between two atoms the
overlap population is strongly positive and OPDOS curve will be
large and positive around that energy. Similarly, OPDOS negative
around a certain energy corresponds to antibonding interactions.

The absorption energy was computed as the difference DE

between the Fe–Al–H composite system when the H atom is
absorbed at its minima location geometry and when it is far away
from the Fe–Al alloy.
3. Crystal and defect structure

The B2 FeAl phase has ClCs structure with a lattice parameter
a0 ¼ 2.90 Å [9]. The crystal structure is shown in Fig. 1a. The B2
FeAl structure has three types of interstitial sites, one tetrahedral
(T) and two octahedral (O1, O2). All tetrahedral are equivalent
with the same chemical environment around the site. The O2 is an
octahedral formed by four iron atoms in its base capped with two
aluminum atoms while the O1 has four aluminum atoms in its
base capped with two iron atoms. We have considered an Al
vacancy (VAl) and Fe antisites (FeAl) separately. The Fe vacancies
are the most stable while the Al vacancies cannot survive because
they quickly transform into Fe antisites. We only present some VAl

results.
The vacancy was constructed removing the Al atom from the

center of the cell. The Fe antisite was the next step of study and
was created replacing the vacant site for a Fe atom.

To study the absorption of H we mapped the energy surfaces
with 0.01 Å steps in the central region of the cell with cuts
perpendicular to the (0 0 1) planes. Fig. 2 shows the final location
of the H atom. Fig. 2b shows the chemical environment for H
absorption.
4. Results and discussion

The total DOS for the perfect B2 FeAl structure is similar to that
reported previously [9–18,27–34]. First principles calculations
have mentioned the formation of a pseudo-band gap at the top of
the 3d band [33,35]. The d bandwidth is 3.6 eV, which corre-
sponds to the extension of the Fe states while Al based states
contribute much less, showing several peaks. Near the Fermi level
there is also a peak centered at �10.2 eV somewhat dispersed and
corresponds to Al p states (see Fig. 3b). Similar results for Al and
Fe orbital projected DOS were reported by Reddy et al. [13].
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Fig. 3. Total DOS curves for the B2 FeAl–VAl alloy (a); projected DOS in an Al atom

(b); and in a Fe atom (c).

Fig. 4. OPDOS curves of the B2 FeAl–VAl alloy: Al–Al first neighbors (a), Al–Fe (b),

and Fe–Fe (c).

Table 1
Electronic density, overlap population, charge, and distances for the B2 FeAl

perfect, the B2 FeAl–VAl, the B2 FeAl–FeAl, and B2 FeAl–FeAl after H absorption

alloy.

Structure Electronic density Bond type OP DOP%a
Distances (Å)

s p d

FeAl–VAl

FeI 0.44 0.11 6.50 FeI–Fe 26.4 2.904

AlI 1.07 1.23 0.00 AlI–Al 2.3 2.904

AlI–FeI 27.0 2.515

FeAl–FeAl

FeI 0.44 0.09 6.24 FeI–Fe �2.7 2.904

AlI 1.07 1.22 0.00 AlI–Al 2.3 2.904

AlI–FeI 14.5 2.515

FeAl 0.60 0.09 4.87 AlI–FeAl �54.4 2.904

FeI–FeAl �81.3 2.515

FeAl–FeAl+H

FeI 0.41 0.06 6.14 FeI–Fe �34.5 2.904

AlI 0.98 1.19 0.00 AlI–Al �3.2 2.904

AlI–FeI �41.5 2.515

FeAl 0.53 0.07 6.44 AlI–FeAl –b 2.904

FeI–FeAl �44.6 2.515

H 1.21 0.00 0.00 FeI–H 0.046 2.044

AlI–H 0.510 1.450

FeAl–H 0.280 1.450

a DOP%: Overlap population percentage change computed referring to B2 FeAl

pure [32].
b H locates between these two atoms, so there is no possible bonding in this

case.

Fig. 5. Total DOS curves for the B2 FeAl–FeAl alloy (a); projected DOS in an Al atom

(b), in a Fe atom (c), and in the Fe antisite (d).
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The Al orbital composition is s1.05 p1.20 d0.00. The electronic
charge on Al is 70% lower of that on the Fe atoms [36]. The
importance of Al to TM charge transfer and the filling of the d
band require that a late TM atom has as many Al atoms as its
nearest neighbors as possible to facilitate the charge transfer and
bonding hybridization [10,20]. Several authors have mentioned a
strong d state [20,33,37].

Regarding the bonding, the OPDOS curves in Fig. 4 show almost
all bonding contributions. Reddy et al. mentioned that the
conduction band approaches very close to the Fermi level and is
mainly composed of hybridized Al sp–Fe d levels [16]. In Table 1,
the valence orbital occupations, overlap populations, and
distances are summarized.

When a vacancy is introduced into the model, the total DOS
curve for the complete system (Fig. 3a) looks similar to that of the
cell without a vacancy. The introduction of an Al vacancy makes
the all metal–metal bond stronger than in the perfect case (see
Table 1, DOP for all metals increases when compared to the perfect
alloy). This effect has been discussed in detail by Juan and
Hoffmann [38]. Comparing to the corresponding perfect alloy the
bonding vacancy states are also less bonding and the antibonding
states are less antibonding. For the bulk most all antibonding
states are filled. As an antibonding level is in fact more
antibonding than the corresponding bonding level is bonding,
the loss of antibonding character dominates close to the vacancy
(see Table 1) causing an increase in the metal–metal OP.
In the case of antisite occupancy, the FeI–FeAl increases because
its distance is lower than in the perfect lattice, so higher overlap is
possible as revealed in the OP values. The computed effective
formation energies are 3.50 eV for the vacancy and 1.03 eV for the
Fe antisite. These values are in good agreement with that reported
by Fähnle et al. [39].

As mentioned by Kellou et al. [21], a single Fe antisite has a
lower energy than an Al antisite. Fig. 5 shows the DOS of Fe
antisite in FeAl. The Fe antisite projected DOS (see Fig. 5d) shows a
strong decrease in the density close to EF. Similar results have
been reported by Kulikov et al. [36] when considering a Fe at the
central antisite.

The Al–Al OP does not change with Fe at the antisite (see Fig. 6
and Table 1). The OPDOS curves for the Fe–Fe present some
antibonding at �17 eV; however, the total effect is positive
increasing a 14.5%. The Fe–Fe antisite OP increases 129% while
the distance decreases �13.4%.

The H absorption is a favorable process. The final location is
shown in Fig. 2. It corresponds to and octahedral interstitial site
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Fig. 6. OPDOS curves of the B2 FeAl–FeAl alloy: Al–Al (a), Al–FeAl (b), Al–Fe (c), Fe–

FeAl (d), and Fe–Fe (e) bonds.

Fig. 7. Total DOS curves for the B2 FeAl–FeAl alloy after H absorption (a); projected

DOS in an Al atom (b), in a Fe atom (c), in the Fe antisite (d), and in the H atom (e).

Fig. 8. OPDOS curves of the B2 FeAl–FeAl alloy after H absorption: Al–Al and Al–H

(dotted line) (a), Al–FeAl (b), Al–Fe (c), Fe–Fe and Fe–H (dotted line) (d), and Fe–FeAl

and FeAl–H (dotted line) (e) bonds.
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(O2) with one of the Al capped atoms replaced by Fe. The
equilibrium distance for Fe–H bond is 2.04 Å and for Al–H and
FeAl–H is 1.45 Å. The computed adsorption energy is �3.48% more
stable than the corresponding energy for the perfect alloy. We
found an electron transfer of nearly 0.21e� comes from the metals
to H. The DFT calculations of Fu and Painter have predicted that H
dilates the Fe–Al lattice and decreases its cohesive strength when
H is absorbed in Fe-rich sites [40]. Fu and Wang have studied the
effect of ordering, vacancies and the mechanism underlying the
hydrogen-induced embrittlement effect [41]. These authors have
found hydrogen located at the tetrahedral sites with a Fe–H
distance of 1.55 Å with a decrease in the Fe d charge along the
Fe–H direction on Fe sites.

After H absorption the total DOS shows several small peaks
(see Fig. 7) below �12 eV, which is similar to that obtained when
H is located as interstitial (O2 site) at a pure cell of B2 FeAl [27].
The most important interaction of H is developed with Al. A
difference with the perfect B2 FeAl is that H–metal equilibrium
distances are the same (1.45 Å).

The OPDOS curves for the B2 FeAl alloy with a Fe antisite after
H absorption are shown in Fig. 8. The OPDOS curves show that the
Al–Al interaction is almost all bonding. The Fe–H interaction
presents some antibonding peaks at �17.5 eV (see Fig. 8d), while
the Al–H OP is the stronger interaction (see Fig. 8a) being 45%
higher than the corresponding Fe antisite. The reported OP is
much lower than that reported in FePd alloys or BCC Fe with
defects [38,42].
5. Conclusions

According to our calculations the H absorption is a favorable
process in the B2 Fe–Al alloy structure. H is stabilized at an
octahedral interstitial site (O2) with one Al replaced by Fe.

The Al–H and FeAl–H distances are similar, and an electron
transfer of about 0.21e� from metals to H is observed.

The electronic structure for the pure B2 Fe–Al with an Al
vacancy shows a series of localized sp peaks for the Al–Al bonds
and more delocalized for the Fe–Fe bonds. Considering the Fe
antisite and after H absorption, the Al–Al bond is weakening 3.2%
from its initial value. H locates between Fe and Al atoms as
indicated in Fig. 2, so new bonds are formed: Fe–H and Al–H at
expenses of the former FeAl–Al bond. By other hand, the Fe–Al (not
antisite) bond decreases up to �41.5% after H adsorption. The
Al–H interaction is developed in an interaction with Fe antisite.
The Fe–Fe bond is weakened 34%, a situation that is quite different
to the 70% decrease in the bond strength for pure BCC Fe when H
is absorbed. It seems that Al could protect some Fe–Fe bond and
this effect could be suitable to mitigate the well-known
phenomena of H embrittlement.
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