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1 Introduction 

The physicochemical mechanisms of bonding in iron aluminides have attracted renewed attention. Yield 
strength anomaly, vacancy hardening, and the effect of alloying elements on hydrogen embrittlement 
have stimulated interest in this subject. Consequently, these effects open new fields of applications for 
iron aluminides. 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 [1]. 
 The nature of bonding in alloyed FeAl (B2 phase) determines the structure of compounds and the 
distribution of alloying atoms on the sublattices. Intermetallic compounds based on the B2 FeAl phase 
have been widely investigated because of their important physical and mechanical properties [2–7]. The 
mechanical characteristics of intermetallics are usually improved by alloying [8, 9]. It is necessary to 
understand the properties of the alloys at the microscopic level and to elucidate the peculiarities of the 
electron structure and the nature of bonding in the intermetallics with the ternary additives. Both chemi-
cal bonding and site preference occupation of transition metal (TM) in Fe–Al result from chemical prop-
erties of the TM, which determine the atomic coordination according to the Pauling concept [10]. 
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 Numerous technological applications require the use of intermetallic alloys. Changing the intermetal-
lic alloys stoichiometry and their crystal structures can yield new materials relatively easily. One goal of 
this research is to find an alloy, which remains strong at high temperatures yet, ductile at low tempera-
tures. Of particular interest are TM aluminides, e.g. FeAl, NiAl, and CoAl, which are resistant to corro-
sion and oxidation, have interesting magnetic properties, and are used as high temperature structural 
materials and soft magnetic materials [11]. First-principles calculations can be used as an aid in develop-
ing new alloys of this type. The determination of other properties, e.g. surface interface energies and 
dislocations energies, are at best at the cutting edge of computational physics [12]. 
 Due to their appealing high-temperature and corrosion resistance properties, intermetallic alloys are 
the subjects of an increasing amount of studies. Nevertheless, their mechanical behavior is not fully un-
derstood up to now: in particular, their strong room temperature intergranular brittleness, impairing their 
industrial use as structural materials, has neither been satisfactorily explained nor remedied [13]. 
 Such a complex phase diagram describes the Fe–Al system that is totally hopeless to attempt to de-
termine a potential whose reliability would extend over the whole range of compositions. B2 FeAl pos-
sesses hardly understood mechanical properties. This ordered phase, according to diffraction data, exists 
between 38 and 52 at% Al in a wide range of temperatures and concentrations. However, in order to be 
efficient in the study of segregations processes at interfaces, this description should also take into ac-
count the pure elements [14]. 
 There are an interesting number of theoretical studies on intermetallic alloys [14–26]. 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 [16]. 
 Theoretical calculations have been compared with experimental data by Schott and Fähnle [18] and by 
Bogner et al. [19]. The electronic structure of iron aluminides has also been computed using clusters and 
extended structures of variable Al composition [20–23]. Recently, density functional theory (DFT) in 
the local density approximation with the Hubard Hamiltonian (LDA + U) [24] and accurate tight-binding 
(TB) parameterization of LDA schemes yield a non-magnetic ground state for B2 FeAl [24, 25]. The 
difficulties to reproduce experimental ground states for FeAl and Fe3Al have been pointed out by Lecher-
mann et al. [26]. 
 A study combining ab initio electron theory and statistical mechanics, using the new Stuttgart ab initio 
mixed-basis pseudopotential code in the generalized gradient approximation (GGA) has calculated the 
ternary phase diagram for Ni–Al–Fe [27]. Fähnle et al. have published an interesting review article on 
DTF calculations for single defects in B2 FeAl [28]. 
 DFT has 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 [29]. 
 As mentioned before, the FeAl alloys have been the subjects of several theoretical publications; how-
ever its interaction with H is not fully understood. The thermodynamics and solubility of hydrogen in 
FeAl have been measured in the range 513–1301 K by Xu and McLellan [30]. 
 To the best of our knowledge there are only a few theoretical studies on the effect of H in B2 FeAl 
alloy. The environmental embrittlement in FeAl alumninides has been reviewed by Liu et al. [31]. 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 [32]. Fu and Wang have studied the effect or order-
ing, vacancies and the mechanism underlying the hydrogen-induced embrittlement effect. These authors 
have found hydrogen located at the tetrahedral sites with and Fe–H distance of 1.55 Å with a decrease in 
the Fe d charge along the Fe–H direction on Fe sites [33]. 
 The investigation of the band structure is also important to reveal the origin of chemical bonding in 
Fe–Al alloys and its interaction with H as an impurity in extended structures. The present calculations 
were performed using the package ADF-BAND a density functional method. Due to the low mass of 
hydrogen, the zero-point (ZP) vibrational energy of H in the hydrides may be important and contribute to 
the absorption energy [34, 35]. Ke et al. have performed quantum mechanical calculations on the ZP 
vibrations of H in octahedral sites of metal hydrides by solving the time-independent Schrödinger equa-
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tion based on a three-dimensional adiabatic potential [36]. In Fe-based systems our estimation of ZP 
introduces a correction of about 0.10 eV/atom [37]. After a brief description of the model, we report the 
electronic structure and bonding on B2 Fe–Al alloy in a ordered bulk structure. The effect of incorporat-
ing H as an impurity on the Fe–Fe, Al–Al and Fe–Al bonding is also addressed. 

2 Computational method 

Gradient-corrected density functional theory (GC-DFT) calculations were performed on a supercell con-
taining 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 and a plane-wave kinetic energy cutoff of 220 eV for the Fe–
Al–H system [38–40]. We used the Amsterdam Density Functional 2000 package (ADF-BAND2000) 
[41]. The molecular orbitals were represented as linear combinations of Slater functions. The gradient 
correction the Becke [42] approximation for the exchange energy functional and the B3LYP [43] ap-
proximation for the correlation functional were employed. In order to increase the computational effi-
ciency, the innermost 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 func-
tions 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 2.26µB for BCC Fe, which com-
pares very well with the experimental value of 2.20µB. 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 integra-
tion 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 irreducible wedge of the Brillouin zone was defined by 0 ≤ ka ≤ π/2, 0 ≤ kb ≤ π/2, 0 ≤ kc ≤ π/2. The  
k-points set were generated according to the geometrical method of Ramirez and Böhm [44, 45]. The 
symmetry lines Γ → X; X → W; W → L; L → Γ  along the crystal were used to calculate the band struc-
ture. 
 The absorption energy was computed as the difference ∆E  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. It can be expressed as 

 
Total

∆ (FeAlH) ( (FeAl) (H)) ,E E E E= - +  

where E is the electronic energy, (FeAl)E  corresponds to the pure alloy. 

3 Crystal structure 

In the range 0–50 at% Al, the structural changes connect a disorder → order transformation α → Fe3Al 
(β1) and α → FeAl (β2). The first indication of the occurrence of a transformation in the α solid solution 
was the detection of an ordered body cubic centered (BCC) structure of CsCl (B2) type [46]. The exis-
tence of two superlattices based on the ideal composition Fe3Al = β1 and FeAl = β2 were established by 
Ekman [47], Bradley and Jay [48, 49] in the early 1930’s. The Fe3Al superlattice is formed below 
600 °C, whereas the FeAl superlattice is stable up to 700 °C; however, the formation of the latter super-
lattice might not be suppressed by quenching. The transition of one type of structure to the other is con-
tinuous. The B2 Fe–Al phase has a lattice parameter a0 = 2.90 Å [15]. The crystal structure is shown in 
Fig. 1a. 
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Fig. 1 Crystal structures for the B2 FeAl alloy (a). Schematic view of interstitial sites indicated by a 

black square (T: tetrahedral, O1: octahedral with Al atoms in its base and O2: octahedral with Fe atoms in 

its base) (b). The small black circle indicates the energetic minima for H. � Fe, � Al, � H. 

 
 We have studied the H absorption on the B2 FeAl phase alloy structure using a supercell of 108 at-
oms. The B2 FeAl structure have 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 (see Fig. 1b, 
left). The O2 is an octahedral formed by four iron atoms in its base capped with two aluminum atoms 
(see Fig. 1b, middle) while the O1 has four aluminum atoms in its base capped with two iron atoms (see 
Fig. 1b, right). After the energy minimization, the H was found near the O2 octahedral site (0.54 Å). 
Figure 1b shows the final location of the H atom. We have also computed the energetic of the diffusion 
from a T to an octahedral site. 

4 Results and discussion 

4.1 Pure Fe–Al alloys 

Let us first calculate the electronic structure of pure Fe–Al alloys. Figure 2a shows the Total DOS for 
the B2 FeAl structure. The DOS is similar to that reported previously [15–25, 50–56]. First principles  
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Fig. 2 Total DOS curves for the B2 FeAl alloy (a). Projected DOS on an Al atom (b) and on a Fe atom 

(c). The bars on the right of (b) and (c) indicate the Al and Fe atomic levels. (The DOS plot for Al has 

been amplified for a better viewing.) 

 
 

calculations [54, 57] have pointed out to the formation of a pseudo band gap at the top of the 3d-band 
[23, 58, 59]. The d-bandwidth is 3.6 eV, which corresponds 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 cen-
tered at –10.2 eV somewhat dispersed and corresponds to Al p-states (see Fig. 2b). Similar results for Al 
and Fe orbital projected DOS were found by Reddy et al. [20]. If we look at the detailed composition of, 
say, the Fe in the unit cell we obtain the orbital populations d8.24 s0.59 p0.12. Note than on average any Fe 
atom has its s-band approximately 23% filled. 
 The Al orbital composition is s1.07 p1.21 d0.00. 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 [16, 19]. A strong hybridization between Al sp-
states and Fe d-states has been reported in [19, 55], leading to a partly covalent character of the bond [60]. 
 Regarding the bonding, the OPDOS curves in Fig. 3 show almost all bonding regions. However, near 
to the Fermi level (EF) the Fe–Fe interaction is antibonding. The Fe–Al, the Fe–Fe and the Al–Al OP 
have similar numerical values (see Table 1). 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 [20]. In Table 1, 
the valence orbital occupations, overlap populations and distances are summarized. 
 Recently Börnsen et al. have published an analysis of the electronic structure of intermetallic com-
pounds in B2-phase. They tested the general assumption that in the B2-phases TMAl the default ener-
getic may be mainly traced back to the properties of the TM-d–Al-sp bonds. The authors conclude that 
the s-orbitals of the Al atoms donate about one electron to the orbitals of the TM atom. Also the  
d-orbitals of the TM atoms carry about 1.7 electrons more than in the free atom [61]. 

4.2 Hydrogen absorption 

The hydrogen absorption in the FeAl alloy is a favorable process. The H atom usually occupies intersti-
tial sites in pure metals and alloys. As mentioned in the crystal structure section, the octahedral intersti-
tial sites are non-equivalent. In addition, previous literature results are not definitive [32, 33]. Fu and 
Paintier absorbe H at the tetrahedral site, however, not full geometry optimization was performed [32]. 
Fu and Wang found the H located at tetrahedral sites with a Fe–H distance of 1.55 Å, which is close to  
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Fig. 3 OPDOS curves of the B2 FeAl alloy: Al–Fe first neighbors (a), Al–Al (b) and Fe–Fe (c). 

 
the geometrical center of the tetrahedral interstitial site (1.623 Å). Studying the redistribution of the elec-
tronic density on the (100) atomic plane, with H absorbed in the interstitial site of FeAl, Fu and Wang re-
port a similar decrease of the d charge on the Fe–H directions although the H bonding site is different from 
that of their previous studies [33]. The two types of octahedral sites mentioned before were not previously 
considered in detail. The tetrahedral locations for H are –1.75 eV more stable than O1 but +0.93 eV less 
stable than at the O2 site. Following a similar procedure than that reported by Jiang and Carter [37] we have 
computed an energy profile for H diffusion from one T-site to a nearest-neighbour O2 site. 
 The computed Fe–H minimum distance is 1.746 Å at O2, which is somewhat longer than that ob-
tained for FeAl alloys when H is located at the tetrahedral site [33]. The Al–H distance at O2 is 1.166 Å, 
which is shorter than that reported by Lu and Kaxiras when hydrogen is close to an Al vacancy in pure 
aluminum [62]. Regarding the electronic structure after H absorption, the DOS shows additional peaks 
 

Table 1 Valence occupations, overlap population, charge (Mulliken’s gross charge) and distances for 

Fe–Al B2 alloy with H absorbed at O2. 

structure occupation –charge bond type OP1  ∆(OP)2 distance (Å) 

 s p d      

Fe–Al         
AlI 1.07 1.21 0.00 –0.949 AlI–AlII 0.231  – 2.904 
FeI 0.59 0.12 8.21 –0.949 FeI–FeII 0.199  – 2.904 
     FeII–AlI 0.292  – 2.515 

Fe–Al–H         
H 1.13 0.00 0.00 –0.136 H–AlI 0.574  –  1.166 
Al(I) 0.95 1.20 0.00 –0.863 AlI–AlII 0.069 –70.1% – 
Fe(I) 0.44 0.11 7.96 –0.727 H–FeI 0.155  – 1.746 
     FeI–FeII 0.154 –22.6% – 
     FeI–AlI 0.138 –52.7% – 

1 OP: Overlap Population 
2 
∆(OP): Overlap Population percentage change. 

The geometry distributions of the atoms involved in the bonds are shown in Fig. 1b. 
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Fig. 4 DOS curves for the B2 FeAl alloy after H absorption at O2: Total (a), Projected DOS on an Al 

atom (b), on a Fe atom (c) and Projected DOS on H (d). The bar on the right indicates the H 1s-orbital be-

fore interaction. 
 
with lower intensity for Al and shifted towards lower energies. The H 1s-level is splitted in several peaks 
and shifted down below the bottom of the d-band (see Fig. 4d). 
 The Al–H interaction is developed through several peaks (see Fig. 4b and d). The proximity of the Al 
3s-orbital to the H 1s-orbital could be the reason for such interactions. We have also found that the  
H atom is negatively charged, consistent with the view that the H impurity can be regarded as a screened H-
ion in a free electron-like metals [63]. The electron transfer of nearby 0.14 e– comes from the metal to H. 
 The overlap population values reveal a metal–metal bond breaking, being the Al–Al bond the most 
affected. The H bonds mainly with Al and the reported Fe–H OP is much lower than that corresponding 
in FePd alloys [64] and BCC Fe [65]. The ∆(OP) in Table 1 show that the Al–Al bond is weakened 
nearly 70% after H absorption, while the Fe–Fe bond is only weakened 23%. 
 The OPDOS peaks for Fe–Al interaction in Fig. 5 show a decrease in the metal-metal bonding charac-
ter and two small antibonding interactions at –11.6 eV and –13.8 eV. The Al–H bonding interaction can 
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Fig. 5 OPDOS curves of the B2 FeAl alloy after H absorption at O2: Al–Fe (a), Al–Al (b), Fe–Fe (c), 

and Fe–H (dotted line) and Al–H (solid line) (d). 
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Table 2 Percentage contributions of the metal orbitals to the Fe–Al, Fe–H and Al–H overlap popula-

tions (% OPDOS). 

atom Fe
I
 (%) H 

 4s  4p
x
  4p

y
  3d

x2–y2
  3d

z2
  3d

xy
  3d

xz
  3d

yz
  1s 

Al
I
 3s 26.06  6.66 – – 6.57 9.56 0  0 0 0 2.02 1.38 0.44 – 2.02  1.96 63.95 

 3p
x
 15.24 28.60 – – 0.41 0.65 3.01  7.17 0.99 2.10 0.44 0.80 0.20  0.22 5.44 11.09  0.31 

 3p
y
 11.57  2.75 – 1.16 – – 2.70  3.19 0.89 1.88 0.65 1.01 3.46  3.77 0.65  1.09 31.10 

 3p
z
 15.24 22.10 – – 0.41 1.59 0  0 4.04 8.62 5.44 10.43 0.20  0.06 0.44  0.80  4.67 

H  1s  45.22 – –  5.48  15.68  0.13  5.42  31.42   3.48  

 
 
be observed in Fig. 5d, with several peaks between –10 eV and –20 eV. The Fe–Fe OPDOS curve pre-
sents almost no change (compare Fig. 3c with 5c). The Al–H interaction is higher than Fe–H one (see 
dotted vs filled lines in Fig. 5d). 
 The orbital contributions to the metal–metal and H-metal OP are summarized in Table 2. The higher 
contributions to the metal–metal bonding are the s–s and s–p interactions. After H absorption, the Al–
H bond is mainly formed from H 1s-Al 3s (64%) and H 1s–Al 3p

y
 (31%). The Fe–H bond is mainly 

formed by H 1s–Fe 4s (45%), H 1s–Fe 3d
xz
 (31%) and H 1s–Fe 3d

x

2
–y
2 (16%). 

 The change in the orbital contributions to the DOS after H absorption is shown in Fig. 6 for Al and 
Fig. 7 for Fe. The DOS for Al 3s-orbital present the major change followed by the Al 3p. The Fe 4s 
shows some peak at lower energy. 
 In Fig. 8, we have plotted the band structure of the crystal along the symmetry lines Γ → X; X → W; 
W → L; L → Γ. Only parts of the bands are shown in the energy windows. The bands near the Fermi 
level are formed mainly from transition metal d-states. Three states derived from the metal d-orbitals 
have teg symmetry (d

xy
, d

yz
 and d

xz
) and are degenerate in Γ  [59]. Our calculated band structure is similar 

to that reported by Das et al. [23] and Li et al. [59]. The effect of the interstitial hydrogen is the introduc-
tion of a flat band above 15 eV. Additionally, near the Fermi level the metals bands are modified. Fig-
ures 8b–d show the decomposition of the bands in hypothetical Fe, Al and H sub-lattices having the 
same geometry as in the Fe–Al–H structure. 
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Fig. 6 Projected DOS curves for the Al orbitals before (a, c) and after (b, d) H absorption at O2. 
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Fig. 7 Projected DOS curves for the Fe orbitals before (a, c, e) and after (b, d, f) H absorption at O2. 

 

5 Conclusions 

According to our calculations, the H absorption is a favorable process in the B2 Fe–Al alloy structure. 
We have analyzed three different environment (tetrahedral (T), Fe (O1) and Al (O2) octahedral). H is 
stabilized at an Al octahedral interstitial site (O2). 
 The Al–H distance is shorter than the Fe–H distance and also shorter than that reported for H in  
bulk Al. 
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 The electronic structure for the pure B2 Fe–Al shows a series of localized sp peaks for the Al–Al 
bonds and more delocalized for the Fe–Fe bonds. After H absorption, the Al–Al bond is weakening 
70% from its initial value, while the Fe–Al bond changes 53%. The Al–H interaction is developed in a 
series of peaks while a small interaction with Fe is visible. 
 The Fe–Fe bond is weakened only 15%, a situation that is quite different to the 70% decrease in the 
bond strength for pure BCC Fe when H is absorbed [56, 60]. It seems that Al protects the Fe–Fe bond 
and this effect could be suitable to mitigate the well-known phenomena of H embrittlement in low car-
bon steels. 
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