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We studied one of the aspects of iron embrittlement in an FCC lattice with a vacancy in the
presence of hydrogen as an impurity. The energy calculations were performed using the
ASED method (Atom Superposition and Electron Delocalization). The electronic structures
were analyzed by the YAeHMOP program (extended Hiickel Molecular Orbital Package). H
in bulk FCC iron prefers octahedral sites while in the presence of a vacancy it is located
near the defect in a position shifted from the center of the hole. The formed Fe-H bond
makes the Fe-Fe bonds first neighbors to the vacancy 28% weaker with respect to the H-

© 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Fuel cell vehicles have been identified as the personal trans-
portation technology of the future because of their high
efficiency and very low emissions. To achieve the goal of
road-ready fuel cell vehicles, great strides must be made in the
development of fuel cells, hydrogen production, and hydrogen
storage technologies that include metal-H interaction studies
and safety considerations.

Pure bulk face centered cubic (FCC) iron in the presence of
hydrogen atmospheres undergoes severe embrittlement due
to small amounts of absorbed hydrogen. Severe embrittle-
ment, rupture under stress and corrosion due to hydrogen
interaction have been observed in a large number of metals
and alloys including high-strength steels [1-4]. Scientists and
technologists have studied hydrogen in bulk metals for many
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years [5-8]. Engineers have intended to solve technological
problems such as protecting structure from hydrogen
embrittlement [9-11], transporting of liquid hydrocarbons in
the presence of hydrogen at high temperatures [12], storing
hydrogen fuel at high densities without the danger of high
pressures [13-15], and designing nuclear fusion reactors [16].

The interactions of hydrogen with lattice imperfections
determine the influence of this impurity on the properties of
solids. Interesting observations and results on vacancy
contributions to hydrogen embrittlement and hydrogen-
induced degradation of the mechanical properties of metals,
especially in steels, have been recently investigated [17]. On
the other hand, the role of vacancies in the hydrogen storage
properties of Prussian blue analogues has been studied by
Kaye and Long [18]. Wen et al. have investigated the H inter-
action with ideal and vacancy containing-BCC Fe surfaces.
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The results revealed that H accumulates at the tip of the crack
inducing embrittlement [19].

According to Hu et al., hydrogen embrittlement in a single
crystal of a-Fe could be qualitatively described as a process of
cavity nucleation, cavity linkage, and finally, fracture [20].
Baranov et al. studying BCC and FCC metals with hydrogen
impurities concluded that cracks do not propagate in pure
metals [21].

Juan and Hoffmann have studied H absorption, both in
ideal and vacancy containing-BCC bulk Fe [22]. These authors
observed that hydrogen prefers tetrahedral (t) interstitial sites
in BCC bulk Fe and the vacancies could act as trapping centers
for hydrogen. Furthermore, they concluded that H in BCC Fe
sits near the vacancy. Juan et al. have studied Fe-H interaction
and electronic structure of an H-vacancy bonding in BCC Fe
[23] and have found that the hydrogen harmful effect is
limited to the Fe first neighboring atoms.

Minot and Demangeat have studied the electronic struc-
ture of Fe-H bond in BCC and HCP phases [24]. Their results
indicate that the formation of the bond is endothermic and
that the preferred location of H in both lattice structures is
tetrahedral interstitial sites.

The hydrogen and deuterium effect at high pressures, in
AISI 304 and AISI 310 stainless steels, have been investigated
by Rietveld neutron diffraction. The analysis shows that
H-atoms occupy only octahedral interstitial sites in both
steels [25].

Jiang and Carter have reported periodic spin-polarized
density functional theory (DFT) predictions on hydrogen
adsorption, absorption, dissolution and diffusion in ferro-
magnetic BCC iron. The authors have found that H prefers to
stay on the Fe surface instead of on sub-surfaces or in the
bulk. Hydrogen dissolution in bulk Fe is predicted to be
endothermic, with hydrogen occupying tetrahedral intersti-
tial sites over a wide range of concentrations. This is consis-
tent with the well known low solubility of H in pure Fe [26]. It is
also well known that hydrogen prefers the tetrahedral site
location in BCC Fe and the octahedral one in FCC Fe [27,28].

Itsumi and Ellis have investigated the electronic properties
of BCC Fe [29]. They found that Fe-Fe bond of the nearest
neighbor atoms is weakened due to the presence of H.
Hydrogen in combination with a vacancy occupies a position
displaced from the center of the octahedral site toward the
vacancy.

The total structural energy per primitive unit cell, the
density of electron states, the spatial distribution of electrons
and the elastic modulus in FCC Fe-H solid solutions were
studied using the density functional theory and Wien2k
program package. The density of conduction electrons is
higher in the vicinity of hydrogen atoms, which suggests that
the latter migrates over the crystal lattice surrounded by the
clouds of conduction electrons. It is concluded that hydrogen-
induced brittleness of austenitic steels can be satisfactorily
interpreted in terms of the hydrogen effect on the electronic
structure [27].

In this work, theoretical studies are performed to under-
stand the effect of hydrogen on the embrittlement process of
FCC Fe. A relation is found between H absorption in ideal bulk
FCC iron and H-atom location in an FCC Fe lattice containing
a vacancy.

2. FCC Fe clusters and computational
method

FCC packing in metals has a three-layer sequence ABCABC,
with the (111) being the most compact plane. When one
layer of spheres is placed on top of another one, two types
of holes are formed depending on the number of spheres
surrounding them; namely, tetrahedral and the octahedral.
For a given number of spheres, there are the same number
of octahedral holes and twice the number of tetrahedral
ones. The octahedral holes are bigger than the tetrahedral
ones. The ideal FCC lattice structure was represented by
a cluster of 180 metallic atoms distributed over five closed
packed planes, each one formed by 36 Fe atoms. The
selected geometry of each plane is an equilateral triangle.
The distance between planes is 2.074 A. The reference plane
is the central one, which is also taken as the co-ordinate
origin. All the calculations were performed at the center of
the cluster, in order to avoid border effects. As a second
step, we changed the starting ideal FCC structure intro-
ducing a vacancy at the cluster center (179 atoms+1
vacancy) (see Fig. 1(a)). We followed the same procedure,
used the same parameter sets and then we compared the
results of H introduction into the imperfect and ideal Fe
structure. The analyses of the theoretical results were made
from the energy contour plots corresponding to the H-Fe
interaction covering all the (110) planes at steps of 0.05 A.
Once the most stable location for the hydrogen was found,
the chemical bond and the electronic structure of the Fe-H
and Fe-Fe interactions were computed, before and after H
interaction, in the ideal and defect-containing FCC iron
structures. The calculations were performed using the Atom
Superposition and Electron Delocalization (ASED) method
[30-33] and the electronic structure and bonding determined
using the Yet Another extended Hiickel Molecular Orbital
Package (YAeHMOP) [34]. These semiempirical methods
were chosen due to the size of the system under study and
because both use experimental ionization potentials as
input parameters and can provide useful information about
the electronic structure and bonding of H-atom interactions
in a transition metal matrix. A more detailed description is
given in ref. [23].

The adiabatic total energy values were computed as the
difference between the electronic energy (E) of the system
when the H-atom was at finite distance within the bulk of Fe
and the same energy when the H-atom was far away from
the solid.

The “hydrogen atom absorption energy”’ can be
expressed as:
AEtotal = E(Fen - H) - E(Fen) - E(H) + Erepulsion (1)

where n is the number of Fe atoms in the cluster. For the
ideal FCC structure of Fe, n is equal to 180. In the one con-
taining a vacancy, n is equal to 179. The repulsive energy
was computed by a summation of pair wise repulsive elec-
trostatic energy terms. To understand all the interactions we
used the concept of density of states (DOS) and crystal
orbital overlap population (COOP) curves. The DOS curve is
a plot of the number of orbitals per unit volume and per unit
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Fig. 1 - (a) A schematical view of the Fe,79,v_u cluster. (b) Energy contour lines for the Fe;g0_y system. (c) Energy contour
lines for the Fe,79..yv_u System. Octahedral (O) and tetrahedral (T) sites are indicated.

energy. The COOP curve is a plot of the overlap population Recently we have used the ASED-YAHeMOP methodology
weighted DOS vs. energy. The integration of the COOP curve for the study of H-Fe interactions in BCC and FCC structures
up to the Fermi level (Ef) gives the total overlap population [23,35-37]. We have also compared our ASED results with DFT
of the bond specified and it is a measure of the bond calculations in Mg-Ni hydrides and multiple H-atoms inter-
strength. actions in Pd dislocations [38,39].
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Fig. 2 - (a) Total DOS for the Fe;;5 vy cluster. (b) Total DOS
for the Fe;;9. v cluster. (c) Projected DOS over the H-atom in
the Fey70 v_n.

3. Results and discussion
3.1. Hydrogen atom location in the FCC Fe clusters

We calculated the energy of the system in order to localize
the H-atom inside the ideal Fe cluster, having the most
stable energy at —6.52 eV (see Fig. 1(b)). This minimum was
found at 1.741A from the Fe first neighboring atom. This
location in the FCC structure corresponds to an octahedral
hole. Then, we performed the calculation for an H-atom
inside the cluster containing the vacancy. The minimum
energy value was found to be —6.72eV at 1.617 A distance
from the closest Fe atom and at 1.340 A from the center of
the vacancy. Fig. 1(a) and (c) show the plots when H is
located near the vacancy. Juan and Hoffmann have reported
in the case of H on a BCC Fe (110) surface, an Fe-H distance
of 1.64 A [22]. Also, a minimum Fe-H distance between 1.4 A
and 1.7 A was found for a vacancy containing-BCC Fe [28]
while an Fe-H distance of 1.79 A was reported for an FCC Fe
stacking fault [36].

3.2.  The electronic structure of the Fe-H systems

The density of states (DOS) of the ideal Fe;g structure con-
taining the H-atom (not shown here) is mainly due to the Fe
atoms. It is very similar to that obtained for the Fe cluster
without H, except for a small peak located at —16.5 eV. This
peak appears below the Fe d band and belongs to the H states
after the Fe-H interaction is established. A narrow band at the
d states between —12 and —7 €V is formed, while the s and p
states are scattered and penetrate the d band. The Fermi
energy value is —8.201 eV.

The density of states (DOS) for the Fe;79.v System is similar
to that of the Fe g system, if we compare, on the one side the
isolated systems and, on the other side, the systems con-
taining H. This is because the DOS changes are negligible
when only one vacancy and only one H-atom are present. The
(Ef ) value for the Fej79,v_u System is —8.205 eV. The DOS plots
for the Fey;9,v system with and without H are shown in Fig. 2.
The interstitial H-atom extended its influence only to the Fe
first neighbors.

After H introduction, the s orbital population from the
closest Fe atom has a 9% reduction and simultaneously the
population of the p and the d orbitals decreases by 8% and
3%, respectively. These facts indicate that 4s and 4p orbitals
of the closest Fe atoms contribute to the main H-Fe inter-
action. A loss of 0.179 e charge between Fe atoms close to the
hydrogen was also observed, while the H-atom gained
a —0.273 e charge (see Table 1). The H introduction into the
Fej79,v system also affects the Fe first neighbors, changing
its electronic density. The s orbital from the Fe atoms
nearest to the vacancy decreases its orbital population to
about 12% and, the p and d orbital population decrease by 2%
and 3%, respectively, indicating the main contribution of the
4s orbitals to the Fe-H interaction. A 0.256 e charge variation
takes place between the H closest Fe atoms. The H presents
a negative charge of —0.328 e and at the same time a positive
charge is developed at the Fe first neighbors (see Table 1).
The charge and electronic structure of Fe atoms second
nearest neighbors are not affected by the presence of H. The

Table 1 - Electron orbital occupation and net charge for the H-atom and its nearest neighbors iron atoms. Fe-H and Fe-Fe

distances and the respective bonds overlap population (OP).

Atom Electron orbital occupation Charge Bond Distance (A) OP
S p d
FCC Feig0
H 1.273 —0.273
Fe 0.621 0.276 5.890 1.213 H-Fe 1.741 0.188
Fenn 0.628 0.274 5.989 1.110 Fe-Fenn 2.540 0.158 0.225%
FCC Feyzo.v
H 1.328 —0.328
Fe 0.619 0.309 6.045 1.025 H-Fe 1.617 0.312
Fenn 0.685 0.293 6.069 0.953 Fe-Fenn 2.540 0.163 0.2272

nn: nearest neighbor atom.
a OP for the same bond without H in the cluster.
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Fig. 3 - COOP curves for the Fe-Fe interaction (a) in the
Fej79.+v cluster and (b) in the Fe;;9.v_u cluster. (c) COOP
curve for the Fe-H interaction in the Fe,;9 .,y _y cluster.

H effect is local and due to the size of the 1s orbital is unable
to interact with other Fe atoms.

Norlander et al. established that in high electron density
metals, the density decrease by defects and H impurities is
more stable [40]. H-atoms also have their minimum energy
off the defect-center, closer to metal atoms. In the case of the
ideal Fejgp cluster (not shown here), the Fe-Fe overlap
population decreases from 0.225 to 0.158 when hydrogen is
absorbed. On the other hand, COOP curves for the Feisq,v
cluster (see Fig. 3(a) and (b)) show that the Fe-Fe overlap
population for the Fe atoms closest to hydrogen decreases
28% from 0.227 for the cluster without H to 0.163 for the
cluster containing the H-atom. This reduction is lower than
the one for the ideal cluster. For the Fe-H interactions in the
ideal Fe;go cluster, most of the electronic states are filled;
however, the anti-bonding states are pushed up over the Fe
3d band. The main interaction arises from the H 1s orbital
interaction with the Fe 4s and 4p orbitals, with a small
contribution coming from the Fe 3d. The computed Fe-H
overlap population is 0.188.

The COOP curve of the Fe-H bond in the Fe;,9,y cluster (see
Fig. 3(c)), shows that most of the bonding states are also filled
and that the anti-bonding states are pushed up above the Fe
3d band. The peak at —16.5 eV is mainly due to the H1ls-Fe 4s
interaction. In both cases the peaks indicate a strong bonding
interaction between H and Fe. Comparing both clusters, the
Fe-H overlap population from the Fe;;9,v cluster is 0.312,
which is much larger than in the ideal Fe;go cluster (0.188).
Thus, the vacancy zone is the most favorable region for the
H-atom location.

4, Conclusions

The most stable position for the H-atom, in both ideal FCC Fe
and FCC Fe containing a vacancy, was determined. Using
ASED calculations, we found that in an ideal bulk system the
octahedral site is energetically favorable (as the experimental
studies indicate); however, in the vacancy-containing system,
the H-atom prefers the vacancy region and an off-center
location. The Fe-H distance was also calculated and a good
agreement, compared with literature data, was found. The

Fe-Fe interaction in the metallic matrix for both systems,
before and after the hydrogen atom-introduction, was also
analyzed. We observed a 28% weakening of the Fe-Fe metal
bond in the neighborhood of the H-atom. This bond decohe-
sion could be associated with the embrittlement due to H
interaction.
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