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The bonding of hydrogen and carbon to Fe and Ni in a 50:50
alloy is analysed using density functional calculations. The
changes in the electronic structure of a L1, alloy upon C and
H introduction at a vacancy region are addressed and a com-
parison with H or C in pure metals is drawn. H in bulk FeNi
alloy with a vacancy locates at a tetrahedral site shifted
towards the vacancy. Instead, C prefers an octahedral site
(Fe based). The vacancy acts as strong traps of both C and H.
Fe—Ni atoms are initially more strongly bonded to each other
due to the vacancy formation. Consequently, the Fe—Fe,
Fe—Ni and Ni—Ni bond strengths are diminished as new
metal-C or metal-H bonds are formed. The most affected

1 Introduction FeNi alloys are used in aircraft en-
gines, steam turbines in power generation plants and in
medical, nuclear, chemical and petrochemical industries.
Their more important properties are their low expansion,

electrical resistance, shape memory and soft magnetization.

The ambient-pressure temperature composition struc-
tural phase diagram of FeNi is complicated and is still be-
ing elaborated [1, 2]. It includes a Fe-rich body-centred-
cubic (BCC) phase (a-phase), a face-centred-cubic (FCC)
phase (y-phase) that can be metastably quenched over a
broad composition range 0—70 at% Fe at room tempera-
ture; INVAR and ELENVAR are two such alloys; a low-
spin FCC phase (y,s-phase) and chemically ordered FCC
phases centred at ~50 and ~25 at% Fe (FeNi and FeNi,
phases, respectively). Also, a chemically ordered Fe;Ni
FCC phase has been proposed but its existence has never
been substantiated by experimental evidence. In addition,
high pressures stabilize a nonmagnetic hexagonal close-

bond is the Fe—Ni, whose overlap population decreases by
72%. An analysis of the orbital interaction reveals that the
Fe—H bonding involves mainly the Fe 4s, H 1s and Ni 4s or-
bitals. In the case of the sequential absorption, the C—H inter-
action is almost zero at a distance of 2.72 A. The main inter-
actions of these interstitials are developed with either Fe or
Ni. We also consider the absorption sequence (H first or C
first) and its influence on the electronic structure. Our results
could be relevant to understand some steps of the carburiza-
tion process during thermal cracking operations where hydro-
gen atoms are present.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

packed (HCP) phase (g-phase) [3—5] that is closely related
to the y, -phase [2].

There are few ab initio theoretical calculations in the
open literature on the properties of Fe—Ni clusters. Kaspar
and Salahub have earlier used the self-consistent-field Xo.
scatter-wave method to explain, from a molecular point of
view, several of the INVAR anomalies [6]. The study of
the equilibrium geometries also enabled Rao et al. to see
if there is any tendency of Fe and Ni to segregate, i.e., if
Fe—Ni bonding is less favoured over Fe—Fe and Ni—Ni
bonding [7]. Guenzburger and Ellis computed the elec-
tronic structure of the ordered phase of FeNi [8].

The electronic properties and magnetic behaviour of
FeNi alloys have been of special interest since 1897 when
Guillaume first reported an almost zero thermal expansion
over a wide temperature range in FCC crystals with Ni
concentration of around 35 at% [9]. This behaviour was
subsequently observed in various ordered and random bi-

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nary alloy systems, and became known as the “INVAR ef-
fect” [10].

Interest in understanding the physics of hydrogen
in metals and alloys has been continuously increasing
for many reasons. On one hand, there are practical uses
of metal-hydrogen systems such as storage of hydrogen
for clean energy purposes, catalysts and absorption of
nuclear radiation; on the other hand, there are unwanted
effects on the material properties caused by small amounts
of hydrogen dissolved in metals, such as embrittlement,
crack propagation and corrosion. There is extensive
literature dealing with these issues, ranging from
first-principles calculations to engineering applications
[11-20].

Carbon is one of the most important alloying elements
in Fe. In addition to the useful effect of carbides in the me-
chanical properties of steels, with only small additions it
has a decisive effect on the deformation behaviour and
many other properties of steel. Many of the effects of car-
bon on steel properties originate from strong interactions
between interstitial carbon atoms and various defects such
as vacancies, self-interstitials, dislocations and grain
boundaries [21]. The aging and temperature behaviour of
iron—Ni—carbon and iron—carbon martensite have been
reported by van Genderen et al. [22].

Recently, the electronic structure and the features of
chemical bonding in Fe crystal containing carbon impuri-
ties were discussed in detail [23—27]. In particular, the
question of the charge transfer in the Fe—C bond is of great
interest.

Jiang and Carter studied the location of C in the bulk
in BCC iron and the adsorption and diffusion into
Fe(110) and Fe(100) by density functional theory (DFT)
[28, 29]. Their prediction of O site preference for C on
bulk and on the subsurface of Fe(100) agrees with the ex-
periments.

Widely present in materials, vacancies have strong in-
teractions with other defects such as impurities. These in-
teractions greatly affect the mechanical properties of the
material. To understand the role of C it is important to
characterize its interaction with defects at the atomic level.

Domain et al. have reported the study of foreign C at-
oms interacting with vacancy point defects in a-Fe. These
authors found a strong binding energy of C with vacancies
by DFT calculations [30]. Using positron-lifetime meas-
urements, Hautojarvi et al. have concluded that during va-
cancy migration at 220 K an asymmetric vacancy—carbon
pair is formed [31].

In a previous work, our group has reported that the ad-
dition of a C atom in a Fe BCC matrix that contains a va-
cancy decreases the strength of the local Fe—Fe bond to
about 78% of its original value. This bond weakening is a
consequence of a C—Fe bond formed at the expense of the
Fe—Fe neighbour bonding [32].

The aim of the present paper is to find the location of C
and H in a FeNi model alloy and to understand the effect
of the impurities on the electronic structure.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2 Computational method Gradient-corrected den-
sity functional theory (GC-DFT) calculations were per-
formed on a supercell containing 88 atomic sites in a L1,
lattice to model bulk FeNi, with a 4 x4 x 4 reciprocal
space grid in the supercell Brillouin zone (BZ) and a plane-
wave kinetic energy cutoff of 220 eV for the Fe—Ni—-H-C
system [33—-35].

We used a periodic density functional theory
(ADF-BAND) [36]. The molecular orbitals were repre-
sented as linear combinations of Slater functions. The
Becke [37] gradient correction approximation for the ex-
change energy functional and the B3LYP [38] approxima-
tion for the correlation functional were employed. In order
to increase the computational efficiency, the innermost
atomic shells of electrons are kept frozen for every atom
except hydrogen or carbon, 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 occu-
pied) with polarization functions to express the atomic or-
bitals of Fe and Ni. The basis set of Fe consisted of 3d, 4s
and 4p orbitals and 3d and 4s for Ni. With this set we ob-
tained a magnetic moment of 2.26.4 for BCC Fe, which
compares very well with the experimental value of 2.20.4
[39]. The accurate quadratic tetrahedron procedure [40]
was used for Brillouin zone integrations, and integration
parameters were chosen to achieve convergence within
50 meV.

The geometry was optimized until the changes in the
energy gradient and in the Cartesian coordinates were
0.001 Hartree/A and 0.01 A, respectively. Only the Fe or
Ni atoms’ first neighbours to the vacancy were allowed to
relax. After finding the most stable position for the impuri-
ties in the zone near the vacancy, we studied the Fe—H—-C
and the Ni—-H—C interactions.

To understand the Fe—Ni—H—C interactions we used
the concepts of density of states (DOS) and overlap popu-
lation 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 (£;) gives the total number of occu-
pied molecular orbitals. If the DOS is weighed with the
overlap population between two atoms the overlap popula-
tion density of states OPDOS is obtained. The integration
of the OPDOS curve up to E; gives the total overlap popu-
lation of the specified bond orbital and it is a measure of
the bond strength [41]. If an orbital at a certain energy is
strongly bonding between two atoms the overlap popula-
tion is strongly positive and the OPDOS curve will be
large and positive around that energy. Similarly, a negative
OPDOS around a certain energy corresponds to antibond-
ing interactions [42]. It should be mentioned that another
method to measure the bond strength has been recently
published [43].

The absorption energy was computed as the difference
AE between the Fe—Ni—H and the Fe—Ni—C composite

www.pss-b.com
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systems when the C or the H atom is absorbed in its mini-
mum energy geometry and when it is far away from the
Fe—Ni alloy. It can be expressed as

AE‘toml = E(Fem—lNim + X) - E(Fem—lNim) - E(X) s

where E is the total energy, m indicates the number of
atoms in the cell and E(X) is the energy of the impurity
(C, H or both) in vacuum.

We have considered the interaction of C and H simul-
taneously in the Fe—Ni matrix. We have also tested the ab-
sorption sequence starting with C or H.

3 Model of the FeNi alloy with a vacancy We
have studied C and H absorption in the L1, FeNi phase al-
loy structure using a supercell of 87 + V (vacancy) atoms,
distributed in seven layers of the (001) plane. The FeNi
phase (CuAu(l)) has a lattice parameter a = 3.592 A [44].
We found a value of 3.589 A for the lattice parameter. The
crystal structure is shown in Fig. la.

We notice that the FeNi structure no longer has cubic
symmetry but is, in fact, tetragonal (L1,). In this work, it
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’P

' [100]
e [010]

[001]

(a)

[001]

" O

> >

" @ O O

ogogogogo
®_ 0. 0

& '§

(©)

was modelled as having cubic structure because the distor-
tion is small [44, 45].

The structure has three types of interstitial sites, one
tetrahedral (T) and two octahedral. All T are equivalent
with the same chemical environment around the site (see
Fig. 1b). The two octahedral sites are O1 based on Ni and
02 based on Fe atoms (see Fig. 1b).

To study the absorption of C or H we mapped the en-
ergy surfaces with 0.01 A steps in the central region of the
cluster with cuts perpendicular to the (001) planes (see
Fig. 1c and d). After determining the more stable position
for the first impurity atom, we have studied the electronic
interaction between these interstitials and the metallic
atoms.

4 Results and discussion

4.1 FeNi alloy Let us discuss first the electronic struc-
ture of the FeNi perfect alloy and the FeNi alloy with a va-
cancy in absence of the impurities. Table 1 summarizes the
results for the electron occupation, variation of charge and
overlap population (OP) for both systems. In the perfect

01 02

(b)

(d)

Figure 1 Schematic view of the unit cell of FeNi alloy (a). Schematic representation of the three interstitial sites of the alloy: tetrahe-
dral (T), octahedral based on Ni (O1) and octahedral based on Fe (02) (b). Schematic view of the FeNi + V alloy cluster after the H (c)

or C (d) absorption.
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Table 1 Electron occupation, overlap population (OP), charges and distances for the FeNi perfect alloy and with a Fe vacancy.

structure electron occupation Acharge”  bond type OP AOP (%) distance (A)
s p d
FeNi
Fe 0.51 0.06 4.30 Fe—Fe 0.222 2.53
Ni 0.86 0.94 9.37 Ni—Ni 0.281
Fe—Ni 0.168
FeNi—V
Fe 0.51 0.08 4.34 -2.02 Fe—Fe 0.225 +1.35
Ni 0.87 0.94 9.42 +5.39 Ni—Ni 0.306 +8.9
Fe—Ni 0.194 +15.5

" The percentages of change in electronic charge and OP are computed with respect to the perfect alloy.

alloy case, the OP for the metal-metal bond is similar
to that corresponding to the pure metals (0.210 for BCC Fe
or 0.148 for FCC Ni). The introduction of the vacancy
reorganizes the charge, increasing the density mainly on
the Fe atoms. All the metal-metal OPs are increased.
Whereas the levels near the Fermi level (£;) are antibond-
ing in the pure solid, now the metals present lower coordi-
nation caused by the loss of a metallic atom. Thus, the
system acquires a higher stability due to a decrease in
the population of antibonding states. The most favourable
OP change occurs for the intermetallic bond (15.5%).
The DOS curves for FeNi with a Fe vacancy (see Fig. 2)
show similarities with that obtained for the pure alloy.
The major Ni contribution corresponds to the region
of (-15, —10) eV, whereas the Fe contribution is mainly
up to —11 eV with a small contribution at lower ener-
gies.

The OPDOS curves for the pair near to the vacancy are
shown in Fig. 3. The Fe—Fe bond near to the E; level is an-
tibonding to be later bonding. The Ni—Ni bond is almost

totally bonding. The antibonding interaction is moderated
with the vacancy introduction.

4.2 H absorption H is eccentrically located to the
vacancy with a distance of 1.16 A from its centre and near
a T site (0.41 A from it). It is 0.67 ¢V more stable than the
same location in the perfect alloy (see Fig. 1¢). The Ni—H
distance is lower than the Fe—H distance (see Table 2).
These results are similar to the preliminary ones calculated
by Anderson [46]. In the case of H/Fe(110), Moritz et al.
determined by Low Electron Energy Diffration (LEED) a
Fe—H distance of 1.75 A [47]. Recently, Ashman et al. re-
ported that the Ni—H bond lengths do increase with cluster
size and coverage from 1.47 A in Ni—H to 1.64 A in Ni,H,
[48]. The H atom is charged negatively, as was previously
reported by our group and others [13].

Figure 4 shows the DOS curves after the H absorption.
The only visible difference is the appearance of an H-based
state at —16.3 eV. It can be observed that the Fe—H interac-
tion is more developed that the Ni—H one.

Fe

—
(]
1

Energy (eV)
G

-20 1

-25 1

(2) (b)

R EEEEET T «—E,

(©)

-30
DOS

Figure 2 DOS curves for the FeNi alloy with a vacancy. Total (a), projected on a Fe atom (b) and on a Ni atom (c). The scale in (b)

and (c) is 100x.
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Figure 3 OPDOS curves for the FeNi alloy with a vacancy. Fe—Fe (a), Ni—Ni (b) and Fe—Ni (c¢) bonding.
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Table 2 Electron occupation, overlap population (OP), electronic charges and distances for the Fe—Ni—H—C composite system".

absorption sequence electron occupation charge bond type (0)Y distance (A)
s p d
(FeNi—V)+H
Fe, 0.46 0.04 4.29 3.210 Fe,—Fey 0.222 2.533
Fern—Fery 0.225
Ni; 0.86 0.91 9.43 -1.197 Ni;—Niy 0.257 2.533
Feyy 0.44 0.04 4.14 3.377 Fey—Ni; 0.195 2.533
H 1.22 0.00 0.00 -0.225 Ni—H 0.382 1.645
Nipy 0.77 0.94 9.42 -1.230 Fe,—H 0.126 1.849
(FeNi-V)+C
Fery 0.46 0.16 4.96 2.410 Fery—Fey 0.114 2.533
Ni; 0.77 0.96 9.24 -1.196 Ni;—Niy 0.240 2.533
Feyy 0.44 0.05 4.14 3.377 Fe—Nij; 0.053 2.533
C 1.35 3.60 0.00 -0.957 Fey—C 0.506 1.801
Ni,—C 0.649 1.801
(FeNi-V)+C+H
Fery 0.47 0.05 431 3.169 Fery—Fey 0.114 2.533
Ni; 0.77 0.96 9.24 -0.976 Ni;—Niy 0.241 2.533
Fem 0.44 0.04 4.14 3.377 Fem*NiI 0.054 2.533
C 1.35 3.60 0.00 -0.956 Ni;—C 0.650 1.801
Fey—C 0.511 1.801
H 1.25 0.00 0.00 -0.254 Fe,—H 0.103 1.967
Nipy 0.77 0.96 9.35 -1.112 Niy—H 0.488 1.560
C-H 0.001 2.717
(FeNi-V)+H+C
Fe; 0.46 0.05 4.30 3.192 Fe;—Fey 0.223 2.533
Fem*FCIV 0.105
Ni; 0.76 0.94 9.25 -0.949 Ni;—Niy 0.207 2.533
Feyr 0.44 0.04 4.16 3.358 Fe—Nij 0.057 2.533
H 1.22 0.00 0.00 -0.218 Nij;—H 0.400 1.645
Nipy 0.78 0.95 9.36 —-1.082 Fei—H 0.139 1.849
Fey—C 0.389 1.908
C 1.35 3.59 0.00 -0.940 Ni;—C 0.648 1.795
Fery 0.46 0.16 4.93 2.450 H-C 0.004 2.506

" The geometry is shown in Fig. 6.

www.pss-b.com © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 DOS curves for the FeNi + V alloy after H absorption. Total (a), projected on a Fe atom (b), on a Ni atom (c) and on an H

atom (d). The scale in (b)—(d) is 100x.

Regarding the chemical bonding, the Ni—Ni and
the Fe—Ni OPs diminish by 50%. A decohesion effect had
been previously reported in pure solids [11]. The Ni—H OP
is greater than the Fe—H one. That situation is predictable
from the fact that H forms reversible hydrides with Ni
while for Fe they only occur at several GPa [49]. This ef-
fect can be observed in the OPDOS curves shown in
Fig. 5.

4.3 C absorption The most favourable site for C lo-
cation in a perfect FeNi lattice is the O1 hole. Experiments
show that interstitial C stays mainly in the octahedral sites
of the FCC Fe lattice [50]. An embedded atom method cal-
culation for C in the FCC Fe—C system also predicts the
octahedral site preference while the dilute heat of solution
of carbon is calculated to be 0.3 eV [21]. In our case, the
solution enthalpies for C in the relaxed cell indicate a

slightly exothermic process of about 0.33 eV. For the sake
of comparison, we also calculated the solution enthalpy of
C in the T site for the FeNi perfect structure and we found
that it is about 45% less favourable than the Ol site. In the
case of the O2 site, the difference is about 9% in favour to
the Ol site.

When the C atom is absorbed in the FeNi alloy in the
region near the vacancy, the more stable geometry locates
the impurity close to an O2 site (0.18 A from it), which is
0.15 eV more stable than the same location in the perfect
alloy (see Fig. 1d). Whereas C absorption is a much more
favourable process than H absorption in the FeNi alloy, the
absorption energy difference between the perfect alloy and
the alloy with the vacancy is much lower. Such a situation
can be understood by the tendency of C to form stable iron
or nickel carbides, while a stable iron hydride is only
formed at several GPa [49].

8 % 4 Fe-Ni
i 1
514 z ;
- 1 J
ol s e S | | S G < E;
i’/ ‘:_>><_N1-N1
2 -15 1 I
5 | e «—Fe-H || e L
: T
201 Ni-H
_25 n
- OPDOS +

Figure 5 OPDOS curves for the FeNi + V alloy after H absorption. Fe—Fe and Fe—H (a), Ni-Ni and Ni—H (b) and Fe-Ni (c) bonding.
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The C atom is located at 1.60 A from the centre of the
vacancy and at 1.80 A from both metals. In a recent work,
Tzeli and Mavridis reported that in gas phase diatomic
species Fe—C and Ni—C present bond distances from 1.5 A
to 2.0 A [51]. The Fe—C distance is similar to that reported
by Niu et al. near a dislocation core in a-Fe of 1.84 A [52]
and by Wu et al. on the (111) surface (1.80 A) [53]. Four-
nier et al. reported a Ni—C distance of 1.77 A on a Ni(100)
surface [54]. Experimental determinations by Onuferko
et al. [55] and Bader et al. [56] found a C—Ni(100) dis-
tance of 1.80—1.82 A. The measured value for the first-
neighbour Fe—C distance in Fe—Ni C austenite is 1.886 A
[57]. Carbon is found to prefer off-centre sites from the va-
cancy and maintains a distance of 1.77 A from nearest
Fe atoms [58]. Our computed C-vacancy binding energy
is 37 kJ/mol, in good agreement with experimental meas-
urements and theoretical calculations of Slane et al. in
Fe—35% Ni alloy [59].

Table 2 shows that C generates a strong interaction
with both Fe and Ni. The Fe—Fe and Fe—Ni bonds are
weakened with a reduction in their OPs of up to 72%, the
intermetallic bond being the most affected. The impurity C
is negatively charged as is predictable, receiving the main

www.pss-b.com

[001]

[100]

Figure 6 Schematic view of the
frame absorption H-C (a) and C-H
(b) in the FeNi+ V alloy. The left-
hand plots show the absorption site
for each impurity. The black square
indicates the center of the octahedral
site.

[100]

transference from the neighbouring Fe of —0.957¢". A
similar charge transfer was reported for interstitial C lo-
cated at octahedral sites in Fe clusters [60].

The electronic charge on C in FCC iron based alloy has
been a matter of debate since the electromigration experi-
ments of Seith [61] and Nakajima and Hirano [62]. DFT
calculations of Press et al. [58] determined an ionicity on C
in Fe,,C + vacancy from —0.23 to —0.50. Morinaga et al.
[26, 27] determined an ionicity on C in FCC Fe of —0.347.
Krause et al. [63] computed an acceptor character of C in
FCC Fe observing an inflow of electrons of —0.37e" to-
wards the impurity. On the other hand, Gavriljuk et al.
found that C enhances localization of electrons at the iron
atoms in y-Fe containing up to 5% of C [64].

Figure 7 shows the DOS curves after the C absorption.
Three regions can be observed in the C projection. The
zone at —18 eV corresponds to the C 2s based states and
the zones at —15 eV and —12 eV correspond to the C 2p
based states.

For the Fe—C bond, most of the bonding states are
filled while the antibonding states are pushed upward
above the Fe 3d band. The bonding states originate mainly
via C 2s and 2p and Fe 4s and 4p with a small contribution

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



s ;

physica
status
solidi

u o

1282

E. Gonzalez et al.: Hydrogen and carbon interaction in a FeNi alloy with a vacancy

Fe Ni ; C
--------------------------------------------------------------------------------- —E,
&
L
T
=
g > —
- -20
254
(a) (b) (©) (d)
-30
DOS

Figure 7 DOS curves for the FeNi + V alloy after C absorption. Total (a), projected on a Fe atom (b), on a Ni atom (c) and on a C

atom (d). The scale in (b)—(d) is 100x.

of 3d orbitals. In particular, the two peaks observed in the
curves of Figs. 7 and 8 indicate strong bonding interaction
between C and Fe. The lowest energy, at —17.9 eV, is
mainly C 2s—Fe 4s interaction while the one at —13.7 eV is
composed mostly of C 2p and Fe 4p states. The overlap
population for the Fe—C interaction for the Fe neighbours
to C is 0.506. The C does not affect the bonding strength
between Fe second neighbours. Regarding the chemical
bonding, the OPDOS curves in Fig. 8 show that the Fe—C
interaction is always bonding, while the Ni—C interaction
is bonding up to —11.6 eV and then becomes antibonding.
Calculated results for C, N and O interstitial atoms in
FCC Fe have been given by Morinaga et al. [26] using the
self-consistent discrete variational Xa cluster method.
These authors have shown the existence of strong metal-—-
metalloid bonds, which are primarily due to Fe 3d-C
(or —=N) 2p covalent interactions [27]. According to the

charge density distribution, the Fe—C covalent bonding
comes from the weak p-d o-type interaction. Also, the
bond strength was found to be strongly dependent on the
displacements of the iron atoms near an interstitial atom
[65].

4.4 H absorption with C pre-absorbed With a C
atom residing in its minimum position, we moved the H
atom along the vacancy region and then optimized the new
geometry. The minimum Fe—H and Ni—H distances
proved to be 1.967 A and 1.560 A. The final location for
the H atom is eccentrically to an O2 site (0.81 A from its
centre) and towards the vacancy (1.15 A), as shown in
Fig. 6b. Recently, Petkov et al. have computed the Ni—H
and Ni—C distances. Using an ab initio methodology, these
authors reported 1.66 A and 1.81-1.84 A, respectively
[66].

— _ .
O =) o
X ! .

Energy (eV)

Y
S
!

-25 1
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(b)
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--------------------------- «—E,

2

(c)

-30
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Figure 8 OPDOS curves for the FeNi+ V alloy after C absorption. Fe—Fe and Fe—C (a), Ni—Ni and Ni—C (b) and Fe—Ni (c)

bonding.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.pss-b.com



Phys. Status Solidi B 246, No. 6 (2009)

Original

Paper

1283

—10A

Energly V)
[I\) —_
S w»

|
[\
rdl

(@

Fe

(b)

(©)

C H
------------------------------------------ —E,
1s—
—
(d) (e)

=30

DOS

Figure 9 DOS curves for the FeNi + V + C alloy after H absorption. Total (a), projected on a Fe atom (b), on a Ni atom (c), on a C
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The changes in the OP, in Table 2, are computed as a
difference from the system with a C or an H (in that case,
C would be the second introduced impurity). It can be seen
there that the changes in the OP are much lower after H in-
troduction, if we compare the values with respect to the
system with C pre-absorbed. The C—H interaction is very
weak at a distance of 2.717 A. A similar distance has been
reported in [67]. As a reference, the C—H bonding distance
in saturated hydrocarbons is about 1.10 A [68].

H does not accumulate in the neighbourhood of the C.
The experimental information indicates that C acts as ex-
peller of H and prevents the weakening of the Fe—Fe bond
at the dislocation core. Another important aspect related to
grain boundary strength is the beneficial effect of carbon.

It has been reported that 185 ppm carbon can prevent the
intergranular fracture due to hydrogen [69].

When H is located in the C-containing system, it does
not practically affect the DOS plot (compare Figs. 7 and
9); it only presents a split-off state below the d band, which
is located at 6.8 eV below E. In a recent publication, our
group has reported that state to be 7.1 eV from E; in the
case of BCC Fe with a vacancy [70].

The total DOS curve for the cluster with C and H at-
oms (Fig. 9) looks almost similar to the cluster without im-
purities (Fig. 2). The differences are the peaks that emerge
below the d metal band that correspond to C- and H-based
states. The impurity-based peaks are centred at lower en-
ergy values, which represent an additional energetic stabi-
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Figure 10 OPDOS curves for the FeNi + V + C alloy after H absorption. Fe—Fe (a), Ni—Ni (b), Fe—Ni (c), Fe—C and Ni—C (d),
Fe—H and Ni—H (e) and C—H (f) bonding.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



SIS

solidi

physica
status

1284

E. Gonzalez et al.: Hydrogen and carbon interaction in a FeNi alloy with a vacancy

lization in the vicinity of the vacancy. The small contribu-
tion of the impurities to the DOS is due to their low con-
centration.

Regarding the bonding, the OPDOS curves are plotted
in Fig. 10. The interaction is almost bonding except for
Fe—Fe bonds in a region close to Ex. As mentioned in [39],
H as an impurity debilitates the Fe—Fe bonds. The pres-
ence of C increases the Ni—H bond if we compare it with
the case of H alone. As mentioned before, C also decreases
the OP between nearest-neighbour Fe and Ni atoms. How-
ever, the spatial distribution of C orbitals makes it possible
that sorts of Fe—C—Fe and Ni—C—Ni bridges could be es-
tablished. The Fe—C—Fe OPs are 0.511 and 0.344, while
the Ni—C—Ni OPs are 0.650 and 0.652. Such bridges could
prevent the displacement of the metallic layers.

A change in the absorption sequence considering first
the H and afterwards C presents similar results with only a
slight energy difference (0.07 eV) in favour of this case. In
both configurations C resides in similar positions, the
H being moved according to the absorption sequence.
Again, the C—H interaction is almost zero at a distance of
2.51A.

5 Conclusions The system is stable when C or H is
absorbed, being more favourable in the first case. In the
case of C absorption, the impurity is located in an octahe-
dral Ol site, meanwhile the H is located at a tetrahedral
site. Both impurities decrease the metal-metal bonding, but
the H has an OP stronger than the Ni while the C has OPs
with similar strengths with both metals. The decohesive
effect of H is well known in pure metals and alloys,
whereas the C effect is still debated. Certainly, the strength
of the OP for the metal-metal bonding decreases but a
metal—-C—metal interplanar bonding formation is possible.
The C—H interaction is almost null in both sequences of
absorption. The final H-metal or C—metal distances are
similar to that reported from theoretical calculations and
experiments.
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