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First-principles study on the interaction of H interstitials with grain boundaries in «- and y-Fe

Yaojun A. Du,! Lars Ismer,” Jutta Rogal,"* Tilmann Hickel,? Jorg Neugebauer,? and Ralf Drautz'
nterdisciplinary Centre for Advanced Materials Simulation, Ruhr-Universitit Bochum, D-44780 Bochum, Germany
2Max-Planck-Institut fiir Eisenforschung, Max-Planck-Strafie 1, D-40237 Diisseldorf, Germany
(Received 19 July 2011; published 31 October 2011)

The presence of hydrogen may weaken the bonding of iron atoms at grain boundaries, leading to intergranular
embrittlement and thus failure of the bulk material. In this paper, we study the interaction of hydrogen interstitials
with close-packed and open grain boundary structures in a- and y -Fe using density-functional theory. We find that
hydrogen accommodation within the grain boundaries strongly depends on the local coordination of the available
interstitial sites. Within the open grain boundary structures larger interstitial sites are available, enhancing the
solubility as compared to that in the respective bulk phases. The mobility of hydrogen within the investigated
grain boundaries is low compared to diffusion in perfect single-crystalline bulk. The grain boundaries do not
provide fast diffusion channels for hydrogen, but act as hydrogen traps. Hydrogen that is accumulated within the
grain boundaries can lead to a lowering of the critical strain required to fracture the material.
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I. INTRODUCTION

Iron-based metallic alloys and steels have a long tradition as
highly important structural materials. Their characteristics are
continuously improved in order to fulfill increasingly specific
and stringent requirements. For most applications, the me-
chanical properties of steel are of particular interest. They are
influenced decisively by the composition and microstructure
of the material. In particular, modern high-strength steels are
characterized by a combination of different phases (ferrite,
austenite, or martensite) as well as a large number of grain
and phase boundaries that govern hardening mechanisms such
as TRIP (transformation induced plasticity), TWIP (twinning
induced plasticity), SBIP (shear banding induced plasticity),
or MBIP (microbanding induced plasticity).

Defects and impurities play an important role as they
may contribute to improving or degrading the performance
of a steel. Previous experimental and theoretical studies
showed that impurities within iron grain boundaries (GBs)
significantly affect the intergranular cohesion.'~” For example,
interstitial carbon and boron impurities enhance cohesion,'*
while sulfur and phosphorous interstitials are embrittlers.’
Regarding substitutional transition metal impurities, molyb-
denum was shown to enhance intergranular cohesion, while
palladium acts as an embrittler.”

Hydrogen atoms, which can be absorbed into steel during
production and service, have a detrimental embrittling effect
on the mechanical properties of iron and steels. This so-
called hydrogen embrittlement (HE)® is a complex problem
and to date has not yet been fully understood. In partic-
ular, it is still unclear to what extent HE is affected by
the microstructure of a material. Previous observations that
hydrogen atoms are trapped by vacancies, dislocations, and
grain boundaries®!? led to considerations on superabundant
vacancy formation,'® hydrogen-enhanced local plasticity,'!”
and hydrogen-enhanced decohesion (HEDE).'8-22

In the HEDE mechanism, hydrogen atoms segregate to
microstructural features such as grain boundaries, and form
a locally increased concentration of hydrogen. At the grain
boundary, the interaction between Fe atoms tends to be weaker
than in the bulk material and a high concentration of hydrogen
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atoms may further weaken the bonding across the interface,
which may lead to a significantly reduced cohesive strength
of the material. Currently, knowledge about the relevance of
HEDE is still insufficient. This is mainly due to the fact that
the experimental observation of hydrogen impurities is difficult
due to their low solubility and high mobility in iron and steel.

Theoretical studies of hydrogen interaction with Fe grain
boundaries have so far been limited to the ferritic a-phase.
Gesari et al.”® computed the binding energy between H and
the X5[001](310) grain boundary in the «-phase using a
semiempirical atom superposition and electron delocalization
molecular orbital (ASED-MO) formalism.>* They showed
that the Fe grain boundary traps H interstitials. Zhong et al.'?
studied the interaction between H and the X3[110](111)
a-Fe grain boundary and the corresponding surface using
density-functional theory (DFT)*>?¢ calculations. They
compared the binding energy of H to the grain boundary and
to the associated free surface to characterize the decohesion
effect of impurities on the grain boundary structure.?’?® Their
results suggest that H is a strong embrittler for the 3 grain
boundary structure in «-Fe.

Within this paper, we perform a more detailed DFT study
of the influence of the microstructure on HE and in particular
of the HEDE mechanism. We focus on two important phases
for steels—the ferritic a- [body-centered cubic (bcc)] and the
austenitic y-phase [face-centered cubic (fcc)]. Both phases
are relevant for traditional as well as modern high-strength
steels. In TWIP and TRIP steels,>3! for example, the fcc
structure is stabilized by alloying elements such as Mn. In
these and many other steels, the bcc structure also occurs in the
tetragonally distorted form of the o’-phase in the martensitic
phase. While the mechanical properties of «-Fe do suffer
from HE, y-Fe with a fcc crystal structure is sometimes
considered to show a better resistance against degradation
by HE.*> However, it has been shown recently that some
austenitic steels—depending on the chemical composition—
also exhibit significant hydrogen enhanced crack growth.33*
While «-Fe is ferromagnetic, the magnetic structure of y-Fe is
in experiments* and first-principles calculations*®*3” found to
exhibit a spin-spiral magnetic ground state with a tetragonally
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TABLE 1. Interface energies ygg, lattice parameters (in A) of the relaxed supercells, as well as tilt axes, grain boundary planes, and
misorientation angles ® for all four grain boundaries. In the first column, the number of atoms in the corresponding supercell is also given.

v (J/m?) a b a,B y Tilt axis GB plane ®
3 bec (24 atoms) 0.47 4.00 2.44 27.98 90° 90° [110] (112) 70.0°
33 fec (36 atoms) —0.21 4.21 243 35.74 90° 90° [170] (111) 70.5°
5 bece (40 atoms) 1.53 4.67 4.67 36.57 90° 35° [001] (310) 36.8°
> 11 fce (88 atoms) 0.5 8.10 2.44 45.83 90° 90° [110] (113) 129.5°

distorted fcc lattice; see, for example, Ref. 38. At temperatures
relevant for applications the y-phase of steels is, however,
paramagnetic and to a first approximation may be treated as
nonmagnetic in the simulations.>

Due to the computational cost of the DFT calculations, we
have to limit ourselves to a few grain boundaries in the «- and
y-phase. One important aspect that we address in this paper is
the correlation between available interstitial sites and hydrogen
solution enthalpies. It has been pointed out previously that
local volumetric effects can dominate the solution energies of
H interstitials.>® The aim is therefore to investigate if a similar
trend also holds for the solution energies near grain boundaries
in bee as well as fec iron. To directly compare the influence of
the local geometric structure, we chose the £3[110](112) bec
and X3[110](111) fcc Fe grain boundaries as representatives
for dense and the £5[001](310) bec and £11[110](113) fcc
Fe grain boundaries as examples for more open interface
structures. These grain boundaries are also relevant, since
they have a low formation energy in the respective phases
as previously shown in the case of bec-Fe*? and in several fcc
systems such as AL*!

A second important aspect is the diffusion of H interstitials
within various grain boundaries. Our results obtained for
these very different structures allow us to investigate the
dominating factors that determine the solubility and mobility
of H interstitials near grain boundaries and to gain insight into
the underlying mechanisms of HE.

The paper is organized as follows. The computational
approach and supercell models for the various Fe grain
boundaries are detailed in Sec. II. The formation energies,
local geometries, and local magnetic moments of the clean
grain boundary structures are discussed in Sec. III. In Sec. IV,
the interaction of H impurities with the grain boundaries is
detailed and a discussion of the decohesion effect of H on
the grain boundaries is presented in Sec. V. H migration in
the vicinity of the grain boundaries is illustrated in Sec. VI.
We conclude the paper with a discussion and summary of our
results in Sec. VIIL.

II. COMPUTATIONAL DETAILS AND STRUCTURAL
MODELS

Density-functional theory calculations were performed
employing the projector augmented-wave (PAW) method*>*+
as implemented in the VASP code.*** For the exchange-
correlation functional, the generalized gradient approximation
(GGA, PW91)**7 was used. Two PAW potentials were
tested: one treating the 3p electrons explicitly as valence
electrons with an energy cutoff for the plane waves, Ey,
of 350 eV, and a second one including the 3p electrons

in the pseudopotential requiring a lower cutoff energy of
270 eV. Both approaches gave consistent results. The Brillouin
zone integration was performed using the Monkhorst-Pack*
scheme with a partition length of 0.11 bohr~' or smaller in
each direction, resulting in k-point meshes of [6 x 10 x 1]
for bee 23, [5 x 10 x 1] for fcc X3, [10 x 10 x 1] for bec
Y5, and [3 x 10 x 1] for fcc X11 as listed in Table I.
The computational setup ensures that differences in the
solution energies of H interstitials and formation energies of
Fe grain boundaries are converged to within 10 meV and
0.1 J/m?, respectively. The calculations for ferromagnetic
a-Fe were performed including spin polarization. For the
y-phase, the experimental situation of zero net magnetic
moment is approximated by nonmagnetic calculations. Al-
though numerical schemes to treat paramagnetic structures in
DFT calculations are available,*>>" their application to the
defect structures considered here is currently not feasible.
Furthermore, we observed, e.g., for Fe-Mn systems that the
change in the H energetics caused by different magnetic
configurations is partially compensated by induced changes
in the lattice constants, allowing us to neglect the mag-
netic effects and estimate the properties using nonmagnetic
calculations.*

For the ferromagnetic «-iron we obtain an equilibrium
lattice constant of 2.85 A, which is in good agreement with
the experimental value of 2.867 A3! and previous theoretical
results of 2.83-2.87 A.5>>% As an example for a dense, low
energy interface structure in bcc iron, the £3[110](112) grain
boundary (in the following termed X3) is chosen, which is
constructed by rotating the crystal along the [110] tilt axis
with a misorientation angle of 70° where the grain boundary
interface is in the (112) plane; cf. Table I. The more open
¥5[001](310) grain boundary (X5 in short) is constructed
correspondingly using the values given in Table 1.

The equilibrium lattice constant for the nonmagnetic y-iron
is 3.45 A3 The ¥3[110](111) (£3 in short) represents
a dense and low energy interface structure in fcc iron,
corresponding to a change of the stacking sequence of the
(111) layers. In contrast to that, the 11[110](113) (X11 in
short) exemplifies a more open interface structure. Both grain
boundary structures are set up using the values given in Table I.
For all grain boundary structures, we fully relax the volume
of the corresponding supercells and the internal coordinates.
Zero-point vibration energies and the wave-like character of
hydrogen are not considered in the present study.’®

III. CLEAN GRAIN BOUNDARIES IN a- AND y-IRON

In this section, we briefly discuss the structure and energet-
ics of the clean grain boundaries without hydrogen impurities.
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The interface energy of a grain boundary is calculated as
Egy — Eqi
2A '

Here, Egj is the energy of the n atom supercell of the grain
boundary structure, E{%, is the energy of the commensurate
Fe bulk supercell, and A is the area of the grain boundary inter-
face. Due to the periodic boundary conditions, each supercell
contains two equivalent grain boundary interfaces separated by
sufficiently many bulk layers to avoid contributions to Eq. (1)

from interactions between the grain boundaries.

ey

YGB =

A. X3 grain boundaries

The selected X3 grain boundaries represent low energy
symmetric twin boundaries in bec and fcc iron. The corre-
sponding interface energies and setup of the supercells are
listed in Table I. The structures are shown in Figs. 1(a) and
1(b).

The interface energy of the X3 grain boundary in bcc iron
has a value of 0.47 J/m?, and compares reasonably well to
previous DFT results of 0.34 J /m2 in Ref. 40. In fcc iron,
the interface energy of the X3 grain boundary is negative:
—0.21 J/m?. This is consistent with the negative intrinsic
stacking fault energy of pure iron®’ and the fact that y-Fe is
only stable in the temperature range between 1184 and 1673 K,
but not at 0 K. The consideration of this grain boundary is still
meaningful, since in modern austenitic steels, where the bulk
fcc phase is stabilized by alloying elements, a high volume
fraction of twinned material is often observed.’® The impurity
induced changes in the formation energy are typically also
well described in the regime of negative formation energies.”

The fact that the X3 twin boundaries exhibit low interface
energies can readily be understood when analyzing structural
properties of these nearly close-packed interfaces: both X3
twin boundaries introduce only relatively small deviations in
the local coordination and interatomic distances as compared
to the corresponding bulk lattices. The deviations of the
Voronoi volumes of interstitial sites at the interface (5.98 A3
in ©3 bee and 5.25 A3 in £3 fec) as compared to the preferred
interstitial sites in the bulk phases (5.81 A3 for tetrahedral sites
in bee and 5.12 A3 for octahedral site in fcc) are with 3% an
order of magnitude smaller than the deviations for the more
open grain boundaries discussed below. In ferromagnetic bcc
Fe, the small distortion of the lattice is also reflected in the
variation of the local magnetic moment close to the interface
region; cf. Fig. 2(a). Directly at the interface, the magnetic
moment is slightly enhanced by 0.15 up, but already in the
third layer from the interface it is equal to the bulk value of
2.2 pug. The figure also illustrates that the magnetic properties
are correlated to the interlayer distances close to the twin
boundary and therefore the excess volume of the respective
atoms.

B. X5 and X11 grain boundaries

The X5 grain boundary in bcc Fe and the X 11 grain
boundary in fcc Fe represent symmetric tilt grain boundaries
with more open interface structures compared to the X3 grain
boundaries [see also Figs. 1(c) and 1(d)], yielding considerably
different local coordinations and nearest-neighbor distances.
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FIG. 1. (Color online) Supercells for the grain boundaries consid-
ered in the present study. The structures of the X3 grain boundaries in
bee and fec iron are shown in (a) and (b), respectively. The more open
interface structures of the X5 in bcec and X 11 in fcc iron are shown
in (c) and (d). Atoms shaded in a lighter color are on a different plane
along the b axis. The dashed-dotted lines indicate available voids at
the respective interfaces.

In both grain boundaries within the boundary plane, relatively
large cavities are formed that deviate in both cases by ~20%
in Voronoi volume (6.85 A3 in £5 bec and 6.31 A3 in £11
fcc) from the interstitial sites in the bulk phases (5.81 A® for
tetrahedral sites in bcc and 5.12 A3 for octahedral sites in
fcc). These cavities provide low energy interstitial sites for
hydrogen as we discuss in Sec. IV.

The distortion of the atomic structure close to the grain
boundary is also reflected in the variation of the local magnetic
moments in ferromagnetic bcc Fe. Here, the effect is much
larger than for the X3 grain boundary. As also discussed by
Cak et al.,”® the increase of the magnetic moment by 0.3 up
for Fe atoms at the grain boundary can mainly be explained by
a magnetovolume effect, i.e., a larger atomic volume causes
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FIG. 2. (Color online) Comparison of the local magnetic mo-
ments and the interlayer distance of Fe atoms at various layers from
aclean (a) ¥3 and (b) £5 grain boundary in «-iron.

an increase in the magnetic moment. However, the atomic
volume is not the only factor, since the magnetic moment as a
function of layers from the grain boundary interface shows an
oscillatory behavior, whereas the local volume of the Fe atoms
decreases smoothly. The oscillations in the magnetic moment
are more closely related to the local coordination as reflected
in the interlayer distance, which also oscillates;*° cf. Fig. 2.

The large structural and magnetic deviations from the bulk
properties lead to significantly higher interface energies, as
provided in Table I. The X5 grain boundary in bcc Fe has
an interface energy of 1.53 J/m?, which is consistent with
previous DFT results of 1.49 J/m? (Ref. 40) and 1.63 J/m?
(Ref. 53). Also, the interface energy of the ¥ 11 grain boundary
in fcc Fe is much higher than the corresponding value for the
¥.3 grain boundary. However, the absolute value of 0.50 J/m?
is still rather small. This is consistent with results for other
nonmagnetic fcc metals, where X 11 was also identified as the
grain boundary with the lowest formation energy,*' apart from
¥3.

IV. HYDROGEN SOLUTION ENERGIES IN «- AND y-IRON
GRAIN BOUNDARIES

The solubility of H within Fe bulk can be characterized by
the solution energy, AE, defined as

AE = Egl y — Epy, — 1/2ER,, )

where E{% is the energy of the impurity free supercell with
n Fe atoms, Ef) y is the total energy of the same supercell
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TABLE II. Solution energy A E of H in various intermediate (im)
and interface (if) interstitial sites in the fcc £3 (36 atom supercell)
and bee X3 (144 atom supercell) Fe grain boundaries. Geometrical
data provided include the distance z from the interface, the distances
! of H from the nearest-neighbor Fe atoms, and the corresponding
Voronoi volume V.

Site z(A) 1 (A) V (A% AE (eV)
fce-iml  1.04 1.771.771.771.771.78 1.78  5.58 0.18
fce-im2  3.03 1.78 1.78 1.78 1.80 1.80 1.80  5.75 0.10
fce-im3  5.01 1.771.771.78 1.78 1.78 1.79  5.65 0.11
fce-im4  7.01 1.78 1.78 1.78 1.78 1.78 1.79  5.67 0.09
fce-im5 899 1.781.78 1.78 1.78 1.78 1.79  5.66 0.10
fee-bulk (1.78)s 5.63 0.05
bec-ifl  0.00 1.741.74 1.811.812.032.03 6.46 —0.18
bee-iml  1.20  1.66 1.66 1.67 1.67 6.74 0.10
bee-im2 139 1.651.651.721.73 6.52 0.05
bee-im3  2.06  1.651.67 1.67 1.67 6.51 0.09
bee-imd  3.52  1.65 1.65 1.66 1.66 6.41 0.21
bee-im5  4.69  1.65 1.65 1.66 1.66 6.40 0.24
bee-im6  5.56  1.64 1.65 1.65 1.68 6.40 0.21
bee-im7  6.99  1.65 1.65 1.66 1.66 6.39 0.23
bee-bulk (1.66), 6.46 0.25

with one H interstitial, and E l‘;’; is the energy of a H, molecule
in vacuum. In the following, we discuss different aspects that
influence the solubility of hydrogen within grain boundary
regions, focusing specifically on the local coordination and
the volume of the available interstitial sites.

We first compute the H solution energy within «- and y-Fe
bulk using the equilibrium lattice constant of the pure phases,
respectively. In «-Fe, the most favorable interstitial site for H is
the tetrahedral site (T site). For this site, we obtain a H solution
energy (AE) of 0.25 eV for a 128 atom supercell, which is in
good agreement with Jiang et al.>* who computed a solution
energy of 0.20 eV. In y-Fe, hydrogen prefers the octahedral site
(O site). The nonmagnetic calculations employed here yield a
solution energy of 0.05 eV for a 32 atom supercell consistent
with previous results® using up to 108 atom supercells.

We further studied how the bulk solution energy depends
on the lattice constant. The solution energy shows a strong
dependence on the Voronoi volume that is available for the
incorporation of H at the respective site,?” cf. solid lines in the
graphs in Fig. 6, with a very similar trend for the tetrahedral
site in bee Fe and the octahedral site in fcc Fe.

A. Hydrogen interactions with X3 grain boundaries

As discussed in the previous section, the X3 grain bound-
aries are nearly close-packed with interstitial sites that are
only up to 3% larger in volume than in the respective bulk
structures. We placed H into all relevant interstitial sites of
the X3 grain boundary supercells. Both structures, bec and
fcc, exhibit several inequivalent local minima for the solution
energy at various distances from the interface; details are given
in Table II.

Looking at the distances of the incorporated H atom to
the nearest-neighbor Fe atoms, one clearly observes that for
almost all interstitial sites the coordination remains the same
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FIG. 3. (Color online) Hydrogen solution energies as a function
of the distance from the grain boundary interface for the X3 grain
boundaries in bee (red dots) and fcc (blue squares) Fe. The dashed
lines indicate the bulk solution energies in tetrahedral sites in bcc Fe
and in octahedral sites in fcc Fe, respectively.

as the respective bulk coordination, i.e., an octa/tetrahedral
coordination for fcc/bee. An exception is the site directly in
the interface plane of the bcc X3 grain boundary, since its
coordination corresponds to a slightly elongated octahedron
(cf. Fig. 7), with a relatively large nearest-neighbor distance as
compared to the tetrahedral sites in bcc Fe. Such an exception is
not observed for fcc Fe. The reason is that the ©3[110](111) fcc
grain boundary corresponds simply to a change of the stacking
sequence of (111) layers such that locally the character is that
of an hcp lattice.

These geometrical aspects are also reflected by the solution
energies, which are visualized in Fig. 3. For fcc Fe, the changes
in the solution energy compared to the bulk value are moderate,
since for all sites the coordination and also the Voronoi volume
are almost bulk-like. The distortion of tetrahedral sites in bcc
Fe is much more significant, yielding larger deviations from the
bulk value. This applies in particular to the site in the interface
plane, which shows a significantly lower solution energy of
AFE = —0.18 eV. As a consequence, an opposite behavior
of the segregation energies for the X3 grain boundaries in
fcc and bee Fe is observed. While the X3 grain boundary is
strongly attractive for H in bec Fe, in fcc Fe the 33 boundary
appears to be slightly repulsive. This might be due to the hcp
character of the fcc grain boundary. The solution enthalpy of
H in octahedral sites of nonmagnetic hcp Fe is 0.18 eV, which
is higher than in nonmagnetic fcc bulk Fe, consistent with the
behavior of the H solution energy next to the X3 fcc grain
boundary.

B. Hydrogen interactions with X5 and X 11 grain boundaries

The X5 grain boundary in becc Fe and the ¥ 11 grain
boundary in fcc Fe are much more open structures compared
to the X3 grain boundaries and therefore exhibit also a
larger variation in the available interstitial sites. Therefore,
different strategies have been applied to identify the relevant
interstitial sites for which the effect of H incorporation has
been studied. For the fcc X 11 grain boundary, the complete
potential energy surface for the incorporation of H into the
supercell is considered; see Sec. IV C. For the bcc 5 grain
boundary, we initially placed H atoms at 50 different interstitial
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sites within a small, 20 atom supercell to obtain a first idea of
how the solution energy of hydrogen changes as a function of
the distance from the grain boundary interface. The solution
energies for H in inequivalent interstitial sites at various
distances from the grain boundary interface were subsequently
refined by calculations within a 180 atom orthorhombic
(1 x 3 x 1) supercell.?!

The obtained data for the H interstitials at/close to the X5
and X11 grain boundary are summarized in Table III and
visualized in Fig. 4. When approaching these two boundaries,
the fcc O sites and bce T sites become more and more
distorted and different in coordination. This is associated
with a drastic increase of the Voronoi volumes of some
interstitial sites indicated earlier, providing even larger voids
for H incorporation. As a consequence, the H solution energy
in some interstitial sites is significantly lower than in the
corresponding bulk phases.

In general, the solution energy decreases with decreasing
distance from both open grain boundaries, showing that hy-
drogen segregation towards the grain boundary is energetically
favored. Similar to the discussion of X3 grain boundaries,
the reduction in solution energy is more pronounced in
bce than in fcc Fe. With respect to the T site in bee Fe,
approximately 0.4 eV are gained by H atoms at the grain
boundary. This compares well to the results of Gesari et al.,”
who computed an energy gain of 0.3 eV for H in the X5 grain
boundary employing a semiempirical ASED-MO formalism.
The negative solution energies suggest that it is energetically
favorable for H to enter the crystal in order to segregate to the
35 and X 11 interfaces.

C. Comparison of H interstitials at close-packed and open grain
boundary structures

It was assumed earlier that the differences in solution
energies in the various grain boundary structures can mainly
be explained by geometric considerations. This assumption
was based on a previous study that showed that volumetric
effects are important to explain differences in local solubility
for H in Fe-based alloys.* Since ¥5 and X11 are more
open crystal structures compared to X3, a lower hydrogen
solution energy in these grain boundaries as compared to
the X3 grain boundaries is expected. However, already when
comparing Figs. 3 and 4 it can be seen that the absolute
values for the solution energy of H close to the bcc X5 and
the fcc ¥ 11 grain boundary are not necessarily much lower
than the corresponding values for the X3 grain boundaries.
In order to investigate this issue more systematically, a
comparison between the two classes of grain boundaries has
been performed with a focus on the complete H potential
energy surface (PES) and the Voronoi volumes, which is
discussed in the following.

As an example for the PES of hydrogen in the vicinity of
the two different classes of grain boundaries, cuts through the
PES of H within the ¥3 and X11 grain boundaries in fcc
Fe are shown in Fig. 5. The PES is determined by sampling
2960 (in the case of fcc ¥3) and 1720 (in the case of fcc
3 11) points within the three-dimensional (3D) supercell. The
sample points were chosen such that they include the local
minima and saddle points of the potential energy surface and
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TABLE III. Solution energy AE of H in various intermediate (im) and interface (if) interstitial sites in the fcc X 11 (88 atom supercell)
and bce X5 (180 atom supercell) Fe grain boundaries, respectively. Geometrical data provided include the distance z from the interface, the
distances / of H from the nearest-neighbor Fe atoms, and the corresponding Voronoi volume V.

Site z(A) 1(A) V(A% AE (eV)
foc-if1 0.00 1.841.851.921.931.931.94 6.49 —0.01
fec-im1 0.13 1.831.84 1.87 1.88 2.00 2.01 6.49 —0.05
foc-im2 1.58 1.78 1.78 1.78 1.78 1.80 1.84 5.76 0.11
foc-im3 271 1.76 1.79 1.79 1.79 1.80 1.81 5.74 0.10
fec-im4 3.70 1.78 1.78 1.79 1.79 1.81 1.83 5.80 0.06
foc-im5 5.78 1.78 1.78 1.78 1.78 1.80 1.80 571 0.07
foc-im6 6.82 178 1.78 1.79 1.79 1.79 1.81 5.74 0.05
foc-im7 7.84 1.78 1.78 179 1.79 1.80 1.81 5.75 0.04
fec-im8 8.88 1.78 1.78 1.79 1.79 1.80 1.81 572 0.04
foc-bulk (1.78)5 5.63 0.05
bec-if1 0.00 1.831.83 1.83 1.84 1.84 2.63 2.64 7.48 —0.13
bec-if2 0.01 1.70 170 1.73 1.74 7.15 0.08
bee-if3 0.08 1.811.81 1.872.012.332.33 7.64 -0.18
bee-im1 0.67 1.691.69 1.70 1.75 7.30 0.03
bee-im2 0.70 1.66 170 1.86 1.86 2.15 8.12 —0.01
bec-im3 1.14 1.69 1.69 1.75 1.76 7.36 0.11
bee-im4? 2.58 1.631.651.70 1.70 6.40 0.31
bee-ims5 331 1.671.68 1.78 1.78 6.51 0.22
bee-im6 452 1.64 1.64 1.67 1.67 6.45 0.29
bee-im7 6.14 1.651.651.71 1.71 6.41 0.27
bee-im8 7.23 1.641.64 1.67 1.67 6.44 0.29
bee-im9 8.85 1.641.65 1.70 1.70 6.41 0.26
bee-bulk (1.66), 6.46 0.25

additional points nearby. For each of the sample points, a
separate DFT calculation was performed, allowing for local
relaxation of the surrounding Fe atoms, but fixing the position
of the H atom and of far distant Fe atoms. The interpolation
between the sample points used in Fig. 5 was performed
with a symmetrized plane wave basis set, a tool which has
been developed®® in the framework of the S/PHI/nX ab initio
package.®*

The resulting PES gives a more complete picture of
the geometric and energetic situation close to the grain

bee T-site

fec O-site

&3 11 fcc

-0.1 ®®x5 bce| |
-0.2 N I B B B
0.0 2.0 4.0 6.0 8.0 10.0

Distance z (A)

FIG. 4. (Color online) Hydrogen solution energies as a function
of the distance from the grain boundary interface for the X5 bcc (red
dots) and X 11 fcc (blue squares) grain boundaries in Fe. The dashed
lines indicate the solution energy in tetrahedral sites in bce Fe and in
octahedral sites in fcc Fe, respectively.

boundaries considered here as compared to the minimum
energies discussed above. The local minima for H interstitials
far away from the grain boundaries, the bulk O sites, can
clearly be identified in Fig. 5 as the spherical, blue regions. It
can also be seen that, on the PES of the £3 grain boundary,
the position, extension, and energy of the minima closest to
the grain boundary are almost bulk-like. This indicates that the
more close-packed character of the X3 grain boundary is also
reflected in the H solution energy profile. In contrast to this, the
minimum of the H solution energy in the £ 11 grain boundary
appears significantly different from the bulk. The region at the
interface with a low solution energy is much more extended,
confirming that the more open structure of this grain boundary
has a strong effect on the H solution energy. The absolute
value of the solution energy is not dramatically reduced in the
minimum in accordance with our previous observation.

To investigate whether volumetric effects can solely ex-
plain the H solution energies in the grain boundaries, we
have determined the Voronoi volumes at each symmetry
inequivalent adsorption site in the corresponding supercells. In
Figs. 6(a) and 6(b), the solution energies are plotted versus the
corresponding Voronoi volumes, indicating only a moderate
correlation between the two quantities. The solid lines in
the two plots show the corresponding solution energies in
a tetrahedral/octahedral site in bcce/fee bulk Fe for various
volumes, respectively. These lines serve as a lower limit
for most of the considered data. For those interstitial sites
in the grain boundary structure that have a symmetric,
tetrahedral/octahedral coordination, the Voronoi volume is
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4 11101 pqqyy

[112]

FIG. 5. (Color online) Cuts of the potential energy surfaces
along (110) planes for H in the fcc £3 and %11 grain boundaries,
respectively. Hydrogen solution energies are given in eV. The black
boxes indicate the regions considered for the diffusion pathways in
Figs. 9 and 12.

still a wuseful indicator. However, for distorted tetrahe-
dral/octahedral and/or differently coordinated sites, the so-
lution energy is typically higher than predicted by a pure
volume argument, i.e., the benefit of a more open volume
(excess volume) is largely compensated by an unfavorable
atomic configuration.

More specifically, within the close-packed structures of the
low-energy X3 grain boundaries in both bcc/fee Fe, most in-
terstitial sites are only slightly distorted tetrahedral/octahedral
sites that compare reasonably to the corresponding interstitial
sites in the bulk material, which is also reflected in the two
graphs in Fig. 6. At the interface, however, in the case of the 3
bce grain boundary, a slightly elongated octahedral interstitial
site, cf. Fig. 7, is available. This site has a significantly lower
solution energy (open, red circle in Fig. 6, top graph), which
is comparable to the value in octahedrally coordinated sites
considered for fcc (Fig. 6, bottom graph).

Within the more open X5 beec and X 11 fce grain boundary
structures, the distortion of interstitial sites close to the grain
boundary is much larger and different types of coordination
can be found; cf. Fig. 7. The solution energy in these distorted
interstitial sites cannot simply be related to the Voronoi
volumes mainly due to a rather asymmetric binding situation.
In both grain boundaries, the distorted interstitial sites have
much lower solution energies, so that both the £5 and X 11
grain boundaries act as traps for H atoms of ~0.4 and ~0.1 eV,
respectively. In both cases, the energy gain is slightly lower
than the trapping energy in a vacancy of 0.6 and 0.3 eV for bcc
Fe!® and fcc Fe,'? respectively. Within a vacancy hydrogen
also binds asymmetrically, being much closer to one of the
surrounding Fe atoms than to all others, and up to four H
atoms can occupy a vacancy still yielding an energy gain.
The relatively large interstitial voids at the interface appear to
provide a comparable binding situation and it might also be
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FIG. 6. (Color online) Solution energy, AE, of hydrogen as a
function of the Voronoi volume of the interstitial site in tetrahedral
sites in bee (top graph) and octahedral sites in fcc Fe (bottom graph)
and in various adsorption sites within the bcc X3, bcc X5, fec £3,
and fcc X11 Fe grain boundaries. The strain dependence of the H
solution energies in the energetically favorable bulk sites of bcc and
fcc Fe are given by solid black lines.

possible to accommodate more than one H atom in such an
interstitial site.

V. EFFECT OF H ON CRACK FORMATION ALONG «-
AND y-IRON GRAIN BOUNDARIES

In the previous section, we have shown that both open grain
boundary structures, the 5 in «-Fe and the 11 in y-Fe, as
well as the more close-packed X3 grain boundary in «-Fe
with a special interstitial site, provide traps for hydrogen. In
this section, we use Griffith’s theory® to estimate the effect
of a potential hydrogen accumulation in the grain boundaries
on crack formation along the grain boundary. According to
Griffith’s theory, the critical strain o, for crack formation is
roughly proportional to the inverse square root of the flaw
length a:

oev/a = C. 3

The proportionality factor C is determined by the Young’s
modulus E of the material and the surface energy y along the

readily formed crack,
2E
c=,/2r @)
T

If fracture occurs along the grain boundary, we may calculate
the corresponding surface energy as the difference between the
energy of the newly created surface and the grain boundary.
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bee T—site fce O—site beeX 3if1
bee X 5if1 bee X 5if3 bee X 5im 2

fee Z 11if1

Y W

FIG. 7. (Color online) Local
sites: most interstitial sites resemble slightly distorted tetrahe-
dral/octahedral sites as in bce/fce iron, respectively. Only sites that
exhibit a significantly different coordination (open symbols in Fig. 6)
are shown; labels are according to Tables II and III.

fccZ11im 1

coordination of interstitial

For the clean grain boundary without hydrogen, the surface

clean :
€Nergy Y  .cx 18 glven as

2ES — ESy — ANES,

clean __ surf

Yerack = 4A
= e — 1/2755™, )

Here EL\; is the total energy of the supercell containing the
surface (one “half”of the grain boundary with Ny, Fe atoms),
E& is the total energy of the supercell containing the grain
boundary (with Ngp Fe atoms), and A is the area of the surface,
respectively, interface. If the supercells of the grain boundary
and surface structure are not commensurate, the excess Fe
atoms have to be taken from or put into a bulk reservoir, i.e.,
AN = 2Nyt — Ngg, and Eoy, is the energy of an Fe atom in
the corresponding bulk structure. ysﬂffa“ is the surface energy of
the corresponding free surface and ySis™" is the interface energy
of the grain boundary. For the three grain boundary structures,
we obtain ¥4 energies of 116 meV /A%, 187 meV /A2, and
154 meV /A? for the ©5 bee, X 11 fee, and %3 bee Fe grain
boundary, respectively.

If hydrogen accumulates in the grain boundary and is
present during the crack formation, such that the resulting
surfaces are covered with hydrogen, the corresponding surface

energies are given by

hyd clean cov
Yerack = Yerack +n AEGBesurf- (6)

Here AEGR_qut = AEZI/ surf_ AEZI/ GB is the difference in
binding energies of hydrogen to the grain boundary and to
the surface, respectively, and n°" is the number of H atoms
per surface area. From Eq. (6), it can be seen that the energy
to form a crack along the grain boundary will be lowered
in the presence of hydrogen if A Egp_ st 1S negative, i.e., if

PHYSICAL REVIEW B 84, 144121 (2011)

TABLE IV. Computed p¢ (meV/A2), y™d (meV/A2), nc¥
(1/A?), and o /oS for various grain boundaries in - and y-Fe.

Veik Versek o™ fo e
25 bee 116 103 0.08 0.94
211 fee 187 133 0.10 0.84
%3 bee 154 103 0.10 0.82

hydrogen binds more strongly to the surface than to the grain
boundary interface.

For the bcc X5 grain boundary, we have determined
AEGB_suf = —0.17 eV; for the X 11 fcc and X3 bcc, the
difference in binding energy is much larger with —0.54 and
—0.45 eV, respectively. For all three grain boundaries, the
values are negative indicating that hydrogen facilitates the
fracture along the grain boundary.

The effect also strongly depends on the hydrogen coverage.
The actual hydrogen coverage at the surface, n°, depends
on the experimental setup. Here we assume hydrogen-rich
conditions for which all available sites in the grain boundary
are occupied by H atoms, yielding a coverage of 0.08/A2,
0.1/A2, and 0.1/A2 for the =5 bec, ©11 fec, and 3 bee Fe
grain boundaries, respectively. Using these values and Egs. (3)
and (4), we can estimate the effect of hydrogen accumulation
on the critical strain for crack formation under hydrogen-rich
conditions for various grain boundary structures:

hyd
hyd ; _clean __ 4
0.7 fo " =

(N

J/clean :

The results are summarized in Table IV. We obtain g, /o clean
of 0.94, 0.84, and 0.82 for the X5 bce, X 11 fcc, and X3 bee
Fe grain boundaries, respectively. This means that hydrogen
accumulation in the various grain boundary structures can
lower the critical strain for crack formation along the grain
boundary by 6%, 16%, and 18%, respectively, such that
we expect that for the three interfaces hydrogen acts as an
embrittler. If we assume that H readily diffuses towards the free
surface upon crack formation the nominal hydrogen coverage
would double, yielding a full monolayer at the free surface.
Within our simple approximation, the critical strain would then
be reduced even further by 12%, 35%, and 36% for bcc X5,
fcc 11, and bee X3, respectively.

As the Griffith’s criterion may be seen only as a rough
estimate, it is difficult to provide a quantitative statement
regarding the lowering of the critical strain. Nevertheless,
from Eqgs. (6) and (7), it is clear that the effect increases with
increasing coverage, n°°, a larger, negative difference in the
binding energy to the surface and interface, A Egp_ sy, and
a smaller surface energy for the formation of a crack along
the clean grain boundary, 4. The hydrogen coverage at
the grain boundary will be large if there is a high mobility
of hydrogen and the hydrogen atoms are trapped at the
interface. Assuming that there is hydrogen accumulated at
the grain boundary, the decisive quantity is the difference in
binding energy, AEgp_suf- A strong binding to the grain
boundary can then be favorable, whereas a strong binding
to the corresponding surface enhances the decohesion, i.e.,
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for grain boundaries with GB planes that provide very stable
surface adsorption sites, the reduction of the critical strain due
to hydrogen accumulation will be largest. This also applies to
our findings for the three investigated grain boundaries. The
effect is smallest for the ¥5 bce grain boundary, where the
energy gain for a hydrogen atom at the surface compared to the
grain boundary interface is smallest. This might be explained
by the fact that the £5 grain boundary offers an extremely
stable adsorption site at the interface and the corresponding
(310) surface is a rather high index surface. On the other hand,
the (113) grain boundary plane of the ¥ 11 fcc structure is also
arather high index surface, but here the binding to the interface
is less pronounced and thus the difference in binding energies is
large. In the X3 bcc grain boundary, we encounter yet another
situation: the binding energy to the interface is as strong as in
the 5 grain boundary, but the corresponding (112) surface
offers likewise a very stable adsorption site, leading again to
larger energy gain for H atoms at the surface as compared to
the interface and thus an increased embrittlement effect.

VI. MOBILITY OF H WITHIN «- AND y-IRON GRAIN
BOUNDARIES

To explain the significant role of grain boundaries in H
embrittlement, it is important to understand how hydrogen
diffusion is affected by the presence of grain boundaries.
This rather complex problem is difficult to address both
experimentally and theoretically, and it is still debated if grain
boundaries provide fast diffusion channels that enhance the
diffusivity of hydrogen or not.5¢7!

A prerequisite for diffusion within grain boundaries is the
attraction of hydrogen to the grain boundaries. As discussed
in Sec. IV, the more open grain boundary structures X5 and
311 provide traps for H atoms. For the more close-packed
33 grain boundary structure in bec Fe, a special interstitial
site is available at the interface that attracts hydrogen, whereas
in the case of fcc Fe hydrogen is slightly repelled from the
33 grain boundary. This information alone, however, is not
sufficient for understanding H mobilities. We further need to
consider the diffusion paths connecting these special sites and
in particular the barriers for diffusion within and towards the
interface.

We have used two different strategies to obtain this
information. On the one hand, the concept of the PES, for
which examples were already shown in Fig. 5, can be used
to evaluate diffusion paths. In this case, the hydrogen solution
energies mainly at the high-symmetry transition points and the
local minima next to them were calculated directly, and plane
wave interpolations have been applied in between. On the other
hand, we determined the diffusion paths between different
sites employing the nudged-elastic band (NEB) method.”>74
Here, the migration pathway is represented by several images
between two fully relaxed end points and each image is relaxed
until the perpendicular forces with respect to the minimum
energy path are less than a given tolerance, which was set
to 0.05 eV/A in our case. This method is, in particular,
advantageous if the exact position of the transition point is
unknown or if detailed information about the energy profile
along the transition path is important.
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FIG. 8. (Color online) Hydrogen diffusion path within the ¥3
grain boundary in bec Fe. H migrates along the a axis with an overall
diffusion barrier of ~0.6 eV. The left plot illustrates the position of
the H atom at various points along the diffusion path.

A. H diffusion within X3 grain boundaries

The diffusion of H atoms within the X3 grain boundary in
bce Fe was investigated employing the above-mentioned NEB
calculations.” For the diffusion within the grain boundary
plane, we obtain a migration barrier of ~0.6 eV as shown in
Fig. 8. Hydrogen at the interface diffuses to its equivalent site
along the a axis within the grain boundary plane. Since H
interstitials can cause relatively large distortions in the close-
packed X3 grain boundary structure, it was difficult within
our limited supercell size to perform similar NEB studies for
the escape barrier for H diffusion from the interface to the
bulk region. However, the escape barrier is expected to be
dominated by the difference in solution energies between the
interface and the interstitial site in the bulk region. Since these
values are —0.18 and 0.25 eV, respectively, we estimate the
escape barrier to be larger than 0.5 eV.

For the ¥3 grain boundary in fcc Fe, we investigated
our results from the 3D PES, of which a cut along a (110)
plane is shown in Fig. 9. As discussed in Sec. IV, this X3
grain boundary repels H, i.e., the potential energy at the local
minimum in the grain boundary is higher than at the octahedral
interstitial sites in bulk fcc Fe. In addition, the saddle points for
H diffusion in the vicinity of the grain boundary (0.9 eV) are
also higher in energy than the saddle points for bulk diffusion
(0.6 eV). Based on these findings, we conclude that the X3
will act as an obstacle (2D barrier wall) for the H diffusion in
fce Fe, constraining the diffusion mainly to the bulk region.

B. H diffusion within the open X5 and X11 grain boundaries

The migration of H atoms towards and within the X5
grain boundary in bcc-Fe was studied employing NEB
calculations.”® For the diffusion within the grain boundary
plane, two adjacent, equivalent interface sites (if3 sites; cf.
Table III) along the b axis ([001] direction) were chosen
as the initial and final point of the diffusion pathway. The
energy along the relaxed diffusion pathway is shown in Fig. 10
yielding a diffusion barrier of ~0.3 eV for H atoms parallel
to the grain boundary interface. In the left plot of Fig. 10, the
migration pathway is illustrated by showing the position of
hydrogen at various points along the path. It can be seen that
hydrogen remains very close to the interface while diffusing
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FIG. 9. (Color online) Diffusion for a H interstitial close to the
¥ 3 grain boundary in fcc iron. The pathway lies within the part of
the (110) plane indicated in Fig. 5. The overall barrier for H to escape
from the interface region is computed to be 0.9 eV.

from one interface site to the next. Next we investigated the
diffusion of H atoms perpendicular to the grain boundary
interface along the c¢ axis ([310] direction). Interface site 3
was again set as the initial state and a T site within the bulk
region was chosen as the final state. The energy along the
relaxed migration pathway is shown in Fig. 11 together with
an illustration of the H position at various points along the
diffusion path. The overall energy barrier to diffuse away from
the grain boundary interface is ~0.60 eV, passing through an
intermediate, metastable state, with a barrier of ~0.40 eV.
The high barrier is mainly due to the large energy difference
between the initial and final state configurations, as the
hydrogen is strongly trapped in the grain boundary plane. The
energy barrier for the diffusion from the bulk region towards
the interface region, on the other hand, is very small with
~(.1 eV and comparable to the bulk diffusion barrier.

Within the X11 fcc Fe grain boundary, the potential
energy in the grain boundary interface is also lower than
in the octahedral interstitial sites (Fig. 12). Furthermore, the
investigation of the migration barriers next to the local minima
in the grain boundary revealed that the ¥11 grain boundary
also acts as a trap for H. The migration barrier to escape from
this local minimum in the grain boundary to the bulk region
is ~1.1 eV, approximately 0.4 eV higher than the migration
barrier in the bulk region (0.6 eV). However, as can be seen in
Fig. 13, close to the X 11 grain boundary there exists a diffusion
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FIG. 10. (Color online) Diffusion pathway for a H interstitial
within the interface region of the X5 grain boundary in bec Fe. The
overall barrier for hydrogen to diffuse within the interface region is
computed to be 0.25 eV. The diffusion path starts in interface site if3
and ends in the equivalent if3 site one lattice vector along the b axis.
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FIG. 11. (Color online) Diffusion pathway for a H interstitial to
move from the interface plane towards the bulk region in the X5 grain
boundary in bee iron. The overall barrier for a H interstitial to escape
from the interface region is computed to be 0.6 eV.

path in the [110] direction [perpendicular to the (110) plane]
with a migration barrier of 0.7 eV, which is very similar to the
bulk value. Once hydrogen is outside the trapping site in the
boundary, it can diffuse along the grain boundary plane with
a barrier of approximately 0.1 eV, indicating a very efficient
diffusion channel.

C. Comparison of H diffusion within «- and
y-Fe grain boundaries

The presence of grain boundaries in the bulk material has
a significant influence on the diffusion of hydrogen in both
«- and y-Fe. The more open grain boundary structures, the
%5 bee and 211 fee, both provide special interstitial sites
for H at the interface that are energetically favorable. The
diffusion barriers between these rather stable interstitial sites
and the bulk material are higher (0.6 eV for X5 in bcc Fe
and 1.1 eV for X11 in fcc Fe) than within the bulk material
(~0.1 eV>* between tetrahedral sites in bec Fe and 0.6 eV>?
between octahedral sites in fcc Fe). This indicates that within
the bulk material hydrogen can readily diffuse towards the
grain boundary (faster in bcce than in fcc Fe), but once it
has reached the interface it has to overcome larger barriers
to escape again, i.e., it will effectively be trapped near the
interface. However, for both open grain boundaries, diffusion
paths for hydrogen with barriers (~0.25 eV for X5 in bee Fe
and 0.7 eV for ¥ 11 in fcc Fe) comparable to the bulk values
exist. This means that H atoms within the grain boundaries are
still mobile, especially compared to diffusion away from the
grain boundary interfaces, but they diffuse slower than in the
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FIG. 12. (Color online) Diffusion for a H interstitial perpendic-
ular to the ¥ 11 grain boundary in fcc iron. The pathway lies within
the part of the (110) plane indicated in Fig. 5. The overall barrier for
H to escape from the interface region is computed to be 1.1 eV.
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FIG. 13. (Color online) Diffusion pathway for a H interstitial
close to the 11 grain boundary in fcc iron. After a displacement
within the (170) plane out of the center of the grain boundary (point
A), the displayed motion occurs in the [110] direction [within the
(113) plane parallel and perpendicular to the (110) plane]. The overall
barrier for this pathway is 0.7 eV.

bulk region. The grain boundaries thus influence the preferred
direction of diffusion, but do not increase the diffusivity. If
the grain boundary interface is saturated with H atoms, it
is not obvious from pure energetic arguments how hydrogen
diffusion is affected and we are currently investigating the
concentration dependent diffusion behavior employing kinetic
Monte Carlo simulations.

The close-packed X3 grain boundaries are even more a
barrier for the diffusion of hydrogen. For the ¥3 bcc grain
boundary, the H migration barrier within the interface is as
high as 0.6 eV. Thus, if H interstitials are trapped at the X3
grain boundary, they become immobile. As discussed, the 3
grain boundary in fcc Fe is repulsive to hydrogen, i.e., it is
unfavorable for H atoms to diffuse towards the grain boundary
interface.

In summary, we find that none of the investigated grain
boundaries provides a fast diffusion channel for H atoms in the
dilute limit. Within the more open grain boundary structures,
a preferred diffusion direction along the interface is found
at low hydrogen coverage, which is much slower than bulk
diffusion. The close-packed grain boundaries, on the other
hand, are predicted to act as two-dimensional barriers for
hydrogen diffusion.

VII. CONCLUSIONS

We have investigated the interaction of H interstitials
with open and close-packed grain boundary structures within
the two most relevant phases of iron in steels: the ferritic
«- and austenitic y-Fe. The phases have been considered
in the ferromagnetically saturated and the nonmagnetic
configuration, respectively. The latter is an approximation
for a more realistic paramagnetic description of the austenite
phase, which is currently not feasible, leaving additional
corrections due to the delicate interplay of hydrogen with the
special magnetic configuration at the grain boundary for future
research. We focused on three aspects: the stability of hydrogen
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in the vicinity of the grain boundaries, the effect of hydrogen
on the fracture strength of the interface, and the mobility of
hydrogen towards and within the grain boundary planes.

The solution energy of hydrogen within the different
grain boundary structures strongly depends on the local
coordination of the corresponding interstitial site and is
only moderately correlated with the actual volume of the
interstitial site. Within the close-packed, low-energy X3 grain
boundaries, the available interstitial sites are very similar to
the tetrahedral and octahedral sites in the corresponding bulk
structures. Only directly at the interface different interstitial
sites are available, leading to an attraction of hydrogen within
the bcc X3 structure and a repulsion from the fcc X3 grain
boundary. Within the open grain boundary structures, X5 bcc
and X 11 fcc, various different interstitial sites are available,
generally providing favorable binding sites for H atoms,
which implies that hydrogen is trapped at the grain boundary.

For those structures where H accumulation at the grain
boundary is energetically favored, the critical strain required
to fracture the material is reduced by the presence of
hydrogen, i.e., hydrogen acts as an embrittler. Within our
estimate, the effect is dominated by the difference in binding
energy of H to the interface and to the corresponding free
surface. Thus the effect appears to be smallest for the open X5
bce structure, which provides large cavities at the interface
where the hydrogen is almost as strongly bound as to the
surface. A much larger influence of hydrogen accumulation
on the critical strain is found for the ¥11 fcc and X3 bcc
grain boundaries, where the binding energy of hydrogen is
considerable larger at the surface as compared to the interface.

The grain boundaries also have a significant influence on
the diffusion behavior of hydrogen. None of the investigated
grain boundaries provides a fast diffusion channel for H atoms,
but the more open structures, £5 bcc and X11 fec, favor
diffusion along the grain boundary plane and might thus
direct hydrogen diffusion towards other defects, such as grain
boundary junctions or dislocations. The close-packed grain
boundary structures do not promote hydrogen diffusion and
might even represent two-dimensional barriers to hydrogen
diffusion.

Both hydrogen accommodation and diffusion depend sen-
sitively on the local geometric structure and it is thus not
straightforward to deduce simple rules that describe the
observed behavior and are generally applicable. Still, there
is a tendency for the more open interface structures in both
a- and y-Fe to accommodate hydrogen more easily and to
provide diffusion pathways that can determine the preferred
direction of hydrogen diffusion within these structures.
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