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Abstract. The segregation of hydrogen and vacancies at the ¥£5(210)[001] symmetric
tilt grain boundary (GB) was studied by atomic scale simulations in Ni. First,
the hydrogen segregation energies and hydrogen-hydrogen pair interaction energies
were calculated on every interstitial site of the GB. The vacancy-hydrogen clusters’
formation energies were also determined on the most favorable site. All these
calculations were done using the Density Functional Theory (DFT). Second, based
on these elementary energies, a free energy functional was built to determine
the concentration of segregated hydrogen and of vacancy-hydrogen clusters, as a
function of the bulk hydrogen concentration and the temperature. It was found
that two configurations exits in typical conditions where embrittlement is observed
experimentally: H segregation only, with up to 3 hydrogen atom per structural unit
or 50% occupancy by V Hjs clusters (1 cluster every two structural unit). The cohesive
stress and ideal work of fracture were evaluated by fracturing the GB with different
degrees of hydrogen and vacancy segregation. H segregation alone (no vacancy)
decreased the work of fracture by 25%. A significantly larger decrease of cohesion
was obtained when considering vacancy-hydrogen clusters. A maximum drop of the
cohesive stress, of a magnitude of 40%, was obtained when every structural unit was
hosting a VHy cluster. Finally, these data were transformed into cohesive stress
models. They were used to evaluate the degree of localization of the shear displacement
at the crack tip. The conclusion is that, even if cohesion is very significantly decreased,
shear localization is still effective, meaning that dislocation emission should occur at
the expense of crack propagation. Therefore, extra ingredients should be considered
to explain the embrittlement observed experimentally.
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1. Introduction

Hydrogen embrittlement of metals is an important issue because it causes crack initiation
and propagation at low load levels and at high speeds and is therefore potentially
dangerous. A large research effort has been dedicated to characterizing the phenomenon
in all sorts of metallic alloys and environments [1-6]. A number of models have
been proposed [7; 8] based on fractography [7], in situ acoustic emission [9; 10] or
in situ TEM [11]. The origin of the embrittlement remains unclear. Four microscopic
mechanisms were proposed : decohesion (transgranular cleavage or separation along
the core of grain boundaries), enhanced crack tip plasticity due to hydrogen adsorption,
enhanced and localized plasticity ahead of the tip [11-14] and, more recently, aggregation
of hydrogen stabilized vacancies [15; 16]. Some aspects of these mechanisms have
been more precisely quantified by modern experimental techniques, with high spatial
resolutions. For example, the trapping of hydrogen at interfaces has been demonstrated,
at the atomic scale, by atom probe tomography [17] and a dislocation substructure with
a typical length scale of 250 nm was imaged in the plastic wake, below the fracture
surface [18; 19]. Small scale mechanical testing also produced new in situ observations,
such as, the confinement of the plastic zone (50 nm) during transgranular cracking in
bending micro beams [20] in FeAl, or the locking of dislocations by vacancy-hydrogen
clusters using a cyclic compression of a nano pillar in a TEM [3]. Note the recent
observations of the cracking of bee Fe at low temperature [21; 22] which reveal a mixture
of cleavage and localized plasticity and the critical review of the limitations of current
atomistic simulations of dislocation emission at crack tips in bee Fe [23]. They constitute
a reference for the hydrogen embrittlement of steels at room temperature.

The efforts made by the modeling community in trying to validate or invalidate
such micro-mechanisms have been intense and now covers all the different aspects.
Adsorbed, or sub-surface, hydrogen does not seem to enhance dislocation emission at
crack tips, at least in Al [24-26]. Intergranular diffusion, where both speed up and
slow down have been measured experimentally, seems to be well understood [27-30],
especially the H concentration effect. Preliminary results on pipe diffusion were also
recently reported [31]. The effect of co-segregation has been intensively studied [32],
in particular at the interface between carbides and the bee-Fe matrix [33]. Concerning
vacancies [15], the origin of the enhancement of their concentration is the strong binding
between hydrogen atoms and vacancies and the possibility of multiple occupation [34-
37]. They also impact diffusion [38; 39], but in conditions which might not be those of
embrittlement, at least if vacancies are considered in equilibrium with H. The impact of
hydrogen on the mobility of screw dislocations in Fe, a key issue for the embrittlement
of steels, has been modeled recently [14].

The most important aspect is fracture itself. In hydride forming systems, the crack
tip, with its stress concentration and layer of adsorbed H, might act as a seed for
stabilizing a local hydride, which will prevent the tip to relax by emitting dislocations
and therefore promote brittle fracture [40]. In non-hydride forming systems, the Rice and
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Wang model [41], with parameters from Density Functional Theory (DFT) calculations,
shows that beyond a critical chemical H potential, a phase transition occurs where, at
a critical applied stress, the opening interface becomes abruptly fully populated by H.
When this occurs, the cohesive stress is drastically reduced [42]. A kinetic version of this
model was recently proposed for the embrittlement of grain boundaries in Ni [43]. In
contrast, when the local H concentration is kept fixed during fracture, hydrogen’s impact
is weak: configurations which were initially ductile, i.e. with a glide plane properly
oriented with respect to the crack tip for an easy activation of plasticity, remain ductile
in the presence of segregated hydrogen, even if the concentration is representative of
experiments [44]. In contrast, the cohesion never drops to zero because of hydrogen
charging in experiments, at least in Ni, and crack propagation occurs, even along grain
boundaries, with intense plastic deformation [18]. Therefore, some extra mechanisms
should be considered in between the two extremes of the absence of diffusion during
fracture and an instantaneous diffusion of H to the surface.

One way, in the intergranular case, is to complexify the grain boundary
configurations by considering vacancies in addition to hydrogen. The driving force for
stabilizing them is the same as in the bulk but, with a lower formation energy at grain
boundaries, large concentrations of vacancies can be expected. A first study in this
direction was done on the ¥3{112}(110) symmetrical tilt grain boundary (GB) of bcc
Fe. Intergranular vacancies were found to significantly decrease the work of fracture,
with respect to hydrogen alone [45]. Nevertheless, a limitation of this work is the lack of
a clear connection of the local H and vacancy concentrations to experimental conditions.

In this context, the goal of the paper is to model realistic GB configurations in
the presence of segregated hydrogen and vacancies. The method is first to obtain H
segregation energies and vacancy-hydrogen cluster (VH,,, n H for one vacancy) formation
energies in the GB from reliable electronic structure calculations. These energies are
then introduced in a free energy functional which gives the average concentration of H on
the various interstitial sites of the GB and the VH,, concentrations as a function of the
thermodynamic parameters ¢y, (the H concentration of regular bulk interstitial sites)
and the temperature T. Finally, atomic configurations representative of the experimental
conditions for H embrittlement are chosen and fractured. The influence of H and VH,, on
cohesion is quantified. The system chosen is Ni because there are numerous observations
of intergranular embrittlement [18] and because vacancy effects were observed [46].

The paper is organized as follows. The construction of the GB and the methods
are first described. Then, the structure of the GB and the formation energies of the
vacancies are detailed. The segregation energies of isolated hydrogen atoms and the
formation energy of the various clusters on the most favorable site of the GB are given.
The hydrogen-hydrogen pair interaction energies are determined. Then, these data are
used to parametrize a free energy functional which minimization gives the hydrogen
concentration on regular interstitial sites. As the bulk concentration is increased the
grain boundary becomes occupied by vacancy-hydrogen clusters. Finally, representative
GB structures with hydrogen segregation alone, or with segregated vacancy-hydrogen



4

clusters are selected and fractured along the interface plane. The absence of impact
of the vacancies on the ideal work of fracture, compared to the effect of H alone, is
discussed.

2. Models and Methods

2.1. Grain boundary model

The Coincidence Site Lattice (CSL) was used for the construction of the ¥5(210)[001]
symmetrical tilt grain boundary. After the elimination of overlapping atoms in the GB
plane and relaxation of stresses and forces, the minimal energy structure was obtained.
Each CSL unit contains two equivalent GB structural units, as shown in the figure 1a.
Characteristic atomic sites are labeled GB;, GB, and GBj3. The x axis is oriented along
210], y along [120] and 2 along [001]. Two system sizes were used: one with only one
CSL unit on each side of the GB and two periods along the tilt axis (z) (80 atoms)
and a second one, elongated in the x direction (112 atoms) (Fig. 1). Periodic boundary
conditions were imposed in the y and z directions. In the x direction, free surfaces were
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Figure 1. (a) and (b) show the GB structural units and interstitial positions in the
(x,y) plane and (x,z) planes respectively. (c) and (d) give the same information for a
GB containing a single vacancy on a GBg site on the (x;0) side of the interface, i.e.
the plane is occupied by 25% of vacancies (the box contains 4 structural units). Note
the relaxation towards the interface of the GBs site, from the left grain, symmetric of
the vacancy.

created by introducing a vacuum layer of thickness 7.0 A. The surface layers are held
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rigid, at the perfect lattice parameter to mimic bulk behavior. In the small system, the
rigid part starts beyond the seventh (210) layer, while in the enlarged region of the big
system, it starts after the sixteenth layer. The box size was optimized in the x direction,
while keeping the bulk lattice parameter in the other directions.

In the perfect face centered cubic (fcc) structure, which is the most stable for
Ni, there are two tetrahedral and one octahedral sites for each fcc lattice site. Such
interstitial sites were geometrically constructed, by displacement from the lattice site,
for every atom of the left grain, including the sites of the GB plane. Then they were
transformed by a planar symmetry with respect to the interface plane and used for the
atoms of the right grain, including again the atoms of the GB plane. This procedure
creates a high density of geometric interstitial sites in the core of the GB. Searching for
the metastable sites for H segregation, 15 of such geometric sites were used as starting
points. Many of them relaxed to the same configuration.

2.2. Density Functional Theory Calculations

In order to obtain reliable equilibrium atomic structures of GBs and accurate
hydrogen segregation energies first-principles calculations were conducted to optimize
structures and calculate system energies. Our calculations were performed within
the density functional theory (DFT) and carried out with the generalized gradient
approximations (GGA) to the exchange-correlation functional (Perdew-Burke-Ernzerhof
~PBE- functional) [47], as implemented in the Vienna Ab initio Simulation Package
(VASP) [48]. We used projector-augmented wave (PAW) [49] method for valence
electrons and a 1x3x3 k-points grid for the Brillouin zone sampling. Spin-polarization
effects for all the considered system were taken into account. Plane-waves were used for
expanding the wave functions with a cutoff energy equal to 400 eV. These criteria are
necessary when optimizing atomic forces (< 0.01 eV/A) and obtain accurate energies
(<2-4 meV).

The zero-point vibrational energy (ZPE) of H atoms was computed for all Ni-H
systems we selected. In calculating the zero-point vibrational energy of hydrogen atom
in the Ni-H system, the dynamical matrix only for H atoms using the frozen phonon
approach (the relative displacements was taken equal to 0.01 A) was used to calculate
the vibrational frequency. Using the real frequencies of hydrogen (w,), we calculated
the ZPE of H atoms, where the ZPE is approximated by ZPE = ¥, hw, /2 at 0 K.

2.3. Mean Field Equations

The average hydrogen and vacancy concentrations in the GB are calculated using a
free energy functional. Its simplest form, with hydrogen only, is detailed here. It will
be complexified later to introduce also vacancies. In the case of hydrogen alone, the
variables of the functional are the concentrations on every interstitial site (¢;) and the
parameters are the temperature (T) and the hydrogen chemical potential (pg). Its
optimization gives the equilibrium concentrations on the interstitial sites of the GB. A
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first, approximate, mean internal energy can be obtained from the segregation energies
on each site i of the GB (AE,,), defined in the absence of interactions between the
occupied sites (dilute limit). As will appear clearly below, the specificity of the GB core
requires that the H-H interactions are included in the model. This is done by calculating
effective pair-interactions by taking the energy difference between two configurations
containing two H atoms: the final one in which the two H atoms are close and the
reference one in which each solute occupies its GB interstitial site, but far enough so
that the interaction between them can be neglected. In DFT calculations, because of
the size limitation, a reference energy (E; ;) is calculated with one H atom on its GB
interstitial site (for example site j) and the second one on a bulk site. By using the value
of the segregation energy on site 4, the effective pair interaction ¢;; between interstitial
sites 7 and j is then defined by [37]:

€ij = Eij — (Ejop + AEL,) (1)

where E;; is the energy of the configuration where the sites ¢ and j are occupied. With
these parameters, the free energy, as a function of the average occupancy of the GB
sites ¢; and the bulk sites ¢y, is:

FNH,VvT(Ci) = EO + Z{CiAEéeg + Z CiCj€ij
i J

+ kpT(c;ilne; + (1 —¢;)In(l —¢;))} (2)

The constraint of a fixed number of H atoms, Ny, is taken into account by
introducing a Lagrange multiplier pgy. Writing the optimization condition for each
kind of site gives the equilibrium concentrations:

Ci — e_(AE:ieg—i_Zj CjEij_MH)/k?BT
1-— C;
Chulk
U — ehu/kBT (3)
1 — chpur

where ¢y is the H concentration on a bulk site (far from the GB). The equations, and
approximations, specific to the GB structure are given in section 3.4.

3. Results

3.1. Atomic structure of the grain boundary and vacancy formation energies

The vacancy formation energy is evaluated on every site of the GB. In the case of a
system containing n vacancies, the excess energy E7, per vacancy (the average formation
energy) is:

B} = (Bieseer + 1 Btk = Eperect) [ (4)

where Ej., ect is the energy of the reference structure (the one with the minimum energy)
shown on Fig. 1a, Ejy,; is the energy of a Ni atom in a perfect crystal. It is calculated
using a cell containing 4 Ni atoms and a 9x9x9 k point mesh. The atomic energy is
-5.571 eV /atom. Ejgfect corresponds to the energy of the system containing n vacancies.



Table 1. Positions (in ag) and vacancy formation energies EJ (in eV) obtained by
DFT for the large (small) GB structures.

site  x vy Vs Ef

GB; 0.023 1.120 -0.500 (1.843)

GB2 0.334 1.547 0.000 0.210 (-0.100) 0.075
GB; 0475 1.994 -0.500 (1.143) 1.207
GB; 1.155 1.110 0.000 0.972 (0.968) 1.032
GBs 2472 1.565 0.000 1.313

In bulk Ni, with the same DFT parameters, the vacancy formation energy is about 1.40
eV [50], in good agreement with other theoretical values [35] (1.44 eV). It has been
recently shown that the long standing discrepancy between the experimental values of
the free formation energy obtained at high temperature and the low temperature values
from DFT can be explained by an-harmonic effects [51]. Therefore, we take 1.40 eV as
a reference value for the formation energy in the bulk.

After relaxation, the perfect Ni-X5(210)[001] symmetrical tilt GB remains
symmetric. The single vacancy formation energy E{v was calculated on every GB site
and gave the following values, for the small system: 1.843, -0.100 and 1.143 eV for
sites GB1, GBy and GBj respectively and on the most remote site, GB4, 0.968 eV.
The value on GB, is significantly different from the bulk one and therefore, this site
is too close to the GB to be used as a reference for the vacancy segregation energies.
Furthermore, with this system size, the perfect GB is unstable with respect to the
formation of vacancies (the formation energy on site GBs is negative). The “large”
system (Fig. 1) is asymmetric in order to contain sites further away from the GB with
still an affordable computational effort. EY on one of such sites, GBj, is 1.313 eV,
closer to the bulk calculation (1.400 eV). It is therefore used as a reference site for
segregation energies. With this system size, the vacancy formation energies on sites GBo
and GBy are respectively: 0.210 eV and 0.972 eV. The other sites are not considered
any longer because the formation energy, there is too high to lead to vacancy-H clusters
in the thermodynamic conditions considered here. The symmetric GB is now stable
with respect to vacancy formation (all formation energies are now significantly higher
than 0). Note the large relaxation induced by the vacancy (Fig. 1lc), especially the
displacement of the occupied GBs site (left side of the GB) towards the interface plane.

In addition to single vacancies, we also studied divacancies aligned along the tilt
axis. Because of the short dimension of the system in this direction, which corresponds
to only two equivalent sites, and the periodic boundary conditions, the divacancy is in
fact an infinite line of vacancies. The average formation energy per vacancy Egv for sites
GB;, GBy GB3 and GBy are respectively: 1.432 eV, 0.075 eV, 1.207 eV and 1.032 eV.
Again, the reference GB structure is stable, even if removing a line of GBj sites creates
a GB with an energy very similar to the reference. All vacancy formation energies are
listed in Table 1 with the corresponding site positions.



3.2. Intergranular hydrogen segregation energies, effect of vacancies

For calculating the hydrogen segregation energies, a reference was created by placing
the H atom as far from the GB as possible, in octahedral position. Then a series of
DFT calculations were conducted on configurations where the solute was placed at
the different geometrical interstitial sites in the GB core and relaxed, as discussed
in subsection 2.1. The segregation energy (AE;eg) is the difference between such
configurations, labeled ¢, and the reference:

AEﬁeg = Ejdg(Hi) - Ejdg(HOCta) (5)

where Ejq,(H") and Ejq,(H°") are the energy of an H atom occupying the ¢ site of the
GB and the energy of an H atom in a bulk octahedral site. A negative AE!, (resp.
positive) value means an enrichment (resp. a depletion) with respect to the bulk. Only
5 different metastable positions were found after minimization, with DFT. They were
presented on Fig. 1la. The corresponding segregation energies are given in Table 2, as
well as the positions. The zero-point energy corrections are also listed in Table 2. In
bulk Ni, the octahedral and tetrahedral sites have a large energy difference, of the order
of 0.22 eV [50], with the first one being the most stable. In the GB, the most stable
position for hydrogen is also an octahedral site (site 6). The corresponding segregation
energy is -0.244 eV (resp. -0.278) without (resp. with) the ZPE correction. The second
deepest trap site is site 5 (-0.266 eV), which is tetrahedral and the third one is site 4
(-0.182 eV). These results are in good agreement with other DFT calculations [29; 52].
Site 1 is already a bulk site, which indicates that the influence of the GB is short range.

Next, a vacancy is created on the GB site with the lowest vacancy formation energy:
site GB,. It has two effects on the segregation sites for H: it modifies the existing sites
and it creates new ones (see Fig. 1 ¢ and d). Because the system contains two cells
along the tilt axis, removing one atom creates a concentration of vacancies of 50% on
the GB, sites along the tilt axis. As a consequence, the interstitial sites are not always
equivalent along the tilt axis direction anymore. The structural units are also no longer
equivalent along the y axis. Nevertheless, we did not evaluate the impact of the vacancy
on the H segregation energies on these structural units which are relatively remote from
the vacancy. We expect the modifications to be minor. First, the two core interstitial
sites, 2 and 5 (tetrahedral) are largely affected. Trapping is reinforced on the first one
(AE22PE = —(.210 eV vs. -0.134 eV without vacancy) and decreased on the second one

seg

(AE3,72PF = —().193 eV vs. -0.266 eV without vacancy). Second, there are 6 octahedral

sites ili first neighboring position of the vacancy (the O; sites of the bulk vacancy [50]).
Four of them are at the same z position as site GBy: 05,04,05 and O3. They replace
respectively the sites 3’ (the symmetric of site 3), 3 and 6. Site O3 is a new strong trap
site. All the sites of the vacancy lead to a re-enforcement of trapping (Tab. 2), especially
site O5 with AE% 2PE — _(.363 eV vs. -0.278 eV for the site 6 of the perfect GB. In

seg

addition, there are two sites O; above and below GB, with AE% 2PE — _(.322 eV.

seg

Sites 4’ (symmetric of 4, in the structure distorted by the vacancy) and 6’ (the perfect
GB contains two sites 6, which give 6 and Os, when the vacancy in introduced) are



t.y (in €V) obtained by energy
minimization with the DFT method for the large (small) GB structures, without
vacancy (top table) and with a vacancy on site GBy (bottom table). AEIZFE (in
eV) is the segregation energy including the zero point energy correction. The site

numbers (i) refer to Fig. 1.

Large (Small) perfect GB

Table 2. Positions (in ap) and segregation energies AFE

sitei  x y z AE!,,(eV) AEZPE

1 0.921 (0.881)  0.663 (0.669)  0.000 (0.000)  —0.015 ( 0.000)  —0.033 ( 0.000)

2 0.033 (0.000)  1.596 (1.600)  0.373 (0.383)  —0.097 (-0.074)  —0.134 (-0.118)

3 0.449 (0.421)  2.017 (2.015)  0.000 (0.000)  —0.110 (-0.072)  —0.123 (-0.078)

4 0.268 (0.227)  1.542 (1.540)  0.500 (0.500)  —0.161 (-0.122)  —0.182 (-0.135)

5 0.024 (0.000)  1.858 (1.853)  0.723 (0.721)  —0.239 (-0.220)  —0.266 (-0.229)

6 0.024 (0.000) 1.109 (1.100) 0.000 (0.000) -0.244 (-0.212) -0.278 (-0.222)
Large (Small) defective GB

sitei  x y z AE:,,(eV) AEIZPE

1 0.890 (0.860)  0.668 (0.680)  0.000 (0.000)  0.000 ( 0.000)  —0.025 ( 0.000)

2 —0.008 (0.063)  1.669 (1.604)  0.440 (0.410)  —0.160 (-0.151)  —0.210 (-0.186)

3 0.448 2.019 1.000 —0.079 —0.104

4 —0.203 1.546 0.455 —0.196 —-0.213

5 0.010 (0.000)  1.847 (1.889)  0.708 (0.715)  —0.180 (-0.184)  —0.193 (-0.199)

6 0.032 (0.014) 1.120 (1.124)  0.000 (0.000) -0.353 (-0.332) -0.362 (-0.311)

6’ 0.017 1.101 1.000 —0.09 —0.100

O 0254 (0.241) 1501 (1.500)  0.319 (0.308)  —0.295 (-0.285)  —0.322 (-0.290)

Os —0.359 (-0.263)  1.942 (1.865)  0.000 (0.000)  —0.185 (-0.177)  —0.204 (-0.175)

O;  0.622(0.617)  1.340 (1.341)  0.000 (0.000)  —0.203 (-0.192)  —0.229 (-0.199)

O, 0269 (0.260)  1.866 (1.865)  0.000 (0.000)  —0.294 (-0.281)  —0.314 (-0.279)

O;  0.032 (0.014) 1.120 (1.124) 0.000 (0.000) -0.353 (-0.332) -0.362 (-0.311)

Os 0254 (0.241) 1501 (1.500)  1.681 (1.715) —0.295 (-0.285)  —0.322 (-0.290)

minor segregation sites.

3.3. Hydrogen-hydrogen interactions

Large segregation energies, in absolute value, were obtained. It can therefore be
anticipated that some sites will be almost fully occupied if the bulk hydrogen
concentration is increased at low enough temperature. Mean field equations for isolated
site occupancy (€;; set to zero in Eq. 3), show that sites 6, 5 and 4 of the perfect GB
are almost saturated, for embrittlement conditions typically used in experiments: ¢y,
below 1000 ppm and T=300K (Fig. 4). Solute-solute interactions can therefore play a
significant role in the H enrichment of the GB, depending on the distance in between
these sites. The energetics for this is given by solute-pair interactions [53] €;;. A negative
(resp. positive) pair interaction means attraction (resp. repulsion). The calculation of
the pairs does not need to be exhaustive. To find which interactions are needed, we step
by step increase the bulk concentration are follow the occupancies given by the mean
field equations. The deepest traps are sites are 6, 5 and 4 for the perfect GB (resp.
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Table 3. Interaction energy between hydrogen atoms (in eV) obtained for the large
(small) perfect and defective GB structures. The site numbers (i) refer to Fig. 1. es_;
(in eV) is the pair interaction energy between site number 6 and its neighbors. €g_5_;
(in €V) is the three-body interaction energy between the pair (6,5) and its neighbors.

Large(small) perfect GB structure

site i €6—s €6—5—1
2 0.018 ( 0.004) 0.149 ( 0.021)
3 —0.012 (-0.012) —0.025 (-0.025)
4 —0.008 (-0.018) 0.015 (-0.039)
5 —0.001 (-0.018) — ()

Large defective GB structure
sitel  €o5—i €05—04—i €05—04—03—i €05-04—03—5—i €O05—04—03—0s—5—i
2 —0.031 0.002 0.360 0.100 0.246
3 —0.029 0.492 0.361 0.210 0.490
5 —0.002 0.134 —0.036 — —
(OJ1 0.045 0.070 0.068 0.169 0.164
05 0.032 0.020 0.025 0.010 e
O3 0.007 —0.010 — e e
0Oy -0.030 — — — —

Os, Oy, Og and Oy in the presence of the vacancy). The first concentration to go up is
the one on site 6 (resp. Oj), therefore the pair interaction between a site 6 (resp. Os)
and all the others is calculated first (table 3). The interaction with the next deepest
trap site (site 5) is weak, so both sites can be enriched independently. In the vacancy,
segregation on Oy is enhanced by the filling of sites Oj, while it is decreased on sites O
and Og (table 3). Site Oy is therefore enriched together with site Os. The next step is
to consider that both sites 6 and 5 (resp. Os and O,4) are saturated and evaluate the
pair interactions with the other sites. Segregation on site 4 of the perfect GB is only
slightly diminished (e ~ 0.015 eV). The other sites will be occupied at concentrations
higher than 1000 ppm and therefore are of minor importance for embrittlement. In the
vacancy case, sites Oz, b and Oy are consecutively occupied. The corresponding pair
interactions are in table 3.

3.4. Grain boundary occupation by hydrogen and vacancies

The preceding sections have shown that the vacancy formation energy on site GB, is
small. Furthermore, the hydrogen segregation energy to the GB,y vacancies is strong.
It is therefore likely that vacancy-hydrogen clusters (VH,) form, as previously found in
the bulk [35; 37]. The goal is now to calculate the H and VH,, concentrations in the
grain boundary. The mean field model presented in section 2.3 can be modified to take
into account the VH,, on the GBs sites (the one where the vacancy formation energy is
the lowest). The new free energy is:

Fnyvr({ei}, {eva,}) =
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where N is the number the equivalent GBs sites in the system (the number of structural
units), n is the number of hydrogen atoms in the VH,, cluster. Note that the label i
for interstitial sites designates those interstitial sites which are not inner vacancy sites.
Indeed, when a vacancy is created on a GBs site, the two sites 4 in first neighbor are
replaced by sites O; and Og of the vacancy, sites 3 and 3’ are replaced by sites O4 and
O, respectively and site 6 is replaced by site Os. Sites 5 and 2, which are core interstitial
sites of the GB, still exist but are much less attractive than regular vacancy sites. The
factor (1 — 32"=0 cyp, ), ahead of terms which are function of ¢;, is used to mark which
of the structural units do not host vacancies and therefore can host hydrogen on regular
interstitial sites. There are also two different configurational entropy terms: one for the
H atoms on the lattice of the interstitial sites of the structural units free of vacancies
and one for the seven VH,, species on the GB, plane (one GBs per structural unit) The
fixed total number of hydrogen atoms Ny = N(1— Zzzg cvi,) Y GHNY T, nCVHn is
constrained. Introducing the Lagrange multiplier i to take into account this constraint
and taking the derivative with respect to ¢; and cyp, gives the same equilibrium c¢; as
Eq. 3, plus the additional relations:

A,
CVH, = ———g (7)
14+ 30 A
where
An _ e_(E}/H7L+nuH—A;LH—B)/kT (8)
with
A=0 ifn=0 9)

A=cy+2c3+2c4+c5+cq ifn+#£0

B = AEZ, + kT (cylog ez + (1 — ¢2) log(1 — ¢3))
+ 2(03AE§’eg + kT (cslogcs + (1 — c3) log(l — ¢3)))
+ 2(C4AE;“eg + kT (cqlog ey + (1 — cq)log(l — ¢y)))
+esAES + kT (csloges + (1 — c5)log(1 — ¢s))

seg

+ e AES g T KT (colog cs + (1 — c6) log(1 — cg)) (10)

EfVHn is the formation energy of the clusters. As an approximation [37], only one
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cluster per class (i.e. per value of n) is taken, with the smallest energy. A list of such
formation energies is given in the appendix (table A1).

Figure 2 shows the result for a vacancy formation energy ch of 0.21 eV and a
temperature of 300 K. The total number of vacancies is shown with crosses. The detail

10° ‘
C,total +
1 8VH° .
10 CVHl x
VH, O
8VH3 n
2 | VH, ©
3 10 8VH5 o
8 VHg
©
>
© 10%}
10 F
10 .

Chulk

Figure 2. Vacancy-hydrogen clusters concentration on sites GBy at T=300K as a
function of H bulk concentration. The formation energies of the various clusters are
given in the appendix Appendix A.

per cluster is also shown. With these parameters, sites GBy are saturated by V Hy and
V Hj clusters beyond 100 ppm (resp. 1000 ppm at T=400K, Fig. 3, the temperature at
which the isolated vacancies start to be mobile in the bulk [38]). Trying to extrapolate
to other grain boundaries, the comparison of the V H,, formation energies on site GBy
of the grain boundary and in the bulk (appendix Appendix A and Table A1) show that
the average segregation energy per atom is similar, at least for clusters with 5 and 6
hydrogen. A reasonable model for obtaining the saturation ¢y, for a grain boundary, in
general, could be to approximate the formation by E}/H” ~ E} +n X AESEQ with AESEQ
the average segregation energy of the bulk vacancy (-0.26 eV) and E}, the formation
energy of the vacancy on site ¢ of the GB. Figure 3 shows that saturation can be
obtained, within the ¢y, range typical of embrittlement, i.e., below 2000 ppm, only at
low temperature (below 400 K) and if Ef is low (below 0.5 eV).

The model can be refined further by taking into account the large repulsive
interaction between a vacancy and the neighbor sites 6’: the segregation energy increases
from -0.278 eV up to -0.100 eV (Table 2). The effective, repulsive, pair interaction
is therefore €5_y = 0.178 eV. Its variation with the H occupancy of the vacancy is
not considered. This effect is included in the mean field model by adding the term
2¢q Zi:o ¢y, €6—v in the free energy (Eq. 6). Then the model predicts a phase transition
from a low cyp, / high ¢g (i.e. high occupancy of regular interstitial sites) phase to a
high cy gy, phase at high bulk hydrogen concentration. Figure 4 shows the cp, value
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Figure 3. Influence of the vacancy formation energy on the vacancy-hydrogen clusters’
concentration at T=300 K (open symbols) and at T=400 K (filled symbols) as a
function of bulk concentration.

where these phases separate, close to 40 ppm. Saturation is obtained essentially because
of VH, and VHj clusters (Fig. 4b). In the mean time, the concentration on sites 6 of the
structural units which are not occupied by a vacancy, i.e. sites 6’ in table 2, drops to
almost zero. In addition, we can expect a repulsive interaction between the VHy along
the tilt axis because of H-H repulsion between sites 5 and the O sites of the second
vacancy. One way to avoid this repulsion is to order the vacancies on a checkerboard
structure on the GB, plane. The maximum occupancy is therefore 50% and the repulsion
between the VH5 and sites 6’ and 5’ constrains these sites to a low occupancy. Therefore,
there are 3 main relevant configurations for the fracture calculations: (i) one corresponds
to a segregation in the absence of vacancies (in case vacancy production and diffusion
are too slow to reach equilibrium). In this case sites 6 and 5 are fully occupied at
Cpure = 100 ppm (T=300K) (see the insert of Fig. 5), i.e. the system contains 8 H, (ii)
at cpur = 1000 ppm (T=300K), sites 4 are occupied at 50%, but there are 2 sites “4”
per structural units and therefore the configuration contains 12 H, (iii) a configuration
corresponding to the high vacancy concentration where the GB; sites are occupied at
50% by VHj clusters (configuration 2 VH5 on Fig. 6).

3.5. Influence on cohesion

In view of these results, the focus is now on the influence of the presence of hydrogen
on the cohesion of the grain boundary, with limited diffusion. The situation where
the GB is perfect is compared to representative cases where defects are created, with
configurations which correspond to experimental conditions, as discussed above. In the
simulations, there are four CSL. The cases considered are therefore: one vacancy in or far
away from the GB, one V Hj cluster (25% occupancy of the GBy sites), two V Hj clusters
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Figure 4. Variation of the hydrogen concentration on site 6 (black points) and of
the total vacancy concentration Cyac on site GBy (open square symbols) given by
the mean field model and taking into account the repulsion between vacancies and
hydrogen atoms occupying sites 6. (a) (resp. b) shows the low (resp. high) vacancy
concentration phase.

in the checkerboard configuration (50% occupancy of the GBs sites), and finally, four
V H, (100% occupancy of the GBj sites). Two additional cases were considered. They
correspond to the low vacancy phase, where only regular interstitial sites are occupied.
The GB was filled with 8 (sites 5 and 6 fully filled) and 12 (sites 4, 5 and 6 filled) H
atoms (configuration labeled 8H and 12H below). To carry out the simulations, the Ni
atoms were fixed to the edges of the box and the distance between the atoms of the
grain boundary was increased. Only the atoms in the vicinity of the fracture (the first
Ni planes on either side of the GB and the GB plane itself) were left free to relax, while
all H atoms were fully relaxed. The cases with an empty vacancy (in and out the GB)
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Figure 5. Variation of the total hydrogen content, per structural unit, as a function
of the bulk concentration at T=300 K according to Eq. 3 and 7. The insert shows the
detail of the occupancy of the sites ¢; when the low vacancy phase is enriched in H

02(+),C3 (0),64(*),05(D),66 (O)

are used as control configurations, to see how hydrogen atoms specifically modify the
cohesion of the GB. The other cases are the configurations which represent the filled
sites for desired experimental concentrations. Figure 6 shows the evolution of the excess
energy as a function of the distance between the two slabs.

We first note that the presence of an empty vacancy near the GB does not change the
cleavage fracture. The difference in the excess energy between the three configurations
(perfect and both cases with a vacancy) is low, smaller than the numerical accuracy.
Significant effects appear when H atoms are included in the system. When all favorable
interstitial sites are filled with H atoms, i.e. when the system contains 8 or 12 H atoms,
the work of fracture decreases by about 25% (Fig. 6a). This value is coherent with the
classical difference between surface segregation energy and intergranular segregation
energy. The effect is not as clear when vacancy-hydrogen clusters are considered
(Fig. 6b), however the maximum slope of the curve markedly decreases as a function of
the number of vacancy-hydrogen clusters in the system. This slope, evaluated by the
numerical gradient of the data in Fig. 6, is taken as an estimate of the cohesive stress
Omaz and reported in table 4. It decreases from 23 GPa in the “pure Ni” case, i.e. the
case where the GB carries no hydrogen and no defects, to 20 GPa (13% drop) in the
case of hydrogen segregation only (i.e. configurations 8H and 12H in Fig. 6a) and to 14
GPa when the interface is saturated with V Hy clusters (40% drop). In this last case,
the work of fracture is higher than any other case, and even higher than the perfect
GB. This is because the breaking procedure is quasi-static with a very low temperature
which does not anneal the surface. It generates a high energy surface state. It was
checked that the conclusions regarding embrittlement are not changed when the work
of fracture is diminished to represent an annealed surface (see table 4).

The calculations show that the presence of hydrogen qualitatively decreases
cohesion, either by decreasing the work of fracture or the cohesive stress, but we would
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Figure 6. Excess energy versus separation curve: (a) comparison between the GB
without defects, with a single vacancy and the GB with segregated hydrogen (eight or
twelve hydrogen atoms, without vacancies), (b) influence of vacancy hydrogen clusters.
Different cases were considered: the perfect GB, the GB with one V Hs, two V Hs or
four V Hy clusters. In V Hs — V HE (vesp. V Hs — V H?), the vacancies are on the same
(resp. opposite) side of the GB.

like to go further by quantifying the embrittlement of the immediate vicinity of the
crack tip. This is done by considering the competition between crack propagation
and dislocation emission from the tip (intrinsic ductility). In a previous work dealing
with the impact of nanocavities on fracture [54], it was shown, by comparison with
classical atomistic simulations of cracks, that a cohesive zone model, with parameters
taken from atomistics, can be used to quantify this competition. This model is used
again here with parameters obtained from the work of fracture W and the cohesive
stress omq, and presented in table 4. It was shown (article [54] and its supplemental
material) that the crack opening profile, at least when some damage develops in the
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Table 4. The table gives the cohesive stress 0,4, (GPa) obtained from the gradient of
the energy in Fig. 6, the critical opening . (nm), the work of fracture W (Fig. 6) and
the maximum displacement shift A#, (nm) [54]. In parenthesis, in the last column,
are the parameters taken to evaluate the impact of a lower work of fracture that could
be obtained if the fracture surface was annealed. The impact on A, is small: it
decreases from 0.044 to 0.040 nm. The threshold for embrittlement is 0.035 nm.

system Pure Ni 8H-12H 1VHs VHs-VHs, VHsVHs, 4VH,
Omaz (GPa) 23 20 21 21 17 14

5% (nm) 0.30 0.27 0.30 0.27 0.30 0.50 (0.30)
W (J/m?) 3.35 2.70 3.20 2.90 2.60 3.45 (2.10)
max A, (nm) 0.061 0.053  0.056  0.055 0.047 0.044 (0.040)

fracture process zone, can be accurately modeled by a simple triangular cohesive law:
0(8) = Oumaz (1 — 3/0.), where ¢ is the opening (twice the displacement in the direction
perpendicular to the crack plane, i.e. the x direction in Fig. 1) and 4. is the critical
opening beyond which the cohesive stress o(9) is zero. § does not include the elastic
part of the displacement and is zero beyond the end of the fracture process zone where
the elastic behavior is recovered. In the early stage of fracture, or if the structure does
not reorganize during fracture like during cleavage cracking, the UBER model [23; 55]
is more appropriate. With this triangular law, the critical opening is obtained by the
relation W = 1/2 X 04z X 0. It is of the order of 0.3 nm (table 4). Away from
the fracture process zone, the system is elastic with the Voigt average elastic constants
(isotropic) p = 94.7 GPa and v = 0.276 for Ni ([56] p. 835). The problem to be
solved here is an internal crack, in an infinite elastic medium, submitted to a remote
applied stress, with a nonlinear cohesive zone ahead of each crack tip. It was solved
within the infinitesimal dislocation density formalism [54]. For every applied stress,
the fracture process zone length L, and the crack opening profile d(y) were calculated.
Upon increasing the applied load, the stiff fracture process zone forces the crack to bow
out, inducing a localized shear in the vicinity of the crack tip. It is characterized by
the displacement shift A, which is the projection, in the direction of easy glide, of the
difference in displacement of two atoms in first neighbor position on the surface. A,
is maximum in the vicinity of the tip. As the mechanical load increases, this maximum
first increases up to a maximum value and then decreases (Fig. 7). Appendix B shows
representative crack opening profiles and Aw, profiles from which the data in Fig. 7
were obtained. For every configuration of the interface (pure Ni, segregated hydrogen,
or various concentrations of vacancy-hydrogen clusters) the maximum value of the curve
represents the maximum shear localization the crack tip undergoes during mechanical
loading. This value is reported in table 4. It decreases from 0.061 nm down to 0.053
nm when segregated hydrogen is introduced in the system and then further down to
0.044 nm when the concentration of vacancy hydrogen clusters is set to its maximum
(corresponding to 4 V Hy clusters i.e. 100% occupancy of the GBj sites in the interface).
This represents a drop by 28%. In the case of nanocavities in Al, it was shown in [54] that
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dislocation emission corresponds to a fairly low value of A, of the order 0.04 nm in the
case of Al (approximately one half of the glide necessary to reach the unstable stacking
configuration). Rescaling this value to take into the difference of lattice parameter
between Al and Ni brings this threshold to 0.035 nm. This value corresponds to a
massive drop of 43% with respect to the perfect GB, while the maximum drop of A, is
only of 28% in the best case of the V H, clusters. As a consequence, even if the presence
of hydrogen, and even more in the presence of vacancy-hydrogen clusters, decreases the
maximum value At,, it is always much higher than the threshold. Therefore the tip
will emit dislocations upon mechanical loading.

The conclusion is that even if the presence of hydrogen and vacancies very
significantly weakens the interface in such a way that the fracture process zone is less
stiff (the crack opening profile is less steep), dislocations will still be emitted from the
tip upon mechanical loading. This will induce blunting and shielding which prevents
the full development of the fracture process zone and ultimately the initiation of crack
propagation. In appendix Appendix B, more details about the way A, is calculated
are given. In particular, two crack orientations and three slip systems were tested. They
all remain ductile according to the model.

0.08 T r :
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0.07 8-12 H 0]
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< 4xVH
< 006 e B
=
3
e 0.05 m@eeeeee&&m
g .
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Kapp (MPa m™?)

Figure 7. Evolution of the maximum displacement shift A, as a function of the
applied stress intensity factor Ky, for different GB cases referred to in Fig. 6 and in
table 4. The “pure Ni” case is the GB without hydrogen and without defects. These
values are obtained for the most brittle crack / slip system orientation studied: a
crack front parallel to [001] (with a crack propagation direction along [120] and the
slip system (111)[121].

4. Conclusion

Realistic configurations for the 35(210)[001] symmetrical grain boundary, in Ni
containing hydrogen and vacancies, were simulated. The basic energetic parameters,
such as the intergranular segregation energy, the H-H pair interaction energy and the
vacancy-hydrogen cluster formation energies were calculated by DFT. Then a mean
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field model was constructed to find which configurations are the most probable, at
equilibrium, as a function of bulk hydrogen concentration and temperature. Two
typical structures emerged from this analysis: one with only intergranular hydrogen,
at a concentration of 2 hydrogen atoms per structural unit without vacancies and
another one with 50% of V Hj clusters (configuration V H; — V H ’b), which corresponds
to 2.5 hydrogen atoms per structural unit (at 1000 ppm H in the bulk and 300 K).
The limitation of the enrichment of the interface with H comes from, on the one hand,
a repulsion between the V Hj clusters by overlap of H positions, which limits their
concentration to 50%, and on the other hand, a repulsion between the vacancy and
the sites 5 and 6 of the nearest structural unit free of vacancies (sites 5 and 6’). This
involves that a vacancy hydrogen cluster is not surrounded by segregated hydrogen.

Both structures were fractured in DFT. They show a similar reduction of the ideal
work of fracture, but a lower cohesive stress is found in the presence of vacancies
(configuration V Hs — VH?). This tendency is confirmed by the fracture behavior
of a configuration saturated with V Hy clusters (1 cluster per structural unit). The
embrittlement effect was quantified by calculating the intensity of the shear localization
at the crack tip. It was concluded that the decrease of the cohesion of the GB is
too limited to prevent dislocation emission at the crack tip. Therefore the “damage”
considered in this paper is not sufficient to embrittle the 35(210)[001] GB in Ni, in
conditions of H concentration typical of experiments where intergranular cracks are
observed. Further work will be dedicated to other forms of damage, in particular time
dependent, in line with the study of nanocavities in [54].
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Appendix A.

The formation energy of the various V H,, configurations, on sites GB,, are given in
table Al. They are obtained from the data in tables 2 and 3, following the expression
E}/H" = E;{Hnil + AE;EQ + €vm,_1—i-

Appendix B.

Figure A1 shows the crack opening profiles §(y) which correspond to the mechanical
equilibrium of an internal crack with nonlinear fracture process zones described by
the triangular traction/opening relation presented in subsection 3.5. The profiles are
converted into localized shear by computing the finite difference A, = cosafu,(y) —
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Table A1l. Vacancy-hydrogen cluster formation energy E}/H" and average segregation
energy per hydrogen atom, as a function of n, the number of hydrogen in the vacancy.
For comparison, the value for the bulk vacancy is also given [37].

n configuration E}/H’"‘ (eV) AEg, (eV)

0o — 0.21 —
1 O —0.152 —0.362
2 0504 —0.496 —0.353
3 050403 —0.735 —0.315
4 0504035 —-1.037 —0.312
5 05040350, —1.231 —0.288
6 0504035050, —1.384 —0.265
6 bulk — —0.263
0.35 ‘ ‘
0.3 I Pure Ni — —
N 0.25 [ ~< 8-12!—[1 -
£ 02 T,
o .
0.1}
0.05
0 ‘ ‘ :
-1 -0.5 0 0.5 1

position (nm)

Figure Al. Crack opening profiles 6 (nm) corresponding to four structures: GB
without defects ("Pure Ni”), GB with segregated hydrogen (“8-12 H”), GB with
vacancy-hydrogen clusters (”VH5—VH157” and “4 VH,”). The loads correspond to
the maximum of shear localization at the tip, i.e. respectively 0.75 MPam!/2, 0.68
MPam?/2, 0.63 MPam!/2? and 0.68 MPam!/2.

uz(y+Ay)], where Ay is the distance between two atomic rows on the crack surface and
uz(y) = 0(y)/2 is the displacement perpendicular to the crack plane at position y. « is
the angle between the normal to the crack plane and the glide direction (the Burgers
vector). Ay is related to the distance between glide planes dy by Ay = dqcos ¢/ cosa,
where ¢ is the angle between the trace of the slip plane in the crack plane and the
crack front. Two crack orientations were tested. The first one has a crack front along
[120] and a propagation direction along [001] (the tilt axis of the GB). The slip system
studied, in interaction with this crack, is (111)[112], with parameters cos ¢/ cos « = 1.65
and cosa = 0.55. The second crack orientation has a crack front along [001] and
a propagation direction direction along [120]. It is orthogonal to the previous one.
Two slip systems were considered: (111)[211] ( cos¢/cosa = 0.87 and cosa = 0.92)
and (111)[121] ( cos¢/cosa = 1.09 and cosa = 0.73). The three crystallographic
configurations have very similar A, profiles, the last one being the most brittle.
Examples of Aa, profiles, for this crack/slip system orientation, are given on figure B1.
The peak values are reported in Fig. 7, as a function of the applied mechanical load.
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Figure B1. Displacement shift profiles A, for different mechanical loads applied to
the GB (a) without any defect (“pure Ni” configuration) and (b) saturated with V Hy
clusters. The crack front is [001], the propagation direction is [120] and the slip system
is (1T1)[121] (A, = 0.22 nm).
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