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ABSTRACT

The effects of sub-surface hydrogen and mixed mode loading on dislocation emission
in aluminium are studied using a combination of techniques including: crack sim-
ulations with an empirical interatomic potential, generalised stacking fault energy
(GSF) calculations, with empirical interactions and Density Functional Theory, and
the model by Rice which links the critical stress intensity factor to the unstable
stacking energy. The crack orientation is {111}(112) and the loading is composed of
a moderate traction along (111) and a shear along (112), such that Shockley partials
are emitted along the crack plane. The role of the relaxations around the H atoms
and of the concentration of H in the glide plane, in the GSF calculation, are revealed
by comparing Rice’s model to the results of brute force simulations. The enhanced
GSF is then calculated ab initio. The conclusion is a large decrease of the critical
load to emit a dislocation, due to the displacement transverse to the glide direction.
The effect of sub-surface hydrogen is negligible with respect to the mechanical one.

1. Introduction

Hydrogen is ubiquitous in metallic materials in service [1, 2]. When they come in con-
tact with an aqueous medium, for example, H is produced by electrochemical reactions
involving the reduction of protons coming from the dissociation of water molecules.
Most of the adsorbed hydrogen H,4s recombines but a small fraction penetrates the
lattice as interstitial atoms. Then, hydrogen interacts with crystalline defects and fea-
tures of the microstructure and often degrades the material’s mechanical properties. In
particular, it can render a ductile material brittle. Different scenarios have been pro-
posed to explain the physical origin of this embrittlement, such as: decohesion [3-5],
intense and localised plasticity [6-9], enhanced dislocation production at the crack tip
due to adsorbed hydrogen [10] and production of vacancies stabilised by hydrogen [11-
13]. Some of the physical ingredients proposed in these scenarios have been tested by
atomic scale simulations, such as: the loss of cohesion of grain boundaries due to a
static segregation of hydrogen [14, 15] or to nanoscale cavities [16, 17|, the interaction
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between dislocations and vacancy-hydrogen clusters [18, 19], or the shielding of elastic
interactions between dislocations by the Cotrell atmospheres [20]. In spite of progress,
a quantitative microscopic model of embrittlement has not been achieved yet.

The purpose of this paper is to contribute to the quantification of the effect of
hydrogen on dislocation emission from the crack tip itself. Two recent studies [21,
22|, based on the Density Functional Theory (DFT) applied at model crack tips, are
reported in the literature. The configuration studied in [21] is a blunted crack in a
{110} plane, propagating in the (111) direction (crack front along (112)). It is shown
that the response of the crack tip to an external load largely depends on the surface
site where the H atoms are adsorbed, i.e. bridge or top, and also on how stretched
the Al-Al bonds are. In bridge position, H can have no effect or slightly increase the
critical load for dislocation emission kj.. kre is the stress intensity factor for dislocation
emission in mode I (traction). It represents the elastic singularity at the nano scale, in
the absence of extrinsic plasticity and is typically below 1 M Pa+/m [16, 23], contrary
to engineering toughness. In sub-surface position, in the glide plane, hydrogen can
slightly decrease kr.. A sharper crack, along the {111} plane, propagating in the (112)
direction (crack front along (110)) is studied in [22]. In this case, kr. is increased
by 26% in the presence of H,4s. In complement of these studies, we quantify the
influence of sub-surface hydrogen, in the {111} (112) crack orientation, under mixed
mode loading. The critical stress intensity factor for emission along the crack plane,
in mode II, under the influence of an additional mode I loading and in the presence of
a hydrogen concentration Cp in the glide plane, krre(kr,Cpr), is calculated. The paper
is organised as follows. First, the modelling strategy and the technical details of the
different methods are given. Second, kjre(kr,Cpr) values, obtained from mixed mode
loading crack simulations are reported, in the pure metal case first and then in the
presence of hydrogen. The values of the opening Au, at the crack tip, at the onset of
dislocation emission, are calculated. Third, the effects of H and Au, on the generalised
stacking fault energy (GSF) are evaluated, with empirical atomic interactions and
with DFT. The analytical model by Rice [24] is used to obtain kjre(k;,Cp) from the
DFT calculations. Finally, a conclusion on the effect of sub-surface hydrogen v.s. a
mechanical effect of the opening perpendicular to the glide plane is given.

2. Simulation and Modelling details

The modelling strategy is motivated by the need to use DFT to obtain reliable kjr.
values. The analytical model derived by Rice in [24] for kjj. is exact when emission
occurs along the crack plane. It relates kjj. to the unstable stacking energy 7, (the
local maximum of the GSF in the glide direction) by

krre = v/ 20vus(Auz (kr,Ch), Cr) /(1 — v) (1)

where p and v are the shear modulus and Poisson ratio of the material. Mode I can be
taken into account [25, 26] provided the proper transverse opening Au, is included in
the calculation of v,s. Furthermore, including H in the GSF increases the complexity
of the calculation because the neighbourhood of the H atom needs to be relaxed, while
the GSF is calculated by rigidly sliding two crystal blocks one on top of the other. As
a consequence, the modelling strategy involves several steps:

e Brute force Molecular Statics simulations (section 3) are performed on a system



containing an internal crack, quasi-statically loaded in mode II until dislocation
emission occurs. A small mode I is superimposed. krr.(kr,Cpr) values are ex-
tracted from the stress maps calculated at the atomic scale by a fit to the elastic
solutions [26]. They are used as references.

e The transverse opening Au, is extracted from the crack opening profile (sec-
tion 3) when the load is immediately below the critical value, i.e. at kj;_:

Au(y) = (uf —u;)(y) (2)

where y is the position along the crack plane (Fig. 1), u} (resp. u}) is the
displacement is the z direction (the traction direction) of the atoms of the upper
(resp. lower) plane, in first neighbour of the glide plane.

e Au, is included in the calculation of the GSF from which 7, is extracted (sec-
tion 4.2). In every of these first steps, the interactions are given by the same
empirical interatomic potential. Rice’s model gives krr. from ~,s according to
equation 1. Such kjj. values are compared to the ones obtained by the crack sim-
ulations in order to validate which concentration C'y, which relaxations around
the H atoms and which Awu, values should be used in the GSF calculations in
order to reproduce the references (the k7. from brute force QMD). Indeed, even
if a full line of hydrogen is introduced in the crack simulations, its effect on kjj.
is not coherent with a GSF calculation with 100% coverage with hydrogen. The
optimal coverage is an output of the comparison between the crack simulations
and Eq. 1. Furthermore, the precise location where Au, should be measured in
the crack simulation is also an output of the procedure.

e After this validation, Eq. 1 is used with -, values calculated from DFT (section
4.3) and conclusions are drawn about the effect of H and transverse mechanical
loading on dislocation emission.

2.1. Crack simulation set-up

Molecular Statics is used with a single crystal Al containing an internal crack. The
crack problem is schematically represented in Fig. 1. The simulation box is a thin par-
allelepiped whose sides are 3,4 nm x 54,4 nmx 58,8 nm defined by the axes x = [110],
y = [112] and z = [111],respectively. These directions are defined in the canonical base
of the fcc lattice. Periodic boundary conditions are applied in the x and y directions.
The calculation is three dimensional in the fcc structure, but the dimension in x is
reduced. The initial crack is introduced along the (111) plane by removing two atomic
layers in the box centre. Its length 2a, along the y direction, is 6.4 nm (equal to 16 ayg,
where ag is the lattice parameter 4.04 A) The crack length is small but large enough
to define k; and reach a good agreement with elasticity [27]. The size of the box is
therefore five times larger than the crack. This is sufficient to obtain a good agree-
ment between the stress fields calculated atomistically and the analytic solution for a
crack in an infinite elastic medium, in plane strain [26]. This geometry gives, in the
x direction, an infinite crack front and an infinite dislocation line if emitted. The box
size is eight times the crack length in the z direction. The particles in the three upper
and lower layers, in the z direction, are fixed. The mechanical load is applied by giving
the upper fixed layers a displacement (0,U,,U;). The mode I loading corresponds to
a displacement in z, U, only. Mode II is a shear obtained by U, only. A mixed mode
loading is obtained by superposition of mode I and mode II.

The atomic interactions are modelled by the embedded atom method (EAM). While
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Figure 1. Schematic of the simulation box with an embedded crack. Uy and U are the displacements imposed
to the rigid grips to apply an external mechanical load to the internal crack.

the Al-Al part is the Mishin potential [28], the Al-H part is an upgrade of the potential
presented in [29], full details can be found in [30]. The quantities considered for the
fitting of the potential are listed below together with the values given by the potential.
The reference values, from DFT are given in the next paragraph. The preferred bulk
site is the tetrahedral interstitial site (T), with an energy difference between octahedral
(O) and tetrahedral (T) of AEg_7 = 0.147 eV. A vacancy contains multiple trap sites:
8 tetrahedral (771) and 6 octahedral (Oy) sites. T} is the preferred position (AEg,, =
—0.3 €V). The centre of the vacancy is an unstable position for H. The bulk migration
barrier is 0.2 eV for a jump from a T site towards an O site. Surface segregation on the
{111} surface, in the “threefold” configuration, is -0.46 eV. In addition, a constraint
to destabilise the “on top” position was added in the fitting procedure such that it
is metastable with a segregation energy of +0.36 eV. The H-H interaction is fitted to
reproduce the effective pair interactions between some sites in a grain boundary [30].
It is repulsive.

The corresponding values given by the ab initio calculations from the literature are
listed below. The energy difference between H in octahedral position and tetrahedral
position is §Eo_7=40.02 ¢V (+0.13 eV) [31] with (without) zero point energy correc-
tion. The segregation energy in off-centred tetrahedral position in a vacancy is -0.33
eV (without ZPE) [31] and +0.46 ¢V in the centre of the vacancy [32]. The {111}
surface segregation energy is -0.35 eV [5] and the activation energy for bulk diffusion
is 0.18 eV (0.15 eV without ZPE) [31].

Quenched Molecular Dynamics (QMD) is used to optimise the system structure.
The equations of motion are integrated with a Verlet algorithm, but the velocities
are set to 0 when > . f -7 < 0. QMD is run until the maximum force is at least
lower than 1073 eV/A. The crack is loaded quasi-statically. The stress fields after
the minimisation are computed from the virial stress tensor. A displacement U, is
first applied, when the system is relaxed, the value of k; is extracted from the T,
traction profile along the crack plane by a fit to an analytical solution (see details
in [26]). Then the crack is loaded in mode II. Increasing values of U, are applied which
lead, after minimisation, to kj; fields of increasing intensity superimposed to the kj



fields. Ky is extracted from the 7). traction profile along the crack plane. It is the
specificity of the crack plane orientation (f = 0) that mode I does not induce any
shear load that superposes to the T}, profile induced by the mode II and vice versa,
mode II does not create any opening traction along the crack plane. Then, the crack tip
morphology is inspected. Dislocations are detected by their plastic displacement fields:
they induce displacement discontinuities (Au,, Au,, Au,) across their glide plane. Au
is the difference of the displacement field just above the glide plane, and just below. In
the kr, k1 space, two different events can occur [26]. At high values of kj, a Shockley
partial dislocation is emitted at an angle of approximately 70° from the crack plane,
on the {111} plane that intersects the crack front (the crack front is the intersect).
Adding kr; decreases the critical k7 value for emission (kr.). At moderate and low kr
values, partial Shockley dislocations are emitted in the crack plane. The simulations
in [26] show that k; should be lower than approximately 2/3 of k7. in the absence
of mode II if emission along the crack plane is wanted. Once the value of k; is fixed,
a set of calculations at increasing values of kr; is performed, until the critical value
krre(kr) is reached and the dislocation is emitted. Au, is measured at the crack tip
at the load immediately below krr.(kr). It is used in the calculation of 7,5 to account
for the effect of mode I and H, since a part of Au, also comes from the relaxations
related to the presence of H, as will be shown below.

2.2. DFT calculation set-up

The final generalised stacking fault (GSF) energy calculations are done with DFT.
They are performed with the VASP (Vienna Ab-initio Simulation Package) implemen-
tation [33-35]. The Perdew-Burke-Ernzerhof (PBE) [36] exchange-correlation func-
tional for the generalised-gradient-approximation (GGA) is used. A plane-wave basis
set is employed within the framework of the projector augmented wave (PAW) [37]
method. On the basis of our tests, we have determined that a cutoff energy of 400 eV
and a dense Monkhorst-Pack mesh [38] (24x24x24 k mesh for the primitive cell to
sample the Brillouin zone), are adequate for a good convergence. The equilibrium the-
oretical lattice structure are determined by minimising the Hellmann-Feynman force
on the atoms and stress on the unit cell. The convergence of force are set to 1.0x1073
eV/ A, respectively. Ground states properties of fcc-Al, Hy and Al-H system are thus
found in excellent agreement with the literature [31].

We calculate the GSF energy along the [112] direction on the closed-packed (111)
surface along which the glide is the easiest in fcc metals. To simulate the block shearing
process we use a slab consisting of 8 atomic layers in the [111] direction. A large vacuum
space of 8 atomic layers parallel to (111) plane are added between the periodically
repeated slabs to avoid the interactions between two successive slabs. The top 4 atomic
layers of the system are then sheared against the remaining 4 layers on the (111) plane
in [112] direction. For the case of pour Al, each layer of the simulation box contains
only one atom. The slide process is rigid. Tests with 12 atomic layers are performed
to examine the vacuum effect, and the results of the GSF energy shows no obvious
difference.

The effect of H on the GSF energy is investigated by inserting H atoms at high
symmetry sites on the glide plane. As in the Rice model the shearing process is rigid,
the full atom relaxations is thus not allowed. However, the EAM potential calcula-
tions show that the hydrogen introduction at the crack tip have important effect on
the relaxation of its neighbour atoms within a certain range. In addition, DFT calcu-



lations [31] show that, in Al, the relaxation invert the stability of the octahedral and
tetrahedral sites. Hence, a local relaxation is requested for the hydrogen neighbour
atoms within the same range (i.e. the first nearest neighbours) in the GSF energy
calculations, the others are kept rigid. Therefore, a much larger simulation box (16
atoms per layer) is used when H atoms are included. To account for the effect of mode
I and H on the crack tip behaviours, a displacement Au, lower than 0.08 ag is imposed
perpendicular to the shearing plane.

Similar calculations of GSF are also performed with same relaxation criteria but
with a much larger box (30 atomic layers and 192 atoms per layer) with the EAM
potential. The results are compared to those obtained by.

3. Crack Simulations: Results and Analysis

In this section, dedicated to crack simulations, we start with the pure metal case. The
outputs are the measures of krj. and the crack opening profile. We recall that the
"opening” is Au,(y) = (u} —u; )(y), where u} (resp. u; ) is the displacement is the z
direction of the atoms of the upper (resp. lower) plane, in first neighbour of the glide
plane. Then, the influence of a full line of H on dislocation emission is studied, as a
function of the position of the line. The results (the numerical values of kjj.(kr)) are
qualitatively analysed by inspecting the H induced displacement field in the vicinity
of the crack tip. This profile exhibits a number of features during dislocation emission.
The essential information is the value of Au, at the corner of the crack, i.e. on the first
pair of atoms sheared by the dislocation formation process. It is this value that will
be used for the calculation of the GSF in section 4. The justification of the interest
of Au, at this particular location appears when the match between the ~,s values,
transformed into kjre values by the Rice model, and the brute force QMD results
detailed in this section is established. This is postponed until section 4.

3.1. Mixed mode effect on krre: the pure metal case

Nucleation of

dislocation

Figure 2. Crack configurations before and after the dislocation emission on the crack plane. The plastic shear
is highlighted by the atom pairs in dotted lines.



The case of the pure metal is first studied. The critical load kj. in pure mode I
for the studied configuration of the crack tip is measured, in the case where the dis-
location emits at an angle of approximately 70° from the crack plane. kj. is about
0.253 M Pa+/m. For mixed mode loads, three values of k; are adopted from the very
small one to the one close to 2/3kre: 0.045, 0.099 and 0.187 M Pay/m, so that dislo-
cation emission occurs in the crack plane. For each fixed kj, a set of simulations is
run with increasing mode II loads until a Shockley partial dislocation is emitted from
both crack tips (see Fig. 2). The atom displacement profiles at the crack tip (Au, and
Auy) during such an event, are presented in Fig 3. Auy(y) = Auy™(y) — Auy, ™ (y)
is the profile of the difference in displacement in the y direction between the atomic
planes above and below the crack plane. The Au, profiles, just before the nucleation
of dislocation, is presented in Fig. 3(a). It exhibits a singularity due to the presence
of the crack. Similar Au,(y) are obtained for different mode I loads. In the case of
kr = 0.045 M Pa+/m, the time evolution of the Au, profile is given (Fig. 3(b)), as a
function of the QMD step, at krj.. The sequence shows the gradual formation of the
Shockley partial and its movement away from the tip. The Shockley partial is fully
formed at relaxation step 120 where a step is formed at the tip corresponding to a
magnitude of shear of 0.4 ap (equals to the norm of the Burgers vector 1/6[112]). It
propagates continuously at the right of the crack tip for step numbers larger than 120.

Before the nucleation of the partial, the corresponding profile of Au, (labeled k;;,
on Fig. 3(c)) is a monotonic decreasing function of y, with a maximum value of 0.012
ag at the crack tip. The crack tip is the ”corner® of the crack, as shown by the
underlined particles on Fig. 2. It is this value which is used for the ~,s calculation.
Figure 3(d) gathers all the relevant values of Awu,. Furthermore, when the partial
dislocation forms and propagates, Au, increases enormously. Especially, when atoms
shear (Au, on Fig. 3(b)) at about 0.31 or 0.37 ao, the corresponding Au, exhibits a
maximum. It indicates that the unstable stacking fault may be located in between the
shears of 0.31 and 0.37 ag. This demonstrates that in addition to the tensile mode,
the shear mode also contributes to the opening of the crack tip when the incipient
dislocation is already present. The opening displacements Aw.(k;;,) under critical
loads just before the nucleation of the partial (i.e. Au, at the corner of the crack)
are given in Fig. 3(d) in pure mode I and in mixed mode loading. For both cases,
the opening of the crack tip is increased by the superimposed mode I. Besides, Au,
for mixed mode loads is nearly shifted by a constant amount relative to the values
obtained in pure mode I.

The critical mode II stress intensity factor kjj. for each k; are given in Tab. 1.
Clearly, mode I decreases krj. as the mode I increases the interplanar spacing (see
Fig. 3(d)) and thus weakens the atomic bond in between atoms on the two sides of the
crack plane, consequently making the shear easier. The quantification of this effect is
linked to the gamma surface, and will be presented in Sec. 4.

3.2. H effect on the crack tip behaviour

H occupies the tetrahedral interstitial site in fcc Al [31], and the hydrostatic stress
around the crack tip in mode I involves a H segregation around the tip. To investigate
the maximum effect of H on the crack tip behaviour, we insert a full H line along the
crack front on tetrahedral sites around the right crack tip, more specifically where slip
localisation occurs, and carry QMD simulations at increasing loads until dislocation
emission is observed. Two different crack tips in the system allows for a direct detection
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Table 1. Results of the crack simulations, using
the EAM potential in [30], under mixed mode I
and mode II load. k units are in M Pay/m.

Impurity site krre H effect
Pure Al 0.123

Site 1 0.115 -6.8%
kr = 0.045 Site 2 0.102 -17.0%
Site 3 0.127 +3.3%
Pure Al 0.115
Site 1 0.104 -9.9%
kr = 0.099 Site 2 0.102  -11.0%
Site 3 0.119 +3.5%
Pure Al 0.107
Site 1 0.096  -10.0%
kr = 0.187 Site 2 * *
Site 3 0.116 +8.4%

*The dislocation is emitted on another plane.

of an enhancement or blocking of dislocation emission. However, if H impedes emission
and emission occurs on the other crack tip, another H line is inserted on the symmetric
site of the left crack tip. Then the load is increased further until k;;. is reached. Three
interstitial sites showed in Fig. 4 are examined. The corresponding k;r. are measured
and presented in Tab. 1. The H induced atomic displacement field around the crack
tip are also presented in Fig. 5. The displacement map is built from two separate
simulations: one with H and another one without H, both with the same applied
mechanical load.

First we consider H on position 1 (Fig. 4). It leads to a weak decrease of k.. The
increasing mode I load enhances this effect (Tab. 1). This crack tip shielding can be
partly attributed to the elastic effect induced by H [39]. From the displacement field
(Fig. 5(a)) we can see that H on position 1 involves a dilatation, which helps the
relative displacements between atoms above and below the crack plane on the right
hand of H. These displacements enhance the shear discontinuity in between the three
rows of atoms below and above the glide plane.

H on position 2 induces a more significant reduction in krre (Tab. 1). Mode I de-
creases this effect. Position 2 becomes unstable upon shearing (within the limitations
of the EAM potential). The displacement field relevant to the very beginning of atom
relaxation is shown in Fig. 5(b). The empty red circle represents the initial position 2
and the filled circle represents the relaxed position: H relaxes from position 2 towards a
surface site. Furthermore, H attracts the 2 Al atoms at the corner of the tip. The right
top atoms seem to be repelled by H, while those at the right bottom are attracted.
The crack tip is therefore already sheared by the presence of H. The displacement field
after full relaxation is presented in Fig. 5(c). Obviously the dislocation was emitted.
It propagated until it reached an equilibrium with the stacking fault force.

H on position 3 slightly increases krre, and mode I load amplifies this effect (Tab. 1).
From the corresponding displacement field (Fig. 5(d)) it is hard to know how H impacts
the shear process : it stretches the Al-Al bonds in first neighbour position, induces a
shear at the crack tip and furthermore one can also expect a higher resistance to shear
because of the compression of the Al-H bond. Indeed the final analysis, from the GSF,
at the end of section 4.2 will show that the apparent increase of kjj. is, in fact, the
result of a compensation in between all these effects. However, it is noted that H in
this position strongly repels its first shell of neighbours, which should be considered in
the simulation of the shear process in 7, calculations. Figure 6(a) presents Au, profile
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Figure 6. (a) Horizontal and (b) vertical displacement as a function of the y position during the nucleation
of Shockley partial dislocations. The profiles labeled k;;_  correspond to a mechanical load just below the one
for dislocation emission.

in this case (H on position 3) during dislocation emission. After the full formation of
the partial dislocation (from relaxation step 390), a small hump appears on the Auw,
curve at y=79.5 ag, where H is located. It means that H enhances shear localisation
after the full formation of the partial. The Au, profile in Fig. 6(b) shows that H very
significantly increases Awu, around it and helps open the crack tip. The H induced
increase of crack tip opening Aw, is compared to that of pure metal case in Fig. 3(d).
H enlarges the crack tip opening by 0.015 to 0.02 ag, and this shift is almost constant
with kj.

4. H effect on the generalised stacking fault energy

In a previous paper [40], we have shown precisely how the interstitial sites in the glide
plane are deformed during the shear process and the consequences on the stability
of H. Both EAM and DFT calculations show that the tetrahedral sites of the glide
plane are continuously transformed in the octahedral site of the intrinsic stacking fault
(Orsr). In DET, Ojgp is the most stable site of the stacking fault, while in EAM,
the tetrahedral site is always preferred. However, no site change was found in EAM
during the shearing process when the hydrogen is initially in sub-surface position 3.

4.1. Details about the relaxations

In the following, we review the various methods used in the literature for relaxing
the H environment during the GSF calculation. Since our work does not show the
same trend as the ones reported before, we have reproduced some of the results of
the literature. It demonstrates the impact of relaxations. We start first by the case
of pure Al and precisely quantify the effect of the opening perpendicular to the glide
plane. Then we detail the results obtained with the EAM calculations and precisely
establish the link between the method used for the GSF calculation (opening and H

11



concentration) and the data collected at the crack tip from QMD simulations. Finally
the method is used in DFT and the conclusions concerning the effect of sub-surface H
on dislocation emission are exposed.

We have used three different ways to calculate the energy landscape associated
with glide. First, in the pure metal case, the atoms are not relaxed. The GSF is simply
obtained by a rigid blocks shearing. The opening Au, is applied by translating one
block with respect to the other in the z direction. The second method is the one used
by Gang Lu [41] where: the H environment is first fully relaxed (at zero shear), the
two blocks are rigidly sheared, Au, is applied and only the atoms in the first planes
above and below the glide plane are relaxed, in the z direction only. It means that
the transversal relaxations around the H atom, inherited from the initial relaxation,
are held fixed during the calculation of the whole GSF. This method is referred to as
ZR for “relaxations in z direction” in the next sections. In the third method, only the
neighbours of H within a radius of 0.74 ag are relaxed (it is enough to recover most of
the effect on the relative stability of the T and O site), Au, is applied and the first
neighbours and the H atoms are relaxed at every step. If H occupies the T+ site, the
number of relaxed atoms is 4 and it goes up to 8 during the shear. This method is
called LR for “local relaxations”.

4.2. Results obtained with the EAM potential
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Figure 7. EAM and DFT computed unstable stacking fault energy as a function of Au, in the pure Al.

The unstable stacking energy (,s), in the pure metal, decreases strongly with Awu,
(Fig. 7). It is cut down by almost 50% for a value of Au, of the order of 0.05 ag which
is representative of the crack tip loaded at a moderate mode I: it can be checked on
Fig. 3(d) that this level of opening corresponds to a mixed mode loading with k; of
0.187 MPay/m. The agreement between DFT and EAM is good (Fig. 7). Figure 8
shows the rigid GSF for three values of Au,. We can note that the maximum energy
(7Yus) is not obtained at 0.5 b, but in between 0.6 b and 0.7 b. This confirms that,
when H is introduced in the calculation, it will make the transition towards the sites
of the hep structure, before v, is reached, as discussed above. The agreement between
Rice’s model and the kjj. measured at the crack tip, for pure Al, is good. It can be
seen in Tab. 2 by comparing the column “EAM potential”, which contains the values
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Figure 8. Generalised stacking fault energies as function of a shear along the (112) direction are computed
in pure Al for different values of Au.

obtained by brute force QMD, with the column “Rice (EAM)”, which contains the
krre values calculated from 7,5 using Eq. 1, with the opening from Fig.3(d) (curve
Au,(kr + K7.°)). This agreement is well in line with what is published in [26], but
with a different crack tip (the crack was built by removing a single layer of Al). It also
confirms that the location where Au, is measured, i.e. at the crack corner in between
the pair of atoms that are the first to be sheared, is appropriate and that the model
captures the effect mode I loading.
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Figure 9. Variation of yys as a function Awu, (the opening) for different levels of H coverage, in EAM and in
DFT.

The next issue is how much hydrogen should be introduced in the GSF calculation
in order to mimic what occurs at the crack tip. A natural choice would be 100%, since
a full line is introduced. However, site 3 is not at the tip, but at the level of the second
row of atoms along the glide plane (Fig. 4). Furthermore, we know that it has a strong
impact on the relaxation of its first neighbours. Therefore, we can expect that the H
line has on influence on the rising slip distribution over a wide range. In developing
Eq. 1, Rice (equation 11 in [24]) uses the J integral for a contour along the glide plane,
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Table 2. krj. values (in M Pay/m) obtained by brute force QMD simulations using the EAM
potential (column "EAM potential“) and one line of H on site 3, tabulated using the Rice formula
Eq. 1 from vys calculated by EAM (column ”Rice (EAM)“) or by DFT (column ”Rice (DFT)“) with
a surface coverage of 12.5% H (see text).

EAM Potential Rice (EAM) Rice (DFT)
Impurity site  kjje H effect krre(yus) Heffect  krre(yus) H effect

kr = 0.045 Pure Al 0.123 0.127

Site 3 0.127 3.3% 0.130 2.4%
kr = 0.099 Pure Al 0.115 0.117 0.114

Site 3 0.119 3.5% 0.122 3.6% 0.107 -5.9%
kr =0.187 Pure Al 0.107 0.093 0.100

Site 3 0.116 8.4% 0.098 5.6% 0.093 -7.0%

which gives:
()
J = —/ T&S/@ggldml (3)
0

where 7 is the shear stress along the glide plane. It is a function of z, the distance
along the glide plane. Since he considers only static mechanical equilibrium, this shear
stress is also related to the slip discontinuity profile, via the non linear stress / slip
discontinuity relation, which is the gamma surface. Noting that 7(z1) is, in the case
where the slip plane has uniform physical properties, 7(d(x1)), Eq. 3 can be rewritten:

- Sein
J=- / 700/021dzy = / 7d6 = ©(3yip) )
0 0

where 6y, is the displacement discontinuity at the crack tip (z; = 0). When the
mechanical load on the crack tip reaches krre, ®(d1p) is Yus. The step from Eq. 3 to
Eq. 4 relies on the uniform property of the glide plane over the region where the slip
distribution rises. It is not the case in the presence of the line of H. We expect 7(9)
to vary depending on the distance to the line of hydrogen atoms. To turn around this
difficulty, we consider that H uniformly affects the 7(9) relation and we evaluate it by
inserting a line of H in the simulation box used for the GSF calculation. Various H
densities have been tested: 25% (one row of H for 4 rows of Al in the glide plane) and
12.5% (8 rows of Al). With the EAM potential, H increases considerably the unstable
stacking energy, as seen on Fig. 9 by comparing the values for different H coverage and
a single Au, value. Nevertheless, this effect is damped by the impact of H on Au,,
i.e., from figure 3(d) we know that the full line of H, introduced on site 3, increases
the opening at the crack tip. This, in turn, decreases 7,5 (Fig. 9) and the two effects
compensate. Again, the comparison of columns “EAM Potential” and “Rice (EAM)”
in Tab. 2, show that a reasonable agreement can be found. This was obtained by
taking a concentration of 12.5%H (25% gives a much too strong increase of k7. in
comparison to the QMD results). This means that 1 line of H was introduced in the
GSF calculation for every 8 Al rows. These 8 rows roughly correspond to the size of
the core of the partial dislocation as seen on the slip distributions on Fig. 3(b), which
is coherent.

In a recent paper [42], some crack simulations were done which show no effect of
mode I in Cu and Ni. The data in Al (Fig. 12 of [42], before emission occurs in
a different plane than at low mode I) is coherent with table 1, in the sense that
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a moderate decrease is observed, of the order of 10%, even if the crack tip has a
different shape than the one considered here. Concerning the absence of effect in Cu
and Ni, their enthalpy calculations show indeed that the decrease in ngthalp Y due to
a transverse traction is lower in Cu and Ni than in Al, so maybe this is the reason
why the effect does not show up in the simulations in Cu and Ni. Furthermore, in
the simulations, the crack tip geometry is such that there is a change of the surface
during dislocation emission (in contrast to an atomistically sharp crack of the same
orientation) and this might also influence the value of kjj. with unknown effects from

kr.
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Figure 10. Variation of vy, as a function Awu. (the opening) for different H coverage and different relaxation
methods in DFT. ZR refers to relaxations in z only of the Al toms of the two first layers around the glide plane.
LR refers to a local relaxation where Al atoms within a sphere of 0.73 ag.

4.3. Results obtained from DFT

Finally, we use DFT to evaluate the effect of H on the GSF, with the Au, range taken
from the EAM simulations. Different relaxation methods give different trends. We
have compared relaxations in the z direction, limited to the layers in first neighbour
position of the glide plane, with local relaxations, labeled respectively ZR and LR in
Fig. 10 (see section 4.1). The ZR method shows a clear trend: H always reduces vys,
whatever the value of Au,, and the effect increases with increasing H coverage. Here
the coverage is a little different from EAM because of system size constraints. The
concentration 12.5% is obtained by putting half a line of H every 4 rows of Al. On
the contrary, the LR method shows a reduction of ~,s, only when the opening in z is
zero. For higher values of Au,, but still in the range obtained by a mechanical effect
only (Au, = 0.05 ag at k; = 0.187 MPay/m and k;; = kjje), H has a negligible effect
on 7y,s. This contradicts the messages (that are contradictory) found in the literature
where it can be found that H decreases 7,5 [41] or prevents glide [43], depending on
concentration. Concentrations are much higher than those used in the present work.
We can also mention that, as a check, we reproduced the results obtained by G. Lu
exactly using the same LDA functional.

When the values obtained by the LR method are introduced in the Rice formula, a
decrease of kjj is found. This effect is essentially related to the mechanical loading of
the crack tip, since the impact on -, itself is not significant beyond Au, = 0.04 ag. If
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the predictions from the EAM on the influence of H on Awu, are taken into account,
an extra decrease of kjje is obtained (table 2, last column). Knowing that the EAM
gives an increase in +y,s, which is opposite to the DFT results, this effect might not
be realistic. Indeed, by construction, this EAM treats the Al-H bond as a short range
pair repulsion in the bulk (the non linear embedding functional is used to handle the
segregation of H to open structures like vacancies or surfaces), following the appealing
picture for H in metals given by the early Effective Medium Theory [30, 44]. Upon
shearing, the H atom is pushed from the atomic environment of a tetrahedral site of
the fcc structure (T) to an octahedral site of the hep structure (O hep) [40]. In the
undistorted fcc, the EAM was fitted to give an energy for H in the O site 0.15 eV
higher than in the T site (which is the case in DFT, but without ZPE). In DFT, the
two positions have almost the same energy when the zero point energy correction is
taken into account [31]. Adding the ZPE to the values used for fitting the potential
does not have any physical meaning and therefore was not done. The effect of a rigid
block shearing on the segregation energy of H (AE;.,) to the glide plane was quantified
in [40] (Fig. 4a with Au, = 0 and Fig. 4b with Au, = 0.05 ag, curve T+ — O (hcp)).
An increase of the segregation energy, with glide, explains qualitatively why the EAM
gives an increase in ,s. Especially when Au, = 0.05 ag, the segregation is very low
(-0.25 eV) in the absence of glide. This comes from the fitting of the segregation energy
to open structures (vacancies and surfaces), which is low. Then the distorsion of the
T site with glide leads to a steep increase in AEy., [40]. This shows that the effect of
H on ~,s is deeply rooted in the potential, i.e. not only in the simple repulsive pair
part, and therefore difficult to correct: having a weak effect of Au, on the segregation
energy and, at the same time, a strong decrease of AF,., at surfaces seems opposite.
An interest of the present DFT calculations is also to be used as a benchmark to
evaluate the limits of the EAM potential.

It is therefore likely, but not proved, that we overestimate the effect of H on 7, if
we take into account the influence of H on Awu, given by the EAM at the crack tip.
A conservative approach is to ignore it and consider only the effect of the mechanical
load on Awu,. Then the essential results from DFT are:

e The first order effect on kj;. comes from the mode I loading, i.e. that an opening
mechanical load perpendicular to the glide plane can decrease 7,s by 40%, i.e.
decrease krre by 25%, for small values of k; ~ 0.2M Pay/m (Au, ~ 0.05 ag
implies a drop of 7, from 180 to 105 mJ/m?).

e In comparison, H has a small effect, even for very large concentrations on the
glide plane. For realistic concentrations, the effect is expected to be negligible,
in AL

5. Conclusion

In this paper, we have studied the impact of sub-surface H and of mixed mode loading
on dislocation emission. Multiple methods were used combining EAM and DFT, crack
simulations, GSF calculations and Rice’s model.

First, in the pure metal case, we found a strong effect of transverse mechanical
load on kjr. measured directly by crack simulations, confirmed by ~,s calculations
by EAM and DFT. Up to 25% decrease in krr. can be expected from Rice’s model
considering 7,5 decreases from 180 to 105 mJ/m? (from the DFT data in Fig. 7). The
effect of mode I is limited because a too high traction will induce emission out of the
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crack plane. Second, the H effect was investigated. Using EAM, H slightly increases
krre in comparison to kjr. in pure Al, both at the same k;. We have analysed this
result by calculating v, as a function of Au, (the crack opening) and H coverage.
Au are taken at the crack tip in the presence of H, at k;;,. The H coverage for the
GSF calculations, was fixed to 12.5% (1 H line for 8 Al row, in the glide plane) based
on a comparison between the crack simulations and the results obtained with Rice’s
model. The same methodology was used to calculate 7,5 by DFT (i.e. local relaxations,
low H coverage and Au, from crack simulations). The trend, from the DFT data and
Rice’s model, is that an decrease of 7, can be expected at low mode I, but the effect
becomes negligible beyond k; = 0.1 M Pa+/m. This leads to the conclusion that the
strong effect is mechanical (mode I) and sub-surface H influence is negligible.
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