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Abstract

Atomic-scale simulations are used to examine the stability of nanometric va-
cancy clusters in variety of face centered cubic metals (Au, Ag, Pd, Al, Cu
and Ni), according to their shape, their size and the presence of hydrogen.
It is shown that whilst in most of metals the stacking fault tetrahedron is
the most stable defect in absence of hydrogen, cavities becomes more stable
when the concentration of hydrogen is sufficiently large to cover the inter-
nal surfaces. The (100) surfaces are found to be the less energetic, which
favors vacancy clusters with cuboid shape in the metals concerned here. The
simulations are shown to agree well with theoretical predictions provided
that the theory is parametrized with surface and bulk energies conformed
to the atomistic models. The affinity between hydrogen and cuboid cavities
has also been confirmed by the computation of hydrogen solubility, which is
neatly enhanced in the vicinity of these cavities. Our study paves the way
toward the comprehensive atomistic-based predictions for micro-structure in
hydrogen-rich metals.

Keywords: Nanovoid, defect surface energy, hydrogen solubility

1. Introduction

Nanovoids are commonly observed in a wide variety of metals. The
formation of these defects is primarily ascribed to vacancy aggregation a
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process often triggered by specific heat treatments or fluid environments
[18, 11, 38, 39, 66, 108, 81, 40, 107, 84, 96], irradiation [18, 10, 38, 39, 79], and
even deformation [18, 48, 104, 38, 39, 60, 13]. Vacancy clustering may also re-
sult from dislocation interactions [18, 48, 104, 38, 39, 60, 13]. The nanovoids
are known to play a significant role in various material processes, including
corrosion, irradiation swelling, heterogeneous phase precipitation, creep and
fatigue deformation and hydrogen embrittlement [21, 65, 106, 90, 7, 57, 44,
45, 73, 41, 99, 61, 19, 8, 17, 71, 30]. They notably modify the mechanical
properties, affecting both elastic and plastic properties [77, 69, 29, 3, 45].

The concentration, size, and shape of nanovoids are highly sensitive to
various factors such as temperature, mechanical strain, impurities, chemical
composition and environment (gas, aqueous...) [18, 11]. Among these factors,
the presence of gas seems to be the preponderant factor [18, 11]. Experimen-
tal studies have shown that a gaseous environment stabilizes vacancies and
voids [18, 11, 26, 27, 9]. Conversely, simulation studies have demonstrated
that hydrogen interstitials are trapped by vacancies due to the attractive
interaction between these point defects, thereby promoting the formation of
super-abundant vacancies or small vacancy-hydrogen complexes [64, 56, 23,
62, 55, 54, 89, 49, 24, 110, 26]. Although significant efforts have been made
to understand the clustering of vacancies [93, 1, 70, 103, 34, 68], only a few
studies have taken into account the effect of hydrogen [20, 89, 56, 22, 95] and
globally focus on the first steps of clustering, i.e few vacancy defects and not
nanometer scale defects.

In the present study, we employ atomic-scale simulations with empirical
potentials to examine the stability of vacancy clusters in various fcc metals
(Au, Ag, Pd, Al, Cu, Ni). We have compared the formation energies of the
most common shapes of cluster according to their size. The stacking-fault
tetrahedra (SFT) and octahedron clusters are more favorable, except in the
case of Al, where the large stacking fault energy leads to a unstable SFT. We
analyzed our simulation results by exploring the defect surface energies. This
enables us to establish a satisfactory comparison between the stable shapes in
simulations and the predictions made from Wulff theory [4]. We subsequently
investigated the impact of gaseous hydrogen, scrutinizing its influence on the
stability of vacancy clusters in Ni and Al systems. In presence of hydrogen,
clusters tend to adopt a cubic-shaped configuration, a preference that has
been elucidated by examining defect surface energies.

Additionally, employing standard approximation for ideal gas, we have
estimated the solubility of hydrogen in the vicinity of vacancy clusters, taking
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into account the shape of voids, their sizes and the temperature. Our results
reveal that hydrogen solubility predominantly correlates with cluster size,
although it also exhibits a sensitivity to cluster shape. Consistent with our
numerical simulations, our theoretical analysis indicates that the hydrogen
solubility is maximum around cubic-shaped clusters in Ni and rises with
increasing temperature.

2. Method

2.1. Empirical potentials

Table 1: Properties of the studied fcc metals computed here with molecular static (MS).
a0 is the lattice parameter, Ef is the vacancy formation energy, Γ is the maximum staking
fault energy, and γ100, γ110 and γ111 are the surface energies of {100}, {110} and {111}
surfaces. The comparison of these values with existing literature, whether derived from ex-
periments or Density Functional Theory (DFT), is detailed in the corresponding reference
for each potential.

Au [75] Ag [102] Pd [28] Al [47] Al [2] Cu [58] Ni [2]
a0 (Å) 4.08 4.09 3.88 4.03 4.05 3.62 3.52
Ef (eV) 0.88 1.10 1.25 0.68 0.52 1.27 1.59
Γ (meV

Å2 ) 28 18 17 130 99 44 89
γ100 (meV

Å2 ) 83 59 129 63 63 84 129
γ110 (meV

Å2 ) 89 63 141 69 72 92 147
γ111 (meV

Å2 ) 80 54 125 57 62 77 120

Table 2: Elastic properties of the investigated fcc metals computed with empirical poten-
tials, including the elastic constants C11, C12, and C44, the anisotropy ratio A, anisotropy
factor H, shear modulus µ, bulk modulus B, Poisson ratio ν, Burgers vector b.

Au [75] Ag [102] Pd [28] Al [47] Al [2] Cu [58] Ni [2]
C11 (GPa) 205 124 247 119 114 170 247
C12 (GPa) 168 94 200 63 62 123 147
C44 (GPa) 49 46 56 33 32 76 125
µ (GPa) 37 34 43 31 29 55 95

ν 0.40 0.35 0.41 0.33 0.34 0.32 0.28
µb/Γ 24 34 43 4 5 20 17
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The force fields, derived from the Embedded Atom Method (EAM), are
computed using the Large-scale Atomic/Molecular Massively Parallel Simu-
lator (LAMMPS) [72]. The potential of Pun is employed for Au [75], that of
Williams et al. for Ag [102], Hale et al. for Pd [28], Liu et al. and Angelo
et al. for Al [47], Mishin et al. for Cu [58], and Angelo et al. for Ni [2].
The interaction between hydrogen and the metals (Ni and Al) is accounted
for using the Angelo et al. potential [2]. The atomic positions are relaxed
using the Fast Inertial Relaxation Engine (FIRE) algorithm [6] until a force
criterion of 0.1 meV/Å is met. The fundamental properties of the metal, as
provided by the potentials, are listed in Table 1.

The elastic properties of the metals have been determined using the Voigt
Average, where ν is the Poisson ratio and µ stands for the shear modulus.
These properties are calculated using the following equations :{

ν = (C11 + 4C12 − 2C44)/2(2C11 + 3C12 + C44)
µ = (C11 − C12 + 3C44)/5

(1)

2.2. Simulation cell
We build perfect cubic simulation cells containing at most Nat ≃ 4.106

atoms in the standard orientation x = [100], y = [010] and z = [001]. The
typical size in each direction is 50 nm which allows us to avoid finite size
effect due to elastic interactions. Subsequently, we introduced a vacancy de-
fect and relaxed the atomic forces until the force criterion was reached. Fig.
1 shows the four nanovoid shapes tested (spherical, octahedron truncated or
not, tetrahedron, cubic), that contains typical shapes observed in fcc crystals
[66, 39, 10, 96]. These vacancy clusters are introduced in the simulation cells
by removing atoms within the defined geometric region that characterizes
the defect. It is worth noticing, that truncated octahedron correspond to the
predicted Wulff shape, as discussed later (Sec. 4.2). We tested two different
types of truncation: severely truncated octahedron (ST), with 40% trunca-
tion, and moderately truncated octahedron (MT), with 20% truncation (Fig.
1(d)).

To complete our set of defect, we constructed stacking fault tetrahedras
(SFT) commonly found in most fcc crystals [18, 39, 84]. We employed the
method presented in Ref. [37] and used the dislocation analysis (DXA) tools
from OVITO to visualize and analyze the atomic configurations [88]. Unlike
tetrahedral shaped nanovoids, stacking fault tetrahedra (SFT) are not empty
and are composed of stacking faults bounded by dislocations.
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Figure 1: Geometry studied: (a) spherical, (b) SFT, (c) octahedron (d) truncated octahe-
dron, (e) tetrahedron and (f) cubic. Only defected atomic positions are shown. The color
coding correspond to the potential energy per atom obtain after relaxation in Ag crystal.

In principle SFT are composed of six stair-rod dislocations. However,
beyond a critical size, the SFTs introduced in our simulation cells become
truncated and form Shockley partials along the energy minimisation as al-
ready discussed in literature [35]. In Fig. 2(a) we have reported two examples
of the different types of SFTs in Pd: the complete SFT made of stair-rods be-
low the critical size and the truncated SFT composed of stair-rods associated
with Shockley partials. The critical size of this transition between complete
and truncated SFT depends on the elastic properties of the metal, detailed
in Table 2, and it can be estimated from the theory developped by Jossang
and Hirth [35]. In the case of Pd, we obtained complete SFTs between 10
to 136 vacancies. In Ni, complete SFTs could be formed from 10 to 2926
vacancies, whilst for Cu, we obtained complete SFTs from 28 to 3655 vacan-
cies. In contrast, for both Au and Ag, complete SFTs consistently formed
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starting from 28 vacancies and we did not found any transformation for all
sizes beyond. In the specific case of Al, complete SFTs were observed at 10,
190, 253, 406, and 496 vacancies (Fig. 2(b)). For other vacancy numbers
in Al, SFTs are highly truncated, as shown in Fig. 2(b) for cases with 28,
55, and 136 vacancies. However, when the vacancy count reaches a certain
threshold of 595, we observe exclusively the formation of Franck dislocation
loops, as illustrated in Fig. 2(b).

To investigate the impact of hydrogen on the cluster, we introduced hy-
drogen atoms in our simulations as follows. We essentially worked in the
case where each vacancy is replaced with a single hydrogen atom. After re-
laxation, the nanovoid displays a surface adorned with hydrogen interstitial
atoms and contains H2 molecules. In pure metals DFT studies have shown
that high concentrations of hydrogen enhance its trapping by vacancies [89].
That promotes the formation of superabundant vacancies wherein all six oc-
tahedral sites first neighboring the vacancy are occupied by hydrogen. So
in order to determine the role of hydrogen pressure we have also tested the
case, where each vacancy is replaced by six hydrogen. In practice we placed
the supplementary hydrogen atoms at the first octahedral sites neighboring
the metal atoms that have been removed. The results indicate that once
the surface is saturated, there is no significant change of nanovoid stability
against concentration of hydrogen, or equivalently hydrogen pressure (See
Appendix Appendix A).

3. Simulation results

3.1. Formation energy
The formation energy of the n-vacancy defect is :

enf = Ed − nfcce0 − nH
eH2

2
. (2)

where Ed is the energy of the defected cell, e0 is the energy per atom of the
perfect simulation cell, nfcc is the number of fcc atoms in the defected cell,
nH is the number of hydrogen atoms and eH2 is the potential energy of the
H2 molecule.

We reported the results for Ni in Fig. 3(a) and for Au (Fig. 3(b). Those
obtained for the other fcc metals show very similar trends. The formation
energy increases with the defect size (Fig. 3), and the rate of this increase
varies with the nanovoid shape. One important observation is that the most
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Figure 2: (a) SFT defects in Pd computed with Hale et al. potential for several size
(vacancy number). (b) SFT and unfaulting Franck loop in Al computed with Angelo et
al. potential for several sizes (vacancy number).
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Figure 3: Formation energy for various vacancy cluster shapes, i.e octahedron, cubic,
spherical, moderately truncated (MT) octahedron, severely truncated (ST) octahedron,
tetrahedron and stacking fault tetrahedra (SFT), and the size (number of vacancies) in
(a) Ni and (b) Au (c) Ni- H systems. Results for another hydrogen concentration is shown
Fig. A.14 and the results for Cu and Ag are similar to those observed for Ni and the
results observed for Pd and Al are similar to those of Au (See Appendix Appendix A:
Fig. A.12 and Fig. A.13).
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favorable defect for all systems is the one containing dislocations, i.e., SFT
(stair-rods or Shockley partials depending on the defect size) and Franck
loops (for Al). This may be ascribed to the larger degree of freedom for local
atomic relaxation near dislocation cores compared to the more constrained
environment near the surfaces of nanovoids. A change in slope is observed
in the evolution of the formation energy with respect to the number of va-
cancies in the case of SFT (as indicated by the pink region in Fig. 3(a)).
This change occurs at the critical size, beyond which SFT decomposes into
stair-rod dislocations and Shockley partials (see Fig. 2(a)). We have noticed
that in the Au, Pd, and Al systems (Fig. 3(b)), there is a significant dis-
parity in energy terms between SFT/Franck loops and other vacancy cluster
defects, compared to the Ni, Cu, and Ag systems (Fig. 3(a)). In both the Ni
and Cu systems, truncated octahedra emerge as the preferred defects after
a substantial number of vacancies (around 2500 for Cu and 5000 for Ni), as
shown in Fig. 3 (a) and Fig. A.13. Among the other studied metals (Ag,
Au, Pd, Al), truncated octahedra remain the second most favorable defect
(Fig. 3 (a), Fig. A.12, Fig. A.13). Additionally, Fig. 3 shows that mod-
erately truncated (MT) octahedra and severely truncated (ST) octahedra
yield similar results. Therefore, it appears that in this case the formation
energy of truncated octahedra is not significantly influenced by the degree of
truncation.

To complete our study, we have additionally computed the interaction
energy. This was achieved by employing the following equation:

Eint = Ed+1V − Ed − E0 − E1V (3)

where Ed+1V represents the energy of the cell with both a nanovoid and
a vacancy, Ed denotes the energy of the cell with only the nanovoid, E0

corresponds to the energy of the perfect crystal, and E1V stands for the
energy of the cell with a single isolated vacancy. This interaction energy
was determined for different possible positions of the vacancy relative to the
nanovoid. The results are shown in Fig. 4, where the color of an atom
at coordinates (x, y, z) represents the actual interaction energy between a
vacancy situated at the very same position and the nanovoid. The calculation
was repeated for each position. It is worth noticing that the interaction
energy shows a subtle anisotropy, being smaller in (100) directions than in
(110) ones. Fig. 4 confirms that there exists an attractive interaction between
nanovoids and vacancies as it was also reported in previous studies [33, 67,
100, 45].
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Figure 4: Interaction energy map between a vacancy and a spherical cluster of 1289
vacancies (radius, r = 1.5 nm) in Ni.

The impact of hydrogen on the formation energy of defects is now quan-
tified in a matrix of Ni. The results have been reported in Fig. 3(c). The
formation energy of the H-nanovoids is notably smaller than that for "pure"
vacancy clusters shown in Fig. 3(a). It demonstrates the stabilization of
vacancy clusters in presence of hydrogen. Such a result can be related to the
attractive interaction between hydrogen and vacancies in Ni [56]. In contrast,
the effect of hydrogen on SFT is less pronounced, even though the critical
size for the transition from complete SFT (only stair-rods) to truncated SFT
(with Shockley partials) is lower in the presence of hydrogen. The transition
has been pointed out in Fig. 3(c) by a shaded blue area whilst in Fig. 3 it
was situated in the shaded pink area. As it was observed with no hydrogen,
SFT’s are the most stable defects for small sizes (up to 91 vacancies and so
91 H atoms, which corresponds to a lenght of 3 nm). However for larger
clusters the SFT’s become less stable than nanovoids that are favored by the
presence of hydrogen. For clusters with vacancy number between 100 to 565,
severely truncated octahedra are the most stable. They correspond to a clus-
ter size with a height between 1.8 nm and 2.5 nm. Interestingly, in contrast to
pure vacancy clusters, the results for severely truncated octahedra differ from
those obtained for moderately truncated octahedra in presence of hydrogen.
Since the main difference between severely and moderately truncated octa-
hedra with same number of vacancy comes from the area of planar surface
{111} and {100}, we can thus incriminate the importance of hydrogen on the
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surface energies, especially on the ratio γ111/γ100. Beyond 565 vacancies the
cubic shape is the most stable. Hence, we can again question the importance
of hydrogen on {100} surfaces. We have tested another hydrogen concen-
tration, corresponding to 6 Hydrogen per vacancy (see Appendix Appendix
A, Fig. A.14). We noticed that once the surface is saturated, there is no
significant change of nanovoid stability against concentration of hydrogen.

4. Discussion

4.1. Formation energy of stacking fault tetrahedra (SFT)
Stacking fault tetrahedra (SFT) were the matter of numerous studies in

the literature [48, 38, 93, 1, 70, 69, 97, 98, 103, 34, 37, 35, 12]. According
to our careful reading no study has hitherto reported a systematic investi-
gation over a broad range of elastic constants and stacking fault energy. We
performed such a work in order to test the relevance of the analytical model
proposed by Jossang and Hirth [35] to express the SFT formation energy. Ac-
cording to this theory the SFT formation energy can be expressed as follows
:

ESFT
f

µb3
= P (ν, b, L)

[
2 ln

(
αL

b

)
+M(ν)

]
+
√
3

(
Γ

µb

)(
L

b

)2

(4)

where one recognizes the shear modulus µ, the Burgers vector b, the stacking
fault energy Γ, the poisson ratio ν, and the SFT size denoted by L. The
dimensionless quantities P (ν, b, L) and M(ν) are given by :

P (ν, b, L) =
1

12π(1− ν)

(
L

b

)
and (5)

M(ν) =
2

3
+ 2 ln(2) + 2

√
2ν
(
2 arctan(

√
2)− arctan(2

√
2)
)
. (6)

Table 3: Adjusted parameter α in the Jossang and Hirth model (Eq. 4).
Au Ag Pd Cu Ni

α 5 8 104 6 0.5

The parameters Γ, µ and ν have been reported in Tab. 2. The generalized
stacking fault (GSF) energy curve from which Γ is deduced is plotted in
Fig. 5(a). Aside from α that is an adjustable parameter in the theory, all
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Figure 5: (a) Computation results of the generalized stacking fault energy (GSF) for all
the fcc metal studied. Comparison between the formation energy of SFT deduced from
our simulation to Jossang and Hirth model (Eq. 4) (b) for each fcc metals (c) for Ni and
Ni-H systems.

12

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4763245

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



the other parameters were computed from dedicated simulations (see Table.
3), independent from our computations for cavities. Excepted for Pd, the
predictions established from Jossang and Hirth model (Eq. 4) aligns well
with our simulation data. The extremely high value of the parameter α
associated to Pd in comparison to other metals can be attributed to the lack
of precision of the interatomic model employed here. Actually this model
predicts a ratio Γ/µb (Table 2) significantly higher than experimental data
[80]. The inability of Jossang and Hirth model to reproduce simulations
would indicate that the theory applies in a limited range of parameter where
Γ/µb is not too high.

Fig. 5 shows the Jossang and Hirth model’s ability to reproduce the
formation energy evolution against SFT size (expressed in vacancy number).
For larger SFT, the non-linear part distinctly depends on the stacking fault
ribbon size µb/Γ.

The comparison between the formation energy of SFT with and with-
out hydrogen realized in Fig. 5(c) shows that the impact of hydrogen is
negligible at the concentration tested here. We remarked yet that the tran-
sition towards truncated SFT happens at a smaller size in the presence of
hydrogen. Results for higher hydrogen concentration have been presented in
Appendix Appendix A, Fig. A.14. We noticed that for larger concentration
the formation energy of SFT increases which disfavors SFT in regard of other
cavities.

4.2. Surface energy
To demonstrate that the stable shape of the vacancy clusters under hy-

drogen exposure is directly related to the fact that hydrogen modify the
surface energy of metals we analysed the surface energy of our defects. Using
the framework established for nanoparticles [59], and applying the concept
to nanovoids, we can define the surface energy of defects, denoted by Γd, as
follows:

Γd =
enf
Sd

, (7)

where Sd denotes the surface area of the defects, determined from the atomic
configurations of the relaxed defect cells using the alpha-shape algorithm im-
plemented in OVITO [87]. Sd depends on both size and shape of the defects,
as shown in Fig. 6. The surface area for stacking fault tetrahedra (SFT)
is much larger than that for vacancy clusters with an equivalent number of
vacancies, as illustrated Fig. 6. A sharp step appears clearly along the curve
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Figure 6: Surface of Ni defects according to their size and shape, i.e octahedron, cubic,
spherical, moderately truncated (MT) octahedron, severely truncated (ST) octahedron,
tetrahedron and stacking fault tetrahedra (SFT).

for Sd at the transition from complete to truncated SFT’s, highlighted by a
shaded blue area in Fig. 6.

Fig. 7 shows the surface energy of defects in Ni. Results are very similar
in other fcc metals (see Appendix Appendix B, Figs. B.15, B.16, B.17).
As formation energies (Fig. 3), the surface energies are sensitive to cluster
shape. If we consider only the case of pure vacancy clusters, SFT being
drastically different (Fig. 7), our results for surface energies correlate with
those found for formation energies Fig. 3. In pure Ni the octahedral-shaped
clusters correspond to the lowest surface energy, which indicates their more
favorable configuration (Fig. 7 (a)). The surface energy associated with
each defect shape appears to converge towards an asymptotic value beyond
a certain size. These values can then be compared to the surface energies
of the primary crystallographic planes, γ100, γ110 and γ111, that have been
computed independently in dedicated simulations and reported in Table 1.
In pure Ni, it can be noticed that the surface energies of the clusters are
generally lower than the γ100, γ110, and γ111 values (Fig. 7 (a)). We interpret
such a difference by the fact that at cluster surfaces the atoms have more
degrees of freedom to relax into more stable configurations, possibly through
surface reconstruction as observed for nanoparticles [78], although we admit
that further investigations would be required to conclude.

The SFT surface energies are considerably lower than those for vacancy
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Figure 7: Surface energy of Ni defects according to their shapes, i.e octahedron, moder-
ately truncated (MT) octahedron, severely truncated (ST) octahedron, cubic, spherical,
tetrahedron and stacking fault tetrahedra (SFT) (a) without or (b) with H (symbols).
Surface energies of Ni (see Tab. 1, Fig. 8(b),and Appendix Appendix B: Fig. B.19 and
Fig. B.20) are plotted for comparison (lines).

clusters because of their relatively high surface-to-vacancy ratio (Fig. 6). The
presence of dislocations also enables more possibilities for energy relaxation.

We compared our simulations with the predictions from Wulff theory
[32, 50, 105] based on the surface energies of the primary crystallographic
planes given in Table 1. To achieve this, we used a Python package for Wulff
constructions [76] and we calculated the Wulff shape for each fcc metal.
Our results were reported in Fig. 8(a). Wulff theory predicts a truncated
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Figure 8: (a) Wulff construction [76] for Al and Ni with and without hydrogen. The shapes
for the other metals can be found in Appendix Fig. B.18. (b) Surface energy for {100}
plane surface computed for Ni according to the site occupied by the hydrogen atom on
the surface (Hollow (H), Top (T), Bridge (B), subsurface (S)) or a combination of these
sites (H, B & S occupied or H, B & T etc) and the ratio of the number of hydrogen atoms,
quoted NH , to the number of surface Ni atoms, NNi. The atomic configurations for each
site are illustrated for the case NH = 1 (atom colored in red) and NNi = 4 (atoms colored
in blue). Other orientations can be found in Appendix Appendix B.

octahedral shape for all fcc metals studied here, with different proportion
for the {110} plane. The predictions of the theory correspond to atomistic
simulations. The agreement is particularly good for large sizes (Fig. 3 and
Appendix Appendix A).

Since the surface energy strongly depends on the presence of hydrogen
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[5, 25, 43, 92] we computed the primary surface energies γ100, γ110, and γ111
for different hydrogen absorption sites, conventionally referred to as Bridge
(B), Hollow (H), Top (T) and subsurface. This glossary is inherited from the
literature [5, 25, 43, 92] and we illustrated each configuration in Fig. 8(b).
Additionally, we considered the impact of the ratio between the number
of adsorbed hydrogen atoms, denoted as NH , to the number of surface Ni
atoms, denoted as NNi (see Fig. 8(b) and Appendix Appendix B). To
achieve this, we have constructed simulation cells with free surfaces, forming
a slab containing symmetrically distributed hydrogen atoms on each free
surfaces. We have tested configurations ranging from (NH/NNi = 0.25) to
(NH/NNi = 1) with hydrogen atoms situated in specific sites (B, H, T, or S).
Additionally, we explored scenarios where hydrogen atoms occupy all I, J,K
sites (I, J, K = B, H, T, or S, with I ̸= J ̸= K) simultaneously, resulting
in a ratio NH/NNi = 3. We also investigated cases where hydrogen atoms
simultaneously occupied all sites B, H, T, and S, thence leading to NH/NNi

= 4. We expressed the surface energy as follows :

γhkl =
Es − nfcce0 − nHeH2/2

2Shkl

, (8)

with Es as the energy of the simulation cell containing free surfaces of {hkl}
orientation and Shkl as the surface area. Our results have been reported in
Fig. 8(b). Clearly the more favorable situation corresponds to an hydrogen
situated in hollow configuration (denoted by (H) in Fig. 8(b)), in agreement
with more precise calculations based on density functional theory, as detailed
in the work realised by Traisnel et al. [92]. In presence of of hydrogen the
surface energy of the primary crystallographic planes decreases as it was
already observed for vacancy clusters in Fig. 6(b). Our results agree well
with previous studies and confirm that hydrogen stabilizes vacancies [101,
94, 74, 11, 18, 26, 27, 9].

We used Wulff theory with the lowest surface energy γH
100, γH

110 and γH
111

to determine the more stable shape of vacancy cluster. The theory predicts
clearly a cubic shape for both Al and Ni as reported in Fig. 8(a). It confirms
the results reported Fig. 7(b), where it was shown that cuboid are the more
stable shape of vacancy cluster when hydrogen is present at the surfaces
whilst the SFT is more stable in pure metals as found in Fig. 3(c).
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4.3. Impact of hydrogen on the vacancy cluster elastic field
We found that the presence of H changes significantly the elastic relax-

ation of the crystal around defects.

Figure 9: Variation of the atomic volume in the vicinity of cuboid vacancy cluster (a)
without H and (b) with H, in Ni. Results for truncated octahedra are shown in (c)
without H and in (d) with H and in vicinity of SFT (e) without H and (f) with H.

To visualize this effect, we quantified the alteration of the crystal through
the atomic volume in comparison to perfect crystals using the Voronoi for-
malism [46]. We denoted the volume variation by:

δVat = Vat − V0, (9)

with Vat the atomic volume that depends on the lattice distortion and V0 the
value of the atomic volume in the perfect relaxed structure. This formulation
allowed us to represent the local lattice distortion in the vicinity of defects.
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Fig. 9 presents the spatial distribution of δVat surrounding the vacancy
clusters. The panels (a) and (b) show cuboid clusters while panels (c) and
(d) show truncated octahedra. In Ni vacancy clusters devoid of hydrogen,
δVat takes negative value along the {100} directions, as indicated by the blue
coloration in Fig. 9. This indicates a compressive strain in the Ni lattice
along these directions, thereby promoting the absorption of vacancies. In the
{110} directions, δVat displays positive values in the vicinity of nanovoids,
as indicated by the red coloration on Fig. 9. This signifies a state of tensile
strain in the Ni lattice within this region, rendering vacancy absorption less
favorable.

When hydrogen is present in nanovoids, we observed a reversal in the
areas of tensile and compressive strain. This suggests a modification in the
local anisotropy of defect absorption. Thence vacancy absorption would now
be favored in the {110} directions. Another noteworthy observation is the
screening of elastic distortion in the presence of hydrogen as the colored ar-
eas extend over shorter distances in Figs. 9 (b) and (d) than in Figs. 9(a)
and (c). It may result in a reduction of the long-range interaction between
nanovoids and other defects. Hence, the presence of hydrogen may influence
the interaction between dislocations and vacancy clusters, by screening the
long range interactions, and thus influence the mechanical properties. On
the basis of the present results we believe that the balance between softening
and hardening of fcc metals could be achieved according to the concentration
of hydrogen in nanovoids. Computations to study the dislocation depinning
from such defects [3, 16] or nanoindentation [15] would be necessary to ver-
ify our belief. The screening effect stems from the counterbalance between
atomic network contraction near vacancies and the dilation induced by hy-
drogen atoms. Fig. 9(e-f) presents the same color mapping as in Fig. 9
but for SFT. Unlike nanovoids, the introduction of hydrogen does not seem
to exert a discernible effect on the long-range elastic distortion not on the
anisotropy of the elastic field. The elastic distortion remains predominantly
associated to to the presence of dislocations.

4.4. Hydrogen solubility
To determine hydrogen solubility in metals where vacancy clusters are

present, we imposed equality between the chemical potential of gaseous hy-
drogen present inside nanovoids, denoted by µg, and the chemical potential
of hydrogen situated in interstitial sites in the crystal lattice, denoted by µsol.
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The solubility Xint is defined as follows[31, 92]:

Xint = γ exp [−β(Gsol − µg/2)], (10)

where Gsol is the free energy of hydrogen situated inside the crystal, β =
1/(kBT ) and γ = 1 corresponds to the number of hydrogen in octahedral
site per metal atom in the fcc lattice. With the approximation that gaseous
hydrogen is an ideal gas, we can write:

µg = µ0
g + kBT ln

P

P0

(11)

where µ0
g represents the standard chemical potential of hydrogen, P0 denotes

the standard pressure, conventionally set at 1 bar and P is the hydrogen
pressure supposed to be equal to the surface pressure at thermodynamical
equilibrium (Appendix Appendix C).

The total Gibbs free energy encompasses contributions from vibrational
(Gvib

g ), rotational (Grot
g ), and translational (Grot

g ) motion modes, thus, we
have:

µ0
g = Gg = Gvib

g +Grot
g +Gtrans,0

g . (12)

According to the harmonic approximation Gvib
g can be written as:

Gvib
g =

hνH2

2
+ kBT ln(1− exp(−βhνH2)) (13)

where νH2 is the vibrational frequency of H2 molecule. If one assumes that
hydrogen molecule can rotate freely, i.e. with no interaction, we have :

Grot
g = kBT

[
1− ln

(
8π2I

h2σβ

)]
(14)

where I = mH2d
2
H2
/2 represents the moment of inertia, and σ = 2 is a param-

eter accounting for the rotational symmetry of H2 molecule. In our simula-
tions, the mass of hydrogen molecule mH2 = 2.67× 10−27kg and the equilib-
rium distance between hydrogen dH2 = 0.74. The vibrational frequency have
been computed using the code phonopy [91] which gives νH2 = 13.18×1013Hz,
in agreement with computations based on DFT [109, 53] (Appendix Ap-
pendix D). We neglected anharmonic quantum effects, acknowledging that
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a more thorough examination would be required [14]. The translational free
energy is given by ideal gas theory :

Gtrans
g = kBT

[
3

2
− ln

((
2πmH2

βh2

)3/2

V

)]
(15)

where V = 1/(βP ) and V = 1/(βP0) for Gtrans,0
g . The free energy of hydrogen

situated inside the crystal with these approximation is :

Gsol = Esol
H +

∑
ν

[
hν

2
+ kBT ln (1− exp(−βhν))

]
, (16)

where ν represents the phonon frequencies of hydrogen in the matrix and Esol
H

corresponds to the energy of an hydrogen atom situated in crystal interstitial
sites, calculated as follows:

Esol
H = Ecell − Ebulk − EH2/2 (17)

where Ecell stands for the energy of a simulation cell of crystal bulk containing
one hydrogen situated at an octahedric site, Ebulk represents the energy of the
same cell without the hydrogen and EH2 is merely the potential energy of one
hydrogen molecule. Our simulations gave EH2 ≃ −4.74 eV and Esol

H ≃ 0.17
eV. Employing the code Phonopy [91], we have estimated that ν ≃ 2× 1013

Hz for the three modes in the case of Ni (Appendix Appendix D). The
chemical potential can be expressed as :

µsol = Gsol + kBT ln (Xint) . (18)

To validate our model, we computed the hydrogen solubility in Ni at stan-
dard pressure, P0 = 1 bar, i.e. considering the equilibrium between gazeous
hydrogen (Hg) at standard pressure and the hydrogen in solution (Hsol), us-
ing Eq. 10. We compare the results obtain to experiments in high purity Ni
[83, 86, 52, 51, 85, 82] (see Fig. 10 (a). We obtain a good agreement with
the experimental results found in literature [83, 86, 52, 51, 85, 82], although
our approach keeps fundamentally basic.

We now examine the effect of nanovoids on the hydrogen solubility. A
local solubility near the surface of bubbles can be computed by considering
the thermodynamic equilibrium between the gazeous hydrogen inside the
cluster (Hg, Fig. 10(b)) and the hydrogen solution (Hsol, Fig. 10(b)). We
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Figure 10: (a) Hydrogen solubility in Ni at standard pressure P0=1 bar modeled by Eq.
10, compared to experiments of high purity Ni [83, 86, 52, 51, 85, 82]. Local hydrogen
solubility in Ni near the surface of vacancy cluster, calculated using Eq. 10 (b) for various
shapes at a temperature of 300 K against the cluster size expressed in vacancy number,
and (c) for cuboid defects against defect size and temperature.
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consider that the pressure of such a gas, quoted P , is equal to the surface
pressure of the nanodefects, Pγ, (see Appendix Appendix C for justification).

In Fig. 10 (b) we have reported our results for a temperature of 300 K
for different shapes of cluster against the number of vacancy involved into
the cluster. The local hydrogen solubility, as defined previously, is larger for
cuboids in comparison to other cluster shapes. The difference of solubility
increases with the number of vacancy involved into the cluster. These results,
aligning with conclusions derived from surface energy analysis indicating a
cuboid predicted stable shape, provide further argument for the validity of
our model. In Fig. 10 (c) we reported the local hydrogen solubility for
cuboids against temperature and the number of vacancy involved into the
cluster. As expected the solubility increases with temperature.

Figure 11: Hydrogen solubility in Ni sample containing a volumic fraction f of cubic shape
nanovoid of lenght l, model using Eq.19 compared to the solubily of Ni without nanovoids
(thin black line, Eq. 10).

Computing the solubility accounting for concentration of clusters of vari-
ous sizes and shapes is a challenge that would require meso-scale simulations
as cluster dynamics or diffusivity models [42, 36]. It will be the purpose of
a future study. Nonetheless, as a very first tentative we can merely assumed
that the total hydrogen solubility is given by :

Xint = γ exp
[
−β(Gsol − µ0

g/2
]

+
∑
s,nv

f(s, nv)γ exp [−β(Gsol − µg(Pγ(s, nv))/2)]
(19)

where the total hydrogen contribution comprises two components: one yielded
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from the external pressure set at the standard pressure P0, and another
yielded from the gaseous hydrogen within nanovoids of shape s and con-
taining nv vacancies, pressurized at Pγ(s, nv), where f(s, nv) represents the
volumetric fraction of nanovoids. We have simply summed the contributions
from the bulk and from the cavities to capture hydrogen. The influence of
cubic-shaped nanovoids with lengths l of 2 or 5 nm on solubility is depicted
in Fig. 11. Nanovoids below a certain size exhibit negligible influence on
hydrogen solubility, even at very high concentrations (as shown by the green
line in Fig. 11, where l = 2 nm and f = 1 × 10−2). For a size of 5 nm
the effect is more pronounced (blue line in Fig. 11, where l = 5 nm) even
if it requires a high concentration of nanovoids. We expect that nanovoid
of 10 nm size (observable in experiments) to have a impact even at lower
concentration.

5. Conclusion

In summary, our simulations have provided insights into the interplay
between hydrogen and nanovoids as well as stacking fault tetrahedra (SFT)
in fcc materials. We have observed notable reductions in both formation
and surface energies of nanovoids in the presence of hydrogen, in agreement
with experiments that observe a stabilization of vacancy clusters by hydrogen
[11, 18, 26, 27, 9]. Additionally, the influence of hydrogen on surface energies
affect the morphology of nanovoids. The {100} surface emerges as more fa-
vorable for hydrogen, such that cubic shapes with {100} surfaces should be
predominant according to our predictions. In contrast, the impact of hydro-
gen on SFT is very less pronounced. We have also noted a screening effect of
the long range elastic field of nanovoids in presence of hydrogen, impacting
its interaction with other defects which certainly have some implication in
material mechanical properties. Our theoretical approach reproduced well
the experimental results of high purity Ni [83, 86, 52, 51, 85, 82]. Finally, we
determine that the local solubility of hydrogen is maximum around cuboid
void and increases with cluster size and with temperature. Although the
impact of nanovoids smaller than 5 nm on hydrogen solubility is limited, we
anticipate greater efficiency for larger sizes. It would be valuable to apply
these findings in a mesoscale framework, such as cluster dynamics, to assess
the temporal evolution of cluster populations concerning their size and type
relative to hydrogen concentration and temperature [42, 36]. These results
contribute to our understanding of hydrogen-material interactions, offering a
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foundation for future materials engineering efforts in hydrogen-rich environ-
ments.

Acknowledgements

We are extremely grateful to Dr. Laurent Proville, whose feedback and
active review of the paper have greatly improved its readability. The com-
putational resources utilized for this study were graciously provided by the
MCIA (MĂŠsocentre de Calcul Intensif Aquitain) and the Noether com-
puting facilities at La Rochelle University, hosted at the LaSIE laboratory.
Additionally, we extend our gratitude to GENCI - (CINES/CCRT) computer
center, under Grant number A0110913037.

Appendix A. Formation energy of vacancy clusters

The formation energy of the n-vacancy defect computed using Eq. 2.
Results for Ag and Pd are shown Fig. A.12 and those for Al and Cu Fig.
A.13. The formation energy increases with the defect size, and the rate of
this increase varies with the nanovoid shape.

DFT investigations in pure metals have revealed that elevated concentra-
tions of hydrogen intensify its entrapment by vacancies [89]. This encourages
the creation of superabundant vacancies, where all six octahedral sites ad-
jacent to the vacancy are filled with hydrogen. To assess the influence of
hydrogen pressure, we examined a scenario where each vacancy was substi-
tuted with six hydrogen atoms. In practice, these additional hydrogen atoms
were positioned at the first octahedral sites neighboring the metal atoms
that were extracted. Fig. A.14 shows the formation energy for various H -
vacancy cluster shapes and the size (number of vacancies) in Ni systems.

Appendix B. Surface energy of defects

The surface energy of defects, for the other metals studie, quoted Γd and
defined as follows:

Γd =
enf
Sd

, (B.1)

where Sd represents the surface area of the defects. This area is determined
from the atomic configurations of the relaxed defect cells using the alpha-
shape algorithm, which is implemented in OVITO [87]. Surface energies of
Cu & Au are plotted Fig. B.15 and those for Ag & Pd Fig. B.16.
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Figure A.12: Formation energy for various vacancy cluster shapes, i.e octahedron, cubic,
spherical, moderately truncated (MT) octahedron, severely truncated (ST) octahedron,
tetrahedron and stacking fault tetrahedra (SFT), and the size (number of vacancies) in
Ag and Pd.

Since the surface energy strongly depends on the presence of hydrogen
[5, 25, 43, 92] we computed the primary surface energies γ110, and γ111 for
different hydrogen absorption sites, conventionally referred to as Top, 4F,
PT, SB, LB, etc. for {110} planes (Fig. 8(b)) and HCP, FCC, Top sites for
{111} planes [5, 25, 43, 92] (Fig. B.20).One can note that Bridge sites are
note found to be stable in {111} planes with this potential. Additionally, we
considered the impact of the ratio of the number of hydrogen atoms, denoted
as NH , to the number of surface Ni atoms, denoted as NNi. To achieve
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Figure A.13: Formation energy for various vacancy cluster shapes, i.e octahedron, cubic,
spherical, moderately truncated (MT) octahedron, severely truncated (ST) octahedron,
tetrahedron and stacking fault tetrahedra (SFT), and the size (number of vacancies) in
Cu and Al.

this, we constructed simulations with free surfaces containing symmetrically
distributed hydrogen atoms.

Appendix C. Determination of the hydrogen gaz pressure

The total free energy of the system, Gtot, is :

Gtot = Q+Gg +Gsol +

∫
γddA (C.1)

27

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4763245

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



Figure A.14: Formation energy for various H - vacancy cluster shapes and the size (number
of vacancies) in Ni systems. Results for another hydrogen concentration is shown Fig. 3(c).

where

Q =
1

2

∫ +∞

V

σijϵijdV (C.2)

is the elastic strain energy related to the stress tensor σij and the strain
tensor ϵij, Gg is the free energy of hydrogen gaz and Gsol is the free energy
of the unstrained crystal less the total surface energy of the defects

∫
γddA.

Following the work of Nelson et al. [63], the equilibrium volume of the
defect depends on the elastic strain parameter, quoted q, the total number of
vacancies in the defect, quoted nv and the defect shape, s. The free energy
Gsol, corresponding to perfect crystal is invariant with q, nv and s such that(

∂Gsol

∂q

)
nv ,s

=
(

∂Gsol

∂nv

)
q,s

=
(
∂Gsol

∂s

)
nv ,q

= 0.

The minimum total free energy with respect to these parameter, consider-
ing that there is a net flow of point defects to or from the clusters, according
to the elastic strain field, occurs when the elastic energy passes through a
minimum at zero, i.e. with Q = q = 0 [63], hence when :

(
∂Gg

∂q

)
nv ,s

+
(

∂
∫
γddA

∂q

)
nv ,s

= 0(
∂Gg

∂nv

)
s,q=0

+
(

∂
∫
γddA

∂nv

)
s,q=0

= 0(
∂
∫
γddA

∂s

)
nv ,q=0

= 0

(C.3)
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Figure B.15: Surface energy of defects in Cu and Au compared to the surface energy of
free surfaces (γ100, γ110, γ111).

One notes that
(

∂
∫
γddA

∂s

)
nv ,q=0

= 0 merely means that the shapes of the
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Figure B.16: Surface energy of defects in Ag and Pd compared to the surface energy of
free surfaces (γ100, γ110, γ111).

defects corresponds to the one that minimize its surface energy. So finally :(
∂Gg

∂q

)
nv ,s

(
∂q

∂V

)
nv ,s

+(
∂
∫
γddA

∂q

)
nv ,s

(
∂q

∂V

)
nv ,s

+(
∂Gg

∂nv

)
s,q=0

(
∂nv

∂V

)
s,q=0

+(
∂
∫
γddA

∂nv

)
s,q=0

(
∂nv

∂V

)
s,q=0

= 0

(C.4)
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Figure B.17: Surface energy of defects in Al [47] compared to the surface energy of free
surfaces (γ100, γ110, γ111).

Figure B.18: Wulff construction computed with the surface energy of Table 1 [76] for (a)
Au, (b) Ag, (c) Pt, (d) Al, (e) Cu and (f) Ni.

This can be written in term of volume derivative :(
∂Gg

∂V

)
s

+

(
∂

∂V

∫
γddA

)
s

= 0 (C.5)

where Pγ =
(

∂
∂V

∫
γddA

)
T,s

corresponds to the ’surface-energy pressure’ which
come from the volume stresses created by relaxation of atoms near the sur-
face of the nanovoid and P = −

(
∂Gg

∂V

)
T

is the pressure of the hydrogen gaz
at a temperature T .

Finally, we have:
P = Pγ (C.6)
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Figure B.19: Surface energy for {110} surface computed for Ni according to the site
occupied by the hydrogen atom on the surface (Top (T), 4F, PT, SB, LB, subsurface (SS1
or SS2)) or a combination of these sites and the ratio of the number of hydrogen atoms,
quoted NH (atom colored in red on the atomic configuration of the surface on the top of
the figure), to the number of surface Ni atoms, NNi (atoms colored in blue on the atomic
configuration of the surface on the top of the figure).

One notes that Pγ can be directly extracted from our atomistic simulations
using the Viriel method implemented in LAMMPS [72]. Results of Pγ ac-
cording the number of vacancies, nv, is shown Fig. C.21(a). The surface
pressure increases with the defect size, so with nv.

It is worth noticing that there is a linear relationship between Pγ and the
nn
v , that is not exactly the one commonly used for calculating the surface

energy and pressure of nanovoids in the frame of the capillary approximation
2γ/R, with R the radius. The relation that we found is that :

Pγ ≃ cst× γd
a0nn

v

(C.7)

the value of n = 0.6 and the constant depends on the metals (Au → 3 ×
10−5a0(Å); Ag, Al, Cu and Ni → 1× 10−5a0(Å); Pd → 2.3× 10−5a0(Å)).

Fig. C.21(b) shows that linear tendency obtained.
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Figure B.20: Surface energy for {111} surface computed for Ni according to the site
occupied by the hydrogen atom on the surface (HCP, FCC, Top (T)) or a combination of
these sites and the ratio of the number of hydrogen atoms, quoted NH (atom colored in
red on the atomic configuration of the surface on the top of the figure), to the number of
surface Ni atoms, NNi (atoms colored in blue on the atomic configuration of the surface on
the top of the figure) One can note that the Bridge position is unstable with this potential.

Appendix D. Phonon calculations

The phonopy package [91] enables us to compute the density of states for
the H2 molecule and Ni crystal with a single hydrogen solute occupying an
interstitial octahedral site (Fig. D.22 (a)). Additionally, we determine the
dispersion relation for the Ni crystal with a hydrogen solute in octahedral
site along high-symmetry points (Fig. D.22 (b)). The phonon frequency of
the H2 molecule is found to be νH2 = 13.18× 1013 Hz and ν ≃ 2× 1013 Hz,
for the phonon frequencies of hydrogen in the matrix for the three modes.
These results align well with DFT simulations [109, 53, 92].
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