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Abstract

The formation of voids in fcc metals is thought to result from the
accumulation of vacancies, although the exact mechanisms underlying
their formation, stabilization, and evolution remain unknown. Due to
the stabilizing effect of H on voids, H embrittlement is regarded as a
primary cause of self-induced voiding (SIV). In the present study, we
looked into how voids evolve/decay in the bulk and at grain boundaries
of Cu during thermal annealing molecular dynamics simulations up to
800 K. At temperatures above 500 K, voids of up to 100 vacancies were
found to totally dissolve. H was shown to have a stabilizing effect in
the voids, with voids withstanding temperatures close to 750 K without
dissociating. This was observed both in the bulk and at grain boundaries.
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1 Introduction

The formation of small vacancy clusters in fcc metals has been studied exten-
sively both experimentally and theoretically [1, 2]. Relatively big vacancy
clusters have been observed under the experimental conditions of quenching
from high temperatures, electron irradiation with high-voltage electron micro-
scopes, irradiation with energetic particles such as neutrons and ions, and
high-speed and/or heavy plastic deformation, as reviewed in ref. [3], but the
initial stages of their formation are still unclear.

Grain boundaries (GBs) in metals serve as efficient sinks for point defects
like vacancies [4, 5]. Also, a number of experimental studies mention how
voids are reported to initiate in grain boundaries [6, 7]. Strong evidence sup-
ports that GBs may play a significant role in the hydrogen embrittlement of
polycrystalline metals, where Ho molecules typically dissociate [8-10]. Inter-
granular fracture has been reported to occur for metals with a relatively high
hydrogen content [11-13]. However, a clear correlation between voiding in GBs
and H embrittlement has not yet been established.

The current study examines the processes of void decay under thermal
annealing and the impact of H on their stabilization. The voids chosen here are
quite small in terms of the total number of vacancies. However, they are com-
mon in metals following irradiation [14-16]. Our work complements previous
studies by providing a deeper insight into the stability of Cu vacancy clusters
in the bulk and at grain boundaries. We used atomistic modelling to explore
the hydrogen effect on low energy GBs in Cu in light of previous findings and
to elucidate the hydrogen embrittlement mechanism.

Our results demonstrate that, in the bulk, clusters of 10 and 15 vacancies
dissociate, whereas smaller clusters of 5 and 6 vacancies are more stable. In
addition, we investigated the stability of voids in Cu GBs. Clusters with up
to 100 vacancies were shown to dissociate at temperatures beyond 600 K, at
the same temperature range that grain boundaries started to form structural
changes with similar characteristics as the reported disconnections [17-19].
With the presence of H, the same voids were able to withstand tempera-
tures close to 750 K without dissociating. Also, we quantify and visualize the
evolution of the void surface areas in the bulk and at grain boundaries.

2 Methods

2.1 Computational Details

All of the molecular dynamics (MD) simulations were conducted using the
Large-scale Atomic Molecular Massively Parallel Simulator (LAMMPS) code
[20]. Under a canonical NVT ensemble, simulations were run with periodic
boundary conditions for temperatures up to 800 K. We use the Nosé-Hoover
thermostat [21, 22] to regulate the temperature. The Newtonian equations of
motion are integrated using the Verlet [23] algorithm with a 1 fs time step [24].
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For the geometry optimization process, the conjugate gradient (CG) optimiza-
tion algorithm was used. The cells were then further equilibrated under an
isothermal-isobaric NPT ensemble at constant temperature (0K) for 0.02ns
using a timestep of 1 fs.

For the bulk, periodic models of 500 atoms were used. Within these cells,
clusters of 5, 6, 10 and 15 vacancies were introduced (Figure 1 (a)) For our
MD simulations of voids in the grain boundaries, a periodic in all 3 direc-
tions (221)[001] £5 twin grain boundary model consisted of 60,000 atoms was
used. The dimensions of the bicrystal model were 8.1 nmx24.3 nmx3.6 nm.
The bicrystal model can be seen in Figure 1 (b) along with the examined
voids. The shapes of the voids were chosen to follow the symmetry of GBs,
since vacancies in metals have been reported to segregate close to the center
of symmetry of GBs [25]. H interstitial atoms were introduced in the grain
boundary region of our 60,000 atom model at concentration of 7x10~%. The
examined concentration is considered realistic since it is within the reported
experimental range [26, 27]. The most favourable interstitial sites for H in the
bulk and at GBs of fcc metals have been described by Ganchenkova et al. [28]
and Yamaguchi et al. [29], respectively.

For the MD simulations, a high fidelity Bond Order (BO) interatomic
potential was used. The BO Potential developed by Zhou et al. [30] allowed us
to model apart from pure Cu the interactions between Cu-H and H-H atoms.
The potential was reported to accurately reproduce properties for pure fcc Cu
like stacking fault energy, melting temperature, elastic constants and surface
energies [30, 31]. Also, it was found to accurately describe the structural evo-
lution of Cu/H compositions [30]. Thus, we consider it reliable for our MD
simulations. We performed the calculations using the BO potential in parallel
with a Site-Occupation Disorder (SOD) [32] code to identify the most favorable
vacancy cluster configurations in Cu.

2.2 Auxiliary Methods and Codes

To visualize the resulting configurations, OVITO was used [33]. Also, by using
the Delaunay tessellation method [34] we were able to both quantify and visu-
alize the evolution of the void surface areas formed by vacancies in the bulk
and in grain boundaries. On the basis of Delaunay tessellation, space is tessel-
lated into tetrahedral simplices, which are then categorised as either being in
a filled spatial region or an empty spatial region. The surface is then created
as the boundary dividing the empty from the filled areas of space.

3 Results

3.1 MD simulations of vacancy clusters in the bulk

Vacancy clusters of sizes between 5 and 15 vacancies used for our MD sim-
ulation in bulk Cu are shown in Figure 1 (a). White atoms depict the
self-interstitial atoms (SIAs) created as a result of the presence of vacancies,
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whereas red atoms show the vacancies. In the bulk, H typically occupied inter-
stitial octahedral sites, whereas in the GBs, H was observed occupying an
interstitial site close to the center of symmetry of the grain boundaries, as
described by Yamaguchi et al. [29]. In the bulk, SIAs were stabilized when the
vacancies formed symmetric octahedral and stacking fault tetrahedral (SFT)
structures, like in the case of V5, V¢ and V15, as shown in Figure 1 (a).

V5 and Vg clusters in fcc metals are expected to form compact stable
structures [35]. However, how these structures would behave under thermal
annealing up to 800K is still unclear. Also, since based on our investigation
vacancies were found to be more favourable to cluster in closed-packed tetra-
hetral and octahedral structures, we can assume that larger clusters would
follow the same clustering trend. Thus, based on this assumption, we can
predict the structure of larger clusters (V19 and Vi5 in Figure 1 (a)).

Figure 2 (a) illustrates the evolution of the void surfaces of Vs, Vg, V19 and
V15 clusters in the bulk when annealed at temperatures up to 700 K. These clus-
ters have the same structural characteristics as the respective clusters reported
by Ganchenkova et al. [28]. Yellow isosurfaces illustrate the surface of the voids
identified using Delaunay tessellation. As it can be seen, the displacement of
the surrounding Cu atoms led to the gradual dissociation of the Viy and Vi5
clusters. As the clusters dissociated, vacancies started forming SFT structures,
which can be seen in the inset image of Figure 2 (a). Smaller vacancy clus-
ters, like V5, were found to retain their structure even at temperatures close
to 700 K.

Figure 2 (b) shows the evolution of the surface areas of the examined
vacancy clusters in the bulk. V5 and Vg clusters retained their initial surface
areas. However, larger clusters, like V15, were found to immediately dissolve,
even at temperatures as low as 100 K. Our results indicate that in the bulk
clusters of sizes larger than 6 vacancies and up to 15 vacancies are expected
to be unstable. This supports experimental results based on which voids tend
to initiate either at the grain boundaries or triple points [6, 7].

3.2 MD simulations of clusters in the grain boundaries

Figure 1 (b) shows the 60,000 atom bicrystalline grain boundary model that
was used for the MD simulations of pure Cu and Cu with interstitial H atoms.
Following the geometry of the examined grain boundaries, voids were intro-
duced ranging from 6 to 100 vacancies. Yellow isosurfaces that represent the
surface fault mesh help visualize the voids.

It is unclear how larger clusters would interact with GBs and whether they
will remain stable if they are formed in these crystallographic locations. Our
MD simulations demonstrated that grain boundaries’ motion is initiated at
temperatures around 600 K, which agrees with other theoretical investigations
[36]. For this purpose we performed MD simulations of bicrystalline Cu with
various voids of sizes between 6-100 vacancies for temperatures beyond 600 K.
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