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Abstract: The tungsten components in nuclear fusion reactors need to withstand the radiation cascade
damage caused by the neutron bombardment of high temperature and high throughput fusion
reaction during service. These damages are mainly present as a high concentration of point defects
and clusters, which lead to a series of problems such as irradiation-hardening and decreased thermal
conductivity of materials. In this study, molecular dynamics simulations are carried out to study
the dynamic interaction between grain boundaries and the void in tungsten at high temperatures
(T > 2500 K). Different interatomic potentials of W were tested, and the most appropriate one was
selected by the thermodynamic and kinetic properties of W. Simulation results show that the dynamic
migration of grain boundary can absorb the void, but the absorption efficiency of grain boundaries is
sensitive to their structural characteristics, where the high-angle GBs are more absorptive to the void
than the low-angle GBs. It is found that the void absorption cannot be completely attributed to the
thermal diffusion mechanism during the GB-void interaction; the dynamic migration of high-angle
GBs can significantly accelerate the void absorption. This study reveals a GB migration-induced
self-healing mechanism of W at high temperatures.

Keywords: molecular dynamics; tungsten; grain boundary; void

1. Introduction

Tungsten (W) is a prime candidate for use in plasma-facing components in fusion
reactors. The high melting point of W can maintain its stable structural strength and
performance at high temperatures, and the high thermal conductivity of W enables it to
rapidly transfer the high temperature and heat generated by thousands of degrees Celsius
in the nuclear fusion reaction. In addition, the low hydrogen retention of W can effectively
reduce the performance degradation and even failure caused by various nuclear fusion
particles remaining in the material. The main reason for the final performance failure
of nuclear fusion components is that the material will produce a large number of point
defects in its interior under the bombardment of fast-moving neutrons and other particles.
Vacancies and interstitial atoms are the primary structural defects when energetic particles
collide with materials [1]. These defects may subsequently evolve into microstructural
flaws, such as voids, stacking fault tetrahedra (SFT), dislocation loops, etc. [2–6], leading to
macroscopic degradation of the performance of the material [7]. The ability of a material to
resist radiation damage is determined by how well the microstructure can remove vacancies,
interstitial atoms, and their clusters. Much research has been devoted to understanding
and controlling the behavior of structural defects to design materials that can withstand
these harsh environments [8–13].

The introduction of interfaces into materials is an effective strategy and method to
reduce irradiation damage [1–3]. It has been well confirmed that grain boundary (GB) can
serve as defect sinks for absorbing and annihilating radiation-induced point defects. In
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experiments, Chimi et al. [14] studied the effects of ion irradiation on nanocrystalline Au
and showed that the irradiation-produced defects were thermally unstable because of the
existence of a large volume fraction of GBs. Nita et al. [15] investigated the irradiation
impact on the microstructure in nanostructured Ni and Cu specimens. They found that
GBs can be a major sink for the defects, resulting in a much lower density of structural
defects than that in coarser-grained material. Using molecular dynamics (MD) simulation,
Bai et al. [4] proposed a ‘recombination mechanism’ of GB under radiation, that is, GBs
firstly capture the radiation-induced interstitial atoms after collision cascades, leaving the
abundant vacancies in grain. Then, the excess interstitial atoms on the boundaries escape
back to the lattice and combine with nearby vacancies, promoting the vacancy-interstitial
recombination subsequently. Although the radiation-induced structural defects absorbed
by GBs have been preliminarily recognized, the understanding of how defects interact with
GB at the atomic scale is still progressing [16,17]. In particular, while GB can provide a
large energetic driving force for self-interstitial atoms (SIAs) to segregate to the GB, the
radiation-induced vacancies and their clusters (e.g., voids) usually show less mobility than
the SIAs. How GBs absorb structural defects with poor mobility needs further investigation.

The high-temperature environment generated by nuclear fusion reaction easily in-
duces the changes in material microstructure, such as the grain growth induced by high
temperature, which is essentially caused by the temperature-driven GB migration mech-
anism [18,19]. Therefore, understanding the interaction between the irradiation-induced
structural defects and the dynamic moving GBs is significant in understanding the physical
mechanism of interface defect elimination. However, different types of GBs have consider-
able differences in structure and properties, so they have different annihilation capacities
and efficiency for irradiation-induced defects. In this paper, MD simulations were carried
out to study the dynamic interaction between GBs and void to investigate the effect of
different types of GBs on irradiation damage elimination, and a self-healing mechanism of
the structural defects based on GB migration was proposed.

2. Methodology

The simulations were carried out on a bicrystal model using the parallel molecular
dynamics code LAMMPS [20] with the embedded-atom method (EAM) interatomic poten-
tial for W. There are many kinds of interatomic potentials developed for a certain element,
and no potential can fully and accurately reflect the physical parameters of a particular
element. For example, some potentials are developed mainly to study the melting and
solidification properties of a material, while others are developed to study its mechanical
properties and deformation mechanisms. By the first screening of the potential database,
four candidate EAM potentials developed for W were selected for further testing. The first
potential (P1) [21] was developed for large-scale atomistic simulations in the ternary W–H–
He system, focusing on applications in the fusion research domain. Following available ab
initio data, the potential reproduces key interactions between H, He, and point defects in W
and utilizes the most recent potential for matrix W. The second potential (P2) [22] was used
to study the point defect properties of W. The parametrizations of the potentials ensure that
the third-order elastic constants are continuous and have been fitted to the cohesive ener-
gies, the lattice constants, the unrelaxed vacancy formation energies, and the second-order
elastic constants. The third potential (P3) [23] was developed for studying radiation defects
and dislocations in W. This potential was fitted to a mixed database, containing various
experimentally measured properties of W and ab initio formation energies of defects, as
well as ab initio interatomic forces computed for random liquid configurations. The fourth
potential (P4) [24] was developed to predict the behavior of point defects in body-centered
cubic (BCC) metals, particularly interstitial defects, which is central to accurate modeling
of the microstructural evolution in environments with high radiation fluxes.

The bicrystal model was used which enables us to explore individual GB characteristics
and their effect on the interaction with crystal defects. The dimensions of each constructed
bicrystal model were approximately 162 Å × 204 Å × 64 Å (X × Y × Z), and the total
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number of atoms was about 1.3 × 105. The GB was located at the intersection of grain A
and grain B, and a void was placed in grain B, as shown in Figure 1a. Four symmetric tilt
GBs are investigated in this study, namely Σ25(710) (θ = 16.3◦) GB, Σ13(510) (θ = 22.6◦) GB,
Σ5(310) (θ = 36.9◦) GB, and Σ29(520) (θ = 43.6◦) GB. Different from the general definition of
low-angle GB with misorientation angle θ < 15◦, we distinguish high-angle and low-angle
GBs from their structural properties, that is, the low-angle GBs are understood as a series
of discrete dislocations. Therefore, we tentatively defined the Σ25 and Σ13 GBs as the
low-angle GBs, and the Σ5 and Σ29 GBs were regarded as the high-angle ones in this study.
The detailed GB structures are shown in Figure 1b where all the GBs contain topologically
identical structural units, as outlined by the yellow line. They differ only by the distance
separating the structural units and by their positions relative to the GB plane. In particular,
the structure of the two low-angle GBs can be described as an array of discrete perfect
dislocations, and the dislocation cores are formed by the structural unit. The voids were
generated by removing atoms in a spherical region in grain B, and the void size was 10 Å
in this study.
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actions while all the other atoms in the model were set free. The shear velocity was set as 
Vs = 1 m/s throughout the simulation, and the time increment of simulations was fixed at 
2 fs. It is necessary to emphasize that the high shear velocity used in this study is due to 
the time-scale limitation of MD simulation, we employ the shear-induced GB migration 
to simulate the spontaneous GB migration at high temperatures in the real materials. The 
simulation temperatures were set as 2500 K, 3000 K, and 3500 K. Below this temperature 
range, the effect of GBs on void absorption is not obvious, and even void could hinder the 
movement of GBs, which is not within the scope of discussion in this study. 

Figure 1. (a) Schematic of the bicrystal model used for simulations. (b) Atomic images of the
equilibrium structure of Σ25(710) (θ = 16.3◦) GB, Σ13(510) (θ = 22.6◦) GB, Σ5(310) (θ = 36.9◦) GB, and
Σ29(520) (θ = 43.6◦) GB. The GB structures are colored according to the common neighbor analysis
(CNA) parameter. The structural units are outlined by the yellow lines.

To simulate the dynamic interaction between GB and the void, a constant shear velocity
parallel to the boundary plane was applied to the bicrystal model to initiate GB motion. In
particular, the shear strain was applied along the positive X-axis for Σ5(310) and Σ29(520)
GBs, and along the negative X-axis for Σ25(710) and Σ13(510) GBs to guarantee the GB
migration downwards. The periodic boundary condition was applied in the X and Z
directions while a non-periodic boundary condition was applied in the Y direction. The
atoms on the top of grain A and the atoms at the bottom of grain B were fixed. The thickness
of each fixed slab was approximate twice the cutoff radius of atomic interactions while
all the other atoms in the model were set free. The shear velocity was set as Vs = 1 m/s
throughout the simulation, and the time increment of simulations was fixed at 2 fs. It
is necessary to emphasize that the high shear velocity used in this study is due to the
time-scale limitation of MD simulation, we employ the shear-induced GB migration to
simulate the spontaneous GB migration at high temperatures in the real materials. The
simulation temperatures were set as 2500 K, 3000 K, and 3500 K. Below this temperature
range, the effect of GBs on void absorption is not obvious, and even void could hinder the
movement of GBs, which is not within the scope of discussion in this study.

3. Results and Discussion

This study is mainly carried out in the high-temperature region (near the melting point)
of W, the simulation results of each interatomic potential on the solid-liquid phase change
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of W are tested first. A single crystal model of W with BCC structure was constructed.
Before the heating process, the model was relaxed to an equilibrium configuration at 1000 K
in the canonical ensemble NVT (constant atom number, constant box volume, and constant
temperature). Then, the temperature gradually increases from 1000 K to 6500 K in the
isothermal-isobaric ensemble NPT (constant atom number, constant pressure, and constant
temperature). The total volume of the model was monitored during the heating process, as
shown in Figure 2. The inserted snapshots show the atomic configurations of the single
crystal model at different temperature levels. It was found that the BCC phase of the
model has not changed much below 3000 K. After that, the disordered atoms (white atoms)
increased considerably. The first-order phase transition (solid to liquid phase) was observed
at about 5100 K for P1~P3, and 6000 K for P4, where the sample volume shows a sudden
jump, as indicated by the red dotted lines. Obviously, the simulation result of P4 has a large
deviation compared with the other three potentials. It is worth noting that the melting
temperature of W simulated by MD is higher than that of the actual material, which is also
a common phenomenon in other materials by MD simulation.
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Figure 2. Model volume as a function of temperature simulated by four interatomic potentials. The
inserted images are the atomic configuration of the model at different temperatures by P2. Atoms
are colored by CNA method, where the blue atoms are in BCC structure, and the white atoms are in
disordered structure.

To initiate the dynamic interaction between GBs and void, either void migrates to-
wards the boundary or the dynamic moving of the boundary towards the void. Previous
simulations have shown that the GB segregation energy of vacancy is much higher than
the interstitial atoms, thus larger resistance must be overcome for the vacancy to move
towards the boundary [25]. In addition, as the size of the vacancies cluster increases, the
spontaneous movement of the cluster toward the boundary becomes more difficult [26]. At
the MD simulation timescale, it is not easy to realize the void migrates towards GB. On the
other hand, it was reported that the dynamic migration of various GBs can be achieved
under shear deformation [27,28]. Therefore, the responses of GB under shear strain using
the four potentials (P1~P4) are tested, as shown in Figure 3, where the Σ5(310) GB was
selected as an example. For P1 and P3, a small section of GB migrated upwards under
shear deformation, as indicated by the yellow box, and cracks initiated and expanded at
the boundary plane with the increasing shear strain. For P2, when the critical shear stress
was achieved, the whole boundary plane migrated downwards without producing any
other structural defects. For P4, the boundary plane does not move under shear strain, but
the structural transition from BCC to FCC occurred near GB when the shear stress achieved
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a critical value. Based on the above simulations, P2 can best describe the thermodynamic
and kinetic properties of W so it was selected as the interatomic potential to perform the
subsequent simulations.
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Figure 3. Atomic configuration of Σ5(310) GB under shear deformation at different simulation times
using four interatomic potentials.

The simulation results show that the stress-driven GB motion occurred in all studied
cases with P2. In specific, the system stress built up until it reached a critical value, and
the GB jumped upwards abruptly from its original place to the next equilibrium position,
accompanied by the release of local stress. The GB was kept stationary until the accumu-
lated stress was large enough to trigger the next jump of GB. The periodic process keeps
driving the motion of the boundary, leading to the GB migration downwards. It is worth
noting that the GB migration velocity decreases with the increase in the misorientation
angle of the bicrystal, that is, the Σ25(710) GB has the highest migration velocity while the
Σ29(520) GB migrates the slowest. The dynamic migration of the four GBs and the process
of their interaction with the void at a temperature of 3000 K are shown in Supplementary
Videos S1–S4. In the videos, to clearly show the interaction between GBs and the void, the
cross-sectional view of the void was presented by extracting the continuous four layers of
atoms along the Z direction near the center of the void.

The migrating GB swept up the void in grain B as it passed by, and some different
interactions have been observed depending on the GB characteristics. Figure 4 shows
the snapshots of interactions between GBs and the preexisting void for Σ5(310) GB and
Σ29(520) GB at 2500 K and 3000 K, respectively. The extracted profile of structural defects
was presented via the visualization tool OVITO [29] using the dislocation extraction algo-
rithm [30]. For Σ5(310) GB, after the interaction GB-Void interaction at 2500 K, the void
remains there although it moves a certain distance from its original position due to the
shear strain, and it was found the void was smaller in size compared with the original
one, as shown in Figure 4(a1,a2). The result indicates that some vacancies were absorbed
by the boundary after the interaction between GB and the Void. When the temperature
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was increased to 3000 K, The void annihilated gradually into the boundary plane as the
GB migration progressed, and it was eventually absorbed by the GB, leaving behind a
defect-free area, as shown in Figure 4(a3). A similar scenario was observed for Σ29(520)
GB. The size of the void was significantly reduced after the interaction, as indicated by
the yellow arrow in Figure 4(b2). The smaller void size compared with that in Figure 4(a2)
implies that Σ29(520) GB can absorb the vacancies more efficiently than Σ5(310) GB. The
void was completely absorbed by the migrating boundary plane at the temperature of
3000 K, as shown in Figure 4(b3).
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Figure 4. Snapshots of the interaction between GB and void at 2500 K and 3000 K. (a1–a3) Σ5(310) GB,
(b1–b3) Σ29(520) GB. The extracted profile of GB and void was presented using the dislocation ex-
traction algorithm. The dynamic process of GB-void interaction at 3000 K is shown in Supplementary
Videos S1 and S2.

The interactions between the two low-angle GBs and the void are shown in Figure 5.
As mentioned above, the low-angle GB can be regarded as consisting of a set of discrete
dislocations, as indicated by the pink lines using the dislocation extraction algorithm.
Different from the high-angle GBs, the size of the void has not changed significantly for
the low-angle GBs after their interaction with the migrating GB at 3000 K, as shown in
Figure 5(a2,b2). In the case of Σ25(710) GB, the void remains there after its interaction
with the migrating GB even though the simulation temperature was increased to 3500 K,
although the size of the void was further reduced (see Figure 5(a3)). In contrast, the
void disappeared after the GB crossed over the void at 3500 K for the Σ13(510) GB. In a
visual inspection of the simulation result, the high density of discrete dislocations was
found to be connected to neighboring dislocations, which is due to the strong thermal
diffusion mechanism of the GB atoms at high temperature, giving Σ13(510) GB the structural
characteristics of high-angle GB, as shown in Figure 5(b3).
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Figure 5. Snapshots of the interaction between GB and a void at 3000 K and 3500 K. (a1–a3) Σ25(710)
GB, (b1–b3) Σ13(510) GB. The extracted profile of GB and void was presented using the dislocation ex-
traction algorithm. The dynamic process of GB-void interaction at 3000 K is shown in Supplementary
Videos S3 and S4.

According to the above simulation results, the following two aspects of information
can be obtained. On the one hand, the high-angle GB has a strong ability to annihilate
the void, while the low-angle GB has a relatively weak or even insignificant absorption
efficiency for the void. This finding qualitatively agrees with the experimental results where
the increased radiation tolerance was reported in the nanostructured materials that possess
a large proportion of high-angle GBs [2]. The difference in void absorption efficiency
between large-angle and low-angle GBs can be attributed to the size of the contact area
between GB and void, which can be understood by the density of the structural units that
consist of GB. As in Figure 1, the high-angle GBs are composed of continuous structural
units, so that GB can fully contact the voids. In contrast, for a given size of void, the
size of the contact area between low-angle GB and void is significantly reduced due to its
discrete structural characteristic. Particularly, for low-angle GBs, the boundary with lower
orientation has higher structural dispersion, which results in a smaller contact area between
GB and voids, thus reducing the efficiency of the GB for void absorption. On the other
hand, the simulations show that the increased temperature can facilitate the dissolution of
the voids at GB. The effect of void size and temperature on the result of GB-void interaction
has a close relationship with the thermal diffusion mechanism. The increased temperature
enhanced the diffusion of atoms at GB (GB diffusion) as well as the thermal instability on
the void surface in the grain (lattice diffusion), leading to the faster dissolution of the void
at the higher temperature.

GB diffusion is profoundly different from lattice diffusion, and atoms in GBs are
known to be much more mobile than in the lattice. It is reported that the difference
between the diffusion coefficients of lattice diffusion and GB diffusion is about 10 orders of
magnitude at about half of the melting temperature [31]. At the current timescale of MD
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simulation, lattice diffusion is negligible compared to GB diffusion. Although there are
considerable differences in diffusion coefficients within grains and at GBs, it was found
that void absorption cannot be fully attributed to the thermally induced GB diffusion
mechanism [32]. According to the simulations in this study, GB migration also plays an
important role in void absorption. To explore the effect of the dynamic interaction between
GB and the void, we further investigated the thermal stability of a void in the stationary
GBs and the moving GBs. The mean-squared displacement (MSD) of atoms within the
GB-void core region was computed. The core region is defined as 30 Å along the Y-axis
within the boundary plane at the center. Figure 6 shows the MSD value as a function of the
simulation time of different GBs during dynamic moving, and the MSD value of the four
stationary GBs is inserted for comparison. The two high-angle GBs are computed at the
temperature of 2500 K and 3000 K, while the two low-angle GBs are computed at 3000 K
and 3500 K, respectively. For the stationary GBs, the calculated MSD values show that the
difference in diffusion rate caused by the change in temperature is negligible. Obviously, it
cannot explain the higher void absorption efficiency of the high-angle GBs. However, it
was found that the calculated MSD values of the two high-angle GBs are much higher than
that of the two low-angle GBs in the time region of the dynamic GB-void interaction, which
is the main reason for the faster dissolution of the void at high-angle GBs. In addition, it
can be found that the dynamic diffusion rate of the low-angle GBs is less sensitive than that
of the high-angle GBs at high temperatures.
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(d) Σ29(520) GB. The inserted figures show the MSD value of the GBs at a stationary state.

To highlight the effect of GB migration in accelerating void absorption, the atomistic
view of the void absorption in stationary and dynamic GBs is compared. Figure 7 shows
the selected steps of the interaction between the void and the two high-angle GBs at 3000 K.
To clearly show the interaction process between GB and voids, the cross-sectional view of
the void was presented by extracting the continuous four layers of atoms along Z direction
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near the center of the void. In Figure 7a, the void was placed at the center of the stationary
Σ5(310) GB. The size of the void decreased gradually as the simulation time. At t = 3 ns,
the void size is significantly reduced compared with the initial void, although it is not
completely absorbed by the boundary plane. In Figure 7b, the Σ5(310) GB is above the void
and it moved downward under the shear strain. When the dynamic GB moved close to
the void, we began to record the change of the void with time. It was found that the void
shrinks rapidly once it contacts with the GB, the void size reduced significantly after 1 ns
and it was absorbed completely by the migrating GB after 1.2 ns. A similar process was
observed in the simulation case of Σ29(520) GB. The void disappeared after 1.4 ns of the
interaction between the migrating GB and the void. These results again indicate that GB
migration can effectively accelerate void absorption.
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4. Conclusions

MD simulations were carried out in this study to investigate the dynamic interaction
between voids and migrating GB in bicrystal W at high temperatures of 2500 K to 3500 K.
It was found that GB structure has a significant effect on the absorption of the void. The
absorption efficiency of low-angle GBs is obviously lower than that of high-angle GB,
although the increase in temperature can improve the absorption rate of low-angle GBs.
The difference can be ascribed to the discrete GB structure and the fast GB migration
velocity of the low-angle GB. By studying the diffusion rate of a void in the stationary GB
and moving GB, we have shown that the absorption of the void at a migrating GB cannot
be attributed solely to the thermal diffusion mechanism. The dynamic GB migration can
substantially accelerate the absorption of the voids, revealing a GB migration-induced
self-healing mechanism of W at high temperatures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met12091491/s1, Video S1: Σ5(310) GB. Video S2: Σ29(520) GB.
Video S3: Σ25(710) GB. Video S4: Σ13(510) GB.
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