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Abstract

Molecular dynamics (MD) methods are used to study nanosized helium (He) bubble coalescence process in tungsten (W) at various
temperatures relevant to fusion conditions, on an atomistic scale. Bubble coalescence in W is observed at a higher temperature and
He/V ratio, while the calculated internal bubble pressure due to virial stress increases with the increase in the He/V ratio; bubble
coalescence is significantly dependent on the bubble distance. In these MD simulations, coalescence occurs, only when the surface
distance between the two bubbles is equal to 1ao, where ao denotes the lattice constant and is approximately 0.317 nm at 2100 K.
On the other hand, a bubble diameter between lao and 3ao may have relatively limited effect on the coalescence, although larger-
sized bubbles may have higher migration energy. Physical contact may occur between two nearby bubbles at the initial stage of
coalescence accompanied by W lattice distortion because of the limited displacement of W atoms near the bubbles and rapid
migration of He atoms within the two bubbles. These results are beneficial for understanding the evolution of He bubbles in bulk
W.
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1. Introduction

In nuclear fusion devices, tungsten (W) with its excellent thermophysical and mechanical properties has been used as the PFM for
plasma facing components such as the first wall and divertor plate [1-3], which are subjected to high temperature, and high flux
plasma (10> —10?* m™2s!) and high energy neutron exposure (approximately 14 MeV) [4,5]. It is well known that insoluble-gas
helium (He) atoms produced as a result of He plasma irradiation and (n, o) nuclear transmutation reactions lead to the formation
of nanosized bubbles [6,7]; this has been experimentally observed in various metals [8-11]. The bubbles and their evolution play

an important role in the performance of W as the PFM in fusion devices because they can cause drastic degradation of W properties

such as the ductility and thermal conductivity [12-14]. Therefore, understanding the behavior of He bubbles in W is fundamental
for the design of W materials in fusion devices. Two distinct mechanisms have been proposed for the growth of small He bubbles
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[10]: one is migration and coalescence, which indicates that entire bubbles can move randomly through the stochastic formation
of Frenkel pairs and helium fluxes, coalescing and growing into larger-sized bubbles when the bubbles meet. The other mechanism
is the Ostwald ripening mechanism, where He atoms and vacancies can dissociate from smaller-sized bubbles, in particular, and
diffuse into the other existing bubbles. Although several studies have investigated these mechanisms [15,16], on an atomistic scale,
they are required to be further understood.

Atomistic simulation techniques such as MD and DFT are important complementary tools [17-19] extensively applied to
study He defect energetics, interactions between He and the defects, He effect on the lattice thermal conductivities, and He bubble
evolution near the surface or in a matrix [20-22]. B.D. Wirth et al. investigated the evolution and distribution of He clusters or
small He bubbles with He atom numbers up to several tens near the W surface using MD simulations [23]. However, the
coalescence of bubbles with diameters greater than 1 nm in the W matrix has not yet been well simulated.

In this study, we investigate the coalescence process of two nanosized bubbles at several bubble distances in the W matrix
over a wide temperature range relevant to fusion conditions through MD simulations. The effect of bubble pressure corresponding
to the He/V ratio is studied, along with the analysis of the distorted W surrounding high-pressure bubbles. In order to understand
the bubble coalescence mechanism, we observe the trajectories of typical He and W atoms, and calculate the local pressure profile
near the He bubbles.

2. Simulation Methods

MD simulations were employed for studying the coalescence process of two nanosized bubbles in the W matrix, using the open-
source program LAMMPS [24]. In these computations, the W-W interactions were described using the EAM potential of Ackland
and Thetford [25]. The pair-wise interactions of W-He and He-He were described according to the pair potential of Juslin and
Wirth [26], and Beck [27], respectively.

In all the simulations, the simulation cell was a 20ao x 20ao x 20ao block of perfect bcc-W with the x, y, and z axes of the
simulated crystal oriented along the [10 0], [0 1 0], and [0 O 1] directions, respectively. Periodic boundary conditions in all the
three axial directions were used throughout the simulations and a time step of 1 fs was applied. In order to determine the lattice
constant ao at several temperatures, NPT ensemble simulations were performed at certain temperatures ranging from 300-2100 K.
Thus, in all the simulations in this study, the lattice constant change due to the thermal expansion effect has been considered. All
the simulation cell lengths remained constant when the NVT ensemble was used for 1.5 ns to evolve the W matrix containing two
nanosized bubbles constructed with identical size. The Nosé-Hoover thermostat method was used to control the temperature [28].
Because of the higher migration energy and the resultant lower diffusion coefficient of the nanosized He bubble, the bubble distance,
defined hereafter as the closest surface distance between two bubbles, was set to range from lao—3ao to facilitate their physical
touch within the MD simulation time. In order to study the effect of over-pressurized as well as under-pressurized bubbles, the
He/V ratio was varied from 1-3 because the equilibrium He/V ratio was calculated to be approximately two for a nanosized bubble
in the W bulk [29]. To obtain good statistical bubble coalescence results, simulations were conducted at least six times for each
condition. The occurrence possibility of bubble coalescence was then calculated in each case.

The WS cell method was applied to analyze defect cluster behavior, such as vacancies and W interstitial atoms [30]. In addition,
W lattice distortion caused by the bubbles was analyzed applying the statistics of CNA [31] to obtain insight into the microscopic
mechanism of the coalescence of two bubbles on an atomistic scale. In order to evaluate the effect of bubble pressure, the internal
bubble pressure at different He/V ratios was calculated using the Virial stress [32], and the trajectories of the displaced atoms and

local profile of the atomistic stress were observed.

3. Results and discussion



3.1. Condition for bubble coalescence

We first studied the occurrence of bubble coalescence under several conditions, such as various bubble sizes, bubble distances,
He/V ratios, and temperatures. The initial bubbles were set as spherical with radii ranging from lao—3ao, corresponding to a
maximum diameter of approximately 2 nm. For investigating the effect of bubble pressure, the virial stress in the bubble region,
with various He/V ratios and bubble sizes, was calculated. Fig.1 depicts the calculated internal bubble pressure Py as a function of
the bubble size at 300 K. The equilibrium pressure of a spherical bubble P can be defined by the surface tension y:

P=4y/d, where d is the bubble diameter. When the internal pressure exceeds the surface tension, the bubble has excess pressure Pe
= Py-4vy/d, which may lead to loop punching or interbubble fracture [33]. As shown in Fig. 1, the calculated internal pressure ranges
from 1.5-32.4 GPa for up to approximately 2-nm diameter bubbles with a He/V range of 1-3, and increases higher with the increase
in the He/V ratio. However, in all the cases, the calculated pressure decreases with the increase in the bubble size at a fixed He/V

ratio, which is in good agreement with the above-mentioned surface tension expression.
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Fig. 1. Internal bubble pressure calculated at 300 K as a function of the bubble size (up to approximately 2-nm diameter) at various He/V ratios.

If the distance between the two He bubbles is less, coalescence may occur, which has been widely observed experimentally in
metals [34,35]. In this study, we investigated nanosized He bubble coalescence in the W matrix for a wide temperature range
relevant to fusion conditions. Bubble coalescence has significant impact on the spatial and size distribution of the bubbles in W,
causing considerable changes in the W properties. Fig. 2 shows the coalescence process of two bubbles with diameters of 1.27
nm at 2100 K. The bubbles were constructed with a distance of approximately 0.317 nm between the nearest surface atoms and a
He/V ratio of three. As shown in Fig. 2, at a high temperature of 2100 K, the bubbles start to touch each other rapidly within 0.3
ns. The large migration energy of the bubble in the W matrix results in considerably lower possibility for bubble diffusion within
0.3 ns; therefore, this may be caused by the interaction between the two bubbles. A the dumbbell-like structure comprising He
atoms is formed after the two spherical bubbles contact, initially. However, within the remaining relatively longer 1.2 ns, the
dumbbell-like bubble structure appears to remain steady. To understand the changes in the bubble structure during bubble
coalescence, the number density of He atoms in the two bubbles was calculated, as depicted in Fig. 3. For the initial evolution

time curve, the number density of He atoms in the area between the initial two bubbles is zero, indicating that there are no He
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Fig. 2. Snapshots of bubble coalescence at a distance of approximately 0.317 nm at 2100 K.

atoms in the corresponding area. The number density curve becomes nonzero in the area between the initial two bubbles, when
they are in physical contact and a dumbbell-like bubble structure is formed. Further, the changes in the curve are negligible in 1.2

ns, indicating that the bubble structure remains steady within the corresponding evolution time.
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Fig. 3. Evolution of the number density of He atoms during the coalescence of two bubbles at a distance of approximately 0.63 nm at 2100 K.

The occurrence possibility of bubble coalescence during an evolution time of 1.5 ns at each condition are listed in Table 1 for
different temperatures and He/V ratios. It can be observed that the probabilities increase with the increase in temperature and He/V
ratio. Although a higher temperature increases the diffusion coefficient of He atoms and the possibility of coalescence, bubble
coalescence was not observed, even at a high temperature 2100 K for He/V equal to or less than two. This may be because of the
equilibrium He/V ratio of the bubbles (calculated to be approximately two), which necessitates a longer time than the evolution
time of 1.5 ns for coalescence between the two bubbles. Table 2 shows the occurrence possibilities of coalescence between two
bubbles with He/V=3 for different bubble sizes and distances at 2100 K. The results indicate that bubble coalescence occurs
between the two bubbles, when the distance between them is as less as 1ao (approximately 0.317 nm in all cases); however, bubble

coalescence is difficult when the distance is equal to or more than 2ao (approximately 0.63 nm), at least within the evolution time.



A smaller-sized bubble generally has lower migration energy and higher diffusion coefficient, but it is indicated that the effect of

the bubble size may be relatively limited on bubble coalescence at least within R = lac—3ao in the study.

Table 1 Occurrence possibility of bubble coalescence at different He/V ratios and temperatures ranging from 300-2100 K. The bubble distance and diameter are
approximately 0.317 nm 1.26 nm, respectively.

Temperature (K) He/V=1 He/V=2 He/V=3
300 0 0 0
900 0 0 0
1500 0 0 1/6
2100 0 0 6/6

Table 2 Occurrence possibility of bubble coalescence at different bubble distances and sizes. The temperature and He/V are approximately 2100 K and three,
respectively. R is the bubble radius; D is the bubble distance.

R (a0) D=lao D =2a D =3a,
1 6/6 0 0
2 6/6 0 0
3 6/6 0 0

3.2. Trajectory and W distortion

In order to understand the coalescence process of two He bubbles in W, the representative trajectories of the He atoms in the
bubbles and the W atom displaced nearby are monitored for approximately 1.5 ns during bubble coalescence at 2100 K, as shown
in Figs.4(a) and 4(b). For 1.26-nm diameter bubbles with He/V=3, it can be observed that only the W atoms between the two
bubbles are displaced from their lattice sites, causing the He atoms in the bubbles to diffuse into the sites occupied by the W atoms.
The W atoms between the two bubbles are rapidly displaced within the first 0.3 ns. However, the displaced W atoms generally
remain steady further up to 1.2ns, which may be due to the steady structure of the bubbles after physical contact. Limited
displacement of W atoms is observed within the evolution time of 1.5 ns only when bubble coalescence proceeds at a higher
temperature of 2100 K, indicating that the displacement of W atoms around the bubble is significantly dependent on the nearby
bubbles and temperature. The maximum displacement of He atoms around the bubbles was calculated to be approximately 2.305
nm on the (0 1 0) plane, which is considerably higher than that of W atoms at approximately 0.431 nm. Through the trajectories of
the He atoms in the bubbles, it was determined that these atoms can migrate rapidly within the bubbles and across the middle of

the two bubbles occasionally.

(a) (b)
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Fig. 4. (a) Representative trajectory of He atoms in the bubbles and (b) W atoms around the bubbles. The maximum displacements of the He and W atoms were

calculated to be 2.305 nm and 0.431 nm on the (0 1 0) plane, respectively. (c) Atomistic pressure profile around the two 1.27-nm diameter bubbles.

The local atomic pressure profile around the 1.27-nm diameter He bubbles at a distance of 0.633 nm on the (0 1 0) plane is
displayed in Fig. 4 (c). The pressure of W atoms around a bubble with He/V=2 is considerably higher than that located at a
further distance due to the distortion caused by the bubbles; the pressure of all the W atoms were calculated to be in the -13.09—
8.92 GPa range, in this case. It is indicated that two bubbles at a distance of 0.633 nm are likely to coalesce because there is a
blue area between the bubbles. The pressure of the He atoms within the two bubbles were calculated to range from 12.83-26.59
GPa; the pressure of the He atoms near the bubble core were higher than those near the bubble surface. This may be due to the

shell structure of the nanosized bubble in W, which is in good agreement with previous studies [29].
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Fig. 5. Distorted W fraction, induced by the bubbles, with respect to the evolution time. Red denotes He atoms whereas blue denotes the distorted W atoms as per

CNA analysis.

In Fig. 5, the fraction of distorted W atoms and snapshot of the matrix distortion induced by two He bubbles at 2100 K are
depicted as a function of the evolution time. A significantly distorted matrix different from the bcc lattice structure is observed
around high-pressure bubbles with He/V=3. The distorted W fraction is relatively lower when the bubbles are initially placed in
the W matrix; after 0.3 ns, physical contact occurs between the bubbles and there is a sharp increase in the W fraction from 1.1%
to 1.9%, which can be attributed to the distortion of the W lattice atoms between the two bubbles. However, within 1.2 ns, the W
distortion generally remains unchanged, with a steady bubble structure. Compared to other metals such as iron, W has larger

cohesive energy and equilibrium He/V ratio for the He bubbles, which may render bubble coalescence difficult.

4. Conclusions

The coalescence of two nanosized He bubbles in W was studied through MD simulations on an atomistic scale. In these
simulations, bubble coalescence occurred even within the MD time scale of up to 1.5 ns, when the surface distance between two
high-pressure bubbles was less than approximately 0.317 nm at 2100 K. However, it was observed that bubble diameters of up to
approximately 2 nm had relatively limited effect on the coalescence. Analyses of the calculated pressure profile and W distortion
around the bubbles indicated that bubble coalescence may be due to rapid He migration across the bubbles and the limited

displacement of W atoms near the bubbles.
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