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We report the results of a systematic atomistic modeling study of small helium cluster behavior

near tungsten symmetric tilt grain boundaries. This behavior was studied qualitatively by

molecular dynamics simulations and quantitatively by molecular statics simulations combined with

elastic inclusion theory. The sink strength is used to describe the magnitude of the clusters’

attraction to the grain boundary. We find that small helium clusters show impeded transport

behavior relative to the bulk around all types of grain boundaries, including low-angle, high-angle,

low-Sigma-value, and high-Sigma-value grain boundaries. Helium clusters tend to become trapped

near, but typically not directly on, the grain boundary plane. Both the distance between the helium

cluster and the grain boundary when the cluster first becomes immobilized and the sink strength

are correlated with helium cluster size, grain boundary formation energy, grain boundary tilt angle,

excess volume, and other aspects of grain boundary structure. We expect similar impeded transport

behavior for other types of grain boundaries and in other metals, because helium is effectively

insoluble in most materials and has a similar interstitial-based diffusion mechanism in most metals.

Published by AIP Publishing. https://doi.org/10.1063/1.5026617

I. INTRODUCTION

Tungsten is an important plasma-facing material of the

divertor in ITER and other fusion reactors due to its outstand-

ing properties, such as high melting point and material

strength, low chemical erosion and tritium retention rate, as

well as low activation under neutron irradiation.1–5 These prop-

erties can be affected by the types of grain boundaries (GBs)

within the polycrystalline metallic material.6,7 Inside fusion

devices, tungsten will be subject to helium plasma exposure,

resulting in structural damage and the formation of compli-

cated microscopic features.8,9 Our previous work has shown

that helium atoms tend to aggregate together and form mobile

helium clusters and immobile helium ‘bubbles’ bound to

vacancies.10 Small mobile clusters exhibit different transport

behavior near tungsten surfaces and grain boundaries (GBs)

than in the bulk.11–17 Helium segregation near grain boundaries

has also been observed experimentally: Donovan and cow-

orkers reported that helium bubbles have a tendency to form

preferentially at grain boundaries rather than within grains.18

Hashimoto and coworkers found that polycrystalline tungsten

has higher helium retention than single-crystal tungsten after

an irradiating/annealing process.19 The most commonly

observed grain boundaries in natural body-centered cubic (bcc)

metals such as iron and tungsten are symmetric tilt grain

boundaries (STGBs) with R3 misorientation.20,21 This class of

grain boundaries also has one of the lowest GB formation ener-

gies.22 Consequently, it is important to study helium transport

behavior near R3 STGBs, as well as other types of STGBs,

such as R5 and R17a STGBs, which are also commonly

observed in experiments. In our previous work, we observed

similar segregation effects via atomistic simulations, solidify-

ing the conclusions from experiments: small helium clusters

tend to be attracted to and immobilized near R3 and R5 sym-

metric tilt grain boundaries.12–16 It has been suggested that this

behavior is specific to low-R-value GBs, and that transport

near high-angle and high-R-value GBs would be very different.

For example, hydrogen atoms in aluminum and nickel show

impeded transport near/on low-angle grain boundaries, but

accelerated transport near high-angle GBs.23,24 Therefore, it is

prudent to study the transport of small helium clusters near

tungsten grain boundaries, especially in regions near GBs with

high R values. It is also of interest to quantify how this diffu-

sion behavior varies with the grain boundary angle and coinci-

dence site lattice misorientation (R value).

In this paper, helium cluster transport near symmetric tilt

grain boundaries is studied by molecular dynamics (MD) sim-

ulation. We find that helium cluster diffusion is significantly

impeded, compared to its bulk diffusion rate, near various

STGBs with different tilt angles and R values. The various

cluster–GB interactions and resulting drift forces for helium

cluster transport toward the GBs are quantified via molecular

statics (MS) computations combined with continuum elastic

inclusion theory. We conclude that the GB sink strength for

helium cluster segregation increases with cluster size and

depends strongly on the grain boundary tilt angle, grain

boundary formation energy, grain boundary excess volume,

and other aspects of grain boundary structure. The results pro-

vide very useful quantities for database development that

meet a critical need for large-scale modeling of near-surface

structural and surface morphological evolution in plasma-

exposed tungsten in nuclear fusion devices.a)Electronic mail: hammondkd@missouri.edu
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II. THEORY

A grain boundary is a planar defect in the crystal struc-

ture that provides more empty space than is present in the

perfect crystal. Once helium atoms and small helium clusters

diffuse to locations near the grain boundary, the existence of

this empty space enables the helium clusters to achieve a

lower-energy configuration. This attraction of clusters to the

GB, which provides a thermodynamic driving force for clus-

ter drift in analogy to diffusion biased by external fields,15

can be described quantitatively by elastic inclusion theory:

helium atoms or clusters are treated as elastic inclusions in

the tungsten lattice, and excess volume near the grain bound-

ary leads to elastic attraction of these inclusions, resulting in

a “drift force.” This elastic inclusion theory, developed from

Eshelby’s inclusion theory,25 has been widely used for the

description of interstitial–surface interactions in a continuous

elastic medium26,27 and, more recently, for helium–tungsten

surface and grain boundary interactions.12–16 According to

the elastic inclusion theory, the elastic interaction energy,

EGB, is proportional to the inverse of the third power of the

distance between the grain boundary plane and the inclu-

sion’s center of mass, viz.,

EGB ¼
�AGB

d � d0ð Þ3
; (1)

where AGB is the sink strength of the grain boundary, d is the

distance between the inclusion’s center of mass and the grain

boundary plane, and d0 represents the sink “thickness.” The

parameter d0 is a structural, defect-specific parameter intro-

duced to avoid a singularity at the grain boundary plane,

where d becomes zero. The sink strength, AGB, depends on

the material’s elastic properties, the size of the inclusion, and

the crystallographic properties of the grain boundary.

Before using Eq. (1) to build up models for various

STGBs, the value of the parameter d0 in Eq. (1) needs to be

estimated. At first, we tried to set different d0 values for each

particular type of STGB. Hu and coworkers mentioned that

d0 plays a role analogous to that of the dislocation core

radius in dislocation theory.13 Freund and Suresh28 com-

pared different values to find the best approximation for the

dislocation core radius, and they chose half the length of the

Burgers vector as the dislocation core radius. We tried to use

half the magnitude of the Burgers vector as the d0 value, but

the length of the Burgers vector varies substantially for dif-

ferent STGBs (from 0.3 nm to 1.2 nm). For those STGBs for

which this choice produces very large or very small d0 val-

ues—for instance, 0.15 nm for the R5h100i{310} STGB and

0.6 nm for the R97ch100i{940} STGB—Eq. (1) does not

provide a good fit to our MS simulation results. An alterna-

tive choice would be to use half of the grain boundary thick-

ness as our d0 value, where the grain boundary thickness is

defined as the maximum distance between atoms that have

coordination numbers (defined as the number of atoms

within a 0.382 nm radius) that differ from the bulk value of

14, because this thickness defines the GB region and physi-

cally represents the role of the core cutoff radius of the grain

boundary dislocations. However, the algorithm used to

determine the coordination number leads to large fluctua-

tions in the values of grain boundary thickness in the 0.3 nm

to 0.7 nm range that are uncorrelated with parameters such as

tilt angle and that lead to poor fits to Eq. (1). Divinski and

Bokstein indicated that 0.5 nm is an excellent estimate for

the GB structural width for the matrix atoms;30 a similar con-

clusion was also reached by Prokoshikina et al.,31 and this

GB width value has been widely used to calculate GB diffu-

sivities in several systems, including pure silver and cop-

per29,32 and various compounds and alloys including NiO33

and Fe–Ni.34 In this study, we followed the example of

Divinski and Bokstein and set the GB thickness to 0.5 nm

and the parameter d0 to half of the GB thickness, that is,

0.25 nm. As we discuss in Sec. IV, this approximation along

with the elastic inclusion theory of Eq. (1) provides a good

fit to our MS simulation results.

III. METHODS

All molecular dynamics (MD) and molecular statics

(MS) simulations were carried out using LAMMPS.35 In all

simulations, the interactions between tungsten atoms were

described by the Embedded Atom Method potential of

Finnis and Sinclair,36 as modified at short distances of sepa-

ration by Ackland and Thetford37 and by Juslin and Wirth.38

The W–He interactions were defined by the pair potential of

Juslin and Wirth,38 and the He–He interactions were pro-

vided by the pair potential of Beck39 as modified at short dis-

tances of separation by Morishita and coworkers.40 These

are the same models we used previously to determine helium

diffusion beneath tungsten surfaces and near a R3 grain

boundary13–16 and to characterize helium cluster reactions

near tungsten surfaces.11,13,41 With 3D-periodic initial con-

figurations provided by GBstudio,42,43 we built several h100i
and h110i GBs following an approach adapted from several

previous studies.44,45 The size of the simulation supercell

was different for each STGB due to the different repeat

lengths and the need to match the crystal structure across

periodic boundary conditions. The number of atoms for each

STGB structure ranged from 20 000 to 35 000. All the GB

planes were set up to be perpendicular to the z-direction.

Two twin GBs were produced in each simulation box (super-

cell), one located in the center and the other near the edge of

the simulation box. The size of the simulation box is large

enough to guarantee that the initial location of the helium

cluster is beyond the range of attraction of the grain bound-

aries. A typical geometry-optimized GB structure is provided

in Fig. 1, which shows a R17ah100i{410} STGB as rendered

by AtomEye:46 all the atoms in Fig. 1 are tungsten atoms,

with different colors representing atoms with different coor-

dination numbers. The coordination number is the number of

nearest-neighbor atoms around a particular atom, as defined

by a sphere with a radius of 0.382 nm around each atom (this

distance corresponds to 1.2a0, or halfway between the sec-

ond- and third-nearest-neighbor distances in the bcc tungsten

lattice). It is clear that in the GB region, the coordination

number of tungsten atoms in the GB plane varies periodi-

cally, indicating that the GB structure satisfies the periodic

boundary conditions. There are two identical grains in a

225104-2 Yang et al. J. Appl. Phys. 123, 225104 (2018)



simulation box, one located on the left side and another one

(inverted) located on the right side of the box.

The formation energy of the grain boundaries, equiva-

lent to the surface energy

cGB ¼
E� NEcoh

A
; (2)

where E is the total energy, Ecoh is the (per-atom) cohesive

energy, N is the number of atoms, and A is the total area of

all grain boundaries in the system; and the excess volume

VE ¼
V � N

2
a3

0

A
; (3)

where V is the total volume and a0 is the equilibrium lattice

constant; were both used as estimators of the grain boundary

structure. The calculated GB formation energies are consis-

tent with previous studies of various STGBs in tungsten.45,47

In the MD simulations, tungsten atoms were heated to

1000 K using a Nos�e–Hoover thermostat and isobaric–iso-

thermal dynamics48 for 100 000 time steps with a time step

of 0.4 fs to reach thermal equilibrium before the helium clus-

ters’ implantation. Helium–tungsten interactions at this tem-

perature are of interest because the formation of the

fiberform nanostructure has been widely observed at this

temperature.9,49 Considering thermal expansion, the lattice

parameter of tungsten at 1000 K was a¼ 0.318214 nm, and

this lattice parameter is consistent with previous work;10 for

reference, we mention that the lattice parameter of tungsten

is equal to a0¼ 0.31652 nm at 0 K, according to the potential

we have used in this study. Small helium clusters with differ-

ent sizes (1–7 helium atoms, i.e., Hen, 1� n� 7) were cre-

ated inside of the tungsten bulk, halfway between the two

tungsten GBs, so as to avoid interactions with the grain

boundaries. The evolution of all the atoms in the supercell

was subsequently monitored with a thermostat and barostat

in place at 1000 K and zero pressure for 100 000 time steps

to reach thermal equilibrium for both the tungsten and

helium atoms. After thermal equilibrium was established, the

thermostat and barostat were turned off, and we ran standard

(microcanonical) MD for a period of 16 ns. Helium clusters

were inserted at minimum-energy lattice positions, as

reported by Perez and coworkers;50 compared to inserting

helium atoms at random lattice positions, this procedure

ensures a low-energy cluster that is more likely to stay

intact.

Molecular statics simulations were carried out for four-

teen different h100i STGBs spanning R values from 5 to 97.

Helium clusters were inserted at a particular distance from the

GB plane, with increments of 0.05 nm from the center of the

GB plane to a point 2.5 nm away from the GB plane.

Numerous helium clusters were implanted at different posi-

tions on the same x–y plane (parallel to the GB plane) to gen-

erate more initial configurations at the same distance from the

grain boundary. Potential energy profiles, EGB, and relaxed

atomic configurations were then determined by energy mini-

mization with respect to the atomic coordinates using the con-

jugate gradient algorithm with a quadratic line search scheme.

For relaxed configurations in which helium clusters ended up

at the same distance (resolution of 0.01 nm) from the GB

plane, only the configuration with the lowest energy was

retained. Some final configurations illustrate the occurrence of

“trap mutation,” with the formation of Hen–vacancy com-

plexes15 or breakup of the helium clusters (e.g.,

He7!He2þHe5); these points are not characteristic of single,

mobile clusters and were not retained. We filtered the raw MS

simulation results via the following algorithm:

1. A spherical region including about 20 tungsten atoms was

defined, centered at the initial position of the helium clus-

ter, with a radius of 0.475 nm (1.5a0);

2. The initial and final positions of these 20 tungsten atoms

were compared: if any of these atoms left its initial posi-

tion and traveled farther than a particular displacement

threshold, the atom was deemed “displaced” and the MS

simulation results from that particular initial configuration

were not included in the analysis. The displacement

threshold was chosen to be 0.3a0, consistent with the

threshold for cascade displacement damage from Calder

FIG. 1. Grain boundary structure for a R17ah100i{410} STGB. The simulation box is shown in the x–z plane; grain boundaries are located in the x–y plane,

perpendicular to the z-axis. Two identical grain boundaries exist in the simulation box; one is located near the left boundary and the other one is located in the

middle of the box. The atoms are colored according to their coordination number, with different colors representing different coordination numbers over the

range from 11 to 15 (see legend at the top of the image).
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and Bacon;51 this is approximately equal to 0.1 nm for

bcc tungsten.

After the filtering process, all configurations that result in

the trap mutation process or breakup of helium clusters have

been removed. About 30 000 to 100 000 MS simulation results

for EGB(d) remained after the filtering process, and about 200

data points (i.e., unique minima) for each cluster size and GB

configuration were used to determine the relationship between

the energy and the distance from the helium cluster to the grain

boundary. Filtered data were then used to calculate a least-

squares fit of the datasets according to the elastic inclusion

theory [Eq. (1)]. The sink strength, AGB, served as the only

adjustable parameter, with d0¼ 0.25 nm assumed for all GBs.

IV. RESULTS AND DISCUSSION

A. Dynamics of helium clusters near symmetric tilt
grain boundaries

Molecular dynamics simulations were carried out to

demonstrate the mobility of small mobile helium clusters at

1000 K near various types of STGBs. Figure 2 shows a typi-

cal example of a helium cluster’s trajectory in the x-, y-, and

z-directions near a R5h100i{310} STGB.

It is clear that after a short period, helium clusters of all

sizes (Hen with 2� n� 5), had their mobility reduced dramat-

ically when the cluster reached the GB. This phenomenon

exists in the x-, y-, and z-directions, where the z-direction is

perpendicular to the GB plane. Although different size clus-

ters took different periods of time to diffuse to the STGB,

once they approached the GB, they became strongly bound

and were not able to escape from the GB on the time scale of

the simulation. Though the location at which the cluster

becomes trapped varies from simulation to simulation and

from GB to GB, every helium cluster examined always slows

down dramatically once it encounters the grain boundary. We

also carried out MS simulations of single helium atoms diffus-

ing near this R5 STGB, which revealed similar trapped behav-

ior as mentioned for Hen clusters with 2� n� 5, consistent

with our previous work on the same system.12 As shown in

Fig. 3, simulations of helium clusters’ trajectories in the z-
direction for five different STGBs; R27ah110i{511},

R41ah100i{910}, R53bh100i{950}, R57ch110i{722}, and

R97ch100i{940}; show similar immobilization of helium

clusters on/near grain boundaries.

For all combinations of STGBs and helium cluster sizes

in the range from 1 to 5, helium clusters showed significantly

slower transport near a grain boundary compared to their

transport in the bulk. Generally, a single helium atom tends

to diffuse towards the grain boundary and stays right on the

coincidence plane, as shown in Fig. 3 by the intersections

between the solid black lines and the black dashed lines.

Larger helium clusters, however, become trapped slightly

away from the grain boundary, and these cluster-to-GB dis-

tances range from 0.5 to 1.5 nm. This happens because larger

helium clusters tend to be attracted to the grain boundary,

but before reaching the coincidence plane, they will undergo

a trap mutation reaction and eject a tungsten atom into the

GB plane, forming a Frenkel pair. These larger clusters

would then be trapped by the vacancy just created. This phe-

nomenon has been observed and studied previously: helium

clusters with larger sizes generate more local stress to the

matrix and, therefore, have a higher probability of ejecting

tungsten atoms as self-interstitial atoms, resulting in the for-

mation of Frenkel pairs.52,53 Similar effects were observed

for helium clusters near surfaces.11,14,41 However, even the

smallest helium cluster, He2, is able to produce a Frenkel

pair when it approaches close enough to a grain boundary.

This phenomenon was frequently observed in our MD simu-

lations, and a typical example for a He2 cluster near a R5

STGB is shown in Fig. 4. It is clear that the He2 cluster was

trapped close to but not right on the GB plane, a Frenkel pair

was produced, and a tungsten interstitial was ejected and

trapped on the GB plane. Note that we observed only one

case in which a single helium atom became trapped outside

the GB plane, which happened for the R27ah110i{511}

STGB. We attribute this rare occurrence to the GB structure

of this STGB: tungsten atoms on the GB plane are arranged

very tightly, leaving very little excess volume there, but

there is more excess volume a slight distance away from the

GB plane.

When a He2 cluster approaches a region with positive

excess volume, the tungsten atoms near it are very likely to

be ejected from their lattice positions, going toward the GB

plane as interstitials. It is not surprising that the distance

from the helium clusters to the grain boundary after such

Frenkel pair generation is positively correlated with helium

cluster size. As shown in Fig. 3, for all h100i and h110i
STGBs, larger helium clusters become trapped farther away

FIG. 2. Center-of-mass trajectories for various helium clusters through tung-

sten near a R5 symmetric tilt grain boundary (STGB). The vertical dashed

lines mark the instant when the cluster became trapped and its x, y, and z
coordinates in the trapped state for several cluster sizes. The horizontal

dashed lines in the top graph indicate the positions of the R5h100i{310}

STGB planes.
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from the STGB than smaller clusters. This phenomenon can

be attributed to higher local stress induced by larger clusters:

larger clusters are able to produce Frenkel pairs farther away

from the GB plane because Frenkel pair formation is a mech-

anism of relieving this added local stress. For completeness,

we investigated the dynamical behavior of even larger

helium clusters near grain boundaries, namely, He6 and He7

clusters. These larger clusters become trapped close to their

initial positions and never reach the grain boundary.

A typical example of Frenkel pair ejection behavior near

the same R5h100i{310} STGB is shown in Fig. 5. After

about 0.8 ns, the He6 cluster stopped moving and stayed at a

position away from its initially implanted position for over

16 ns. In contrast, the He7 cluster almost immediately

punched out an interstitial and stayed at nearly the same

place during the entire simulation. We also carried out simi-

lar simulations for the five other STGBs in Fig. 3 with He6

and He7 clusters, and these clusters exhibited behavior con-

sistent with that of Fig. 5: the He6 cluster moved slightly

away from its initial position and then became trapped, while

the He7 cluster immediately became immobilized. These

results are consistent with the work of Boisse and coworkers

on self-trapping and trap mutation phenomena in bulk tung-

sten analyzed with density functional theory (DFT) calcula-

tions:53 for Hen clusters (n> 6), the cluster becomes more

stable when it excludes a matrix tungsten atom and produces

FIG. 3. Center-of-mass trajectories of various helium clusters through tungsten with various symmetric tilt grain boundaries (STGBs). Trajectories of

different-size helium clusters are shown for the (a) R27ah110i{511}, (b) R41ah100i{910}, (c) R53bh100i{950}, (d) R57ch110i{722}, and (e)

R97ch100i{940} STGB. The horizontal dashed lines show the positions of the grain boundary planes.
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a Frenkel pair. Moreover, their study provided DFT calcula-

tions and empirical-potential predictions for the energy

change of a single Frenkel pair emission for the helium–

tungsten interaction in the bulk, indicating that a He6 cluster

requires very little energy (less than 0.1 eV) to form a

Frenkel pair, and a He7 cluster requires negative energy

(about�0.3 eV) to form a Frenkel pair and self-trap (i.e., the

self-trapping is spontaneous for He7). These results provide a

good explanation for our MD simulation results: the He6

cluster migrates for a brief period of time in order to gain a

small amount of energy to trigger Frenkel defect formation,

while the He7 cluster traps itself and transforms to a more

stable state at the very beginning.

It is also of interest to note that helium clusters would be

trapped farther away from a grain boundary characterized by

a thicker GB region with more complex structure and more

excess volume. As shown in Figs. 3(b) and 3(e), given the

same cluster size, helium clusters are trapped closer to the

R41ah100i{910} STGB compared to the R97ch100i{940}

STGB, since the latter STGB has a higher misorientation

angle (14.25� vs. 47.92�), a higher R value (41 vs. 97), a

higher GB formation energy (1536 mJ/m2 vs. 2158 mJ/m2 at

0 K), and a larger excess volume per unit area (0.0139 nm vs.

0.0256 nm at 0 K) than the former.

Most clusters did not become mobile again once they

stopped near the grain boundary, but some exceptions were

observed, such as the slight displacements (beyond thermal

vibrations) of the He5 cluster near the R27ah110i and

R57ch110i STGBs shown in Figs. 3(a) and 3(d). We only

observed such phenomena for h110i STGBs. This is consis-

tent with the results of Figs. 1 and 2 of Hammond and cow-

orkers,12 which show very small jumps for single-helium

clusters (He atoms) near a R3 grain boundary. We attribute

this observation to the higher GB formation energies and

excess volumes in the GB regions of the R27ah110i and

R57ch110i STGBs compared to those of the h100i STGBs,

which makes it easier to accommodate the ejected interstitial

tungsten atoms. These features of those STGBs enable

helium clusters to move around slightly to attain a lower

energy state.

In summary, all of our MD simulation results for six dif-

ferent h100i and h110i STGBs show impeded transport

behavior for all helium cluster sizes examined, and no cluster

was observed to cross from one grain to another during the

course of an MD simulation. This result is consistent with

previous work for R3 and R5 STGBs with a single helium

atom implanted,12 but differs from expected observed behav-

ior of hydrogen, for which transport is enhanced near high-

angle and high-R STGBs.23,24

B. Energetics of helium near grain boundaries

We used molecular statics computations combined with

elastic inclusion theory to describe quantitatively the helium

cluster sink strength for various h100i STGBs. Figure 6 shows

typical results from MS simulations of helium cluster–GB inter-

actions for He2, He4, and He6 clusters near a R5h100i{310}

STGB. The minimum energy of the relaxed configurations

FIG. 4. Self-trapping of He2 clusters and self-interstitial tungsten atom gen-

eration near the R5h100i{310} STGB. (a) A He2 cluster that has traveled to

a location near the grain boundary after 0.54 ns, and (b) a tungsten self-

interstitial that has been ejected, immobilizing the bubble near the grain

boundary plane at 0.68 ns. Tungsten and helium atoms are shaded in gray

and black, respectively. The arrow in (b) marks the location of the interstitial

atom on the grain boundary plane.

FIG. 5. Example of center-of-mass (COM) trajectories at 1000 K of He6 and

He7 clusters through tungsten with twin R5h100i{310} STGBs. The hori-

zontal dashed lines indicate the positions of the grain boundaries.
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changes as a function of distance from the GB of the helium

cluster’s center of mass. The zero of energy is the energy of the

helium cluster in the bulk, thus the potential energy is approxi-

mately zero at a distance dGB¼ 3 nm, which is sufficiently far

to neglect the drift force from the GB to the helium clusters.

Both raw data and filtered data, which are filtered by the algo-

rithm described in Sec. III, are provided in the same plot,

shown as black and red open squares, respectively, and the red

solid line is a least-squares fit to the filtered results according to

Eq. (1). As shown in Fig. 6, the potential energy decreases and

the cluster–GB interaction becomes stronger (more attractive)

as clusters approach the GB. The elastic inclusion theory pro-

vides a very good fit to the simulation results, and fits are

obtained for various helium cluster sizes near the same

R5h100i{310} STGB, Hen with 1� n� 6 (results for other

clusters are not shown in the figure). The sink strength becomes

stronger with increasing cluster size, n; that is, the correspond-

ing AGB values increase with increasing n.

We have carried out MS simulations for fourteen differ-

ent STGBs, including the R5h100i{310} STGB, and con-

ducted further analysis for these computational results. Our

fitting results indicate that the elastic inclusion theory pro-

vides very good fits for all STGBs examined and for various

sizes of helium clusters (Hen with 1� n� 6). Representative

computational results for helium cluster–GB interactions

with various R-value h100i STGBs, namely, R17a{410},

R37a{610}, R73c{830}, and R97c{940} STGBs, are shown

in Fig. 7.

Specifically, the MS simulation results of Figs. 7(a)–7(d)

are similar to those of Fig. 6 and characterize helium cluster-

GB interactions for He2, He4, and He6 clusters near four dif-

ferent h100i STGBs. Note that only filtered data are shown

in Fig. 7. It is evident from the solid lines in Figs. 7(a)–7(d)

that the elastic inclusion theory provides a very good fit for

these four STGBs, and the four grain boundaries illustrate

the same trend: the sink strength becomes greater with

increasing cluster size. Generally, with the same helium clus-

ter size, fitting results for GBs with higher R values produce

higher AGB values, indicating that higher-R STGBs produce

stronger drift forces to attract helium clusters towards the

grain boundary. The results of similar fitting of sink strength

together with the GB formation energy, tilt angle values, and

excess volume per unit area for the 14 h100i STGBs exam-

ined are presented in Table I. It should be noted that there is

a significant regression error in the value of AGB.

For all combinations of STGB configuration cluster size

we examined, our computational results illustrate very good

fits to the elastic inclusion theory, indicating that the elastic

inclusion theory provides a very satisfactory description of

the cluster–GB interactions in the range of 0.5–2.5 nm from

the GB. It is also clear that the sink strength, AGB, is a mono-

tonically increasing function of cluster size (n); this strictly

increasing trend is demonstrated in the results of Fig. 8.

All of the AGB values that we computed follow similar

monotonically increasing trends as the cluster size (n)

increases, as shown in Figs. 6–8 and Table I. We also inves-

tigated how the STGB misorientation angle and GB forma-

tion energy affect the drift force, since GB formation energy

is an indicator of the stability and complexity of the

STGBs.54 GB formation energy is basically an increasing

function of the tilt angle in the range of 0� to 60�. However,

the R5h100i{310} STGB is an exception to this rule: it has a

high tilt angle but a relatively low GB formation energy.

This “anomaly” is consistent with previous work for other

body-centered cubic metals by Wolf et al.55 and Tschopp

et al.44 From our study of the R53 and R65 STGBs, grain

FIG. 6. Molecular statics simulation results for the cluster–GB interaction

potential energy as a function of the cluster’s distance from a R5h100i{310}

STGB for (a) He2, (b) He4, and (c) He6 clusters. Raw data and filtered data

(see Sec. III) are presented as black and red open squares, respectively, and

the red solid lines provide least-squares fits to the MS simulation results

using the elastic inclusion theory of Eq. (1).

225104-7 Yang et al. J. Appl. Phys. 123, 225104 (2018)



boundaries with the same R value but larger misorientation

angle exhibit deeper potential energy wells and have higher

sink strengths. These results are shown in Fig. 9.

Specifically, Fig. 9 shows the fitted AGB values as a func-

tion of helium cluster size, n, for the R53bh100i{720} and

R53bh100i{950} STGBs, as well as the R65bh100i{740} and

R65ah100i{810} STGBs. It is clear that for these same-R
STGBs, for all helium cluster sizes, the STGB with higher tilt

angle as well as higher GB formation energy (namely, the

R53bh100i{950} and R65bh100i{740} STGBs), have more

excess volume near the grain boundary (see Table I). This

results in greater sink strengths (i.e., higher AGB values).

We also compared STGBs built with a similar rotation

pattern in the coincidence plane, represented by the similar

Miller indices (i.e., the same h value but different k values)

in the (hk0) coincidence plane. For instance, the R25a{710},

R53b{720}, R29a{730}, and R65b{740} STGBs all have

h¼ 7 with varying values of k. In this situation, the tilt angle

of a given STGB is a monotonically increasing function of

the value of k. Figures 10(a)–10(c) show our results for sink

segregation strength as a function of helium cluster size, n,

for STGBs with h¼ 7, 8, and 9, respectively.

In Fig. 10, the effect of tilt angle and GB formation

energy becomes clearer: for STGBs with the same h value

FIG. 7. MS simulation results for helium cluster–GB interaction potential energy profiles as a function of the helium cluster’s distance, dGB, from the (a)

R17ah100i{410}, (b) R37ah100i{610}, (c) R73ch100i{830}, and (d) R97ch100i{940} STGB plane. Only filtered data (see Sec. III) are presented as open sym-

bols, while the solid lines are least-squares fits to the MS simulation results using the elastic inclusion theory of Eq. (1). Black, red, and blue colors indicate dif-

ferent helium cluster sizes, namely, He2, He4, and He6 clusters, respectively. The insets show the GB structure in each case, with the atoms colored according

to their coordination number following the same color scheme as in Fig. 1.

TABLE I. Results for the sink segregation strength, AGB, for Hen clusters

(1� n� 6) for fourteen h100i STGBs from least-squares fits to MS simula-

tion data according to the elastic inclusion theory, Eq. (1). The correspond-

ing GB formation energy (cGB), tilt angle, and excess volume (VE) per unit

area for each of the STGBs examined are also provided.

AGB (eV�Å3)

n¼ 1 n¼ 2 n¼ 3 n¼ 4 n¼ 5 n¼ 6

cGB

(mJ/m2)

Tilt

angle

(degrees)

VE

(nm)

R5(310) 1.5 3.4 6.9 9.9 16.8 20.8 1797 36.87 0.0371

R13a(510) 7.8 15.3 29.2 43.3 55.2 96.5 1879 22.62 0.0312

R17a(410) 13.1 19.0 29.7 38.4 76.4 83.1 1954 28.07 0.0242

R25a(710) 12.2 24.2 35.9 58.3 69.2 93.5 1677 16.26 0.0188

R29a(730) 18.4 28.5 48.9 79.4 97.4 101.0 2127 46.4 0.0243

R37a(610) 14.1 17.8 37.6 52.6 75.8 114.0 1794 18.92 0.0243

R41a(910) 19.8 24.4 38.7 69.7 82.6 99.8 1536 12.68 0.0139

R53b(720) 15.7 27.4 42.1 75.4 96.6 98.2 2020 31.89 0.0243

R53b(950) 32.6 53.4 97.2 120.3 153.2 176.0 2169 58.11 0.0273

R65b(740) 27.2 48.2 84.4 123.7 168.8 262.1 2176 59.49 0.0313

R65a(810) 17.7 26.8 72.5 84.6 90.1 133.1 1623 14.25 0.0149

R73c(830) 21.1 29.7 75.9 89.5 112.1 134.2 2127 41.11 0.0381

R85b(920) 21.5 27.7 78.4 91.0 129.8 151.9 1959 25.06 0.0285

R97c(940) 23.1 37.0 86.7 109.4 138.3 164.8 2158 47.92 0.0256
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but different k values as the Miller indices in the coincidence

plane, the STGB with a higher k value, as well as a higher

tilt angle and a higher GB formation energy, has a greater

sink strength for helium clusters.

Generally speaking, the sink strength AGB is positively

correlated with GB formation energy, tilt angle, and excess

volume for STGBs with a similar rotation pattern in the coin-

cidence plane, as shown in Fig. 10. However, it would be

incorrect to describe the sink strength as a monotonically

increasing function of any one of those parameters. For

instance, the R17ah100i{410} STGB has a higher GB forma-

tion energy and tilt angle compared to the R13ah100i{510}

STGB, but the R13a STGB has a higher sink strength than

the R17ah100i{410} STGB for He4 and He6 clusters (see

Table I). More important, the sink strength for a specific GB

is highly dependent on the GB’s structure, which cannot be

described completely by a single equation or by a specific

parameter such as GB formation energy, GB tilt angle, and

excess volume. For “similar” STGBs, like the similar-tilt

FIG. 8. Calculated sink strength, AGB, for fourteen types of h100i STGBs, as

a function of helium cluster size, n, ranging from 1 to 6.

FIG. 9. Calculated sink strength, AGB, for two h100i STGBs with the same

R value, as a function of helium cluster size, ranging from 1 to 6 helium

atoms. (a) R53bh100i{720} and R53bh100i{950} STGBs and (b)

R65bh100i{740} and R65ah100i{810} STGBs.

FIG. 10. Calculated sink segregation strength, AGB, for h100i STGBs with

one of the coincidence plane Miller indices (hk0) being equal for all the GBs

considered, as a function of helium cluster size, n. (a) R25a{710},

R53b{720}, R29a{730}, and R65b{740} STGBs with h¼ 7; (b) R65a{810}

and R73c{830} STGBs with h¼ 8; and (c) R41a{910}, R85b{920},

R97c{940}, and R53b{950} STGBs with h¼ 9.
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STGBs shown in Fig. 10, GB formation energy and tilt angle

are good indicators of GB stability and complexity, since

these GBs have similar structure. Conversely, Fig. 11 pro-

vides a typical example of how GB structure affects the sink

strength, excluding the influence of GB formation energy:

fitted MS results for a He3 cluster near a R17ah100i{410}

and a R85bh100i{920} STGB are illustrated in Fig. 11(a).

These two STGBs have similar tilt angles and GB formation

energies, but the calculated sink strengths are very different

(see Table I).

Compared with the R17ah100i{410} STGB, the

R85bh100i{920} STGB has more types of “structural uni-

ts,”44 introduces more substructures around the GB region,

and increases excess volume at the grain boundary. Also,

R73ch100i{830} and R29ah100i{730} STGBs have very

similar GB formation energies and similar tilt angles, but

their sink strengths differ substantially, which might be due

to the huge discrepancy in their excess volumes. On the other

hand, R13h100i{510} and R65bh100i{740} STGBs have

almost the same excess volume, but the R65bh100i{740}

STGB has a considerably bigger sink strength, GB formation

energy, and tilt angle.

As discussed in Sec. IV, small helium clusters are

trapped and effectively immobilized once they diffuse near a

grain boundary, and this attraction to the grain boundary is

described by the sink strength, AGB. Thus, the capture rate of

helium clusters to a grain boundary that has low sink strength

would be expected to be less than that of a grain boundary

with higher sink strength. We studied the diffusion of a sin-

gle helium atom in five different STGBs using the same

methods discussed in Sec. III. For a single helium atom in

each STGBs, twenty identical MD simulations with different

random seeds were carried out to calculate the average cap-

ture time of a single helium atom near each grain boundary.

The sizes of the simulation boxes for these simulations were

all set to be approximately 4� 4� 18 nm, to avoid differ-

ences that would be introduced by using different system

sizes. Figure 12 shows the average time the cluster spends

prior to being captured and immobilized by the grain bound-

ary. It is clear that the average capture time is negatively

FIG. 11. (a) MS simulation results for the helium cluster–GB interaction potential energy, EGB, for cluster size n¼ 3 as a function of helium cluster distance,

dGB, from the R17ah100i{410} and R85bh100i{920} STGBs, shown with black and red solid lines, respectively. Open squares and circles are MS filtered data

used for least-squares fitting according to Eq. (1). (b) Relaxed atomic configurations of the R17ah100i{410} and R85bh100i{920} STGBs. Black quadrilaterals

formed by solid lines represent the minimum repeating units of the STGBs. Atoms are colored according to their coordination number, following the same

color scheme as in Fig. 1.

FIG. 12. Average time before a single helium atom is captured by a grain

boundary after being placed 4.5 nm from twin grain boundaries as a function

of sink strength for five different STGBs. The error bars indicate 95% confi-

dence intervals of the averaged time to capture from twenty simulations.
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correlated with sink strength, which means that the average

capture rate of single helium atoms is positively correlated

with the sink strength value of the STGB. We expect similar

trends for other STGBs and bigger helium clusters, assuming

the sink strength has the physical meaning we have inter-

preted it to have here.

These MS results demonstrate how sink segregation

strength varies for fourteen STGBs combined with six differ-

ent helium cluster sizes. All fitted sink strengths are mono-

tonically increasing functions of helium cluster size, which

is consistent with previous work for helium clusters near

tungsten free surfaces as well as a R3h111i{211}

STGB.12–16

V. SUMMARY AND CONCLUSIONS

We have carried out MD and MS simulations to study

helium clusters’ transport and segregation behavior near

STGBs in bcc tungsten. In MD simulations, we found that

all helium clusters in the size range from 1 to 5 helium atoms

become trapped near the GB after they diffuse to a region

near the grain boundary plane. This behavior occurred for

symmetric tilt GBs with many different parameters, includ-

ing GBs with different R values (ranging from 5 to 97), dif-

ferent tilt angles (ranging from 12.68� to 47.92�), and

different tilt axes (h100i and h110i). Unlike smaller clusters,

He6 and He7 clusters have a tendency to create helium–va-

cancy complexes, ejecting a Frenkel pair, and then get

trapped relatively far away from the grain boundary plane.

Larger helium clusters are trapped slightly farther away from

the GB plane because of the increased pressure, which cre-

ates Frenkel pairs.

Molecular statics simulations and elastic inclusion the-

ory were also used to describe helium behavior near grain

boundaries. With an approximate GB thickness parameter of

0.5 nm, the GB sink strength, AGB, of different GBs was

computed by fitting MS results according to Eq. (1), which

describes the helium cluster attraction to the GB as a func-

tion of its distance from the GB plane. We find that AGB is

monotonically increasing with the number of helium atoms

in the cluster for all h100i STGBs we studied. Sink strength

also is positively correlated with the GB tilt angle as well as

GB formation energy and excess volume. Both MD and MS

simulations indicate that helium clusters have a tendency to

become trapped near the STGB. This behavior of helium

near GBs is consistent with previous work for small mobile

helium clusters near tungsten free surfaces as well as

R3h111i{211} STGBs, and provides evidence that helium

transport is also impeded on high-angle/high-R GBs.

Estimation of the GB sink strength (AGB) gives us a clearer

picture of how the drift force on the mobile cluster varies

across different STGBs and for different size helium

clusters.

It is interesting to study quantitatively how the distance

from the STGB plane at which the helium clusters become

trapped varies as a function of the tilt angle and GB forma-

tion energy, since both the trapped distance and sink strength

are related to the helium cluster size, GB formation energy,

tilt angle, and excess volume. The calculated sink strength

values are expected to be used as parameters for longer

length and time scale simulations, such as to determine the

helium clusters’ cumulative fraction near tungsten free surfa-

ces14 and segregation rates near grain boundaries. It would

also be of interest to study how sink strength is affected by

other grain boundary properties, such as tilt axis (e.g., h110i
and h111i STGBs). Although it is premature to conclude that

helium cluster transport would be impeded by all types of

tungsten grain boundaries, we anticipate similar impeded

transport behavior to be observed around other types of GBs,

such as asymmetric tilt GBs and twist GBs. More compli-

cated models of polycrystalline tungsten are expected to be

built, such as models containing combinations of several

twist GBs and tilt GBs within the simulation box, to simulate

helium transport behavior in real tungsten. Because impeded

diffusion behavior near R5h100i{310} STGB has been

observed for hydrogen,56 it is also of interest to study helium

and hydrogen diffusion behavior near the same grain bound-

ary, so as to better understand structural evolution in plasma-

exposed tungsten in nuclear fusion devices. We would also

expect to see similar helium transport behavior near grain

boundaries in other metals, because helium diffuses in crys-

tals via interstitial sites and is effectively insoluble in most

metals.
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