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The growth of helium bubbles impacts structural integrity of materials in nuclear applications.
Understanding helium bubble nucleation and growth mechanisms is critical for improved material
applications and aging predictions. Systematic molecular dynamics simulations have been
performed to study helium bubble nucleation and growth mechanisms in Fe;oNi;;Crig stainless
steels. First, helium cluster diffusivities are calculated at a variety of helium cluster sizes and
temperatures for systems with and without dislocations. Second, the process of diffusion of helium
atoms to join existing helium bubbles is not deterministic and is hence studied using ensemble
simulations for systems with and without vacancies, interstitials, and dislocations. We find that
bubble nucleation depends on diffusion of not only single helium atoms, but also small helium
clusters. Defects such as vacancies and dislocations can significantly impact the diffusion kinetics

due to the trapping effects. Vacancies always increase the time for helium atoms to join existing
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Accepted 27th July 2023 bubbles due to the short-range trapping effect. This promotes bubble nucleation as opposed to

bubble growth. Interestingly, dislocations can create a long-range trapping effect that reduces the

DOI: 10.1039/d3ra03969b time for helium atoms to join existing bubbles. This can promote bubble growth within a certain
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1. Introduction

Due to either energetic particle irradiation or radioactive
decay,"” structural alloys used in nuclear applications often
collect helium (He) content over time. As He atoms do not bond
with metals, they separate out to form internal bubbles. These
He bubbles significantly embrittle the materials,>® and are
often the determining factor for structural failures. Extensive
experimental’**'*** and modeling*>* studies have been per-
formed to understand the He effects. These studies indicate
that the lifetimes of materials critically depend on the number,
size, and spatial populations of He bubbles. For instance, a high
density of bubbles at grain boundaries is believed to be more
detrimental than if they are in the bulk."***'¢ The number,
size, and spatial populations of He bubbles are determined by
how bubbles nucleate and grow. Improved material applica-
tions and aging predictions, therefore, require a fundamental
understanding of He bubble nucleation and growth mecha-
nisms. These mechanisms, however, cannot be easily obtained
from experiments.

As arelevant example, Fe,,Ni;;Cr;o face centered cubic (FCC)
alloys (close to 300-series stainless steels) have been used as
structural materials for nuclear applications.>*® Upon reaching
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an equilibrium with a possible *H gas environments, the
materials contain an internal *H concentration that is elevated
near defects especially dislocations.”” Due to the *’H — He
decay, He interstitial atoms are continuously born at the *H
locations. These He atoms diffuse rapidly®® so they can quickly
find each other to form He clusters. Unlike the near repulsive
He interactions in the pure He gas phase, He clusters in metals
are strongly attractive.”® Hence, He clusters will no longer
dissociate. The traditional self-trapping theory of bubble
nucleation®" assumes that He clusters of any size (containing
2 or more He atoms) are immobile. This means that whenever
two He interstitial atoms meet and form a dimer, it essentially
nucleates a bubble because the He atoms become trapped in
their current location, eventually evolving to a bubble when
more He atoms arrive. As an alternative bubble nucleation
mechanism, the defect-trapping theory assumes that He are
trapped at defects®** such as vacancies, self-interstitial atoms
(SIAs), impurity/alloy solutes, dislocations, and grain bound-
aries. The defect-trapping mechanism has important implications
as it suggests that defects can be utilized to control He bubble
number, size, and spatial populations.
Density-functional-theory (DFT) and molecular dynamics
(MD) studies*~° indicate that He dimer clusters are still mobile.
It is reasonable to assume that He clusters only become
immobile when they are large enough to displace metal atoms
resulting in metal vacancies that trap He atoms. Hence, a study

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of He bubble nucleation mechanisms is essentially a study of
He cluster diffusion for all cluster sizes below a critical size
where clusters are mobile.

Once a significantly big bubble is developed, a considerable
number of metal atoms are displaced into other places. This
results in the formation of various defects such as interstitials,
vacancies, and dislocations. The bubble also creates stress field
in surrounding areas. Defects and stress fields both impact the
subsequent He cluster diffusion and He arrival rates at existing
bubbles. Hence, a study of He bubble growth mechanisms must
involve a study of time distribution for He atoms to join existing
bubbles in the presence of defects and bubble stress fields.

The objectives of the present work are to perform extensive
MD simulations on Fe,(Ni;;Cr;o to understand (1) He cluster
diffusivities at different cluster sizes with and without disloca-
tions, and (b) time distributions of an He atom to join an existing
bubble with a given pressure, considering samples without
defects, and with vacancies, interstitials, and dislocations.

2. Methods

All simulations are performed using the parallel MD code
LAMMPS.**"** A time step size of 0.0005 ps is used. All temper-
ature and pressure controls are achieved via integration on
Nose-Hoover style non-Hamiltonian equations of motion with
time constants of 0.05 ps and 0.5 ps for thermostat and barostat
respectively. The Fe-Ni-Cr-H-He embedded-atom method
potential®®* is used to define interatomic forces. This potential
incorporates the interactions between He and electrons as
revealed from density-functional theory calculations, and
therefore correctly captures the paradoxical behavior that He-
He interactions are repulsive in the gas phase but are strongly
attractive in metals.”® Simulation details for cluster diffusivities
and He-to-bubble time statistics are described separately in the
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following, but a brief summary of scales of simulations is given
in the Appendix.

2.1 Cluster diffusivities

Cluster diffusivities are calculated following the previous MD
approach that statistically account for all jump paths encoun-
tered during diffusion.**** Briefly, He cluster sizes between 1
and 10 are considered. For each cluster size, MD simulations
are performed at 13 temperatures (300 K, 325 K, 350 K, ..., 600
K). After an initial 0.2 ns for equilibration, the mean square
displacement of the He cluster is tracked for the following 70 ns.
Note that the 0.2 ns is sufficient because it is intended to
equilibrate the population of atom velocities which can be
achieved through a few atomic vibrations. The linear portion of
the mean square displacement as a function of time is used to
fit a diffusivity D based on eqn (1),*

R = 6Dt (1)

where R2, D, and t represent mean square displacement, diffu-
sivity, and time respectively. To ensure that only linear portion
is fitted, the entire mean square displacement vs. time curve is
first visualized and the range of fit is determined from the
visualization. The diffusivities thus obtained at different
temperatures are then fitted to the Arrhenius equation to derive
both pre-exponential factor D, and diffusion energy barrier Q:

D = D, exp <_k13%) (2)

where kg and T are Boltzmann constant and temperature
respectively. All simulations are performed using a zero-
pressure NPT ensemble to relax system volume.

Fe,(Ni;;Cry9 alloys with and without edge dislocations are
studied under periodic boundary conditions in all three direc-
tions. Orientations of systems are illustrated in Fig. 1. For the

(b) system with dislocations
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Fig.1 Crystal geometries used for He cluster diffusion simulations: (a) systems without dislocations (white balls: Fe, blue balls: Ni, orange balls:

Cr), and (b) systems with dislocations.
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Fig. 2 Crystal geometries used for He-to-bubble simulations: (a) systems without dislocations, and (b) systems with dislocations.

dislocation-free case shown in Fig. 1(a), the system contains ~41
Ainx, ~50 A in y, and ~44 A in z, with 7680 metal atoms. For the
dislocation-containing case shown in Fig. 1(b), the system
contains ~82 A in x, ~100 A in y, and ~44 A in 2, with 30240
metal atoms. A larger x-y dimension is needed for the dislocation
case to minimize dislocation interactions and retain a proper
dislocation stress field. To enable the periodic boundary condi-
tions, we study dislocation dipoles and the dipole distance is half
of the y dimension so that all dislocations are equally spaced.
Dislocation lines are along the z axis, with an edge Burgers vector
b = [110]/2. Such dislocations can be easily created.**** During
simulations, the perfect edge dislocations are naturally dissoci-
ated into a pair of Shockley partial dislocations.

2.2 He-to-bubble time statistics

Orientations of the Fe,oNi;;Cryq alloys used for calculating the
He-to-bubble time statistics are shown in Fig. 2. In Fig. 2(a), the
system contains ~128 A in x, ~126 A in y, and ~133 A in z, with
180 000 metal atoms. In the center of the system, 1452 metal
atoms are replaced by 1428 He atoms to create a He bubble.
Using time-averaged MD calculations of atomic stresses and
atomic Voronoi volumes**** over a 0.1 ns period at 800 K, He
bubble pressure is calculated as

Z(ai.xx + Ui,yy + ai,z:)

(3)

where 0 vy, 0;,, 0,2, are time-averaged normal stresses on atom
i, and Q; is time-averaged Voronoi volume of atom i, and the
summation is over all the He atoms in the bubble. Note that the
right hand side of eqn (3) needs to be divided by volume
because the “stress” calculated from LAMMPS is actually
a “stress-volume” quantity. Counterintuitively, the time-
averaged calculations produce much more converged results
than energy minimization simulations.”*** As a result, we
perform the simulations twice using different random number
seeds and get an identical bubble pressure of 6.6 GPa.

23238 | RSC Adv,, 2023, 13, 23236-23243

A diffusing He atom is created at the corner far away from the
bubble. MD simulations are then performed at 800 K for a total
period of 5 ns using a zero-pressure NPT ensemble under
periodic boundary conditions in all three directions. Once the
diffusing He is found to join the bubble, the time is recorded. A
thousand such simulations are conducted to construct a time
distribution.

Fig. 2(a) does not have dislocations. To explore effects of
dislocations, an edge dislocation dipole is inserted into the
system with the same orientations and dimensions. The dislo-
cation lines are along z with an edge Burgers vector b = [110]/2,
which are naturally dissociated into Shockley partials during
simulations. Again, we perform a thousand simulations to
construct time distribution. We also perform two additional
sets of thousand simulations with 0.2% vacancies and 0.2%
interstitials respectively to construct the corresponding time
distributions. Based on random numbers generated, vacancies
are introduced by randomly removing metal atoms, and inter-
stitials are introduced by randomly adding metal atoms into
octahedral interstitial sites, until they match the corresponding
composition ratios.

3. Results and discussions
3.1 Cluster diffusivities

Diffusivities D are calculated from 260 MD simulations at 10 He
cluster sizes (from He, to He;,) and 13 temperatures (from 300
K to 600 K) with and without dislocations. The results of these
diffusivities are summarized in Fig. 3(a) for systems with no
dislocations and Fig. 3(b) for systems with dislocations, where
lines are fits to eqn (2). Note that in Fig. 3, In(D) < —20 means
that D is essentially ~0 so that In(D) is ill-defined and is simply
placed at the —20 line. Fig. 3 only shows results for cluster sizes
between 1 and 7. Cluster sizes above 7 are not included because
diffusivities are extremely low.

Fig. 3(a) indicates that for the dislocation-free cases, In(D) is
linear with (kzT)™" for He cluster sizes between 1 and 5.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Logarithm of MD diffusivities for He clusters with sizes 1-7 as a function of (kgT)~* (kg is Boltzmann constant and T is temperature): (a)

systems with no dislocations, and (b) systems with dislocations.

However, only cluster sizes between 1 and 3 satisfy the Arrhe-
nius equation with clearly defined energy barriers. Diffusivities
for cluster sizes 4 and 5 appears independent of temperature
and therefore do not represent thermally activated diffusion. In
fact, the reduction of diffusivities of cluster sizes 4 and 5 as
compared to cluster sizes 1-3 at the high temperature end
suggests that cluster sizes 4 and 5 are trapped at certain sites
during diffusion. For cluster sizes above 5, In(D) is no longer
linear with (ks7)~". In these cases, He clusters are clearly trap-
ped as some of the In(D) data points fall at the —20 line. The
reason that the other data points do not fall on the In(D) = —20
line is because it statistically takes various times to reach the
trapping sites (e.g, a site with a favorable local composition to
form a metal vacancy) and develop the trapping configuration
(e.g., a metal vacancy). Considering that the experimental time
scales are many orders of magnitude longer than here, clusters
with sizes above 5 are likely to always reach trapping sites and
therefore exhibit near zero diffusivities in experiments. Hence,
we only need to consider diffusivities for cluster sizes 1-5. To
provide inputs for mesoscale models to simulate nucleation
and growth of He bubbles, the fitted pre-exponential factors and
energy barriers are summarized in Table 1 for He cluster sizes
1-5, with the caveat that the parameters for cluster sizes 4 and 5
only reflect MD diffusivities, but may not reflect experimental

diffusivities at much longer time scales because they do not
satisfy Arrhenius equation as explained above.

Similar analysis is performed for the dislocation cases shown
in Fig. 3(b). Here we see that In(D) is linear with (k)" only for
cluster sizes 1 and 2, and the larger clusters are more or less
trapped as they do not exhibit linear relationships. This is not
surprising as not only dislocation core can trap He, but also the
dislocation stress field can confine the motion of He clusters.
For mesoscale models, we include in Table 1 the fitted pre-
exponential factors and energy barriers for He cluster sizes 1
and 2 in the dislocation cases.

The diffusivities discussed above are three-dimensional
isotropic diffusivities. Strictly speaking, they are only appli-
cable to dislocation-free systems. When systems contain dislo-
cations, diffusivities parallel and normal to dislocation lines
might be different. We use He dimer cluster as an example to
explore this. One-dimensional diffusivities along x, y, and z
directions are separately calculated based on the previous
approach,** and the results are shown in Fig. 4(a), where for
reference the Arrhenius fit to the He, diffusivities in dislocation-
free system is included as the thick gray line. Fig. 4(a) indicates
the dislocations reduce the He, diffusivities at high tempera-
tures regardless diffusion directions (x, y, z), suggesting
a dislocation trapping effect. Furthermore, Fig. 4(a) shows the

Table 1 Pre-exponential factors Dg (A2 ps~?) and energy barriers Q (eV) for He clusters with sizes 1-5 in systems with and without dislocations

(disl)
He, He, He; He, Hes
Disl D, Q Do Q Do Q Dy Q Dy Q
No 65.40 0.270 40.090 0.280 4.981 0.28 0.004254 0.055 0.001564 0.024
Yes 35.95 0.244 0.1422 0.119 — — — — — —
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Fig. 4 Results of anisotropic diffusion of He, dimer around dislocations:

(a) diffusivities, (b) final locations of He and He, collected from the 26

diffusion simulations for the dislocation-free systems, and (c) final locations of He and He, collected from the 26 diffusion simulations for the

dislocation-containing systems.

expected result that diffusion along dislocation line (z) has
higher diffusivities than normal to dislocation line (x, and y).
On the other hand, diffusivities along x and y are very close. This
is interesting because the trapping mechanisms along x and y
are different as will be discussed below.

To understand the nature of dislocation trapping, final
locations of single He atoms and dimer He, clusters obtained
from simulations at the 13 temperatures are collectively shown
in Fig. 4(b) for systems without dislocations and Fig. 4(c) for
systems with dislocations, where small red spheres represent
single He atoms and large blue spheres represent He, clusters.
Fig. 4(b) indicates that the He clusters are more or less
uniformly distributed in the dislocation-free systems. In
contrast, Fig. 4(c) clearly shows that He clusters are not
uniformly distributed in the dislocation-containing systems. In

(a) effects of vacancies and interstitials
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fact, all He clusters are seen in the tensile region between the
upper and lower dislocations. Some He clusters are at the
dislocation cores. Hence, we see mainly two trapping mecha-
nisms: He clusters are broadly confined within the tensile
region of dislocation stress fields, which mainly occur in the y
direction in Fig. 4(c), and He clusters can also be trapped at the
dislocation cores, which can occur in both x and y directions.

3.2 He-to-bubble time statistics

Four sets of 1000 MD simulations are performed to study the
time distribution for a diffusing He atom to join an existing
bubble using the method described above. These four sets are
respectively applied to systems with no defects, 0.2% vacancies,
0.2% interstitials, and a dislocation dipole. Results of proba-
bility for the diffusion He atom not in the bubble are plotted as

(b) effects of dislocations
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Fig. 5 Time distribution for the diffusion He atom not to join the bubble as a function of time: (a) effects of vacancies and interstitials, and (b)

effects of dislocations.
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a function of time in Fig. 5, where Fig. 5(a) shows effects of
vacancies and interstitials, and Fig. 5(b) shows effects of
dislocations.

Fig. 5 shows smooth monotonically decreasing probability
distribution curves, verifying that 1000 MD simulations are
sufficient to yield reliable results. From Fig. 5(a), we see that the
probability distribution curves from systems with no defects
and with 0.2% interstitials are very close. Considering that 1000
MD simulations are involved to account for statistics, this
strongly indicates that interstitial atoms do not impact the
growth of He bubbles.

Interestingly, Fig. 5(a) shows that the probability for the
diffusing He atom not to be in the bubble remains to be close to
1 during the entire simulated time of 5 ns when there is 0.2%
vacancies. This is dramatically different from the defect-free
cases, suggesting that the diffusion He atom is trapped by
a vacancy before reaching the bubble. We examine the final
locations of the diffusing He atom in 10 of the 1000 simulations,
and one example is included in the inlet in Fig. 5(a). In all these
10 cases, a metal atom is missing at the location of the He atom
as seen in the inlet. This verifies that the He is trapped by
a vacancy. Once trapped by a vacancy, the He cannot no longer
reach the bubble by increasing the simulation time. The trap-
ped He essentially nucleates a new bubble as explained above.
Hence, vacancies can significantly alter the He bubble nucle-
ation and growth mechanisms.

Fig. 5(b) shows similar probability distribution for systems
with dislocations. For comparison, probability distribution for
the defect-free systems is included. It can be seen that dislo-
cations significantly reduce the time for the diffusing He to join
an existing bubble. This is surprising because dislocations were
thought to increase the join time as they can trap the diffusing
He just like vacancies. From Fig. 4(c), we see that the main role
of dislocations is to confine the motion of the He atom within
a tensile region of dislocations. Our existing bubble also lies in
this region. This is the likely scenario in experiments because
bubbles are more likely to form in regions with high He
concentrations which are essentially the tensile regions of
dislocations. In addition, He is decayed from *H and °*H
concentration is also elevated in the tensile regions of disloca-
tions due to the formation of a Cottrell atmosphere.*® Because
the diffusion He atom is confined within a smaller volume
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around the bubble, it is not surprising that the time to join the
bubble is reduced.

To verify that the reduction in join time due to dislocations is
indeed caused by reduced volume, we perform another set of
1000 MD simulations without dislocations, but with system
dimension in y reduced by half so that system volume exactly
equals to the volume of the tensile region shown in Fig. 2(b).
The probability distribution from these simulations is included
in Fig. 5(b). Remarkably, the distribution curve of reduced
dimension is in excellent agreement with the one with dislo-
cations. This strongly confirms that the tensile regions of
dislocations can promote the growth of bubbles within the
same regions.

It should be noted that the dislocations simulated here are
ideally straight and are dissociated into partials. In real
samples, dislocations are more likely to form a network where
perfect dislocation nodes exist. This perfect dislocation nodes
are likely to trap He atoms just like vacancies. In that case,
dislocations can increase the join time to existing bubbles and
promote nucleation of new bubbles.

4. Conclusions

Systematic molecular dynamics simulations have been per-
formed to understand helium bubble nucleation and growth
mechanisms in Fe,,Ni,;Cr;, stainless steels. We find that not
only single helium atoms, but also small helium clusters, can
diffuse in the alloys. The diffusion of these clusters can be
significantly reduced by defects such as vacancies and disloca-
tions due to the defect trapping effects. Because the trapping is
local, vacancies significantly increase the time for helium atoms
to join existing bubbles. As a result, vacancies promote the
nucleation of new bubbles as opposed to the growth of existing
bubbles. Interestingly, dislocations create a broad tensile region
to confine the diffusing helium. This can result in a reducing in
the time for helium to join existing bubbles within the same
region. Hence, dislocations promote bubble growth in their
tensile regions.

5. Appendix

Scales of MD simulations are briefly summarized in Table 2.

Table 2 Summary of MD simulations: number of simulations per set Ngm, number of atoms in each simulation Nom, temperature T (K),

equilibration time tq (ns), and production time t,, (Ns)

Ngim Natom T teq tpro Ngim Natom T teq tpro
Cluster diffusivities in bulk Cluster diffusivities with dislocations

130 7681-7690 300-600 0.2 70 130 30241-30 250 300-600 0.2 70
He-to-bubble in bulk He-to-bubble with dislocations

1000 179977 800 0.1 5 1000 178 248 800 0.1 5
He-to-bubble with vacancies He-to-bubble with interstitials

1000 179 620 800 0.1 5 1000 180334 800 0.1 5
He-to-bubble in bulk with half dimension

1000 89977 800 0.1 5
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