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Abstract

In nuclear fission reactors, the amount of helium produced in materials by
transmutation reactions at the end of the lifetime may reach several thousands
of atomic parts per million (appm). Such high levels of helium production can
impact the evolution of microstructures, particularly by forming helium bub-
bles. To better understand the role of helium on the stability of bubbles, a
“variable-gap model” was parametrized with molecular dynamics (MD) calcu-
lations performed in nickel. This model predicts binding energies in a good
agreement with MD values, especially for large bubbles. For very small bub-
bles, the influence of magic number sizes and faceting is more complex than can
be described with the model. For these cases, it is proposed to use MD values
directly.

Keywords: helium, bubbles, nickel, binding energy

1. Introduction

Helium production and formation of bubbles play an important role in mi-
crostructure evolution under neutron irradiation [I]. In fission reactors, helium
is produced by transmutation reactions mostly from nickel interacting with

thermal neutrons. Under such conditions, material is subjected to a neutron
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flux which causes substantial changes in the microstructure. High energy neu-
trons, so-called fast neutrons, cause displacements of atoms, creating vacancy-
interstitial (or Frenkel) pairs (FPs). Point-defects from FPs cluster into self-
interstitial atoms (SIAs) clusters and voids. Lower energy neutrons, so-called
thermal neutrons, may interact with nickel atoms and form helium by trans-
mutation of nickel into iron. Another less significant source of He is boron,
contained in steels in small amounts as impurities. The amount of helium pro-
duced is usually expressed in terms of a helium-to-displacement per atom ratio
(He/dpa). Helium production ranges in ASS from 0.1-0.8 appm He/dpa in
fast breed reactors [2, 3], to about 10 appm He/dpa [4, Bl [6, 2] in pressurized
water reactors (PWR), and about 70 He appm/dpa in HFIR [7, §]. In nickel
based alloys, He production can reach more than 300 appm/dpa in CANDU
reactors [9].

As a noble gas, helium is insoluble in the material, and in an interstitial
position it can move easily in the bulk [I0]. It is therefore quickly captured
by sinks - mostly bubbles, but also other defects such as dislocations and grain
boundaries [I1, 12| I3 14]. Theoretical calculations showed that small voids
in metals are metastable [15], and that the presence of gaseous atoms would
explain their experimental evidence [I6]. Crucial ideas on modelling helium
accumulation in metals were reviewed by Trinkaus et al. [I7]. Helium in bubbles
increases internal pressure, and therefore thermal stability, by reducing vacancy
emission. This should favour bubble nucleation, but the reality is more complex
and under irradiation, factors favouring nucleation may lower the growth of
bubbles.

Growth kinetics of bubbles must be modelled more accurately and quanti-
tatively with kinetic Monte-Carlo [I8, 19] or with a rate equations approach
such as cluster dynamics (CD) [20} 211, 22| 23], 24] 25 26]. In a CD approach,
emission coefficients are calculated using binding energies, and they describe at
which rates vacancies, STAs and helium atoms are emitted from bubbles.

Such methods require precise parametrization of binding energies at arbi-

trary large sizes, and it is thus particularly important to have a model [27] 28] 29]



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

that calculates binding energy over a wide range of sizes and He densities, specifi-
cally in terms of the helium-to-vacancy (He/vac) ratio, which significantly varies
under different experimental conditions. The He production rate varies in dif-
ferent materials under different neutron spectra, and the stability of bubbles
can be quite different for different He/vac ratios.

In this work, a variable-gap model predicting binding energies to helium
bubbles, initially developed for body-centered cubic (BCC) iron [27], is adapted
based on data from molecular dynamics (MD) simulations in nickel. Nickel can
provide an important foundation on the behaviour of helium bubbles in Ni-based
alloys [30], but also Fe-based FCC alloys, as behavior of He is expected to be
similar to Ni [31]B82]. A particular challenge arises from using nickel to simulate
defect clusters at finite temperatures, as a recent combined density functional
theory and MD simulation study shows that voids are unstable [33].

Section [2] reviews the description and assumptions of the energy model. The
description of simulation settings is presented in section [3] followed by the adap-
tation of the model on obtained MD data in section [d] commenting on several
differences and limitations compared to the Fe model. Then, equilibrium helium

density predicted by the model is compared with available experimental data.

2. Energy model

A bubble that contains m vacancies and n helium atoms is labeled in paren-
theses (m,n). The main assumption is that a void has a spherical shape [34] 35]
and that repulsion between helium and metal atoms is modeled as a variable-
size gap between them [27]. The free energy of a bubble (m,n) is a sum of
three different contributions: elastic energy of Ni atoms around the bubble
Fnini(m,n), interaction of He and Ni atoms Fyjge(m,n), and energy of he-

lium atoms Fie 11e(m, n) described with an equation of state (EOS):

F'(m,n) = Fuene(m, n) + Fine(m,n) + Frini(m, n). (1)
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We can define

AFf(m,n) = Fi(m,n) — F{(m,0), (2)

where Ff(m,0) is the surface free energy, so

AFf(m7 n) = Fe-He(m,n) + FNi-ne(m, n) + AFNini(m, n), (3)

where AFNini(m,n) is due to the surface relaxation. We assume that because
of the gap, the helium content will have no effect on the surface energy itself,
but the gap will induce stretching of surface atoms arising from an elastic effect
accounted in AFyini(m,n). Then, AFf(m,n) can be defined as the formation
free energy of the bubble.

The binding energy of a vacancy (V), an STA (I), or a helium (He) atom is

then calculated using formation energy F'(m,n) as

Fy(m,n) = Fy + F'(m — 1,n) — F'(m,n), (4)
FP(m,n) = Ff + Fi(m + 1,n) — Fi(m,n), (5)
Fﬁ‘e(m, n) = FIer + Ff(m, n—1)— Ff(m7 n), (6)

where F\f,, FIf , and F'If{C are the formation energies of vacancy, SIA, and helium
atom in a tetrahedral position, respectively. Parameters for these three terms
were fitted on data extracted from MD simulations performed in face cubic
centered (FCC) nickel using LAMMPS code [36], and the potentials to describe
each interaction were: Bonny [37] for Ni-Ni, Torres for Ni-He [I0], and Beck
potential for He-He [38].

For fitting purposes, we assume that the function that sums up three different
free energy contributions of the bubble is found as the minimum of the following

function:
A (m, n, rHe, V) = PheHe (1, THe ) +PNiHe (M, TV —THe ) +APNiNi (1, 7v), (7)

where 7. and 7y are helium’s and the void’s radii, respectively (Fig. [1). He-He

interactions tend to maximize ry. while the ®nj.nj opposes to the increase of rv;.
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Figure 1: A typical snapshot of actual MD simulations. For visibility, helium atoms are hidden
and replaced by the location of the surface of helium atoms (in green). The surface Ni atoms
are also replaced by a calculated surface (in red). The structure is visualized using OVITO
software [39] and Construct surface mesh modifier. The gap rni.ge is the difference between

the void’s radius ry and helium’s radius rye.

The minimum of the function A®f(m,n, rue,7v) (Eq. Iﬂ) with respect to rye
and ry under the constraint rg. < ry will be equal to the formation free energy
of a bubble AFf(m,n) defined in Eq. In this work we adapt this model
to bubbles in Ni, using MD simulations to parametrize each term of Eq. [7] as

described in the following sections.

2.1. He-He interaction

A possible way to describe the interaction energy of helium atoms in a bubble
is with an EOS in terms of bulk atoms with a surface correction. An alternative
approach used by Jelea [40] alters a bulk helium virial EOS by introducing a
spherical confinement volume inside the bubble that accounts for the (repulsive)
effects of the surface.

In this model, He-He interaction energy is described by Vinet EOS [1]. Tt
was noted that alternative equations of state might be used for specific cases,
but the fundamental behaviour doesn’t change dramatically [42].

Bulk He atoms are identified using Voronoi volumes. For each helium atom,
its Voronoi volume is calculated with Voronoi’s tessellation for two cases - with
and without Ni atoms. If the change of Voronoi’s volume is negligible, an atom

is considered a bulk atom. The Voronoi volume of helium can be computed for
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a bubble with a minimum of 5 helium atoms, and for a bubble containing a bulk
atom with a minimum of 15 helium atoms. The mean volume of helium v, is
computed as an average Voronoi volume of He bulk atoms. The total energy of
He-He interactions extracted from MD runs at 0K is plotted in Figure [2] as a

function of mean helium volume and compared with expression

/ podo, (8)
VHe

which describes helium bulk energy as an integral of the pressure term pg at
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Figure 2: Energy of helium bulk atoms due to He-He interactions of different bubbles sizes and
He to vacancy ratios, as a function of the mean He volume. MD values (crosses) are compared
to Eq. [§] (solid line). Coloring corresponds to the number of vacancies in the bubble. (For
interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
0K from the mean bulk helium volume vy, up to infinite dilution. Vinet EOS

3K,

Po = F(l—X)eXP(UO(l—X)% 9)
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Figure 3: a) internal pressure in bulk helium with respect to average bulk helium volume,
model (solid lines) compared to the values extracted from MD (points), b) the difference
between the model and MD values at the following temperatures: 0 (blue), 300 (orange), and
600 K (green), for different bubble sizes (crosses: n = 100; triangles: n = 150, and circles
n = 200). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

where

v 3
X = (=) o5 (K — 1), (10)
Vo 2

was used with the same parameters as in [27] (vo = 1.951 - 1072 nm?, K, =

1.497 eV/nm®, and K} = 8.465) and it was verified that Eq. [§] gives reasonable
results compared to the MD data (Figure [2).

One can express the ratio between energy of all atoms and bulk helium atoms

due to He-He interaction with the help of the surface correction parameter a:

€He-He o «

bulk ~ ©~  _1/3°
6He—He ’I’L/

(11)
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To take into account the effect of temperature, a temperature-dependent term [29]
is added to the OK expression for pressure. The model was validated by checking
pressure at T' = 0K, 300K, and 600K (Fig. . Average pressure for He bulk
atoms was calculated using LAMMPS’ stress tensor described in [43]. The bulk

free energy can be written as

Bl (oyg,) = / pdo + £ (0s0). (12)
UHe

A sufficiently high value of v, was chosen so that the ideal gas approximation

fIi{dee—?{le (UOO) iS

is valid (p = 103Pa) and so that the free energy of an ideal gas
valid.
Helium radius is deduced from a sphere with a volume equal to the number

of He atoms multiplied by the average helium volume vy

NUHe = gﬂ"f’%e, (13)

so the final term of the free energy that corresponds to He-He interactions

expressed as a function of He radius rge has the following form:

«
Prenen.71ae) = n i (rne) (1 - =7 ). (14)

2.2. Ni-He interaction

In our approach, following Jourdan and Crocombette [27], Ni-He interaction
energy is derived directly from the potential ¢ and positions of atoms over all

Ni-He pairs

Exine(n,m) = Z o(ri). (15)

Ni-He interaction pairs

Most of the energy comes from the interaction at the surface. In this model,
it is convenient to express nickel-helium interaction energy as a function of

characteristic distance rni.ge such that

Dnite (N, v — THe) = 723 g(rnime) 9 (rNicHe), (16)
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where ¢ is a function that will be defined in section [4.2] and with ryige being
defined as the weighted radius of Ni-He pair interaction
> rip(ri)

TNi-He — — - (17)

Z o(r:)
2.8. Ni-Ni interaction

It was assumed that Ni-Ni contribution comes from matrix bulk relaxation.
We generalized the formula based on Eshelby’s inclusion for a spherical void

in an isotropic material, to an anisotropic material (see |Appendix B]), leading

to the following expression for the elastic energy around a void of theoretical

radius 7“9,E| due to surface relaxation ry — r:

Adyini(m, rv) = 8mury (ry — 14)?, (18)

where p is an effective shear modulus (see [Appendix B)), and the difference

Ar = ry — 1Y reflects the void’s radius change due to helium pressure. The Ar
values were directly extracted from MD, with the algorithm that is described

in The effect of helium is hidden in the 7y value, which is the
actual radius of the bubble.

3. Setting up the simulation

Simulations were performed in a simulation box of a size 30agx 30agx 30aq
(with a9 = 0.352 nm). It was verified that the box size is sufficient to avoid
periodic boundary condition interaction for defects up to 200 vacancies in size.
Potentials used are mentioned in section 2l

Initially, MD should have been used to explore energy landscape of bubbles,
but it was found that in the case of nickel, bubbles are not thermodynamically

stable below a given He/vac ratio, and transform into stacking fault tetrahedra

ITheoretical value r{’, is deduced from the void’s volume as the number of vacancies n

multiplied by atomic volume V.
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(SFT)-like structures. This transformation was observed in FCC Cu during ac-
celerated MD (parallel-replica dynamics) of vacancy clusters [44]. It was also
observed using first-principles calculations based on density-functional theory
(even after much shorter times - ps) at temperatures up to 1000K in Ni, whereas
at 0K voids are more stable than SFTs [33]. These results suggest the impor-
tance of possible temperature effects in concluding thermodynamic stability of
vacancy clusters in FCC metals. Although quite general in irradiated pure fcc
metals, the presence of SFT's is much more controversial for more complex alloys
such as 304 and 316 ASS [45], which are used in typical applications.

As our goal is to determine formation energies of bubbles with helium, we
want to simulate spherically shaped bubbles, and thus be ensured that trans-
formation into SF'T due to thermal activation did not occur.

Firstly, spherical voids (up to the size of 200 vacancies) were created, by a
sequence of removing atoms and relaxing structures with the conjugate gradient
(CQG) algorithm. For voids up to 20 vacancies, atoms with the highest potential
energy were removed. For bigger voids, to keep the spherical shape of voids,
atoms closest to the center were removed. We are aware of the fact that this
particular process of creating void structures can place potential energy at some
point (local minimum) of energy landscape that does not have to be the global
minimum, but it was considered sufficient, as thermostatting at some higher
temperature would lead to transformation towards SFT. Afterwards, helium
atoms were inserted into voids, filling them with various helium content, from 0
to a He/vac ratio equal to 2.5, followed by CG relaxation. This was the starting
configuration for the actual MD. For bubbles with more than 150 vacancies and
a He/vac ratio bigger than 2.5, emission of SIAs was observed.

The conditions were then set to allow for thermostatting at moderate tem-
peratures. After the atoms’ velocity scaling reached the temperature of 100KE|
(50 000 steps by 0.2 fs in NVT ensemble), the system switched to NVE ensemble

2Higher temperatures 300K and 600K indicated structure changes, and so some effect of

thermal stability

10
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for the same number of Stepsﬂ Every 500 time steps, positions of atoms were
saved and later relaxed with CG. Out of all of the relaxed structures from the
MD run, the one with the lowest energy was chosen.

The effect of helium on the bubble’s radius was extracted from the lowest
energy configuration, comparing it with the radius of the bubble that had He

atoms removed and subsequently was relaxed.

4. Adaptation of the model to the FCC case

4.1. He-He interaction

It was verified that the bulk part of helium energy agrees with the values
from MD. However, it was found that the value of a (surface correction term)
is equal to 2.038 (Fig. , which is higher than in the previous studies in BCC
Fe by Jourdan [27] (o = 1.354) and by Morishita [I8](ac = 1.37). The value
1.37 was derived from the number of deficit bonds for a spherical FCC cluster
in the limit of a large cluster size [46]. Since the bubble’s surface is faceted,
the different value of o may point to an effect of the bubble’s shape on Ni-He

interaction and thus on the surface correction term.

4.2. Ni-He interaction

A function that accounts for the change in the number of Ni-He bonds as

TNi-He Changes,

gJo
exp( TNi-ge—To ) + 1

T

was fitted on the MD data (Fig. , yielding go = 12.53, rg = 3.7 nm, and

9(TNi-He) = ) (19)

Ar = 0.22 nm. Compared to a-Fe, Ni-He interaction energy is lower for bubbles
with a gap smaller than 0.28 nm, and higher for bubbles with a gap bigger than
0.28 nm. Standard deviation of the distribution P(r)p(r) (radial distribution

function P(r) represents the density of bonds, ¢(r) is the interatomic potential

3No transformation to SFT was observed

11
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Figure 4: Ratio of energy of all helium and bulk helium atoms due to He-He interactions of
different bubbles sizes as a function of number of the helium atoms n in the bubble, with its
fit for surface correction in the current study (red line) compared to a value in ref [27] (blue

line).

for Ni-He) can be used to account for spread of the density of bonds in terms

of distance around 7N;-He:

0 (TNi-He) = O17Ni-He + 00, (20)

with fitted parameters o1 = —0.721 and og = 2.931 nm (see section .

4.3. Ni-Ni interaction

Eq. [18]describing matrix bulk relaxation was compared to energies from MD.
In practice, two quantities can be extracted from MD - atomic strain tensor
(comparing positions of Ni atoms with a case where He atoms were removed
and bubble was relaxed using CG, later used to compute elastic energy), or the
change in total Ni-Ni interaction energy. The former estimates the elastic energy
and has the advantage of having information on the contribution of each atom
(relaxed elastic energy due to He atoms in the bubble). The latter collapses
into one macroscopic value. Unfortunately, none of these were able to capture

the exact trend of the energy with respect to the Ar value, as shown in Fig. [6]

12
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Figure 5: Normalized Ni-He interaction energy. Values from MD (circles) are fitted to Eq.
for nickel (red solid line), compared with a-Fe (black solid line) [27]. Coloring refers to helium
to vacancy ratio. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Further analysis of bubbles’ surfaces revealed non-negligible faceting typical
of octahedral-like shapes, as experimentally observed in FCC alloys [, [47, [48].
This shows that the assumption of sphericity in this study was not precisely
met. To be more quantitative, we may correlate this with the difference between
equilibrium crystal shapes given by the Wulff construction at T' = 0K of Fe and
Ni, using a ratio between surface and volume 1 = A/V?/3. A reference value
for a sphere is Nsphere = (36m)1/3 = 4.83, while for a—Fe it is np. = 4.94, and
7Ni = 5.18 for nickel [49]. In BCC, equilibrium shape consists of more higher
order planes (more spherical), whereas in FCC it mostly consists of {111} and
{100} planes, having less spherical shape due to the low surface energy of these
planes [50].

An algorithm described in was used to detect the surface’s

orientation by finding the closest crystallographic direction to its normal. A
majority of surfaces were detected as {111} and {100} planes. Small voids

were mostly composed of {111} planes/facets, while with increasing size, the

13
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surface grew in complexity. The shape looks like an experimentally observed
truncated octahedron. It is expected that with increasing size, the surface will
be composed of numerous facets of higher order planes, as shown by the Wulff
construction for equilibrium crystal shape of Ni using values for surface energies
calculated by DFT [33]. Figure[](b) shows that the discrepancy is linked to the
surface orientation and thus to the faceting. Although the discrepancy for some
configurations seems to be in the order of tens of eV, it should be noted that the
model is used to calculate the binding energies (Eq. @, and therefore only
the increment of the Ni-Ni part (Eq. of the formation energy is relevant, as
ry varies due to the emission of a vacancy or a helium atom. The error of this

quantity is much lower.
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Figure 6: (a) Energy due to the elastic relaxation (spheres) and change in the energy extracted
from MD (crosses) with respect to an increment of radius (coloring: bubble size), and (b) its
difference (coloring: ratio of bubbles’ surfaces oriented in [111] direction with respect to overall
surface, marker size: number of vacancies). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

In order to better understand the effect of He on a bubble’s surface orien-
tation, further investigation is necessary. The sizes of bubbles in this study
are at the resolution limit of transmission electron microscope (TEM), and it is
challenging to identify bubbles bellow 1nm. Furthermore, at such small sizes,
specimens might not be suitable for further analysis to determine helium density
in the bubble with electron energy loss spectroscopy (EELS) technique [51], and

in experiments it is assumed that pressure induced by helium cause spherical

14
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shapes of cavities [52]. To verify this, it would be necessary to introduce more
helium in bubbles exceeding a He/vac ratio of 2.5, but it was found that these
configurations of helium bubbles in nickel using the current set of potentials are

not stable at finite temperatures.

4.4. Binding energy

Until now, particular free energy contributions to the model have been fitted
with physical values calculated from MD. To minimize the difference between
binding energies predicted by the model and the values from MD, parameters S
and rg in the equation for bubble radius were introduced, adding some degrees

of freedom:

TV = THe + "Ni-He — B0 (TNiHe) — Ts- (21)
The best fit of § and ry with emphasis on bubbles containing a higher number
of vacancies and a lower number of He atoms was found for values r¢ = 0 and
8 =1.05.

The final comparison of helium and vacancy binding energies is shown in
Figure m (color scale indicates the number of vacancies in the bubble). The
model predicts binding energies accurately, except for very small sizes (number
of vacancies < 15), where the model assumptions are weakly met. For small
clusters, shapes are strongly faceted and energetics is non-monotonic due to
magic number sizes with high symmetry. Particularly more pronaunced effect of
facetting is also for bubble containing 80 vacancies, and for various bubble sizes
above 2 He/vac ratio, which cause higher discrapancy between binding energy
vaules from the model and from MD. However, when the model is implemented
in larger scale CD simulation codes, MD values for small clustes can be used

directly.

5. Equilibrium helium density

In metallic materials, helium density in bubbles can be measured using differ-

ent experimental techniques. Each of these techniques that are used for charac-
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Figure 7: Comparison of vacancy (top) and helium (bottom) binding energies extracted from
MD (symbols) with the model predictions (lines) as a function of helium to vacancy ratio for
various bubble sizes. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

terization of nanometric sized defects include some non-negligible uncertainity,
especially for smaller radii and higher He densities.

Ameranda et al. [53] used positron-annihilation spectroscopy (PAS) to mea-
sure helium density in pure nickel with homogeneously implanted He as a func-
tion of the temperature during isochronal annealing.

Qiang-Li et al. [54] used a contrast variation method of small angle neutron
scattering (SANS) combined with TEM to extract information on the bubble
structure in Ni, implanted with 1200 appm helium at room temperature, and
annealed at various temperatures between 820K and 1170K. Torres et al. [30]
used electron energy loss spectroscopy (EELS) combined with scanning TEM to
characterize Ni-alloy Inconel X-750, irradiated up to 80 dpa in a high thermal
flux at 300-330°C and 25000 appm helium [9, 55]. Walsh et al. [56] measured He

bubbles in Ni-based PE16 alloy iradiated during operation in a nuclear reactor
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at a temperature of about 550°C with EELS and TEM.

In some studies [57, B8, (9], measured values are compared to the “p =
2v/r” law, where ~ is the surface energy, p is pressure in the bubble, and r
its radius, which is valid for bubbles in thermal equilibrium. In refs [54] 53],
measured values were found almost 3GPa larger than values from the “p = 2~y /r”
law, stating that the vacancy supply is too small to relax the bubbles to the
equilibrium. The fact that He was (pre)implanted with a-particles certainly
plays a role. The equilibrium helium density for each void size can be calculated
as a He/vac ratio where the vacancy binding energy is approaching vacancy
formation energy (the chemical potential of a vacancy inside a bubble is uy =
Ft(m,n)—F!(m—1,n) = F(1,0)— F2(m,n)). The variable-gap model predicts
lower He density for small bubbles than the “p = 2v/r” law, converging to the
same values with increasing radius r, (Fig . Small bubbles, which appeared
to be nearly at equilibrium in refs [54, 53], when compared to the “p = 2v/r”

law, are in fact in overpressurized as other bubbles if the variable-gap model is

considered.
—— model at T=600K
—— model at T=1173K
102 4= _] A S
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Figure 8: Helium density in bubbles at thermal equilibrium as a function of bubbles’ unrelaxed
radius r(\),, Solid lines: the variable-gap model in Ni, dash-dot lines: “p = 2v/r” law with
Trinkaus’ EOS [29] at 600K (blue) and 1173K (red). Symbols: experimental measurements

in Ni and Ni-based alloys [30} 53] [54} [56].
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On the contrary, with other experimental results, EELS measurements in [30],
50] indicated that bubbles were rather underpressurized. This can be explained
by the low He/dpa, or temperature being too low to induce sufficient vacancy
emission from bubbles to reach thermal equilibrium. The presence of hydrogen
that plays a similar role as He [60, [61] 62] [63] could also contribute to the

observed differences.

6. Conclusion

In the current work, parametrization of a variable-gap model for helium
bubbles in nickel was presented, highlighting the difference between its version
for iron. The model was then compared with experimental measurements of
helium densities.

It was shown that in a FCC case, surface effect plays an important role in
the Ni-Ni interaction. The observed faceting seems to be in agreement with
experimental observations [II, 47 48]. The majority of surfaces were identified
as {111} and {100} planes, with surfaces of small voids having mostly {111}
planes, but the surface started to be more complex, exhibiting an octahedron-
like shape, with increasing size.

The model predicts helium and vacancy binding energies in a good agree-
ment with MD values, except for a few cases of small sizes, where size (in terms
of number of vacancies) is equal to their magic numbers. For these sizes, binding
energies exhibit non-monotonic behavior as a function of the number of vacan-
cies that can be hardly captured by the model, as the shape, complexity, and
differences in symmetry between neighbouring sizes are approximated in a sim-
ple way. This limitation can be eliminated by using binding energy values from
MD directly, as the present model is to be used in kinetic models such as CD
to provide insight on nucleation and growth of bubbles in Ni and FCC metals
under various He/dpa ratios. As a first approach, the model can be adopted
to more complex alloys (e.g. 300 series ASS) by simply modifying elastic con-

stants. It is expected that He-He and He-metal parts of the model would remain
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globally unchanged.
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Appendix A. Shape analysis of bubbles’ surface

The aim was to develop a method to consistently analyze shape and the
surface of a bubble at the atomic scale (FCC nickel in our case). This can be
a challenging problem, because a bubble - from a geometrical point of view - is

a hole in the bulk. So the use of concave or convex hull algorithms could omit
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some of the surface atoms, and thus underestimate or overestimate the overall
volume of the bubble, respectively.

The method is based on the Wigner-Seitz defect analysis followed by the
Delaunay tessellation. The first step is to identify the vacancy positions by
comparing two atomic systems: a reference state (a perfect bulk nickel FCC
lattice), and a deformed state (a bubble, where some atoms are missing and
others are displaced due to relaxation). For each atom in a deformed state, the
closest site in a reference state is found. The number of atoms (from deformed
state) assigned to each atom (in reference state) is called occupancy, and can
be equal to zero (vacancy), one (normal atom), or two and more (interstitial
atom). In other words, one could say that occupancy is the number of atoms in
a deformed state that lie within the reference state atom’s Voronoi cell.

Then, in a deformed state, all helium atoms (if any) are replaced by artificial
'vacancy’ atoms (atoms placed at vacancy positions), and the new configuration
is tessellated using Delaunay triangulationﬂ creating simplices that have vertices
at atoms’ positions. Surface atoms are identified as bulk vertices of simplices
with one vertex as a vacancy atom. Three atoms at the bubble’s surface form
triangle - one face of a simplex.

This method was tested as the most reliable in terms of detecting all surface
atoms with their coordinates, and surface triangles for further analysis (shape,
orientation of normals). Another advantage is the detection of true bubble
volume Vo as a sum of volumes of all simplices with at least one vertex as a

vacancy atom. A bubble radius is

3 3‘/;‘61
r=4/ o (A1)

From our perspective, this is a rigorous way to calculate a bubble’s radius at

the atomistic scale, as we want to be able to detect changes in a void’s ra-

dius/shape when a point-defect is added. The convex hull of all surface atoms

41|Python’s scipy.spatial.Delaunay library based on Qhull libraryl
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is overestimating the final volume, and it is not sensitive enough to small size

changes.

Appendix B. Eshelby’s inclusion for a void in anisotropic material

In this section, we generalize the formula giving the relaxation energy to
anisotropic material. Using the equivalent inclusion approach, the effect of
helium pressure (or surface tension) is modeled by an equivalent homogeneous
inclusion of eigenstrain €;;. By equating the stress within the inclusion to the
stress produced by helium (or surface tension), we find that

—Poij

- — €6, B.1
i (C11 +2C12)(S11 + 2512 — 1) € O (B-1)

In this equation, d;; is the Kronecker delta, p is pressure, Ci; = Cii111 and

Ch12 = Chi22 are the elastic constants and Si; = Sii11 and Sja = Sii22 are
terms of the Eshelby tensor [64]. It can be shown that the relaxation volume in

an infinite medium AV, is

AV, N
? = 3(511 + 2512)6 s (BQ)
where V is the actual volume. So the eigenstrain reads
AV, 1 AR 1
ef = 5ij = 5ij7 (B3)

" V' 3(S11 4+ 2512) R 511+ 2512
with AR, being the relaxation radius and R the actual radius in an infinite

medium. The energy stored in the matrix is

1
M I C
EY = 50'2»]»61»]» V, (B.4)
where O’Z»Ij = —pd;; is the stress in the inclusion and e% is the constrained defor-

mation in the inclusion, which is equal to
ES- = ijkleltl' (B.5)

We can deduce that

1— 511 —2512

EM =92
S11+ 2512

(C11 + 2015) R(AR™)?. (B.6)
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The displacement of the surface can be also calculated through
Uj Zuic = ijklezlxj, (B.7)

which reads as

U; = (511 + 2512)6*$i. (BS)

We can see that the displacement is isotropic, even if the material is not elasti-
cally isotropic.

For an elastically isotropic material, we have

1+v
C 2C1y = 2u——— B.9
11 +2C712 HT 5, (B.9)
21—2v
1-— -2 = - B.1
S11 S12 31_," (B.10)
11+4+v
S 2510 = = B.11
11 + 2512 315" ( )
and so we obtain
EM = 8ruR(AR™)2. (B.12)

Comparing both isotropic and anisotropic cases, the equivalent shear modulus

is equal to

(1 —511 —2512)

C 2C19). B.13
S11 + 28512 ( 1t 12) ( )

1
H=1
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