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Helium nano-bubble bursting near the nickel surface*
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We have investigated the expansion and bursting of a helium nano-bubble near the surface of a nickel matrix using
a molecular dynamics simulation. The helium atoms erupt from the bubble in an instantaneous and volcano-like process,
which leads to surface deformation consisting of cavity formation on the surface, along with modification and atomic
rearrangement at the periphery of the cavity. During the kinetic releasing process, the channel may undergo the “open” and
“close” states more than once due to the variation of the stress inside the nano-bubble. The ratio between the number of
helium atoms and one of vacancies can directly reflect the releasing rate under different temperatures and crystallographic
orientation conditions, respectively. Moreover, a special relationship between the stress and He-to-vacancy ratio is also
determined. This model is tested to compare with the experimental result from Hastelloy N alloys implanted by helium

ions and satisfactory agreement is obtained.
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1. Introduction

The formation of helium bubbles leads to high-
temperature intergranular embrittlement, which eventually
leads to the degradation of the mechanical integrity of

[1.2] and then affects the lifetime and the safety of

materials,
the reactor at some level. The Hastelloy N alloys as the struc-
tural material in the molten salt reactor (MSR) contain 68%
BNi (nickel, Ni) and 26% ®'Ni, both of which can generate
helium (He) by the (n, @) transmutation reaction, as follows:
58Ni+ ny — 55Fe +4He and 60Ni + ny — 57Fe +4He. An es-
timated 40 ppm of helium was generated in molten salt breeder
reactor (MSBR) over 30 years.[?! Liu er al.1*! described the
surface blistering and cracking phenomenon experimentally
on Hastelloy N alloys implanted with 30-keV helium ions
and doses of 1 x 10'3, 5x 1015, and 1 x 10'® He/cm? re-
spectively, and the temperature is 500 °C. The mean range
of the implanted helium was 240 nm and the irradiation area
is around 200 nm, while for the peak value the irradiation is
about 100 nm. The study suggested that the observation of
surface blistering and the nano-bubble sizes phenomenon are
within the range from 0.5 to 3.0 um. The distribution and size
of nano-bubble are not uniform, rather than alignment or ag-
gregation. Of interest here were the results which showed in
the implanted area the single nano-bubble is mainly sphere and
even the outline of the capped nano-bubble forms as shown in
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Ref. [4], and the nano-bubble breakups and the cracks appear
on the surface randomly as the dose increases.

The formation of gas-filled blisters in the surface region
of irradiated solids has been also observed.[>~7! The blisters
can rupture in energetically favored regions and thereby re-
lease bursts of gas. Blistering plays a very important role in
issue about helium embrittlement, since it can lead to (i) se-
rious damage and erosion of bombarded surfaces and (ii) the
release of gases which will contaminate the secondary circuit.
Much experimental research about the behavior of He nano-
bubble in metals has been carried in recent decades.®-12 For

instance, Cipiti et al. (2

implanted helium and deuterium into
polished tungsten specimens under high temperature. They
analyzed the effects of the energy of the incident ion beam
and temperature on the surface structures. Zenobia et al.3]
studied that the retention and surface pore formation with
30 keV *He implanted into tungsten at temperatures ranging
from 850-1000 °C. The results indicated that the threshold
for the surface pore formation occurs between ~ 5 x 10—
4 x 10'7 He™ /cm? and with the higher implanted influence,
both surface and sub-surface pore formation is also observed
to increase. Generally, the gas driven model and the lateral
stress driven model are used to explain the mechanism of
blistering on the surface. For example, Sefta et al.l'*13] in-
vestigated the bursting behavior of sub-surface, helium bub-
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bles pressure evolution and the resulting tungsten surface mor-
phology. Their results provided insight into the conditions
and mechanisms leading to various tungsten topology changes
and surface roughening occurs as single adatoms migrate to
the surface, prismatic loops glide to the surface to form is-
lands, and ultimately as over-pressurized helium bubbles burst.

Zhang et al.!'%)

studied helium bubble formation and releasing
near the titanium surface. Their results suggest that the helium
bubble burst results in pores in the metal surface and the size
of the resultant surface pore depends on the initial bubble di-

[17] have investigated that the influence of

ameter. Ohno et al.
crystallographic orientation on the formation of helium bubble
and nanostructure by using ITER grade tungsten (W) exposed
to helium plasma. The helium bubbles with a large helium
pressure move the W lattice along the slip face. El-Atwani et
al.!'8) observed that the largest bubbles were formed on the
grain boundaries, and future work will focus on the bubble co-
alescence and the effect of grain orientation. Though there has
been much research about the helium bubble releasing near
the metal surface, there are still problems left behind, such
as, how the orientation affects the helium nano-bubble releas-
ing and how the environment temperature and He-to-vacancy
ratios affect the releasing process of helium bubble from the
metal surface and even the stress variants in the complete re-
leasing process.

In the present work, we investigated the evolution of he-
lium nanobubbles near the nickel surface in terms of the vari-
ation of orientations, helium-to-vacancy ratios, temperatures
and release mechanisms involved at the atomic level to pro-
vide a reasonable picture of the blistering formation and gas
release results reported by Liu et al. [

2. Methodology

All calculations were performed using the molecular
dynamics (MD) simulation with the atomic/molecular mas-
sively parallel simulator (LAMMPS) software package.!!”!
Ni—-He, and He-He
atoms were described by the modified analytic EAM model
(MAEAM),1?%-2%1 the Morse potential,?”) and the Lennard—

Jones potential,[*?! respectively. More information about the

The atomic interactions of Ni—Ni,

formulas and parameters can be found in Ref. [32]. Periodic
boundary conditions were applied in the X- and Y -directions,
while the Z-direction was a free surface. The [001], [1 — 10],
and [111] single crystal surfaces were considered to be the he-
lium nano-bubble releasing paths, respectively. To present the
atoms moving in the vertical direction due to the escape of he-
lium atoms, the bottom three layers of the simulation box were
frozen in the simulation process.

Three-dimensional periodic computational cell of 12a¢ X
12ag x 12ap was used to eliminate surface effects, where
ap is the lattice constant of face-center cubic nickel crystal

(ap = 3.5157 A). The temperature was set to 300 K, 500 K,
800 K, and 1000 K, respectively. The Nosé—Hoover style non-
Hamitonian equation of motion describes the constant temper-
ature technique®*! with a time step of 0.5 femtosecond (fs).
The helium-to-vacancy ratios were 1 : 0,2:1,3:1,and 4 : 1,
respectively. The Polak—Ribiere version of the conjugate gra-
dient (CG) algorithm was used to relax the whole simulation

[33] There was no pressure control in the whole sim-

systems.
ulation process. The total simulation time was 600.0 picosec-
ond (ps). The equilibrium helium nano-bubble was created
by moving a certain nickel volume to initially form a spheri-
cal void with a radius of 8.0 Angstrom (A) and then inserting
helium atoms for the specific ratio with vacancies into it at
once. We only considered a spherical helium bubble with a
radius of 7.0 A to ensure the stability of helium nano-bubble
for modelling. Furthermore, the depth (H) of the helium nano-
bubble from the surface to the mass center of bubble will in-
fluence on the pressure of nano-bubble, and the behavior of
nano-bubble releasing process. Here, we only considered the
critical depth (H) which can exactly satisfy the pressure of
nano-bubble releasing. In different initial conditions, such as
temperature, helium-to-vacancy ratio, and single crystal free
surface, the depth (H) needs to be adjusted to make the re-
leasing process just appear. The sketch is shown in Fig. 1,
in which the atomic arrangement is given to help understand
the nano-bubble bursting and escaping process from the free

surface.
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Fig. 1. (color online) The sketch for nano-bubble bursting near the different
crystal free surfaces: (a) (001) free surface; (b) (110) free surface; (c) (111)
free surface.

3. Results and discussion

3.1. The effect of different variables on the behavior of he-
lium nano-bubble escaping

Due to the limitation of experimental observation, it is
very important to understand the evolution and release behav-
ior of helium nano-bubbles near the crystalline surface and the
corresponding mechanisms by simulation means. To illumi-
nate the effect of crystallographic orientations on the behavior
of the helium nano-bubbles, we simulated three crystallo-
graphic orientations, such as [001], [1 — 10], and [111], which
are along the escaping direction of the helium nano-bubbles.
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For the three free surface orientations, the releasing process of
helium nano-bubbles can be mainly divided into three stages:
(I) the relaxing region of helium nano-bubbles below the free
surface; (II) the escaping region of helium nano-bubbles due
to over-pressurization inside them; (III) the stable region by
the end of helium nano-bubbles releasing completely. Figure 2
shows the different evolution stages for the releasing process
of helium nano-bubble as a function of the running time. In
the relaxing region, the number of helium atoms inside the
bubble keeps constant, but the bubble shape changes to vary-
ing degrees at different parameters, such as crystallographic
orientation, temperature, and helium-to-vacancy ratio. In the
escape region, the helium bubble can rapidly release in order
that the whole system can keep the equilibrium state. The
results show that the rapidest velocity of the released atoms is
in the [001] direction, and then in the [1 — 10] direction, and
finally in the [111] direction. Actually, due to the different
atomic arranges in different crystallographic orientations, the
inner pressure of helium nano-bubble has difference, which
leads to different escaping velocities of helium atom inside the
bubble. The main escaping time is in the range of 0-10.0 ps.
After 10.0 ps running time, the simulated box with the helium
bubble has nearly finished from the relaxing process, the es-
caping process to the stable process. The dependence of the
residuary helium atoms inside the simulation box is on the dif-
ferent conditions, such as the temperature and the inside stress
of the helium bubble.
surface is found experimentally®*! and theoretically.[>>! The

A helium-bubble-free zone near the

similar phenomenon about the helium nano-bubble releasing
has also been observed in our atomic-scale simulations. The
zone between the bottom of helium nano-bubble and the sur-
face is called “denuded zone”, away from which the helium
nano-bubble is retained in bulk, whereas the bubble will ex-
pand rapidly and release spontaneously as long as the bubble
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Fig. 2. (color online) The number of released He atoms as a function of
the simulation time for different orientations with He-to-vacancy ratio
2:1at 300 K in three regions: (I) the relaxing process; (II) the escaping
process; (III) the stable process.

is within the zone. To obtain the helium nano-bubble escap-
ing process from the surface, we fully make the bubble within
the denuded zone and finally there is no helium atom trapped
in the bubble. This suggests that the helium nano-bubble is
unstable inside the denuded zone.

The helium-to-vacancy ratios also have a great influence
on the helium nano-bubble escaping near the surface. With
the helium-to-vacancy ratio increasing, the inside pressure of
the helium nano-bubble increases. As the pressure passes the
limitation, the helium nano-bubble starts to escape toward the
surface. Here, we only considered four helium-to-vacancy ra-
tios, suchas 1:0,1:1,2:1, and 3: 1. Figure 3 shows the
dependence of the number of released helium atoms on the
time for three free surfaces. At different He-to-vacancy ratios,
the helium nano-bubble releasing process can also be divided
into three regions. The first region is the relaxing process, and
the second region is the releasing process, and the third region
is the stable process. As examples, in the relaxing process, the
number of helium atoms inside the bubble nearly keeps con-
stant and the running time is around 1.5 ps. In the releasing
process, the helium atoms rapidly escape from near surface by
the “open” atomic channels. As the helium-to-vacancy ratio
increases, the number of released helium atoms increases for
the Z[001] free surface. For the Z[1 — 10] and Z[111] two free
surfaces, as the helium-to-vacancy ratio increases, the releas-
ing helium atoms have some difference due to the surface con-
figurations. In the stable process, as the helium-to-vacancy ra-
tio increases, the number of releasing helium atoms increases
accordingly. When the helium-to-vacancy ratio is 1 : 1, due
to the pressure inside the nano-bubble not being high enough,
the helium atoms do not completely release from the free sur-
faces Z[001] and Z[111], respectively. This indicated that the
crystallographic orientation and the pressure within the helium
nano-bubble likely have a large influence on the denuded zone,
which need to be further studied.
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Fig. 3. (color online) The number of released He atoms as a function
of the simulation time at 300 K with different orientations: (a) Z[001];
(b) Z[1 —10]; (c) Z[111] with the three regions: (I) the relaxing process;
(IT) the escaping process; (III) the stable process.
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3.2. Dynamic process of helium nano-bubble release

The releasing process of the helium nano-bubble is a dy-
namics balance, which can reflect the channel formation con-
necting the helium nano-bubble to the near surface, then the
helium atoms will easily escape from the matrix along this
channel one by one or in the forms of smaller helium clusters
until the new balance is built again. Thus, the formation of the
channels and surface cavity is a great strategic point, which
can accelerate the helium release from the near surface region.

Figure 4 presents the micro-process for the helium atom
releasing from the near surface during the 250 ps. Here, we
only show the case for the crystallographic orientation Z[001]
and He-to-vacancy is 3 : 1 at 300 K. Helium nano-bubble is
located at different depths, H, from the Ni matrix surface,
in which H will be adjusted according to the different crys-
tallographic orientations, temperatures and He-to-vacancy ra-
tios, in order to finish the escaping process of helium nano-
bubble from near surface. The transformation of helium nano-
bubble’s shapes and morphology and reconstruction of surface
as a function of running time are shown in Fig. 4. In the ini-
tial stage, the configuration of helium nano-bubble is approx-
imately spherical and it can maintain a symmetric structure,
similar to its initial configuration, which is marked by a as the
time is 0.25 ps, and the interface between the nano-bubble and
nickel atoms is pliable. With the running time increasing, the
shape of helium nano-bubble starts to distort, and it is obvi-
ously elongated toward the surface, which is mainly due to the
common influence of the inner pressure from nano-bubble and
free surface. Once the balance between the internal pressure
of the nano-bubble and the surface strain is broken and the
channel is built, then helium atoms suddenly escape from the
matrix surface along with the strong surface deformation, as
shown labelled by » and ¢ for t = 1.00 ps and 2.50 ps. It
is of great interest to note that, when a majority of helium
atoms escape from the surface, the residual helium atoms get
together again and the surface is reconstructed, such as d for
t =7.50 ps. The morphology of the surface becomes much
flatter than the one of the releasing process. It seems that the
channels opened previously are shut down, the helium atoms
are put inside the matrix, and the surface atoms repair exactly
right. After that, the helium atoms continue to look for new
channels in order to escape from the surface. During this pe-
riod, the helium atoms try to burst through matrix atoms to
form a new channel for releasing over and over again. Until
the running time is over, the whole helium atoms have escaped
from the matrix successfully for + = 250.00 ps. However, in
this called “open”—*“close”—“open”—*“close” channel loop, af-
ter the first close escaping channel, residuary helium atoms
will undergo much more time to search for new path. We
also observed that only two or three helium atoms still quickly
move inside the void to look for the way out for a long time.
The surface presents multi-layers like “atomic islands”, which

appears after helium atoms releasing for the first time and
keeps reconstruction in the complete process, like Figs. 4(d)—
4(1) It is indicated that the channel is very critical for the atom
escaping and its formation mechanism still needs a great deal
of effort of further study.

(a) ®) . ©: @

0.25 ps
(e)

12.50 ps 15.00 ps 20.00 ps 25.00 ps

30.00 ps

40.00 ps 50.00 ps 250.00 ps

Fig. 4. (color online) The morphology of helium nanobubble releasing near
the nickel surface as a function of the simulation time at He-to-vacancy ra-
tio 3 : 1 for Z[001] crystal orientation at 300 K. The red balls represent the
nickel atoms and the blue balls represent the helium atoms. (a) 0.25 ps,
(b) 1.00 ps, (c) 2.50 ps, (d) 7.50 ps, (e) 12.50 ps, (f) 15.00 ps, (g) 20.00 ps,
(h) 25.00 ps, (i) 30.00 ps, (j) 40.00 ps, (k) 50.00 ps, and (1) 250.00 ps.

Moreover, due to the options of different parameters, such
as He-to-vacancy ratio, temperature and crystallographic ori-
entations, etc., some helium atoms are detained, which is not
shown here. In particular, the crystallographic orientations
have great effect on the nano-bubble bursting. Parish er al. 3%
have investigated that the normal-direction crystallographic
orientation of the underlying grain controls the growth mor-
phology by SEM observation. They pointed out that grain
formed pyramids near-(001)|| normal direction (ND) formed
wavy and stepped structures near-(114) to (112)|| ND, and
remained smooth near-(103)|| ND. For the crystallographic
orientations, such as Z[1 — 10] and Z[111], the surface mor-
phology also transformed from the smooth free surface to the
“pyramid” style or layer-by-layer or stepped style, or even
the mixed style (both of them) after nano-bubble bursting and
escaping from the surface, which was similar to the case in
Z]001] crystallographic orientation. This suggested that the
crystallographic orientation will directly influence the surface
morphology during the nano-bubble bursting and escaping
process.

Here, we consider the influence of crystallographic orien-
tation and He-to-vacancy ratios at 500 K. The release rate also
appears to have three stages: (I) the accelerating release rate
from O to around 3.0 ps, which corresponds to the high pres-
sure inside helium nano-bubbles; (II) the decelerating release
rate from 3.0 ps to 10.0 ps, which may be associated with the
decrease of the number of helium atoms, and (IIT) the constant
process, relatively a low release rate, which is not shown here.
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For different crystallographic orientations, the maximum re-
leased rate is found along Z[001], then Z[1 — 10] and Z[111],
as shown in Fig. 5, which is mainly due to the arrangement of
surface atoms. Furthermore, for the He-to-vacancy ratios, the
curve profile of the release rate as a function of running time
is nearly similar. It suggests that the release rate for the high
pressure inside the nano-bubble will also undergo the same
three stages.
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Fig. 5. (color online) Released rate of He atoms as a function of the sim-
ulation time at 500 K for different orientations with He-to-vacancy ratios:
(@l:1;(Mb)2:1;(c)3:1.

4.25 ps 4.50 ps 4.75 ps
5.00 ps 10.00 ps 250.00 ps

Fig. 6. (color online) The morphology of helium nano-bubble releasing near
the nickel surface as a function of the simulation time at He-to-vacancy ratio
3: 1 for Z[111] crystallographic orientation at 300 K. (a) 4.25 ps, (b) 4.50 ps,
(c) 4.75 ps, (d) 5.00 ps, (e) 10.00 ps, (d) 250.00 ps.

The different configurations of the surface layers with
some critical running time are also shown in Fig. 6. At
t =4.25 ps, there appears a hump on the Z[111] surface, which
is the embryo of the cavity for helium nano-bubble escaping
from the surface, which can explain the blistering phenomenon
observed experimentally in Ref. [4] microscopically, which
can also be adopted to illuminate the appearance of blisters
coincided with the gas release from the surface by Erents et
al.B®7) As the running time is 4.50 ps, the cavity in the early
stage has been formed in order that helium atoms begin to
burst out, leaving several areas of damage to the surface. The

helium atoms totally escape from the surface until the large
cavity only remains on the surface with the process of recon-
struction. It is noted that in the whole process, the matrix
atom is not away from the surface, due to the fact that the in-
side pressure of the nano-bubble is not high enough. By com-
parison among crystallographic orientations Z[001], Z[1 —10],
and Z[111], the common feature is the void formation and sur-
face reconstruction. However, due to different atomic arrange-
ments along different crystallographic orientations, the sur-
face morphology, channel formation and nano-bubble struc-
tures also present great diversity, which needs to be strongly
concerned in the further step.

3.3. Pressure evolution

Due to the helium atoms added into the system during
the simulation only for one time, the bubble pressure is trig-
gered to increase above equilibrium, which develops compres-
sive strain in the surrounding nickel matrix. Under overpres-
sure conditions within helium nano-bubbles, the bubble center
of mass is relatively shallow compared to its size, the bubbles
feel an attraction from free surface and tend to escape toward
it along the direction of least resistance. With the bubble over-
pressurization, pressure relief processes occur to relieve the
internal pressure through prismatic interstitial loop-punching
or by fracturing or deforming the surface ligament above the
bubbles to the point of rupture, resulting in helium release. In
some configurations, particularly when the bubbles are small
and the ligament is thin. The pressure will simply increase un-
til the ligament breaks without prior deformation of the nickel
surface. In other cases, the bubble can increase the volume to
reduce pressure. In the paper, we only consider the contribu-
tion of virial stress to the stress tensor for the whole simulation
box. The macroscopic pressure P of a set of interacting atoms
contained in a volume V can be derived in a number of meth-
ods, such as continuum mechanics, classical mechanics, and
statistical mechanics.?831 All of these derivations result in
the following well-established relationship:

_ NkgT (W)
P==y" T3 )
W(r") = 3V—dV, )

where N is the number of atoms in the simulation box, 7 is the
temperature, kg is Boltzmann’s constant, and V is the volume
of the simulation box, and the angle brackets in the second
term denote an appropriate ensemble average of the internal
virial W, which represents the contribution to the total virial
due to forces acting between the atoms. In Eq. (2), U is the
potential energy due to interactions between the atoms. The
virial, like the forces and potential energy, depends only on

N

the instantaneous atom positions 7" = rq,...,ry and the in-

teractions between them.
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Figure 7 provides examples of how stress changes to un-
derstand the bubble evolution. The stress discussed in this
work is a negative pressure (P) accordingly. Here, we show the
influence of different He-to-vacancy ratios (1:0, 1:1,2:1,
and 3 : 1) on the stress for the whole simulation cell. It is ob-
vious that the curve presents the high symmetric oscillation
along the XY and Z directions, respectively. The amplitude is
three times more in the Z direction than in the XY plane, due to
the releasing surface along Z direction. As the He-to-vacancy
ratio increases, the symmetry of stress is damaged and the
peak broadening becomes narrow. The running time increases,
the stress becomes small, due to the pressure decreases inside
the nano-bubble. Moreover, in our calculations, the stress as
a function of temperature is also investigated. With the time
running, the stress becomes decreased slowly and, as tempera-
ture increases, the stress also presents as increasing, as shown
in Fig. 8. This indicates that the releasing phenomenon of he-
lium atoms is a looking for the channels, then diffusion and
escape process and it can be repeated for more than once.

2.0

Time/ps

Fig. 7. (color online) The stress variant as a function of the simulation time
at 300 K for Z[111] orientation with He-to-vacancy ratios: (a) 1:0; (b) 1:1;
©2:1;(d)3:1.

Fig. 8. (color online) The stress variant as a function of the simulation time
at He-to-vacancy ratio 2:1 for Z[111] orientation at different temperatures:
(a) 300 K; (b) 500 K; (c) 800 K; (d) 1000 K.

4. Conclusion

The microscopic mechanism of helium release from a
nickel near surface is investigated using MD method. A de-
nuded zone has been observed in the modeling simulation,
which can support the experimental observation. The channel
usually needs to undergo “open” and “close” processes more
than once during the releasing process. The present simula-
tions provide a physical explanation for why the helium is re-
leased only from the near-surface region rather than through
bulk diffusion. The helium release is an instantaneous pro-
cess, with the helium erupting from the surface, creating sur-
face deformation and the nucleation of a cavity on the surface.
The cavity formation can further accelerate the helium release
from the surface. This model is tested to compare with the
experimental result from Hastelloy N alloys implanted by he-
lium ions and satisfactory agreement is obtained. In addition,
the study demonstrates that atomic-level simulations provide
an important method to understand the dynamic process of he-
lium release as well as determining the effects of the actual
material microstructures on helium behavior in nuclear mate-
rials.
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