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Atomistic simulations of a helium bubble in silicon carbide
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Abstract

Large scale molecular dynamics calculations have been carried out to investigate the properties of nanometric helium bubbles in
silicon carbide as a function of helium density and temperature. A dedicated interatomic potential has been developed to describe
the interactions between helium and SiC atoms. The simulations revealed that the helium density cannot exceed a certain threshold
value, which depends on temperature, because of the plastic deformation of the SiC matrix. Both local amorphization at low
temperatures, and nucleation and propagation of dislocations at high temperatures, have been identified as activated plasticity
mechanisms. This work also predicts that very high pressure, up to 60 GPa could be reached in helium bubbles in silicon carbide.
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1. Introduction

Silicon carbide (SiC) has attracted a lot of attention in the
last decades because of its excellent thermal, chemical, elec-
tronic, and mechanical properties [1, 2], which makes it a suit-
able candidate for applications in several domains. In a nuclear
fission context, SiC can be used as a fuel cladding material. It
has also a great potential in future fusion reactors, as structural
material. In both cases, SiC is exposed to high-radiation en-
vironments, and to the accumulation of nuclear reaction prod-
ucts among which helium. Such a context also pertain to as-
trophysics, since silicon carbide is a significant constituant of
interstellar dust grains [3]. Helium can be produced in the burn-
ing shells of late-stage stars, and trapped in these grains.

As a quasi inert element, helium tends to aggregate in most
materials, ultimately forming large extended defects like bub-
bles or platelets. Depending on the conditions, large pressures
can be present in those defects. It is especially the case for high
dose rates of incoming helium atoms combined with a restricted
vacancy supply. In silicon carbide, several studies reported ob-
servations of helium-filled bubbles and platelets [4—12]. Such
highly pressurized defects can significantly degrade the struc-
tural integrity of the host, a particularly annoying feature for a
structural or confining material.

Mechanisms leading to bubble formation have been exten-
sively investigated, in particular for metals [13—15] and few
other materials like silicon [16—-18] or uranium dioxide [19].
However, most of available studies for silicon carbide concern
the first stages of bubble formation, and in particular the sta-
bility and migration properties of a single embedded helium
atom [20-28], as well as interactions between helium atoms
or between helium and a vacancies cluster [7, 29-32]. Little is
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known on the properties of full grown spherical helium bubbles
in silicon carbide. To our knowledge, the sole contribution to
this issue was made by Couet and co-workers, who examined
the influence of temperature on helium content [33]. Neverthe-
less, only small nanocavities were considered in this work, with
diameters less than 1 nm. The lack of information for larger
helium-filled bubbles clearly calls for additional studies.

Furthermore, recent investigations in our group based on
spatially resolved electron energy-loss spectroscopy in trans-
mission electron microscopy experiments revealed that very high
helium densities, ranging from 120 to 200 He nm~>, can be ob-
tained for bubbles in silicon [34, 35]. Such values largely ex-
ceed predictions coming from the well known Laplace-Young
relation. Also, atomistic simulations show that the bubble in-
ternal pressure has a significant impact on the silicon matrix,
which yield by amorphization [34]. New measurements hint
that even higher helium densities, in the 150-220 He nm™3
range, could be achieved for silicon carbide [36]. It is then nec-
essary to examine whether similar or different plasticity mech-
anisms than in silicon are activated to sustain the pressure asso-
ciated with the bubbles.

In this paper, the results of molecular dynamics calculations
of helium-filled bubbles in 3C silicon carbide are presented and
discussed. Our work is focused on the influence of the helium
density on the bubble properties, and additionally on the state
of the SiC matrix. In the next section, the details of the cal-
culations are provided. Next, the results and the analysis of
the plastic relaxation mechanisms are presented in two separate
sections.

2. Numerical simulations procedure

The molecular dynamics calculations were performed using
the code LAMMPS [37], and a timestep of 1 fs for integration
of motion equations. The classical potentials modeling the in-
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Figure 1: Model of an helium filled bubble embedded in cubic silicon carbide,
before molecular dynamics calculations. Some portion of Si and C atoms were
removed for a better view.

teraction between Si, C, and He atoms are described in the Ap-
pendix A.

Models of a helium bubble in silicon carbide are generated
according to the following procedure. A large cubic silicon car-
bide bulk, with a lattice parameter ag = 4.3593273 10\, is first
created. The dimensions along canonical directions are equal
to 39.23 nm, equating to about 5.8 million atoms. Next a spher-
ical cavity is carved in the center, with a diameter of 6.5 nm, in
which helium atoms are randomly introduced (Fig. 1). The he-
lium density is expressed as the number of He atoms in a Si+C
elementary volume V = 20.7109 A3, as is customary in the lit-
erature. We considered He /V initial density values in the range
1-12.

For each He/V value, the following procedure is applied.
First, a 0.1 ps run in the NVE ensemble is carried out, with
atomic displacements limited to at most 0.1 A at each step.
This ensures to separate strongly overlapping atoms. Second,
a conjugate gradient minimization is performed to obtain the
system state at 0 K. Then four molecular dynamics runs in the
NVT ensemble are carried out in succession, with the follow-
ing temperatures (durations): 10 K (50 ps), 300 K (60 ps),
600 K (70 ps), and 900 K (80 ps). Note that for each tem-
perature, the supercell dimensions are scaled to avoid thermal
stress buildup. The ao(T") values, determined from independent
molecular dynamics, are 4.35958 A (10 K), 4.36756 A (300 K),
4.38036 A (600 K), and 4.39490 A (900 K).

For each temperature, various quantities are monitored and
averaged once thermalization is achieved. It concerns in partic-
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Figure 2: Calculated helium density in the bubble (top) and bubble diameter
(bottom) versus initial He /V ratio, for different temperatures (10 K: red circles,
300 K: steelblue squares, 600 K: green diamonds, 900 K: purple hexagons).
The dashed olive lines show the density equivalent to the initial He /V ratio
(top), and the initial diameter (bottom). The yellow area corresponds to the
range of measured helium density values in SiC for bubbles of similar diame-
ter [36].
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3. Results

The analysis of the final structures for each temperature and
He/V value shows that all helium atoms remain in a quasi-
spherical cavity for He/V ratios equal or lower than 4. For
higher values, either few helium atoms are found to be located
in interstitial positions in SiC, or the bubble loses its spherical
shape as a result of plastic yielding of the matrix. These mech-

ular the atomic stress tensors o-fw, as implemented in LAMMPS [37]anisms will be described in details in the next section.

using the Voronoi atomic volume V;. This last quantity al-
lows for determining the bubble volume and the helium density.
For further analysis, we also computed the pressure p and von
Mises stress o, for each atom according to

Oxx + 0y + 0

3 ey

p:

Because of this issue, there is no easy way to unambigu-
ously determine quantities like volume or diameter of the bub-
ble. As in previous works [34, 38, 39], the bubble volume is
here calculated as the sum of helium Voronoi volumes, from
which a diameter is obtained by assuming a spherical shape.
Consequently, the bubble volume is slightly underestimated for
low He/V ratios, because of the presence of a gap at the He—
matrix interface [34, 40]. On the contrary, at high He /V ratios,
the volume is slightly overestimated, by less than 1 % typically,
because of the interstitial heliums. For the same reasons, one
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Figure 3: Calculated pressure inside the bubble as a function of the calculated
helium density, for different temperatures (10 K: red circles, 300 K: steelblue
squares, 600 K: green diamonds, 900 K: purple hexagons). The dashed blue and
magenta lines show the pressure versus density variations at 300 K given by the
equation of states of Loubeyres et al. [42], and Trinkaus [13], respectively. The
yellow area corresponds to the range of measured helium density values in SiC
for bubbles of similar diameter [36].

should be cautious regarding the determination of helium den-
sity and pressure in the bubble. In this work, the helium den-
sity is calculated as the ratio of the number of helium atoms
included in a sphere of diameter 2 nm centered on the bubble,
over the sum of their Voronoi volumes. The internal pressure
is next computed as an average over these atoms. This choice
obviates the aforementioned issue, and allows for a meaning-
ful comparison with experiments where helium density is mea-
sured in the center of bubbles [41].

The helium density as a function of the He /V ratio and tem-
perature is shown in Fig. 2. These curves resemble those cal-
culated for an helium bubble in a silicon matrix [34]. For low
He /V ratios the final density increases like the initial one, with
little influence of the temperature. However, for He /V > 2, the
slope of the density curves decreases, until a plateau is seem-
ingly reached at the highest He/V ratios. In this regime, the
highest the temperature, the lowest the maximum density. Note
that this behavior is not specific to silicon carbide, since previ-
ous computational investigations led to similar conclusions in
iron [38] or uranium dioxide [19], for instance. Since almost
all helium atoms remain in the bubble, these variations are ev-
idently caused by the increase of the diameter with the He /V
ratio, as seen in Fig. 2, bottom graph. For He/V < 6, the SiC
matrix is elastically deformed, with little influence of tempera-
ture. Conversely, at higher ratios, the diameter is significantly
dependent on temperature, hinting that plastic deformation oc-
curred.

The helium density in bubbles depends on irradiation con-
ditions, and a wide range of values is doubtless possible. Until
recently, no experimental data were available for silicon car-
bide. Our own investigations yield helium densities in the range
150-220 He nm~2 at 300 K, for 4-7 nm diameter bubbles [36].

In the present simulations, such values correspond to initial He
/V ratios equal to 4—-6. However, high temperature annealing up
to 1673 K was performed to form these bubbles, which would
indicate that our systems with higher He /V ratio could also be
representative of the experiments. In fact, the extrapolation of
the data presented in Fig. 2 to temperatures higher than 900 K
suggests that the threshold helium density could be lower than
220 He nm™3, even for a He /V ratio greater than 6.

Figure 3 shows the computed helium pressure as a func-
tion of the density, in the center of the bubble, for the differ-
ent temperatures. The pressure is obviously proportional to the
density and to the temperature. Therefore, the largest pressures
are reached for the highest helium densities, or, for the highest
temperatures (for a given density value).

We compare our results at 300 K to pressures given by two
validated equation of states (EOS). One has been proposed by
Trinkaus and has been largely employed for helium-filled bub-
bles [13]. The other is appropriate to describe helium for high
density [42]. One can see in Fig. 3 that the Trinkaus EOS yields
higher pressure than the other one, and that the difference tends
to increase as a function of the density. Furthermore, our com-
puted pressure values fall in between those two EOS. Note that
recent investigations highlighted the influence on pressure of
the interaction between matrix and helium atoms, stressing the
need to redefine the EOS for helium in bubbles [19, 43-46].
However, this effect is especially important for small bubbles
with diameters 1-2 nm, i.e. much smaller than in the present
work. This explains why our computed helium pressure is in
good agreement with available bulk helium EOS.

These curves also tell us that the measured density range
of 150-220 He nm~ corresponds to pressures ranging approx-
imately from 20 to 60 GPa, i.e. much higher than usually found
for helium bubbles in metals [47, 48], or than predicted using
the Laplace-Young relation. Note that we observed a similar
situation in silicon [34].

4. SiC matrix analysis

In this section, we report our analyses on the state of the SiC
matrix in relation with the temperature and the helium density
in the bubble. The volume variations shown in Fig. 2 suggest
that the matrix is elastically deformed for He/V ratios lower
than 6 (equivalent to a final density lower than 220 He nm™),
and plastically deformed beyond. To substantiate this hypothe-
sis, an in-depth analysis is required. First, we used the polyhe-
dral template matching (PTM) method [49] to identify the crys-
talline environment of the Si/C atoms. This method is particu-
larly suited in our case, because it is efficient even in case of sig-
nificant thermal vibrations or elastic distortions. The crystalline
environment of Si/C atoms is essentially cubic zinc blende, with
very small amounts of hexagonal zinc blende for high density
and temperature cases. Furthermore, we found a non negligible
proportion of unidentified atoms, i.e. in a locally disordered en-
vironment. Amorphization in the vicinity of the matrix-bubble
interface was shown to be the favored plasticity mechanisms in
the case of helium bubbles in silicon [34]. Second, a disloca-
tion extraction analysis (DXA) [50] is carried out, to determine
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Figure 4: Numbers of Si/C atoms in an unidentified environment (i.e. not cubic
or hexagonal zinc blende) (top), and cumulative dislocation length (bottom) as
a function of the helium density in the bubble (in He nm3), for different tem-
peratures (10 K: red circles, 300 K: steelblue squares, 600 K: green diamonds,
900 K: purple hexagons). The symbol size is proportional to the initial He /
V ratio. These quantities are calculated using the polyedral template matching
method [49], and the dislocation extraction analysis tool [50] as implemented
in Ovito [51].

whether plastic deformation by dislocation loop punching oc-
curred.

The results presented in Fig. 4 corroborate our primary con-
clusions. In fact, for helium densities up to 215-225 He nm-3,
all atoms remain in a crystalline environment and no disloca-
tions are detected. We observe the onset of plastic deformation
of the SiC matrix above this threshold. This confirms the purely
elastic deformation of the SiC matrix, at least for He /V value
lower or equal to 6. Increasing the initial He /V ratio, and thus
the applied stress in the matrix, and/or the thermal activation
lead to an increase of both the amount of unidentified atoms
and punched dislocation loops. However, the dependences on
stress and temperature are markedly different between the two
mechanisms. At the lowest temperature, i.e. 10 K, only amor-
phization occurs, with no nucleated dislocations (red circles in
Fig. 4). These conditions correspond to the highest helium den-
sities attained in the simulations. Fig. 4 also reveals that the
disorder increases significantly with the applied stress, but lit-
tle with temperature. Conversely the temperature has a strong
influence on dislocation loop punching, with a large increase of
cumulative dislocation length for a given initial He /V ratio.

An example of configuration obtained after substantial plas-
tic relaxation at high temperature and initial He /V ratio, is shown
in the Fig. 5. The meshed surface is built so as to include all he-
lium atoms. Its initially spherical shape is lost after relaxation
in these conditions, with helium atoms expanding in various di-
rections. Those seem to be mostly (100), although it is hard

Figure 5: Plastic deformation around an helium-filled bubble with He /V = 10,
at 900 K. The cyan meshed surface is computed so as to contain all helium
atoms [52], and thus allows for a rough estimate of the bubble shape. Also
represented as small shite spheres are Si/C atoms which are not in a cubic
or hexagonal zinc blende environment, according to the algorithm depicted in
[53]. Finally, the colored thin tubes show dislocation lines identified using
DXA [50]. Blue lines are perfect dislocations with Burgers vector 1/2(110),
green lines partial dislocations with Burgers vector 1/6(112), whereas red lines
correspond to unidentified dislocations.

to be conclusive. A less ambiguous point is the spatial cor-
relation between helium protrusions and clusters of disordered
atoms, represented as white spheres. It proves that the SiC ma-
trix yields by amorphization at different locations because of
the pressure exerted by helium atoms.

For high temperatures and densities cases, the DXA tech-
nique identified dislocation loops near the helium bubble (see
Figure 5). Hereinafter, we restrict our discussion at a quali-
tative level, since there are several factors which can compli-
cate the DXA analysis. In fact, the zoology of dislocations in
cubic diamond and zinc-blende lattices is notoriously compli-
cated [54, 55]. Furthermore, disorder, structurally or due to
temperature, as well as a significant stress gradient, are present
in the vicinity of the bubble. This probably explains why sev-
eral dislocations are not formally identified by DXA (red lines
in Fig. 5). Most of the dislocations are non dissociated with
Burgers vector 1/2(110), with half-loop shapes connected to
the bubble-matrix interface. They are located in {111} planes.
Such dislocations are typical of the deformation of silicon car-
bide for temperatures below the brittle to ductile transition [54,
56]. In few locations, we observe dissociation of the dislocation
line in 1/6(112) partial dislocations. The length of dissociated
segments seem to increase with the temperature, in agreement
with the proven fact that at high temperature, plastic deforma-
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Figure 6: Atomic pressure p (a) and von Mises stress o, (b) in the SiC matrix,
for an helium-filled bubble with He/V = 6, at 10 K. For clarity, only Si/C
atoms included in a 10 A thick slice oriented along [100] are shown, and helium
atoms have been removed. Note that for each atom, the displayed values of
pressure and von Mises stress are spatial averages over neighboring atoms in a
6A sphere, as recommended for multi-component systems [58].

tion of SiC involves only partial dislocations [57].

For all cases, amorphization and dislocation nucleation oc-
cur at the bubble matrix interface, due to the combined action
of stress and temperature. These mechanisms have also been
identified as responsible for the plastic deformation of nano-
indented SiC [59]. The pressure and the von Mises stress are
shown in Fig. 6, at 10 K and He/V equal to 6, i.e. in condi-
tions close to the onset of plastic deformation. Pressure max-
ima, up to 35 GPa, can be found in the vicinity of the interface,
along (100) directions. It is obviously correlated to our previ-
ous observations on the localization of disordered regions. The
computed pressure maxima are in the range of reported values
associated with the amorphization of silicon carbide [60, 61].

We used von Mises stresses to estimate the shear stress mag-
nitude associated with dislocation nucleation and propagation.
Therefore our analysis is semi-quantitative, and based on the
order of magnitude only. To go further would require the de-
termination of the critical resolved shear stress that is specific
for each slip systems, an excessively difficult task here given
the steep stress gradients. Figure 6 shows that von Mises stress
values are the highest in regions for which pressure is the low-
est, with maximum values up to 30 GPa. This is seemingly
not enough for forming half-loop dislocations in silicon car-

bide, and temperature is required to overcome the nucleation
energy barrier. In fact, adding more helium in the bubbles also
increases the pressure, and the SiC matrix first yields by amor-
phization (Fig. 4). To our knowledge, the critical stress for nu-
cleating half-loop dislocation in SiC is an unknown quantity.
A rough comparison can be made with the theoretical shear
strength as given by the Frenkel model, oo = ub/2nd [62]. With
a shear modulus ¢ = 194 GPa [63], a Burgers vector b = 3.08 A
and a plane spacing d = 1.89 A, one obtains o~ ~ 50 GPa. On
another note, first-principles calculations showed that a half-
loop dislocation from a surface in silicon will nucleate when the
tensile stress reaches 0.26u [64]. It would translate to a critical
stress of 50 GPa for silicon carbide. Although the agreement
between the two estimations is arguably fortuitous, the order of
magnitude is probably sound.

The Peierls stress associated to screw dislocations motion
in SiC is 9-10 GPa [65], and a lower value is expected for non-
screw leading segments. Therefore the level of stress in the
vicinity of the interface is enough for dislocations to pull away
from the bubble matrix interface. However, those one can not
travel far, since the stress steeply decreases with the distance
to the interface. This could explain why dislocations in Fig. 5
remain located close to the bubble.

5. Conclusions

In this work, we explored the properties of a nanometric he-
lium bubble in silicon carbide for various helium densities and
temperatures, motivated by the lack of similar studies for this
material. Several conclusions are drawn from the analysis of
molecular dynamics calculations. First there is a maximal he-
lium density that can be reached in the bubble, the threshold
value depending on the temperature. The helium density satu-
ration is due to the plastic yielding of the silicon carbide matrix
by two distinct mechanisms. The first is the amorphization of
the SiC matrix in the vicinity of the bubble, that is weakly de-
pendent on temperature. The second one implies nucleation
of dislocations from the bubble matrix interface, followed by
their migration over a short distance, and becomes significant
at the highest temperatures. The calculated local pressure and
shear stresses are in good agreement with values reported for
these two mechanisms. Finally, note that our investigations fo-
cused on the 3C silicon carbide. Nonetheless, we are confident
that our conclusions are also valid for common hexagonal poly-
types like 4H or 6H, whose elastic and plastic properties are
very close to the cubic phase [56, 57].

Recent experimental estimations of the helium density for
nanometric bubbles in silicon carbide are ranging from 150 to
220 He nm™> [36]. Such densities equate to calculated inter-
nal pressures betweeen 20 GPa and 60 GPa, in good agreement
with common helium equation of states. Our simulations also
suggest that the SiC matrix close to these bubbles is essentially
elastically deformed, although a limited plastic activity cannot
be fully excluded.

Finally, note that in our simulations the helium atoms are
all initially present in the bubble. Although this is a standard
practice in similar studies, one may wonder whether this is



Table A.1: Calculated formation energies (in eV) for different locations of a
single He atom in the cubic SiC lattice: in interstitial positions (tetrahedral Ts;,
Tc, and hexagonal H sites), in mono-vacancies (Vsi, Vc), and in a V¢ Vg; di-
vacancy. Third column values correspond to the results of the fit (performed
using first principles data [26], reported in the second column, as a reference),
whereas in the fourth column are reported the formation energies computed
using the final He—Si and He—C pair potentials.

Conf. [26] Fit Final
Tsi 3.04 3.04 3.08
Tc 351 328 3.84
H 4.53 4.20
Vsi 142 156 1.56
Ve 337 237 237

VeVs 119 137 1.37

Table A.2: Fitted parameters for the He—C and He-Si Buckingham pair func-
tions (eq. (A.1)).

AEV) p@A) C(eVAY
He C 13565 0281  -647
He-Si 15.074 0.629  10.82

realistic compared to experiments. Introducing helium more
gradually could have two effects. First the onset of plasticity
may be shifted to higher helium densities. We believe that such
a shift is probably small. Second, the sequences of activated
plasticity mechanisms may be affected, and by extension also
the final structure of the SiC matrix. Those issues could be in-
vestigated by performing molecular dynamics combined with
a grand canonical Monte Carlo procedure, that would allow to
introduce additional helium atoms inside an already deformed
bubble. This leaves interesting prospects for future investiga-
tions.
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Appendix A. He-Si—C potential

The interatomic potentials, needed for the molecular dy-
namics calculations, were developed according to the same guide-
lines than in [66]. For Si—C interactions [67], the many-body
Erhart-Albe potential [67] is used. For both He-Si and He—
C interactions, tabulated pair potentials are generated, starting
from a Buckingham function (equation (A.1)) fitted on refer-
ence data.

C
V(r) = Aexp(-r/p) - = (A.D)

The A, p, and C parameters for He—-Si and He-C pair in-
teractions were fitted all together using first-principles calcula-
tions data as references (Table A.1). The best set of parameters
is reported in Table A.2.

These pair functions are next modified in the short atomic
separation regimes, for which the Buckingham potential is not
accurate enough. Suitable alternatives include specific poten-
tials like ZBL (Ziegler-Biersack-Littmark [68]) or first-principles
calculations. For He—Si, we performed density functional the-
ory calculations of a He—Si dimer with variable lengths. The
computed pair energy is linked with the Buckingham potential
with a 5" order polynomial, in the range 1.1-1.9 A, allowing
for continuous first and second derivatives. A further refine-
ment is made by modifying the pair potential with the ZBL po-
tential for separations lower than 0.35 A (also linked to the first
principles calculations with a 5 order polynomial in the range
0.35-0.7 A).

We first attempted the same procedure for the He—C pair
function. However, it appears that best results were obtained by
only using the ZBL potential at short separations, in particular
for the formation energy of a single He atom located in hexag-
onal interstitial. This configuration is important since it is the
saddle point for the migration of He in the SiC lattice, and its
corresponding energy sets the diffusion energy. Therefore, the
final He—C function was obtained by linking the Buckingham
potential with ZBL, using a 5" order polynomial in the range
1.4-2.2 A. The formation energies computed using these final
potentials are reported in the fourth column of Table A.1.

Finally, for the He—He interactions, we used the Beck po-
tential [69], which is well suited to describe helium for the
range of density investigated in this work. This potential is
connected to ZBL using a 5" order polynomial in the range
0.26-0.27 A.

Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time due to legal or ethical reasons.
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