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Abstract The use of metal–nanocarbon interfaces to prevent the bubble-to-void transition has emerged as a novel approach for
developing materials resistant to helium (He) embrittlement. However, many critical mechanisms governing He dynamics near these
interfaces remain inadequately understood. Here we employed the Ni−graphene interface (NGI) as a model system to investigate
He trapping and diffusion through atomistic simulations (300–1,200 K). Key findings demonstrate rapid He trapping at NGIs,
with anisotropic in-plane diffusion (

[
1̄10

]
,
[
1̄1̄2

]
) exhibiting a tenfold higher diffusivity (prefactor: 6.251×10–2 nm2·ps−1) and

lower activation energy (0.057 eV) than pure Ni. Above 600 K, interfacial capture dominates, minimizing bulk residence. Unlike
hydrogen, which forms stable C–H bonds, He migrates freely along NGIs without chemical interaction, promoting release. NGIs
could suppress 3D bubble growth by redirecting He into planar pathways, aligning with observed bubble size reduction. The work
contrasts He dynamics at NGIs versus grain boundaries, highlighting the superior capacity of metal–nanocarbon interfaces for He
venting. These insights provide a mechanistic basis for designing helium-resistant composites, advancing strategies to mitigate
embrittlement through controlled helium transport.

1 Introduction

In nuclear reactors, helium (He) produced through (n, α) reactions significantly impacts the performance of metallic structural
materials [1, 2]. Due to its extremely low solubility, He atoms tend to coalesce into small bubbles, which serve as nucleation sites
for void growth under irradiation-induced vacancy supersaturation. Consequently, this process leads to material swelling and He
embrittlement at elevated temperatures [1–4]. Moreover, implanted He atoms can cause blistering and irradiation hardening [5–8],
which further complicates the use of these materials in reactor environments. Generally, large voids, rather than smaller bubbles, are
primarily responsible for the detrimental effects. To delay the transition of bubbles into voids, two strategies are widely adopted [9,
10]. The first involves creating more nucleation sites for He bubbles. The second aims to increase the critical bubble size required
for voids to form. Unfortunately, neither approach does halt void formation or coalescence but aims to postpone the bubble-to-void
transition, thereby mitigating the damaging effects of He-induced embrittlement [9, 10].

Recently, an alternative strategy has been proposed, in which carefully engineered metal–nanocarbon interfaces can shift the
growth behavior of He precipitates from their conventional three-dimensional nanobubble formation to the more favorable creation
of elongated one- or two-dimensional nanochannels [10–18]. For instance, Li et al. [11, 12] demonstrated, through both experiments
and simulations, that the hollow spaces within carbon nanotubes can serve as “nano-chimneys” for He diffusion, thereby reducing
the formation of He bubbles in the matrix. Si et al. [13] reported that W–graphene nanolayers with small-period thicknesses
exhibit enhanced radiation tolerance, leading to a reduction in He bubble density. Furthermore, Huang et al. [14] discovered that
Ni−graphene interfaces (NGIs) effectively trap He clusters by lowering formation energies and diffusion barriers, resulting in the
significant segregation of planar He clusters at these interfaces. Collectively, these studies suggest that when one- or two-dimensional
He nanochannels become interconnected, they may create a three-dimensional network. This network could allow He to escape from
the material during prolonged exposure, thereby lowering its overall concentration. However, how He behaves at metal-nanocarbon
interfaces is still not fully understood. Further research is needed to optimize materials for practical applications and predict long-term
aging effects.

Understanding the mechanisms governing the migration and interaction of He atoms with metal–nanocarbon interfaces presents
a challenging, multifaceted issue. This problem spans multiple scales, from atomic-level processes to macroscopic phenomena.
It involves both spatial and temporal dimensions. To address it effectively, researchers must combine experimental methods with
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Fig. 1 NGI model featuring a
solute He atom positioned
2.77 nm from the graphene layer

computational modeling. Among them, a key aspect is the determination of essential parameters governing He diffusion, clustering,
and its interaction with interfaces [3, 4, 10, 11, 19]. Due to the challenges in experimentally detecting individual He atoms, atomistic
simulations remain the most suitable approach for studying He diffusion dynamics at metal–nanocarbon interfaces [10, 11, 20–22].
This method has been effective for decades. It provides atomic-scale insights into material processes, particularly those occurring at
picosecond timescales and nanometer spatial scales. Researchers have successfully applied it to study a wide range of materials [3,
4, 11, 23, 24]. In this study, we utilized the NGI within a Ni−graphene nanocomposite (NGNC) as a model system to explore the
trapping and diffusion of isolated He atoms nearby via molecular dynamics (MD) simulations. These thermodynamic simulations
were conducted over a temperature range of 300 to 1,200 K, allowing for detailed observation of the dynamic evolution of He and the
quantification of its diffusion characteristics. Nickel was selected as the matrix material due to its extensive use in nuclear reactors
and its high (n, α) reaction cross section [14, 19, 24, 25].

2 Simulation methodology

All simulations were conducted utilizing the parallel MD software LAMMPS [26], with visualizations generated through OVITO
code [27]. This study also used the sandwich NGI model, which was developed in prior work [14, 24]. The model contains 32,500
atoms and has dimensions of 6.21×5.59×10.10 nm3 (see Fig. 1). The interactions among Ni–Ni, C–C, He–He, and Ni–He were
characterized using the embedded atom method (EAM) potential [28], the adaptive intermolecular reactive empirical bond order
(AIREBO) potential [29], the Beck potential [30], and the Morse-3G interatomic potential [31], respectively. Furthermore, the
interactions between Ni–C and He–C were represented through the Lennard–Jones potential [32, 33]. The parameters for each
potential, along with the construction and optimization of the NGI model, have been detailed in prior works [14]. To initiate the
process, a solute He atom was randomly inserted into the system at an interstitial site, located 2.77 nm from the graphene layer (see
Fig. 1). Following energy minimization, the NGI–He system underwent thermal relaxation for 5.0 ns at a specified temperature. The
Nose–Hoover isobaric-isothermal (NPT) ensemble was adopted to maintain stable system pressure throughout the simulation. The
thermostat temperature was adjusted within the range of 300 to 1,200 K to investigate the temperature dependence of He diffusion
properties.

3 Results and discussion

Figure 2 shows how a single He atom moves near the NGI at various temperatures. The trajectories track the position of the atom
from 0 to 5.0 ns. These paths were plotted every 10.0 ps and linked sequentially to visualize the full motion. At 300 K, the solute
He became trapped in the NGI after a complex, long-distance migration through the bulk. At 500 K, solute He moves much farther
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Fig. 2 MD trajectories of a single
He atom diffusing near an NGI at
different temperatures over a
5.0 ns simulation period: a 300 K,
b 500 K, c 600 K, d 800 K,
e 1,000 K, and f 1,200 K. The
trajectories illustrate the
temperature-dependent mobility
and spatial distribution of the He
atom
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through the material. Both individual jumps and overall diffusion distances increase significantly. This increased mobility allows He
atoms to cross the entire simulation box, reaching the opposite side. At 600 K, He swiftly enters the NGI with minimal disruption.
Below 600 K, the diffusion of He in the bulk differs significantly from hydrogen (H). Solute H shows limited movement, staying
close to its starting position and being less affected by the NGI [34]. In contrast, solute He moves much more freely through the
Ni matrix. This difference arises because the migration energy of He in the bulk is much lower than that of H, which facilitates
its movement [14, 34]. Unexpectedly, at 800 K, the diffusion behavior of He resembles that at 500 K, characterized by convoluted
migration through the bulk. As the temperature rises, the total diffusion distance gradually decreases, and He is rapidly captured
by the interface, showing minimal bulk diffusion. Overall, He is eventually captured by the interface between 300 and 1,200 K,
yet its residence time in the bulk shows no clear temperature dependence. This lack of dependence may arise from inconsistent
migration pathways of He at different temperatures. Once He reaches the NGI, both its diffusion frequency and distance increase
with temperature, indicating little resistance to He diffusion at the interface. This contrasts with H, which forms C−H bonds with
carbon, hindering its interface migration [34]. He, however, is difficult to confine. It tends to move across the interface, which may
result in its release from the material. This supports the hypothesis that NGIs may act as two-dimensional nanochannels for He.

During the thermal relaxation process, the positions of solute He were continuously tracked over time. The mean square dis-
placement (MSD) of a single He atom was computed based on its total diffusion distance, using the following equation

MSD � [r (t0 + t) − r (t0)]2, (1)

where r(t0) and r(t0 + t) denote the initial and instantaneous positions of atoms at time t0 and t0 + t, with 〈…〉 referring to the
ensemble average. Analysis of the computational trajectories allows for a clear understanding of solute He diffusion behavior near
the NGI. Figure 3(a) presents the MSDs of a single He atom near the NGI at various temperatures. The MSDs generally increase with
time at temperatures not exceeding 600 K, consistent with observations from similar studies [24, 35, 36]. Above 600 K, the pattern
changes. The MSDs no longer follow a regular trend. Instead, they fluctuate unpredictably, rising and falling without a clear pattern.
This inconsistency likely arises from the dynamic processes at elevated temperatures, where Ni or C atoms occasionally undergo
jumps and then can significantly alter the movement of He [36]. The MSD peak increases with temperature up to 600 K, where it
reaches its maximum. After declining, it suddenly rises again at 1,200 K. This pattern suggests that random atomic vibrations caused
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Fig. 3 a MSDs and b their directional components along principal crystallographic axes for a single He atom within NGNC, simulated over 5.0 ns at
temperatures ranging from 500 to 1,200 K. The MSD curves quantify the diffusive behavior, while the axial components reveal anisotropic mobility trends

by high temperature restrict He diffusion in NGNC. Regardless of temperature, solute He demonstrates a random walk, making its
MSDs difficult to stabilize over extended periods. The diffusion behavior near NGIs resembles that observed at small-angle grain
boundaries (GBs), yet differs from large-angle GBs with high dislocation densities [22, 37, 38]. For example, Hammond et al.
[37] reported that in tungsten, He diffusion is initially biased toward GBs. However, their movement becomes limited when they
reach specific boundaries, such as

∑
3 < 111 > {211} or

∑
5 < 100 > {310}. This restriction is especially strong for motion

perpendicular to the GBs.
The MSD can be broken down into its x, y, and z components, as shown in Fig. 3(b). Before becoming trapped at the interface

(observed at 300, 500, and 800 K), the solute He in the bulk exhibits two-dimensional diffusion. This movement occurs mainly
in the xy-plane, with greater migration along the

[
110

]
direction. Notably, this diffusion pattern shows no significant temperature

dependence. This behavior contrasts with findings from studies on Fe- or W-GBs [22, 36], where He diffusion in the bulk transitions
from one to two or even three dimensions as the temperature rises. This variation may stem from temperature-induced changes in the
migration pathways of solute He in the bulk of polycrystalline [22, 36]. For example, in the case of W-GBs, below 300 K, He diffuses
directly between neighboring tetrahedral interstitial sites (TIS) in the bulk, while at higher temperatures, migration follows a mix of
TIS–TIS and TIS–octahedral interstitial site (OIS)–TIS pathways [22]. In contrast, our prior simulations indicated that in the bulk
of NGNC, He atoms prefer the TIS–OIS–TIS pathway over the TIS–TIS pathway [14]. Once a He atom approaches approximately
1.10 nm from the NGI [14], it becomes effectively “locked” at the interface and remains confined there. He atoms captured at the
interface exhibit either predominantly one-dimensional diffusion (e.g., at 300 and 600 K) or two-dimensional diffusion (e.g., at
500 and 800 K), with no clear temperature dependence. Additionally, He diffuses much more rapidly at the NGI than in the bulk,
primarily due to the lower diffusion barrier at the interface [14]. As a result, He atoms demonstrate high mobility within the NGI,
and the interface facilitates rapid diffusion pathways for He along specific directions [14].

The MSD analysis mentioned above can also be employed to determine the solute He diffusion coefficients in the NGNC system
at varying temperatures. Utilizing the Einstein relation, the self-diffusivity of He at a given temperature can be calculated below

D � 1

2d
lim
t→∞

MSD

t
, (2)
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Fig. 4 Temperature-dependent
diffusion coefficients of a single
He atom within NGNC, including
directional components along the
principal crystallographic axes.
The data quantify the thermally
activated diffusion anisotropy and
overall mobility of He within the
NGNC

where the dimensionality, d, represents one-, two-, or three-dimensional diffusion of solute He, corresponding to d � 1, 2, or 3,
respectively. Once the diffusion coefficients are determined for different temperatures, the activation energy (Ea) for He diffusion
can be derived using the Arrhenius equation

D = D0exp

(
− Ea

kβT

)
, (3)

where D0 is the pre-exponential factor, and kβ is the Boltzmann constant. The temperature dependence of diffusivity (plotted as
ln(D)–1000/T ) for He at the range of 300 to 1,200 K is shown in Fig. 4, along with the activation energy and pre-exponential factor.
All MD data points, except for the z-component, show good agreement with the linear Arrhenius plots, suggesting high simulation
convergence. The calculated prefactor and activation energy for He diffusion is 6.251×10–2 nm2·ps−1 and 0.057 eV, respectively.
The prefactor is numerically an order of magnitude higher than that of pure Ni calculated by Torres et al. [39] using the same EAM
potential, while the activation energy is an order of magnitude smaller than that of pure Ni. This indicates that the presence of NGIs
in the composite appears to enhance He diffusivity compared to pure Ni, accelerating He movement and potentially promoting
its release through the interfaces. This finding may further explain the observed reduction in He bubble size within the NGNC
compared to pure Ni [17]. The present D0 aligns reasonably well with values reported for other interfaces such as Fe-GBs [35, 36].
The activation energy is marginally lower than prior results from the dimer method [14], with similar trends reported by Deng et al.
[35]. It is crucial to note that the activation energy for He in the NGNC may not fully reflect the actual diffusion barrier. Instead,
it serves as an effective value because NGI rapidly traps solute He. This trapping restricts its movement along the [111] direction.
Additionally, He diffusion exhibits a higher prefactor in the

[
112

]
direction compared to the

[
110

]
direction, suggesting that the

former, particularly within the NGI, supports faster He transport. The z-component of He diffusivity remains relatively unaffected
by temperature, with some anomalies, such as a minimum value observed at 1,200 K. This behavior might result from varying
disturbances in the spacing between the graphene and Ni layers caused by temperature. Unlike GBs, where out-of-plane diffusion
remains feasible despite reduced diffusivity due to high-density dislocations [35, 36], He atoms find it harder to escape from the
NGIs.
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4 Conclusions

In summary, this study has explored the influence of NGIs on He trapping and diffusion characteristics, employing atomistic
simulations. Below 600 K, He undergoes long-range bulk diffusion before interfacial capture, while above 600 K, rapid interfacial
trapping limits its bulk migration. Notably, He exhibits significantly higher mobility in the NGNC compared to H, due to its lower
migration energy. Elevated temperatures (≥800 K) induce erratic atomic vibrations, reducing the bulk residence time of He but
accelerating its migration at the interface. He diffusion in the bulk is primarily two-dimensional in the xy-plane, while at the NGI, it
becomes one- or two-dimensional depending on temperature. He diffusion at the NGI is anisotropic, favoring in-plane (

[
110

]
,
[
112

]
)

over out-of-plane ([111]) directions. The calculated activation energy for He diffusion (0.057 eV) is an order of magnitude lower than
in pure Ni, with a prefactor (6.251×10–2 nm2·ps−1) tenfold higher, indicating enhanced He diffusivity due to the presence of NGI.
Unlike H, He avoids chemical bonding at the NGI, enabling rapid interfacial transport and potential material release. These findings
underscore that NGIs could serve as effective two-dimensional nanochannels for He release. The study enhances the understanding
of He dynamics in metal–nanocarbon composites, revealing that optimizing nanocarbon dispersion within the metallic matrix can
significantly prevent the bubble-to-void transition. This strategy may help mitigate He-induced embrittlement in metallic structural
materials, thereby ensuring the reliable operation of nuclear reactors.
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