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Abstract

:

Ni–graphene nanocomposites with high-density interfaces have enormous potential as irradiation-tolerant materials applied in Gen-IV reactors. Nevertheless, the mechanism wherein the intrinsic and/or irradiation-induced defects of graphene affect the irradiation tolerance of the composites remains poorly understood. Here, we investigate the effects of the two types of defective graphene on the displacement damage and He diffusion of the composites, respectively, using atomistic simulations. The introduction of the intrinsic defects of graphene has a significant effect on the Ni lattice structure near the Ni–graphene interface, especially showing that after displacement cascades, the number of defects gradually increases with the increase in graphene-defective size due to the formation and growth of stacking fault tetrahedra. The existence of the irradiation-induced defects of graphene does not diminish the ability of the interface to trap He atoms/clusters and even may be maintained or improved, mainly reflected in the fact that many isolated He atoms and small clusters can gradually migrate toward the interface and the fraction of He within the interface is up to 37.72% after 1 ns. This study provides an important insight into the understanding of the association relationships of defective graphene with the irradiation tolerance of composites.
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1. Introduction


Designing an irradiation-tolerant material from the perspective of interface engineering has become one of the main consensuses among the nuclear materials community [1,2,3,4,5]. Graphene (Gr), attributed to its remarkable mechanical properties, high specific surface area, and light weight [6,7], exhibits enormous potential in building ultra-high-strength interfaces with metals [7,8,9,10,11,12]. Consequently, this concept is beneficial to bring in abundant metal–Gr interfaces and then may provide metallic matrices with excellent irradiation tolerance. In recent years, several research groups have successively reported the irradiation tolerance of composites and provided relatively abundant evidence for it [13,14,15,16,17,18,19,20,21]. For example, Kim et al. [13] found that vanadium–Gr nanocomposites have higher irradiation tolerance than that of pure vanadium after He-ion irradiation. Si et al. [14] showed that tungsten–Gr nanocomposites with a smaller period thickness have a stronger ability in suppressing the growth of He bubbles. Based on energetic He-ion implantation experiments, Liu et al. [16] demonstrated that aluminum–Gr nanocomposites exhibit substantially lower irradiation-induced strengthening magnitude, considerable total elongation, smaller lattice swelling, and a completely different deformation mechanism compared to the unreinforced matrix. Our previous simulation studies [19,20] revealed that nickel–Gr interfaces (NGIs) can serve as sinks and attract, absorb, and annihilate interstitials, vacancies, and He atoms/clusters.



Recent activities to develop Gen-IV nuclear reactors with better functionality and capability represent an even greater demand for the comprehensive properties of structural materials [22,23]. Benefiting from the excellent high-temperature mechanics (e.g., strength, toughness, and creep) and anti-corrosion properties, Ni-based alloys have become one of the candidate materials for various metallic components in Gen-IV nuclear reactors [24,25,26], such as utilization as pressure vessels and heat exchangers in the molten salt reactor (service temperature range mainly at 625−1075 K) [27,28]. However, compared to their use in the current commercial reactors, Ni-based alloys must suffer higher neutron doses in the Gen-IV nuclear reactors [2,26]. Accordingly, massive point defects are produced and gradually gather into defect clusters (e.g., voids and dislocation loops) within the materials [29]. Furthermore, due to the large absorption cross-section of Ni with neutrons [24,30], a substantial number of He atoms are also generated by a two-step nuclear reaction and introduced into the alloys to form He bubbles at elevated temperatures [24]. Consequently, these defects are prone to induce the irradiation embrittlement, swelling, and phase instability of Ni-based alloys and then accelerate the performance degradation of the materials [24,31,32,33,34]. Given that the traditional Ni-based alloys rarely withstand the operating conditions of Gen-IV reactors, new design concepts for the materials are still necessary for resisting extreme irradiation. Thanks to the advantages of metal–Gr interfaces in reducing irradiation-induced defects and inhibiting the clustering of He atoms, Ni–Gr nanocomposites (NGNC) may provide a feasible path for solving the above problem [19,20,35].



However, a worrying issue has also followed. On one hand, many works in the literature have mentioned that a high level of topological defects and/or structural disorder in the form of vacancies, holes, dislocations, etc., can be generated on the surface of Gr during the preparation processes of Gr and its composites [36,37,38,39,40,41]. On the other hand, similar defects and/or disorder have also been found on the surface of Gr after energetic particle irradiation [42,43,44]. Considering the key role that Gr plays in stabilizing NGIs, the intrinsic and/or irradiation-induced defects of actual Gr may pose a significant challenge to the potential application of NGNC as an irradiation-tolerant material for Gen-IV reactors. Regrettably, because of the little attention it has received, to the best of our knowledge, only a few papers have reported on this issue for NGNC to date. Experimentally, lesser crystal defects and smaller He bubbles appear in NGNC than in its pure counterpart, although the surface morphology of Gr is continuously disrupted by the elevated temperature and irradiation [35]. On the simulation side, NGIs exhibit enhanced trapping ability to point defects, despite the gradually deteriorative irradiation damage of Gr [45]. These studies provide preliminary insights into the understanding of the association of the complicated Gr surface morphology with the irradiation tolerance of NGNC. Nevertheless, to develop NGNC with resistance to irradiation failure, more fundamental mechanisms about the issue need to be revealed urgently.



In this work, based on molecular dynamics (MD) simulations, two types of NGNC systems, which embedded Gr with intrinsic and irradiation-induced defects, respectively, were utilized to investigate the effects of defective Gr on the irradiation damage behaviors of the composites. The issue was dissected emphatically from two aspects. On one hand, the question of whether the sink character of NGIs with defective Gr still works needs to be answered, since intrinsic defects may be introduced into the Gr during preparation. To account for this, the evolution of point defects and atomic configurations near the NGI was discussed during displacement cascades depending on the size of Gr-intrinsic defects. On the other hand, because of the introduction of irradiation-induced defects of Gr after displacement cascades, the complicated Gr surface morphology will cause an effect on the He diffusion near an NGI. A previous study [20] found that the He concentration in the bulk can be considerably reduced, and the nucleation and growth rates of He clusters in the bulk were also delayed due to the NGI with a perfect Gr. Thus, a series of He dynamic behaviors, including their clustering, distribution, and interaction with NGIs, were also explored to clarify the change due to Gr’s structural integrity.




2. Simulation Methodology


All simulations were implemented based on the parallel MD code LAMMPS [46], and subsequent visualizations were rendered with OVITO [47]. The sandwich NGI models created in our previous works [19] were also applied hereafter, helping to compare them with each other. The Ni–Ni, C–C, and Ni–C interactions were described by the embedded atom method potential developed by Bonny et al. [48], the adaptive intermolecular reactive empirical bond order potential [49], and the 12–6 Lennard–Jones type of van der Waal’s potential [50], respectively. Moreover, to simulate the He diffusion in NGNC, the Lennard−Jones potential [51,52] and the Morse-3G interatomic potential [53] were adopted to describe the C−He and Ni−He interactions, respectively. The setting of each potential has been described elsewhere [19,20]. Each calculation was run by imposing periodic boundary conditions.



2.1. Displacement Cascade Simulations


An original NGI model (see Figure 1a) with the dimensions of 124.6 × 129.5 × 174.5 Å3 (258,000 atoms), referring to that in Ref. [19], was generated first and then used to build another five systems containing defective Gr in different degrees (see Figure 1b−f). To facilitate the mimicking of the Gr-intrinsic defects, an ideal hole in the circle with a certain radius (R) was introduced into Gr by removing C atoms in the center of perfect Gr within the NGI. The R was determined to be 0, 5.0, 10.0, 15.0, 20.0, or 25.0 Å, and the corresponding defective model was named NG_R0, NG_R5, NG_R10, NG_R15, NG_R20, or NG_R25, respectively. Note that although this type of intrinsic defect is only one of many in Gr, its use is very beneficial for universally predicting the effect of Gr-intrinsic defects on the irradiation damage behaviors of NGNC. After a conjugate gradient (CG) minimization, each model was thermally relaxed with the Nose–Hoover thermostat (NVT ensemble) at 300 K for 10 ps until reaching a stable state. According to the identification method mentioned in the previous work [19], it can be found that in each system, the interfacial region consists of the Gr plane and two terminal Ni-atomic planes near the Gr, and the rest belongs to the bulk region.



Subsequently, displacement cascades were activated in each system by launching a primary knock-on atom (PKA) with 5 keV, and the PKA was introduced at 15.0 Å away from its interface and was incident perpendicular to the interface. During cascades, the outer layer with a thickness of 5.0 Å was forced to dissipate the heat using a Nose–Hoover thermostat (NVT ensemble), while atoms within the inner region were allowed to move adiabatically using the NVE ensemble. The thermostat temperature was regulated at 300 K. Each simulation was completed in 63 ps. The Wigner–Seitz cell method [54] was employed to detect the point defects surviving in the bulk region. As a control, the displacement cascade simulations of pure Ni with the corresponding intrinsic defects (named N_R0, N_R5, N_R10, N_R15, N_R20, and N_R25) were also performed. All the settings of the simulation methods for pure Ni were accordant with those of NGNC.




2.2. He Diffusion Simulations


Likewise, another original NGI model with the dimensions of 125.2 × 129.6 × 125.6 Å3 (186,992 atoms), referring to that in Ref. [20], was used to build the derivative system containing Gr with irradiation-induced defects. The defects of Gr were generated first by deleting 1206 C atoms randomly (approximately 20 at.% of total C atoms in the Gr, shown in Figure 2a), and then the damaged NGI system was subjected to a CG minimization to release the stress. It can be observed that the interfacial Gr is severely disordered due to relaxation (see Figure 2b), in which the size of the largest hole can be up to approximately 15.0 Å, but the interface configuration is still well maintained, without miscibility of Ni atoms around the Gr (see Figure 2c). On this basis, a He concentration of 4970 appm (or 0.5 at.%) was introduced into the system by adding He atoms at different random sites (see Figure 2d). Subsequently, the model containing He atoms was relaxed at 0 K for 10 ps, and then heated up to 823 K, remaining constant thereafter. During thermal relaxation, the system was equilibrated with a Nose–Hoover thermostat–barostat (NPT) ensemble for 1.0 ns to ensure no significant fluctuation in pressure. He clusters were identified once the separation distances between different He atoms were less than a cutoff radius of 3.0 Å.





3. Results and Discussion


3.1. Defective Graphene’s Effect on Displacement Damage


The C atoms around the Gr-defective region of each NGI model at the beginning and ending moments of cascades are exhibited in Figure 3, and the corresponding Ni atoms in the channels between Ni and Gr are also shown to highlight their miscibility. At 0 ps, there are no Ni atoms appearing in the Gr-defective region when R ≤ 10 Å, while the opposite scenario emerges when R > 10 Å, since the intrinsic hole in Gr has been unable to weaken the mutual attraction between the Ni atoms above and below it and triggered more and more Ni atoms to enter the Gr-defective region. Note that the NG_R10 was thermally relaxed for an additional 100 ps before cascades but remained structurally stable. As a result, the miscibility between Ni atoms occurred before cascades when R > 10 Å. At 63 ps, Ni atoms are present in the Gr-defective region of each NGI model, which becomes more pronounced with the increase in R. Due to cascades, the Gr-defective size has a slight increase when R ≤ 10 Å, while it is almost unchanged when R > 10 Å. Most of the similar phenomena also occur in pure Ni, as shown in Figure 4. However, at 0 ps, the miscibility between Ni atoms near the intrinsic defect layer in pure Ni still occurs, even if R ≤ 10 Å, in turn indicating that Gr has a stronger ability to inhibit the miscibility of Ni atoms.



The number of point defects surviving in the bulk of NGNC or pure Ni as a function of the size of intrinsic defects is shown in Figure 5. In both NGNC and pure Ni, the number of point defects gradually increases with the increasing R. However, independent of R, the number of interstitials surviving in the bulk is always less than that of vacancies, while the two are essentially equivalent in pure Ni, implying that apart from the faint effect of local stress around the intrinsic defects on Ni interstitials or lattice atoms due to cascades, the characteristic that NGIs preferentially capture interstitials still works well and energetically induces Ni interstitials or lattice atoms to cover the Gr-intrinsic defect region. As mentioned in Ref. [45], although the irradiation-induced damage degree of Gr within the NGI gradually aggravates, the self-healing of irradiation defects in the bulk can be further enhanced by the NGI instead. In Figure 5a, the difference in the number of interstitials and vacancies exhibits a gradual increase with the increasing R, indicating that the partial absorption ability of NGIs improves. These suggest that regardless of the Gr-intrinsic defects or the Gr-irradiated defects, they contribute, to some extent, to the enhancement of the sink capability of NGIs. Compared with pure Ni, the total number of defects in the bulk of NGNC is smaller when R ≤ 10 Å, especially the part of the interstitials, indicating that, under this circumstance, the defective NGI still can promote the recombination and/or annihilation of irradiation-induced defects. When R > 10 Å, in both NGNC and pure Ni, the rate of point defect growth becomes fast. Among them, the growth rate of vacancies in NGNC is the fastest, while it is the slowest for interstitials in NGNC. These results may originate from the fact that most of the sink characteristics of NGIs are weakened as the Gr-defective size exceeds a certain value, but the role of the partial absorption of NGIs still can be played. Therefore, in order not to reduce the capacity of NGIs in suppressing irradiated defects of the bulk region, regulating the Gr-defective size is very necessary during experimental preparation.



Gr-intrinsic defects have great impacts on the formation and evolution of Ni defects, which may eventually be reflected in the change in the Ni crystalline structure near the NGIs. To illustrate this, snapshots of the six NGNC models extracted from the ending moment of cascades are shown in Figure 6. For NG_R0 and NG_R5, the irradiation-induced defects in the bulk only form several very small clusters near the NGI. However, when R reaches 10 Å, two neighboring stacking fault tetrahedra (SFTs) with small sizes have been hatched. With the increase in R, the embryonic SFTs gradually grow. In particular, apart from the formation of two small embryonic SFTs, another SFT-like structure with a large size in NG_R25 becomes closer to taking shape. In fact, we have also observed that an SFT-like structure emerges before cascades when R ≥ 10 Å, but its size is much smaller than that after cascades. This suggests that the occurrence of dramatic crystalline disorder in the Ni matrix is subject to the synergistic effects of Gr-intrinsic defects and irradiation. Combined with Figure 5a, it can be further inferred that the formation and growth of SFTs near the NGI are directly responsible for the rapid increase in point defects. Singh et al. [55] have reported that the freshly produced SFTs may grow by absorbing vacancies and may shrink by absorbing interstitials. Given the significant growth in both the number of vacancies and the size of SFT-like structures when R > 10 Å, it is easy to believe that an embryonic SFT intensifies the influence of collision cascades in generating irradiation-induced point defects. Since the vacancies are difficult to migrate and close to the embryonic SFTs in their first stage, most of the vacancies are biased towards capture by the SFT-like structures and then cause the growth of SFTs, which in turn results in a large number of vacancies remaining in the bulk of NGNC. Different from vacancies, interstitials migrate easily and are biased by the NGI, resulting in the capture of most interstitials by the interface. In other words, only a few interstitials remain in the bulk. The larger the scale of SFT-like structures before cascades, the more significant these phenomena become after cascades. This explanation fits well with Figure 5a. As a control, the corresponding snapshots of pure Ni are also displayed in Figure 7. Similarly, the larger size of intrinsic defects in pure Ni also induces more complicated SFT-like structures. Therefore, the main source of SFTs, i.e., Gr-intrinsic defects, besides the irradiation, should be eliminated as much as possible for the irradiation tolerance of NGNC.




3.2. Defective Graphene’s Effect on He Diffusion


The He diffusion behavior near the NGI with defective Gr at 823 K is shown in Figure 8. At the beginning, 928 He atoms are separated from each other and distributed at different random tetrahedral interstitial sites in the system. At 0.005 ns, several small Hen clusters (n up to 4) start to form in the bulk. At 0.015 ns, the sizes of the He clusters further increase, and the largest cluster consists of seven He atoms. At 0.03 ns, because of the trapping of NGI, isolated He atoms rarely survive near the interface. We can observe one significant He diffusion phenomenon from the He atoms entering their opposite bulk, which becomes more pronounced with time. At 0.05 ns, several He clusters close to the interface can exist stably and even grow further, instead of being trapped by the NGI, implying that the clusters have been pinned and become stable nucleation sites. For example, a He7 cluster is generated at 0.03 ns and remains in its configuration at 0.05 ns, and a He5 grows to be a He8. At 0.1 ns, the number of He clusters is almost comparable to that of isolated He atoms, and the size of the largest cluster reaches 22. At 0.15 ns, the already existing clusters have become largely stable—namely, no longer aggregating with each other or dissociating—and they can compete with the interface in trapping He atoms. At 0.2 ns, the largest cluster with 25 He atoms has not changed in size since it appeared at 0.015 ns, and hereafter it remains the largest, implying that the growth of clusters in the bulk has almost reached saturation. After 0.5 ns, most of the isolated He atoms in the bulk have been absorbed by other He clusters or trapped by the interface. The He cluster size and distribution roughly remain unchanged until 1.0 ns. Throughout the simulation process, isolated He atoms and small clusters gradually aggregate into large clusters or migrate toward the interface, while the stable clusters may be pinned by the vacancies in the bulk and are difficult to migrate or be captured by the NGI. Compared to the NGI containing perfect Gr at 800 K [20], the ability of the defective NGI to trap He atoms/clusters does not seem to have diminished and even may be maintained or improved, which is mainly reflected in the following. First, the clusters in the bulk of the defective NGI model are roughly comparable in size and number to those of the perfect NGI model after 1.0 ns. Second, a higher temperature in the defective NGI model (at 823 K) compared to the perfect NGI model (at 800 K) does not intensify He clustering (especially the largest cluster) in the bulk.



Further, the He diffusion behavior within the NGI is also observed and shown in Figure 9. Initially, He atoms are distributed randomly at both the Gr-perfect and Gr-defective sites, and most of them are separated from each other. At 0.01 ns, the He atoms, gradually captured by the NGI, increase the interfacial He concentration and then improve their clustering probability within the NGI, such as the formation of He3 and He5 clusters. The He clusters show higher stability at the Gr-defective sites than at the Gr-perfect sites. For example, a He2 cluster at a Gr-perfect site at 0.01 ns dissociates into two isolated He atoms, and they are absorbed in two different defective sites at 0.015 ns. Moreover, an isolated He atom at a Gr-perfect site is attracted to its neighboring He2 cluster at a Gr-defective site at 0.01 ns, resulting in the formation of a He3 cluster at a Gr-defective site at 0.015 ns. At 0.04 ns, the He3 and He5 clusters at 0.01 ns grow further into He9 and He11 clusters, respectively, by absorbing the He atoms from the bulk. Several He atoms or clusters at different defective sites adjacent to each other could aggregate into a single cluster through the open channels between their defective sites, such as the aggregation of an isolated He atom and a He2 cluster at 0.015 ns into a He3 cluster at 0.04 ns. Without the help of the channels, He atoms or clusters are difficult to aggregate into the same cluster, even if they are very close to each other. For example, the three different isolated He atoms in a solid oval remain in their configurations from 0.055 to 0.06 ns. However, not all He clusters at the Gr-defective sites tend to grow, and some may self-dissociate. One typical example is that the He4 at 0.1 ns gradually dissociates into an isolated He atom and other defects at 0.14 ns. Another possible mechanism is that the aggregation of He from different defective sites through the channels needs at least one pre-existing cluster. For example, the two isolated He atoms are difficult to cluster from 0.25 ns until 1.0 ns, despite the existence of a channel between them. After 0.043 ns, the He cluster size and distribution also roughly remain unchanged until 1.0 ns, consistent with that in the bulk. Thereafter, the change in He clusters is mainly presented in the relaxation of their configurations, such as the rotation of the He5 cluster from 0.5 to 1.0 ns. Compared to the bulk, the clusters within the defective interface have a high number density but small sizes. Different from the NGI containing perfect Gr, the He atoms or small clusters within the defective interface do not form very large clusters, and even many isolated He atoms survive. This may be because the Gr-defective sites have lower formation energies and higher diffusion barriers for the He atoms/clusters than those in the perfect interface [45], resulting in the inhibition of He diffusion along the defective interface.



To quantitatively understand the effect of defective NGIs on He diffusion, we subdivide the model into several plates with 2 Å thickness along the z-axis, with the Gr as the center, and calculate the local He fraction based on the ratio of the number of He atoms in each plate to their total number in the system. Figure 10a shows the He fraction profiles at different times. At 0 ns, the distribution of He atoms in the system is roughly uniform despite the fluctuations, and the fractions of He atoms on both sides of the interface are relatively high but not yet significant. At 0.1 ns, the strong precipitation of He atoms occurs at the NGI, manifesting in the He fraction increasing from 2.69% (or 2.91%) to 17.56% (or 17.24%). At 0.2 ns, the fractions of He atoms on both sides of NGI exhibit a further increase, but the increasing rate becomes slow, with only an increase of 2.05% (or 0.04%) in 0.1 ns. At 0.3 ns, the total fraction of He within the interface improves by 0.01% more than that at 0.2 ns. At 0.4 ns, an increase of 0.33% in the total fraction of He within the interface occurs compared to that at 0.3 ns. Thereafter, the total fraction of He within the interface almost remains constant at around 37.72%. This suggests that the defective NGI has a strong ability to capture He atoms from the bulk, especially before 0.1 ns, leading to a rapid increase in the interfacial He concentration; meanwhile, the interface is unable to capture He atoms from the bulk after 0.1 ns because He atoms in the bulk gradually aggregate into clusters. After 0.4 ns, the fractions of He on both sides of the interface are converted into each other, with no change in the total fraction, which may be because some of the He atoms can penetrate through the defective sites of Gr into the other side of NGI, but they are unable to break away from the interface and jump further into the other side of the bulk. This can be demonstrated visually by the He-atomic diffusion trajectories (see Figure 10b), in which we can discover that no He atoms penetrate through the defective Gr into the other side of the bulk throughout the MD timescale. On the other hand, by showing the displacement vectors between He-atomic positions at 0 and 1.0 ns (see Figure 10c), it can be found that He atoms tend to diffuse toward the defective NGI, are then localized to the interface, and eventually are unable to exit the interface (observed along the direction of an arrow).





4. Conclusions


In the present study, we have carried out an investigation of the effects of defective Gr on the irradiation damage behaviors of NGNC from two aspects using MD simulations, including the displacement damage affected by the Gr with intrinsic defects and the He diffusion affected by the Gr with irradiation-induced defects. A summary of the most critical results drawn from this work is as follows.



(a) The introduction of the intrinsic defects of Gr has a significant effect on the Ni lattice structure near the NGI. Before cascades, the miscibility between Ni atoms above and below the defective Gr would emerge when R > 10 Å, even inducing the generation of embryonic SFTs in the Ni matrix, while it also can occur despite R ≤ 10 Å once cascades are activated. After cascades, the number of point defects gradually increases with the increasing R; especially when R > 10 Å, the rate of point defect growth becomes fast, which may be because of the formation of the SFT-like structures with large sizes in the Ni matrix.



(b) The existence of the irradiation-induced defects of Gr does not seem to diminish the ability of the NGI to trap He atoms/clusters and may even maintain or improve it. Significantly, besides the fact that some stable clusters may be pinned by the vacancies in the bulk, many isolated He atoms and small clusters can gradually migrate toward the interface. Different from the perfect NGI model, the He atoms or small clusters within the defective interface do not form large clusters, and even many isolated He atoms can survive. Compared to the bulk, the clusters within the defective interface have a remarkably high number density but small sizes, and the fraction of He within the interface is up to 37.72% after 1.0 ns.



Overall, regulating the Gr-defective size is very necessary during experimental preparation to avoid weakening the irradiation tolerance of NGNC. On the other hand, a moderate amount of irradiation-induced defects in the Gr may not weaken the irradiation tolerance of NGNC. All these results can provide a reference for the service life assessment of NGNCs in the Gen-IV reactors.
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Figure 1. Simulation model for displacement cascades. (a) Originally atomic configuration of NGI. (b–f) Gr containing an intrinsic hole with a radius of 5–25 Å within the NGI. 
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Figure 2. Simulation model for He diffusion. (a) Originally atomic configuration of Gr with irradiation-induced defects in NGI. (b) Atomic configuration of defective Gr in NGI after static relaxation. (c) Atomic configuration of defective NGI after static relaxation. (d) Atomic configuration of NGI with a He concentration of 4970 appm. 
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Figure 3. C atoms around the intrinsic hole of each NGI model and the corresponding Ni atoms in the channels between Ni and Gr. (a) NG_R0. (b) NG_R5. (c) NG_R10. (d) NG_R15. (e) NG_R20. (f) NG_R25. Each panel contains the atomic configurations of the beginning (0 ps) and ending (63 ps) moments of cascades. Atoms are colored according to the z-coordinate starting at Gr. The smallest spheres represent C atoms, and the rest denote Ni atoms. 
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Figure 4. Ni atoms around the intrinsic hole of each pure Ni model. (a) N_R0. (b) N_R5. (c) N_R10. (d) N_R15. (e) N_R20. (f) N_R25. Each panel contains the initial and terminal configurations. 






Figure 4. Ni atoms around the intrinsic hole of each pure Ni model. (a) N_R0. (b) N_R5. (c) N_R10. (d) N_R15. (e) N_R20. (f) N_R25. Each panel contains the initial and terminal configurations.



[image: Crystals 13 00198 g004]







[image: Crystals 13 00198 g005 550] 





Figure 5. Number of point defects surviving in the bulk of NGNC (a) or pure Ni (b) as a function of the size of the intrinsic hole. 
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Figure 6. Snapshots of the six NGNC models extracted from the ending moment of cascades. (a) NG_R0. (b) NG_R5. (c) NG_R10. (d) NG_R15. (e) NG_R20. (f) NG_R25. SFT-like structures are labeled. 
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Figure 7. Snapshots of the six pure Ni models extracted from the ending moment of cascades. (a) N_R0. (b) N_R5. (c) N_R10. (d) N_R15. (e) N_R20. (f) N_R25. SFT-like structures are labeled. 






Figure 7. Snapshots of the six pure Ni models extracted from the ending moment of cascades. (a) N_R0. (b) N_R5. (c) N_R10. (d) N_R15. (e) N_R20. (f) N_R25. SFT-like structures are labeled.
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Figure 8. Snapshots of He diffusion near the defective NGI at the times of 0.005 (a), 0.015 (b), 0.03 (c), 0.05 (d), 0.1 (e), 0.15 (f), 0.2 (g), 0.5 (h), and 1.0 ns (i). 
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Figure 9. Snapshots of He diffusion along the defective NGI at times of 0 ns (a), 0.01 (b), 0.015 (c), 0.04 (d), 0.055 (e), 0.06 (f), 0.1 (g), 0.14 (h), 0.25 (i), 0.43 (j), 0.5 (k), and 1.0 ns (l). 
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Figure 10. Statistics of He diffusion at defective NGI. (a) Fractions of He atoms as a function of the distance from the NGI. (b) He diffusion trajectories during 1.0 ns. For presentation purposes, only the trajectories of He atoms initially located below the interface are plotted. (c) Displacements of He atoms near the NGI, shown by the turquoise displacement vectors between their initial and final positions. 
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