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Abstract:  Graphene-reinforced nickel matrix nanocomposites with high-density interfaces 

are recommended as candidate materials for advanced nuclear reactors because of the 

potential irradiation tolerance. Nonetheless, the mechanism that graphene damage due to 

irradiation affects the tolerance of the composites remains unclear. Here we report the 

relationships between irradiation damage behavior of graphene and defect sink efficiency of 

nickel–graphene interface by using atomistic simulations. With the accumulation of 

irradiation dose, a nickel–graphene interface exhibits enhanced trapping ability to defects 

despite the gradually deteriorative damage of graphene. The enhancement originates in that 

the damaged regions of graphene can provide abundant recombination and/or annihilation 

sites for irradiation defects and strengthen the energetic and kinetic driving forces of the 

interface to defects. This study reveals a new possible interface-mediated damage healing 

mechanism of irradiated materials. 

 

Keywords:  Nickel–graphene interface; enhanced self-healing; irradiation-induced defects; 

damaged graphene; atomistic simulations. 
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Ni–graphene nanocomposites (NGNC) have been proven to have excellent mechanical 

properties, high thermal/electrical conductivity, and enhanced corrosion resistance, and 

recently attracted tremendous attention in the automobile, aerospace, and nuclear industries 

[1–5]. More importantly, with plenty of ultra-high-strength Ni–graphene interfaces (NGIs), 

the composites may also have excellent irradiation tolerance. Many researches have 

demonstrated that grain boundaries (GBs) and phase interfaces can attract, absorb, and 

annihilate point and line defects produced in materials subjected to extreme radiation [6–13]. 

Analogically, NGIs will probably improve the self-healing ability of irradiation defects for the 

composites. Consequently, the applications of NGNC may be further extended to the 

structural materials for nuclear reactors where high irradiation tolerance is a primary concern. 

For instance, in Gen-IV nuclear reactors, one of the primary candidate materials, Ni-based 

alloys, will be exposed to the higher temperatures and higher neutron doses than those of 

current-generation reactors, causing the acceleration of irradiation degradation of the 

materials [14–18]. Due to the significant superiority, NGNC may provide a pathway for 

resolving the dilemma of Ni-based alloys. 

To explore the feasibility of the above idea, several studies about irradiation simulations 

and experiments of NGNC have been carried out. On the modeling and simulation side, it has 

been clearly shown that NGIs can act as effective sinks for irradiation-induced defects, such 

as interstitials, vacancies, and He atoms/clusters, and retard the nucleation and growth of 

defect clusters [19–21]. Experimentally, NGNC exhibits lesser crystal defects (e.g., lattice 

swelling and stacking faults) and smaller He bubbles than those in pure Ni under energetic ion 

irradiation [22]. These studies have preliminarily demonstrated NGNC with excellent 

irradiation tolerance. However, a worrying issue has emerged but rarely received attention by 

far. The intrinsically ordered lattice arrangement of graphene (Gr) in NGNC would transform 

into a disordered structure with high-density topological defects due to irradiation [23–26]. In 

consideration of the importance of Gr in forming NGIs, the structural disorder of Gr may 

dramatically affect the trapping ability of NGIs and even pose a huge challenge to the 

potential of NGNC in irradiation-tolerant materials. Therefore, understanding the inherent 

relationships between irradiation damage behavior of Gr and sink efficiency of NGI is of 

fundamental importance to develop NGNC with resisting irradiation failure. 

In this work, the issue was addressed from two aspects. On one hand, molecular dynamics 

(MD) was adopted to simulate cascade overlaps near the NGIs. We aim at investigating the 

effects of NGIs on the accumulation of surviving defect production in their Ni bulk as the 

irradiation damage of Gr aggravates. On the other hand, the formation energies, binding 
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energies, and diffusion barriers of Ni defects near the NGIs with differently 

irradiation-damaged Gr were calculated by molecular statics (MS). The purpose is to reveal 

what changes have happened about the energetic and kinetic driving forces of damaged NGIs 

to Ni defects relative to those of pristine NGIs to Ni defects. 

All simulations were carried out using the parallel MD code LAMMPS [27], and 

visualizations were rendered with OVITO [28]. The sandwich NGI models constructed in our 

previous work [19] were also adopted. The interactions between Ni atoms, the interactions 

among C atoms in Gr, and the Ni–C interactions were described by the embedded atom 

method (EAM) potential [29], the adaptive intermolecular reactive empirical bond order 

(AIREBO) potential [30], and the Lennard–Jones potential [31], respectively. The setting of 

each potential, the creation and optimization of NGI model, and the identification of interface 

and bulk regions have been described elsewhere [19,21]. 

By performing MD simulations, we accumulated up to 15 single cascades in the same cell 

at the temperature of 300 K, one after the other (detailed in Supplementary Material). Each 

primary knock-on atom (PKA) with 5.0 keV was initialized at a distance of 15.0 Å away from 

the Gr plane and perpendicularly directed toward the NGI, eventually inducing cascade 

overlaps (see Fig. S1). Wigner–Seitz cell method [19,32] was used to identify the point 

defects (i.e., Ni interstitials and vacancies) in the bulk. The number of point defects surviving 

in the bulk versus the number of cascades is shown in Fig. 1, in which each data point is a 

mean of 10 independent runs. The number of vacancies in pure Ni is also displayed for 

comparison. Clearly, the number of interstitials in the bulk is always less than that of 

vacancies after each cascade, implying that NGIs prefer to trap interstitials and leave a higher 

concentration of vacancies behind in the bulk. The number of defects in pure Ni is often more 

than that of NGNC, and the difference between the two gradually widens with the increasing 

number of cascades, suggesting that NGIs can continuously facilitate the recombination and 

annihilation of the point defects produced during cascade overlaps. Due to this effect, the 

point defects in the bulk can be eliminated or dispersed as far as possible, eventually making 

defect clusters difficult to form in NGNC than in pure Ni after the consecutive PKA 

bombardment (see Fig. S2). Furthermore, the number of defects in pure Ni presents a 

significant (or approximately linear) increase with the increasing number of cascades. 

Generally, within 20 overlapped cascades, the trend is very common for traditional nuclear 

materials [33–36] and even novel nanocrystalline alloys (e.g. Ni [37] and Zr [38], in which 

the sink character of GBs has not substantially enhanced or degenerated after cascade 

overlaps). However, the number of surviving defects in the bulk only exhibits a slightly 
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escalating trend with the increasing number of cascades. After the tenth overlapped cascades, 

the escalating trend is further abated, and especially, the number of vacancies fluctuates very 

little, exhibiting a different trend compared to those mentioned above. In other words, with 

the accumulation of irradiation dose, the self-healing of irradiation defects can be further 

enhanced by the NGI, while almost no change for other structural materials. 
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Fig. 1.  The number of surviving point defects in the bulk of NGNC versus the number of 

cascades. The number of vacancies in pure Ni is also shown for comparison. 

Figure 2 shows the surface morphologies of Gr within the NGI captured after the first, 

fourth, eighth, twelfth, fourteenth, and fifteenth overlapped cascades, respectively. It can be 

seen that with the increasing number of cascades, the area of irradiation damage of Gr 

gradually increases, and all small damage regions of Gr tend to aggregate into a single large 

damage region since the C chains jointing the different damage regions also gradually break. 

After the fifteenth overlapped cascades, the size of Gr damage region exceeds 20 �. 

Meanwhile, the displacement degrees of C atoms along the z-axis are also intensified 

accordingly, further deteriorating the intrinsic order of Gr. The excessively displaced carbon 

atoms are not escaped from the Gr to enter the deep bulk region but absorbed on the Gr 

surface discretely, which further aggravates the disordering of the Gr after each cascade. 

These suggest that there is a roughly positive response relationship between the damage 

degree of Gr and the number of cascades. Besides, after cascade overlaps, Ni defects within 

the NGI will also accumulate gradually because of the trapping effect of NGI [19]. As a 

consequence, the special defect structure, with C and Ni defects simultaneously localized at 

the NGI, may strongly modify the NGI and thus, affect further evolution of irradiation defects 

near the NGI. And the more disordered the NGI, the more prominent the effect may be. As 
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mentioned in our previous work [19], the sink strength of NGIs can be further enhanced by 

the loaded Ni defects, which exhibits a noticeable difference from that of GBs [39] and may 

be one of the reasons for the above phenomenon about the enhanced self-healing of 

irradiation defects. Analogically, it can be speculated that the damaged Gr due to irradiation 

may be also responsible for the change of the sink character of NGI. 

 

Fig. 2.  Snapshots of the Gr of NGNC captured after the first (a), fourth (b), eighth (c), 

twelfth (d), fourteenth (e), and fifteenth (f) overlapped cascades. C atoms are colored 

according to their z-coordinates centering on the Gr plane. The damaged region of Gr is 

singled out with a red oval and enlarged in the insets. Each panel is on the same scale bar. 

To provide a more intuitive understanding to the effect of above damaged Gr on the sink 

character of NGI, four smaller NGNC systems that capture the salient features of differently 

damaged Gr due to overlapped cascades, were designed and used to calculate the energetics 

and kinetics of irradiation-induced defects within a certain range of the NGIs. Further details 

of the model building and calculations are provided within the Supplemental Material and our 

previous work [19]. The four systems, modified by 5, 10, 20, and 50 C vacancies on their 

corresponding Gr (see Fig. S3), are defined as NG_5CV, NG_10CV, NG_20CV, and 

NG_50CV, respectively. The interstitial and vacancy formation energies of Ni as a function of 

distance for the four damaged NGIs are exhibited in Fig. 3. A striking feature is that the defect 

formation energy tends to decrease as the defect approach each NGI, indicating that there are 

still attractive interactions between Ni defects and C-vacancy modified NGIs. Compared with 

the calculations of pristine NGIs [19], the interaction length ranges of C-vacancy modified 

NGIs to Ni defects almost have no change, while the defect formation energies further decline 

within the damaged NGIs. The extent of the decline of interstitial formation energy is more 

obvious than that of vacancy formation energy. Especially, the interstitial formation energy 
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within the NGI of NG_50CV further decreases by approximately 5.0 eV relative to that of 

pristine NGIs. In the vicinity of the four damaged NGIs, the vacancy segregation energies are 

0.50, 0.50, 0.52, and 0.60 eV, while the interstitial segregation energies are 2.7, 2.7, 3.8, and 

5.5 eV, respectively, all of which are higher than those of pristine NGIs. This implies 

significantly increasing attraction to Ni defects from C-vacancy modified NGIs relative to 

pristine NGIs. Besides, the defect segregation energy presents an increasing trend with the 

increase of the number of C vacancies, suggesting that the sink strengths of NGIs are 

gradually enhanced with the increase of Gr damage. However, the segregation strengths of the 

four damaged NGIs to vacancies are lower than those of Ni-interstitial modified NGIs (with 

10 interstitials) to vacancies, while the segregation strengths of C-vacancy modified NGIs to 

interstitials tend to be consistent with those of Ni-interstitial modified NGIs (with 10 

interstitials) to interstitials when the number of C vacancies reaches 50 [19], implying that 

C-vacancy modified NGIs have weaker sink strengths than those of Ni-interstitials modified 

NGIs. 
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Fig. 3.  Interstitial and vacancy formation energies of Ni near the C-vacancy modified NGI of 

NG_5CV ((a1) and (a2)), NG_10CV ((b1) and (b2)), NG_20CV ((c1) and (c2)), or 

NG_50CV ((d1) and (d2)) as a function of the initial distance of the defect from the 

corresponding Gr plane. The defect segregation energy and interaction zone of each NGI to 
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the defect are also exhibited. The metastable and unstable sites are marked by blue dotted 

boxes. 

Another noticeable feature can also be observed from Fig. 3. The trend of defect formation 

energy near the C-vacancy modified NGIs almost has no change when the number of C 

vacancies is less than 20. However, as the number of C vacancies exceeds 20 and further 

increases, the defect formation energy shows a gradually sinking trend within the damaged 

NGIs, and its value range is also further widened. The reason may be that there are only some 

metastable sites for Ni defects near the damaged NGIs when the number of C vacancies is 

less than 20, while as the number of C vacancies exceeds 20, more and more unstable sites for 

Ni defects also begin to appear due to the formation of C defect clusters (see Fig. S3). The 

emergence of metastable states means that there is a tendency of recombination and/or 

annihilation between Ni defects and Gr damage, while the unstable sites form spontaneously 

trapping and/or annihilation regions around the C defect clusters loaded at the NGIs. To 

clarify the speculation vividly, the initial NG_50CV model with single Ni interstitial or 

vacancy near the NGI is statically relaxed and then exhibited in Fig. 4. Only this system was 

considered because the recombination and/or annihilation events are more likely to occur near 

its NGI relative to those of the other three systems. After relaxation, the Ni interstitial quickly 

slides into a C defect cluster on the Gr, and the Ni vacancy tends to attract the dangling C 

atoms at the edge of Gr damage, all of which trigger recombination and/or annihilation and 

then result in the further decrease of system energy. From this, it can be determined that the C 

vacancies and C defect clusters on the Gr should be the source of the aforementioned 

metastable and unstable sites of Ni defects, respectively, which make the segregation 

strengths of NGIs to Ni defects enhance. 
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Fig. 4.  Configurations of the NG_50CV with single Ni interstitial ((a1) and (a2)) or vacancy 

((b1) and (b2)) near the NGI before and after static relaxation. 

Next, the defect diffusion barriers toward the NGIs in different migration paths were 

calculated using the climbing-image nudged elastic band (CI-NEB) method [40]. The 

configurations that are fully relaxed for calculating defect formation energies in Fig. 3 were 

used as the initial and final states. The kinetic details of the optimum migration paths and 

diffusion barriers have been described elsewhere [19]. Only the diffusion barrier of Ni defect 

within a certain range of the NGI of NG_CV50 is shown in Fig. 5(a), the reason for which is 

similar to that of static relaxation in Fig. 4. Clearly, the vacancy and interstitial diffusion 

barriers in the bulk of NG_50CV do not show significant fluctuations like as those near the 

Ni-interstitial modified NGIs, while is very consistent with those near the pristine NGIs [19], 

which may be since the Gr damage does not cause obvious lattice distortion and stress 

environment of Ni bulk (see Fig. 4). However, the vacancy diffusion barrier close to the 

damaged NGI shows a certain degree of decline relative to that of pristine NGIs (the 

maximum decline approximately 0.2 eV). The events that interstitials spontaneously enter 

NGIs and are trapped by NGIs, are more likely to occur near the damaged NGI than near the 

pristine NGIs, because the interstitial diffusion barrier is reduced to zero faster. The reason for 

these phenomena may be consistent with the large fluctuations in the formation energies 

within the damaged NGIs in Fig. 3. Also, one diffusion–annihilation path is exhibited in Fig. 

5(b) to monitor the evolution of the system energy as a vacancy approaches the damaged NGI. 

It can be seen that the vacancy, before entering the interface, must break through a barrier of 

0.53 eV that is reduced by 0.15 eV compared with that of pristine NGIs [19]. Meanwhile, 

when the vacancy stays in the NGI, the system energy reduces by 0.56 eV that is further 0.1 

eV less than that of pristine NGIs [19]. These suggest that Ni defects more easily migrate into 

C-vacancy modified NGIs than pristine NGIs, eventually causing the system to release more 

energy.  
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Fig. 5.  Defect diffusion near the NGI of NG_50CV. (a) Vacancy and interstitial diffusion 

barriers as a function of distance from the C-vacancy modified NGI. (b) One diffusion–

annihilation path for a vacancy. The system energy at position A is selected as the reference 

energy.  

In summary, using classical MD simulations, we have found that with the accumulation of 

irradiation dose, the sink character of a NGI still works well. Peculiarly, although the damage 

degree of Gr within the NGI gradually aggravates, the self-healing of irradiation defects in the 

bulk is further enhanced by the NGI instead. The MS calculations indicated that damaged Gr 

needs to be responsible for the enhancement of sink efficiency of NGI since the damaged 

regions of Gr easily form metastable and unstable sites of Ni defects and facilitate the 

occurrence of deep recombination and/or annihilation of Ni defects. On the other hand, the 

energetic and kinetic driving forces of NGIs to Ni defects become stronger and stronger with 

the deteriorative irradiation damage of Gr. As a consequence, NGNC exhibits a unique 

character: the higher the irradiation dose, the more excellent the irradiation tolerance. Note 

that the character may be only feasible under the premise that the stability of NGIs still can be 

maintained by damaged Gr [21,41]. All these results reveal an unconventional mode for the 

self-healing of irradiation defects near the NGIs and motivate further understanding of 

irradiation tolerance of NGNC applied in advanced nuclear energy systems. 
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Highlights 

� Ni–graphene nanocomposites are expected to have excellent irradiation tolerance. 

� Self-healing of irradiation defects in the bulk is enhanced by damaged graphene. 

� The enhancement originates in the abundant annihilation sites provided by 

graphene. 

� Damaged region of graphene has stronger segregation and reduced diffusion 

barriers. 

� A new possible interface-mediated damage healing mechanism is revealed. 
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