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HIGHLIGHTS

o GRMMC:s face challenges in maintaining
interfacial stability under extreme
conditions.

e Solute progressively penetrates Gr,
thickening interface and forming metal-
carbide bonds.

e Gr exhibits self-healing capabilities,
balancing amorphous and crystalline
phases.

e Structural survival decays nonlinearly,
stabilizing around 17.9 % after 1000
cascades.

e Gr damage evolution follows a four-
stage progression impacted by solute
interactions.
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ABSTRACT

Graphene (Gr)-reinforced metal matrix composites demonstrate excellent irradiation tolerance but face chal-
lenges in maintaining interfacial stability under extreme conditions. Using atomistic simulations, this study
examines the evolution of the Gr/Ni-based alloy interface under 1000 cumulative recoils (~0.333 dpa). Early
cascade collisions minimally affect interfacial atomic order, but prolonged irradiation induces significant
structural changes. Solute atoms progressively penetrate damaged Gr regions, thickening the interface. Gr retains
portions of its six-membered ring structure and exhibits self-healing capabilities, balancing amorphous and
crystalline phases even after extensive irradiation. Gr’s structural survival decays nonlinearly, stabilizing around
17.9 % after 1000 cascades. The damage evolution of Gr follows a four-stage progression characterized by
distinct z-axis migration patterns influenced by solute atom interactions. Despite localized damage and disorder,
Gr largely resists dissolution, maintaining its stabilizing role in interfacial integrity. Irradiation induces expo-
nential decay of carbon-carbon bonds but growth of M-C bonds (where M denotes solute), paradoxically favoring
metal-carbide formation over sp® conversion. Furthermore, carbides nucleate preferentially at curled edges of Gr.
These findings offer valuable insights into the irradiation-induced evolution of the composites for nuclear
applications.
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1. Introduction

Derived from Gen-IV nuclear power technology, heat pipe-cooled
reactors (HPCRs) possess inherent safety characteristics, including a
compact layout, simplified design, intrinsic dependability, and suit-
ability for autonomous operation—making them promising candidates
for specialized applications in space propulsion, subsea power units, and
decentralized microreactors in isolated regions [1-3]. Nevertheless, the
viability of HPCRs hinges critically on the long-term integrity and per-
formance of their constituent structural materials. These materials
endure significant irradiation-induced damage from high-energy parti-
cles within the reactor core’s aggressive environment [4-6]. Substantial
microstructural deterioration often results from high-dose neutron
exposure, primarily via the creation of point defects such as vacancies
and self-interstitial atoms. Such defects subsequently undergo
self-organization, giving rise to numerous clusters—notably dislocation
loops and voids—that propagate extensively throughout the material [6,
7]. Consequently, these irradiation-induced alterations can instigate a
cascade of detrimental effects, including hardening, embrittlement,
swelling, and blistering, which collectively contribute to the premature
degradation of critical components [6-8].

Graphene (Gr)-reinforced metal matrix composites (GRMMCs) have
shown significant potential for excellent irradiation tolerance, based on
both experimental and simulation data, making them promising candi-
date structural materials for next-generation nuclear reactors [9-18].
For example, Si et al. [12] observed that a Gr/W nanolayer with a
reduced period thickness exhibits exceptional tolerance to irradiation,
notably in reducing the density of helium bubbles. Liu et al. [13] found
that, in comparison to an unreinforced matrix, the Gr/Al composite
demonstrates considerably reduced irradiation-induced hardening,
improved elongation, lower lattice expansion, and a distinct deforma-
tion mechanism following irradiation. Huang et al. [16,17] illustrated
that the Gr/Ni interface is capable of attracting, absorbing, and elimi-
nating interstitials, vacancies, as well as helium atoms or clusters,
thereby significantly reducing residual irradiation defects. Yang et al.
[18] showed that the Gr/Cu interface offers superior defect annihilation
capabilities relative to high-angle grain boundaries in copper. However,
challenges remain in advancing GRMMCs as candidate structural ma-
terials for the advanced nuclear reactors. Among them, a critical area of
unresolved research is the reaction between the matrix elements (e.g.,
Al, Cr, Fe, Mo, Ti) and the C atoms of damaged Gr under high temper-
ature and irradiation conditions, which may lead to the formation of
metal carbides [19-23]. The adsorption of these carbides onto the Gr
surface may substantially modify the interfacial configuration, which
could consequently affect its efficacy for trapping irradiation-induced
defects [13,21,22].

To carefully investigate this matter, selecting an alloy where the
solvent element does not dissolve in Gr but where the solute may react
with it, as the composite’s matrix, could be a more effective strategy [20,
21]. This is important because if the solvent element interacts too
readily with Gr, it may lead to excessive reactions that could disrupt the
intrinsic structure of Gr or even result in its complete dissolution from
the outset [24-27]. Fortunately, several studies have demonstrated that
metallic nickel exhibits minimal reactivity with Gr, and it is also a
commonly used structural material in advanced nuclear reactors [7,21,
28-30]. Nonetheless, another significant challenge is that the current
experimental techniques fall short of directly capturing these complex
transformations in real-time or elucidating the underlying physical
principles, as these processes occur across multiple scales, both tempo-
rally and spatially, from atomic to macroscopic [4-8]. Given experi-
mental constraints, especially at the nanoscale and atomic scale,
classical molecular dynamics (MD) emerges as a highly suitable
approach for investigating irradiation effects on the Gr/metal interfaces,
since it can offer detailed atomic-level insights into damaged micro-
structure within picosecond-nanometer dimensions [6-8,13]. Conse-
quently, Ni-based alloys with solutes such as Cr and Fe represent an
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advantageous composite matrix for responding to the above strategy.
Meanwhile, the use of MD simulations may appear extremely conve-
nient for studying their interfacial stability under irradiation conditions
and understanding the underlying irradiation resistance mechanisms.

In this work, the GH3535 alloy, composed primarily of Ni with 17 wt.
% Mo, 7 wt. % Cr, and 4 wt. % Fe [7,31], was utilized as the matrix for a
Gr-reinforced Ni-based alloy composite to examine interfacial evolution
induced by 1000 cumulative recoil events using MD simulations. Cu-
mulative recoil events may significantly alter the interfacial structural
morphology, involving alloy element migration, carbon diffusion, and
reaction kinetics in Gr’s damaged regions. Because these processes are
complex, this study primarily focuses on how Gr’s integrity affects
interfacial stability, leaving other topics for future research. The selec-
tion of the GH3535 alloy as the composite matrix stems from its wide-
spread application as a structural material in heat pipe-cooled micro
molten salt reactors, underscoring its significance in engineering [3,7,
31]. Additionally, its solute elements, including Mo, Cr, and Fe, interact
with Gr [19-21,28], making it an ideal candidate for investigating the
formation and behavior of carbide precipitates at the interfaces under
irradiation conditions. Noted that the selection of GH3535 alloy as a
representative matrix for investigating irradiation-induced interface
stability in Gr-reinforced Ni-based alloy composites also exhibits
broader implications. The obtained findings may potentially reflect the
general structural properties of Ni-based alloy composites.

2. Simulation methodology

The MD simulations were conducted using the LAMMPS code [32],
with visualizations produced through the OVITO software package [33].
A sandwich-structured Gr/GH3535 interface model [34], measuring
107.2 x 107.9 x 124.3 A% and consisting of 133,300 atoms, was con-
structed. Within the alloy matrix, Cr and Fe atoms were randomly
distributed at concentrations of 7.82 at. % and 4.16 at. %, respectively,
both of which are identical to those found in the actual GH3535 alloy [7,
31]. The interactions among Ni, Cr, and Fe atoms were modeled using
the embedded atom method (EAM) potential developed by Bonny et al.
[35], while those among C atoms in Gr were described using the adap-
tive intermolecular reactive empirical bond order (AIREBO) potential
[36]. Interactions between Ni-C, Cr-C, and Fe-C atoms were repre-
sented using the Lennard-Jones and Tersoff-like bond order potentials,
respectively, both augmented with short-range ZBL corrections to
accurately capture repulsive interactions [34,37,38]. Notably, Mo
atoms, which have the highest solute concentration in the GH3535 alloy,
were excluded due to the absence of a suitable potential for
Ni-Mo-Cr-Fe interactions, particularly in combination with short-range
ZBL interactions [38]. As a result, the GH3535 alloy was simplified to a
Ni-Cr-Fe system in this study. This simplification, however, does not
undermine the hypothesis being investigated nor compromise the
qualitative analysis of interfacial evolution influenced by solute
elements.

To alleviate internal stress, the interface model underwent relaxation
using conjugate gradient minimization (see Fig. 1(a)) and was subse-
quently equilibrated at approximately zero pressure at 700 K for 100 ps
under periodic boundary conditions. The atomic potential energy dis-
tribution in the ground state is shown in Fig. 1(b). During static relax-
ation, a clear segregation of Cr and Fe atoms towards the interface is
observed, leading to the formation of numerous vacancies in the adja-
cent metal atom layer near the Gr. The potential energy distribution
further supports the observation that this segregation is driven by the
lower potential energy of Cr and Fe atoms at the interface. Notably, the
potential energy of Fe reaches as low as —11.26 eV. In contrast, the
minimum potential energy of C atoms on Gr is approximately —11.75
eV, significantly lower than the —7.90 eV observed for C atoms at a pure
Gr/Ni interface [34]. These findings suggest that Cr and Fe atoms exhibit
a strong tendency to form metal carbides with C atoms at the interface,
resulting in additional energy release from the system. In addition, the
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alloy matrix shows a slight lattice distortion, which is reflected in the
fact that the atomic arrangement of the matrix is not perfectly linear but
curved, as shown in the inset of Fig. 1(a).

Subsequently, we performed up to 1000 sequential single displace-
ment cascades within the same simulation cell, following the procedure
outlined in Refs [39,40]. Each cascade was simulated by imparting a
kinetic energy of 5.0 keV to a randomly chosen primary knock-on atom
(PKA), with an arbitrary incidence direction, and allowing the system to
anneal for 30 ps. A thermal sink was applied at the boundaries of the cell
to cool the system to 700 K following the recoil event. Additionally, each
cascade model was relaxed for another 30 ps to quickly release the
system stress, during which the system was rapidly quenched to 0.1 K
and then re-equilibrated at 700 K. Notably, the selected incident energy
of 5.0 keV represents a typical value derived from the full PKA energy
spectrum in irradiation experiments conducted at MeV energies. This
choice allows the use of a reasonably sized simulation cell while
achieving damage levels comparable to experimental conditions.

3. Results
3.1. Interface structure analysis before irradiation

To gain deeper insights into the progression of damage following
irradiation, the atomic arrangement of the Gr/GH3535 interface model
after 100 ps of thermal relaxation before irradiation, along with the
diffusion trajectories of various types of atoms during this interval, were
analyzed, asillustrated in Fig. 2. When compared to the onset of thermal
relaxation (refer to Fig. 1), the interface model exhibits minimal
changes, particularly in the bulk region (see Fig. 2(a)). Furthermore,
despite the potential for carbide formation on the Gr surface due to the
segregation of Cr and Fe atoms nearby, the Gr’s intrinsic structure re-
mains intact after 100 ps, with its two-dimensional planar arrangement
preserved (see Fig. 2(b)). However, the C atoms on the Gr surface
demonstrate directional migration along the xy-plane during thermal
relaxation, as indicated by the arrows in Fig. 2(c). This migration varies
in magnitude across the Gr plane, with some regions exhibiting signif-
icant movement and others very little. This uneven behavior likely arises
from lattice mismatches between the Gr layer and the alloy matrix [34].
The migration of metal atoms predominantly occurs within the
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interfacial region, and similar to the behavior of Gr, most metal atoms
exhibit in-plane motion along the xy-plane (see Figs. 2(d — f)). For
example, Cr and Fe atoms exhibit greater mobility along the xy-plane at
the interface compared to their behavior in the bulk, suggesting that
they remain only loosely bound after entering the interface. Among
these, Fe atoms are most restricted to in-plane migration at the interface,
with no observable movement along the z-axis. Conversely, certain Ni
and Cr atoms exhibit noticeable out-of-plane diffusion. Specifically, Cr
atoms predominantly migrate toward the interface, while Ni atoms may
either move into the interface or escape into the bulk. Cr atoms show the
most substantial out-of-plane migration, crossing multiple atomic
layers. The underlying causes of these phenomena can be summarized as
follows. Fe atoms, possessing the deepest potential well near the inter-
face (see Fig. 1), quickly settle into the interface at the start of the
relaxation process. Cr atoms, with the second deepest potential well (see
Fig. 1), also move readily into the interface, but due to their higher
concentration relative to Fe, they are not fully incorporated initially and
are instead gradually captured during relaxation. The migration of Cr
and Fe atoms into the interface creates vacancies in their original re-
gions, which facilitates the movement of Ni atoms toward the interface
via vacancy exchange. Additionally, due to the “loading-unloading”
effect [41], some Ni atoms already at the interface may also be emitted
into the bulk region, where they recombine with or annihilate the
vacancies.

3.2. Evolution of atomic mixing near the interface during irradiation

Fig. 3 illustrates the distribution of atoms within a specified range
near the interface after various numbers of cascade collisions, with the
top-down view provided in Fig. S1. Note that the observation region was
arbitrarily chosen, with a fixed coordinate range applied for comparison.
To examine the diffusion of solute atoms and potential metal-carbide
formation, the visualization of Ni atoms was omitted. The interfacial
region and the initial z-position of Gr before irradiation are referenced in
each panel of Fig. 3, allowing for analysis of the irradiation’s impact on
the interface structure. After the first cascade, the interface structure
remains largely unchanged. By the 50™ cascade, the interface maintains
its atomic ordering well, and the solute atoms near the interface are
minimally affected, despite considerable damage to the Gr. A
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Fig. 1. Model of the Gr/GH3535 interface in the ground state. (a) Atomic configuration of the model. (b) Model potential energy distributions colored by atomic
potential energy, in which the identification of atomic types is based on their respective sizes, with Cr being the largest, followed by Fe, Ni, and C atoms in decreasing
order. Atomic types in both subfigures are identified in their respective insets.
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Fig. 2. Evolution of the Gr/GH3535 interface model during thermal relaxation at 100 ps. (a) Snapshot of the atomic model following 100 ps of thermal relaxation.
(b) Snapshoot of the Gr extracted from the panel (a), showing the spatial distribution of C atoms. (¢c—f) Displacement trajectories of C (c), Ni (d), Cr (e), and Fe (f)
atoms during this period, in which the arrows represent atomic displacement vectors and the insets exhibit the zoomed-in regions of significant atomic displacement.

comparison between the first and 50" cascades reveals that these initial
cascades have a limited effect on the interface structure, while Fe atoms
at the interface become more strongly bonded to the Gr. Following the
100™ cascade, the Gr experiences further damage, enabling solute atoms
to break through the Gr barrier and penetrate into the opposite side; for
example, Fe atoms from the lower matrix appear in the upper matrix.
Simultaneously, more solute atoms enter the interface, causing it to
appear more swollen. After the 200" cascade, a more pronounced effect
is observed as the Gr begins to deviate significantly from its initial z-
position and moves upward. At this point, the solute atoms at the
interface predominantly surround the C atoms of Gr, with fewer solute
atoms found in the hole regions of the Gr layer. By the 300™ cascade, this
trend becomes more apparent, with solute atoms concentrating around
the C atoms at the damaged edges of Gr. A significant portion of the
solute atoms near the interface has been captured by it, with few
remaining in the observed bulk region. After the 400™ cascade,
compared to the 300%™ cascade, Cr and Fe atoms distant from the
interface have largely entered the interface, suggesting the interface’s
enhanced capacity to capture solute atoms. By the 500%™ cascade, an
increasing number of Cr and Fe atoms are adsorbed by the C atoms on
the Gr surface, significantly thickening the interface structure. After the
600™ cascade, the primary damage area in Gr stabilizes, and further
changes are minimal, with new damage occurring mainly in the original
Gr structure. Some localized regions at the interface become thicker,
likely due to the ongoing adsorption of Cr and Fe atoms onto the curling
C atoms at the damaged edges of Gr. In some small damaged areas of Gr,
a healing phenomenon is observed. After the 1000 cascade, the solute
atoms around the interface, as observed, essentially disappear, having

been absorbed into the interface, resulting in a more complex interfacial
structure. At this stage, the Gr’s overall structure has migrated to the
outermost position of the initial interface along the z-axis.

4. Discussion
4.1. Evolution of graphene morphology during irradiation

The preceding findings demonstrate that cumulative recoil events
significantly compromise the integrity of Gr, thereby altering the
interfacial structural morphology. Generally, Gr’s integrity is prioritized
as it is a key part of the interface, and changes to its structure could
directly influence how well the interface captures irradiated defects [15,
16,18]. To elucidate the damage pattern of Gr during overlapping cas-
cades, we examined the evolution of its intrinsic structure—specifically,
the sp?-hybridized C atoms—using the Polyhedral Template Matching
(PTM) toolkit in OVITO [42]. The preservation of Gr’s intrinsic structure
was quantified by calculating the survival rate, defined as the ratio of the
number of sp?-hybridized C atoms that maintain Gr-like characteristics
after each recoil event (nc perfect) to the total number of sp?-hybridized C
atoms in pristine Gr (nc toral), as depicted in Fig. 4(a). This survival rate
declines with an increasing number of cascades, approximating an
exponential decay function: y = 0.821exp(—x/165.706) + 0.179, with
the decay constant A defined as 1/165.706 (approximately 0.006). When
scaled to temporal dimensions using the 60 ps cascade-annealing cycle
duration, the decay constant becomes the decay constant becomes 1/(60
x 165.706) ps_l. The mean lifetime t of Gr’s intrinsic structure, ob-
tained by inverting this temporal decay constant, is calculated as T = 60
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Fig. 3. Cross-sectional snapshots of the distribution of atoms within a specified range near the interface after various numbers of cascades, in which the black line
and semi-transparent mesh surface at the center of each panel denote the initial positions of the Gr and the interface before irradiation.
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x 165.706 ~ 9.942 x 10° ps. Physically, this parameter corresponds to
the average duration that An sp>-hybridized C atom maintains its orig-
inal configuration before transitioning to alternative states—such A. sp®
hybridization or M-C bonding (where M denotes Cr or Fe)—during
continuous irradiation. Thus, T serves as a quantitative indicator for
evaluating Gr’s structural stability within the irradiated composite sys-
tem. Typically, simulated irradiation dose rates (on the order of 10°
dpa-s™!) are orders of magnitude higher than actual rates (usually on the
order of 1073 dpa-s’l) [43], leading to an accelerated rate of irradiation
damage to the material. Thus, the real mean lifetime is expected to be
much longer. Despite the significant discrepancy in dose rates between
MD simulations and experiments, recent studies employing similar
simulation methods have demonstrated a strong correlation with
experimental results [44]. Notably, the survival rate of the Gr’s intrinsic
structure levels off at approximately 20 % after 800 cascades and slowly
approaches the desired value of 17.9 % over time. This observation
suggests two key insights: first, prolonged irradiation does not entirely
convert Gr into amorphous carbon (or carbide), as it retains portions of
its six-membered ring structure, which contrasts with some prior theo-
retical and experimental predictions [45-47]. Second, Gr may possess a
self-healing capability within the composite under nuclear reactor
conditions, enabling it to maintain a coexistence of Gr-like and amor-
phous carbon (or carbide) structures on its surface [16,48-50]. In the
current simulations, a 5 keV cascade corresponds to a dose of 3.334 x
10~* dpa, as determined using the Norgett—Robinson—Torrens (NRT)
analytical model (0.8Epga/2NEq) [39], where N is the total number of
atoms in the simulation cell and E4 denotes the threshold displacement
energy (approximately 45.0 eV [39]). Consequently, an irradiation dose
of 1000 cascades equates to roughly 0.333 dpa, indicating that beyond
this irradiation level, Gr sustains a coexistence of Gr-like and amorphous
carbon (or carbide) structures, as supported by the aforementioned
observations. In our previous experiments on a pure Gr/Ni composite
exposed to 300 keV He?* ion [171, the extent of Gr damage at an irra-
diation dose of 2.4 dpa was estimated using the amorphization trajec-
tory of carbon materials proposed by Ferrari et al. [45], which closely
matches the present simulation results. These findings corroborate the
accuracy of our simulations and refine theoretical predictions regarding
the evolution of Gr damage in the composite at high irradiation doses.

To examine the damage behavior of Gr in detail, four distinct phases
were identified based on variations in the decay rate of its structural
survival, as indicated in Fig. 4(a): Stage I (0-300 cascades), Stage II
(300-540 cascades), Stage III (540-800 cascades), and Stage IV
(800-1000 cascades). Note that the boundaries between neighboring
phases are approximate, but can effectively capture key trends in
structural degradation. Representative damaged Gr structures were
selected and analyzed from each stage, with their top-view images
shown in Figs. 4(b-F) (see Supplementary Movie 1 for details). After the
23" cascade (Stage I), the Gr’s intrinsic structure is significantly
damaged, reducing its structural integrity by 20 %. By the 238™ cascade
(Stage II), the Gr damage has increased further, reaching 60 %, with the
decay rate remaining rapid up to this point. While most damaged regions
show a continuous expansion of hole areas, some exhibit anomalous
behavior, such as a reduction in damage. For example, in region A,
marked in Figs. 4(b) and (c), the hole area decreases significantly after
more than 200 cascades. This phenomenon becomes even more pro-
nounced after the 500™ cascade (Stage II), where the holes in region A
nearly disappear, and parts of the Gr-like structure are restored (see
Fig. 4(d)). This indicates that Gr does not undergo complete decompo-
sition under irradiation, which would otherwise result in the disap-
pearance of the interface; instead, it appears to play a stabilizing role in
maintaining the interfacial structure under such conditions. A compar-
ison of the 741%" and 1000 cascades reveals that the damage profile of
larger holes remains mostly unchanged, undergoing only minor ad-
justments. Throughout the process, regions of local amorphous carbon
(or carbide) on the Gr surface display a notable tendency to revert to the
intrinsic six-membered ring (or Gr-like) structure. For example, in
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regions B and C, shown in Figs. 4(d-F), the proportion of sp>-hybridized
C atoms that maintain Gr-like characteristics consistently increases,
further supporting Gr’s self-healing capability. In addition, the devel-
opment of holes on the Gr, coupled with the diminished Gr-like regions
and the rise in amorphous carbon (or carbide), could offer a founda-
tional insight into the irradiation-induced grain refinement of Gr
observed in previous experiments on a Gr/Ni composite [17]. Building
on this, the findings further reinforce the hypothesis from previous
experimental studies that Gr effectively preserves interfacial stability
under prolonged irradiation [14,17].

4.2. Displacement behavior of graphene during irradiation

Another notable observation in Fig. 3 is the gradual displacement of
Gr from its initial position, migrating upward along the z-axis during
cumulative recoil events. To investigate this behavior, the relationship
between the z-axis position of Gr and the number of cascades was
analyzed, as depicted in Fig. 5(a). During the first 300 cascades, the
migration distance along the z-axis increases approximately linearly,
reaching its first local maximum at the 300 cascade. Between the 300™
and 540" cascades, the migration exhibits a reverse and progressively
diminishing pattern. From the 540™ to the 700 cascades, the migration
fluctuates but remains stable, and after the 700t cascade, it begins to
linearly increase again. Notably, the four stages of migration closely
align with the stages observed in the Gr’ survival rate, leading to the
adoption of the same stage classification in subsequent analyses. This
migration is likely driven by the interactions of Gr with solute atoms,
resulting in a drag force on the Gr [51-54]. The variation in migration
direction and the extent of migration are likely linked to the displace-
ment of C atoms on the Gr surface, with details on these observations to
be elaborated upon later. The underlying causes of the changes in Gr’s
z-axis coordinates can be explained as follows. During the first 300
cascades, an increasing number of dangling C atoms emerge on the Gr’s
upper surface, combining with solute atoms in the upper bulk and
experiencing an upward drag force. Between the 300" and 540 cas-
cades, dangling C atoms gradually accumulate on the Gr’s lower surface,
interacting with solute atoms in the lower bulk and resulting in a
downward drag force. From the 540" to the 700" cascades, the drag
forces acting on the Gr’s upper and lower surfaces become nearly
balanced, resulting in minimal net migration. This process repeats
cyclically thereafter. The rate of Gr damage directly impacts the number
of dangling C atoms and their displacement, which in turn affects the
interactions of Gr with solute atoms and ultimately shapes its migration
behavior. After 1000 cascades, the total migration distance of Gr is
approximately 2.7 A. However, this is minimal compared to the
migration of grain boundaries [40], indicating that the Gr/GH3535
interface remains effectively pinned and highly resistant to movement
once formed. Throughout irradiation, the interface essentially stays near
its initial position, with only alternating structural changes between
Gr-like and amorphous (or carbide) states. Furthermore, the migration
mechanism of the Gr/GH3535 interface differs significantly from that of
grain boundaries [40].

To further investigate the migration behavior, 1-3 representative
damaged Gr structures were selected from each of the four stages for
detailed analysis, with their side views depicted in Figs. 5(b — h) (see
Supplementary Movie 2 for details). After the 100™ cascade (Stage I),
the intact region of Gr remains largely flat. By the 300™ cascade, how-
ever, the Gr structure becomes increasingly disordered, with a notice-
able increase in thickness, particularly on its upper side. This could
create active sites that facilitate enhanced bonding with solute atoms in
the upper bulk [24], thereby gradually pulling the Gr upward. Addi-
tionally, several sp?-hybridized C atoms that maintain Gr-like charac-
teristics are observed in areas exhibiting significant out-of-plane
disorder in the Gr. At this point, several C atoms, such as those labeled in
the regions L, M, and N in Fig. 5(c), detach from the Gr and migrate into
the surrounding matrix. After the 400™ cascade (Stage II), some of the
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Fig. 5. Displacement of the Gr within the interface model after cumulative recoils.
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detached C atoms are reabsorbed by the Gr, as indicated by regions M
and N in Fig. 5(d). Simultaneously, more and more C atoms accumulate
on the lower side of the Gr, providing active sites for solute atoms in the
lower bulk. The resulting binding forces drive the Gr to migrate down-
ward. By the 700" cascade, dangling C clusters are observed on the Gr
surface, penetrating deeper into the bulk, such as those identified in the
region P of Fig. 5(e). These clusters, however, are often reintegrated into
the Gr structure over time (see Fig. 5(f)). After the 8oo™ cascade, the
Gr’s overall structure, including its level of disorder and thickness, ex-
hibits minimal further changes. However, small dangling C clusters
continue to appear on the upper surface, potentially generating a drag
force that drives further upward migration. Comparing these observa-
tions with Fig. 3 reveals that the Gr structure closely aligns with the
interface’s overall morphology. This suggests that the sites of the
disordered C atom on the Gr serve as nucleation points for solute atoms,
thereby significantly influencing their spatial distribution. Throughout
the irradiation process, not all C atoms that detach from the Gr and enter
the bulk are reabsorbed by the Gr. Conversely, some react with solute
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atoms in the bulk, forming stable carbides that become permanently
retained, as exemplified by the regions L and O in Fig. 5(c — h). In
addition, while prolonged irradiation causes some damage and disorder
to the Gr, its C atoms largely remain confined within their bonded
framework and resist dispersal into the matrix. This stability prevents
the Gr from gradually dissolving, enabling the coexistence of its Gr-like
structure with amorphous carbon or carbide phases over extended
durations.

4.3. Formation and evolution of metal carbides during irradiation

The aforementioned findings emphasize two key irradiation-
dependent effects: as the irradiation dose increases, (I) the Gr at the
interface sustains progressive damage, generating an increasing number
of dangling C atoms, while (II) solute Cr and Fe atoms are continuously
trapped and retained at the interface due to interfacial sink effects [16,
18]. Consequently, these trapped solute atoms further combine with the
dangling C atoms on the Gr surface, forming M-C bonds, which

c-C = —® Cr,,~C Cry=C  —® Fep,~C Fe,,-C

Fig. 6. Evolution of the chemical bonds within the interface model after cumulative recoils. (a) Carbon-carbon and M-C bond counts versus cascade number. (b — e)
Top-down snapshots of interfacial bonding configurations after 150 (b), 500 (c), 700 (d), and 1000 (e) cascades, with bond types distinguished by color coding.
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subsequently serve as nucleation sites for metal carbides at the interface.
To clarify this process, Fig. 6(a) specifically tracks how the counts of
carbon-carbon bonds (encompassing C-C, C=C, and C=C bonds) and
M-C bonds evolve with successive cascade collisions. Bond identifica-
tion was performed using pair-wise distance cutoffs: 1.65 A for
carbon-carbon bonds, 3.1 A for Cr—C bonds, and 2.7 A for Fe—C bonds,
each marginally exceeding the maximum theoretical bond length [36,
37]. Consistent with the intrinsic Gr structural evolution in Fig. 4, the
quantity of carbon-carbon bonds displays pronounced exponential
decay, plateauing near the 800" cascade with an approximate 7.9 %
reduction. In contrast, Cr—C and Fe-C bond counts exhibit exponential
growth. Typically, damage to Gr’s intrinsic structure promotes a tran-
sition from high-energy-barrier ~sp®-hybridized C atoms to
low-energy-barrier sp>-hybridized states [17,45], which should theo-
retically increase carbon-carbon bonds. However, the observed decrease
in carbon-carbon bonds alongside the increase in M-C bonds suggests
that broken intrinsic C=C bonds preferentially form bonds with Cr or Fe
rather than simply converting to sp>-hybridized carbon. The non-zero
initial count of M—C bonds confirms the hypothesis from Figs. 1 and 2,
that Cr or Fe atoms trapped at the interface after relaxation form car-
bides with the C atoms of Gr. Given the preservation of Gr’s initial
hexagonal lattice integrity, carbide formation at this stage likely origi-
nated from cleavage of intrinsic C=C bonds. This process, however,
induced no substantial lattice distortion in the Gr structure. Further-
more, Cr-C bonds consistently outnumber Fe-C bonds, attributed to the
higher Cr content in the alloy matrix, leading to more Cr atoms reaching
the interface to bond with dangling C atoms. Additionally, solute atoms
originating above the Gr bond more readily with unsaturated C atoms
than those below throughout irradiation, indicative of a stronger upper
drag force that further accounts for the predominant upward migration
of Gr observed in Fig. 5.

To maintain consistency with the analyses presented in Figs. 4 and 5,
the investigation into the formation and evolution of metal carbides was
conducted using the same four-stage progression framework (see Fig. 6
(a)). The interfacial bonding configurations typical of each stage were
systematically characterized, with corresponding top-view images
shown in Figs. 6(b — e) (see Supplementary Movie 3 for details).
Following 150 cascade collisions (Stage I), the bonding between solute
atoms and carbon demonstrated only a minimal increase in undamaged
regions of Gr compared to the pre-irradiation state, but exhibited a
marked rise within damaged regions, reinforcing the notion that broken
C=C bonds preferentially bind to Cr or Fe atoms. Simultaneously, C
atoms displaced into the bulk through cascade collisions formed bonds
with neighboring Cr or Fe atoms, as indicated by the dashed ellipses in
Fig. 6(b). Upon reaching Stage II (e.g., the 500th cascade), a notable
intensification of M—C bonding occurred along the curled edges of Gr,
attributed to the increased presence of dangling C atoms, thereby
identifying these locations as the principal sites for carbide nucleation. It
is noteworthy that regions preserving carbon ring structures, irre-
spective of their hexagonal nature, consistently exhibited resistance to
bonding with solute atoms. These dual patterns persisted throughout the
irradiation process, despite significant alterations in the spatial
arrangement of M—C bond locations, as illustrated in Figs. 6(d) and (e).
Meanwhile, C atoms situated within the bulk became effectively
immobilized after bonding with nearby Cr or Fe atoms.

5. Conclusions

In summary, this study has investigated the interfacial evolution in a
Gr-reinforced Ni-based alloy composite subjected to cumulative recoil
events through MD simulations, with GH3535 alloy serving as a repre-
sentative matrix system for such composites. The results demonstrate
that the Gr/Ni-based alloy interface efficiently captures solute atoms,
such as Cr and Fe, during extended irradiation. This process leads to a
notable enrichment of solutes at the interface while depleting them from
the surrounding bulk regions. The interfacial structure becomes
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increasingly complex, emphasizing the enhanced adsorption capacity of
the interface. Simultaneously, the response of Gr to irradiation reveals a
dual-phase coexistence, characterized by partially preserved Gr-like
structures alongside regions of amorphous carbon or carbide. Despite
substantial irradiation damage, Gr retains approximately 17.9 % of its
original structure after 1000 cascades, avoiding complete amorphiza-
tion or carbide precipitates. Localized self-healing effects further un-
derline Gr’s resilience and its critical role in preserving interfacial
stability during irradiation. The Gr exhibits minimal migration along the
z-axis, with a total displacement of around 2.7 A after 1000 cascades,
reflecting its strong anchoring to the interface. This limited movement,
driven by asymmetric interactions with dangling C atoms and solutes,
contrasts sharply with the behavior of migrating grain boundaries.
While some C atoms detach and are subsequently reintegrated, Gr resists
extensive degradation and remains structurally stable. Furthermore,
carbon-carbon bonds decay exponentially, while M-C bonds grow
exponentially. This paradox, occurring despite expected sp?to-sp® con-
version, confirms preferential bonding of broken C=C bonds with Cr or
Fe atoms over sp> hybridization. Cr-C bonds dominate due to higher
matrix Cr content. Carbides nucleate primarily at the curled edges of Gr,
while asymmetric solute bonding above the Gr drives its upward
migration. These findings demonstrate Gr’s potential to enhance inter-
facial stability and durability, emphasizing its value as a reinforcement
material for composites engineered for high-irradiation environments.
Furthermore, this exploratory modeling study provides a generalized
insight into irradiation-induced interface stability in GRMMCs, while
establishing foundational guidance for forthcoming irradiation experi-
ments on such Ni-based alloy composite systems. This investigation also
contributes valuable perspectives for refining theoretical models and
supports the application of Gr in advanced alloy systems under extreme
operating conditions.
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