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ABSTRACT: Vacancy defects in graphene are inevitably introduced during the fabrication of graphene-reinforced
metal matrix composites through mechanical processing, chemical reactions, or in-service environmental exposure.
Despite their prevalence, the precise atomic-scale impact of these vacancies on dislocation motion, strengthening
mechanisms, and failure behavior remains incompletely understood. To address this gap, we employ molecular
dynamics simulations to construct aluminum-graphene interface models featuring systematically varied vacancy defect
concentrations, enabling a detailed investigation of dislocation–interface interactions and the underlying reinforcement
and failure mechanisms under shear deformation. Compared to pristine graphene, interfaces containing vacancy
defects exhibit significantly enhanced out-of-plane buckling when dislocations impinge upon the interface, disrupting
the periodicity of buckling waves, reducing interfacial stability, and ultimately degrading the overall mechanical
performance of the composite. The buckling amplitude shows a positive correlation with the contact area between
vacancies and the dislocation slip plane, highlighting the role of localized defect-dislocation overlap in amplifying
structural perturbations. During shear loading, vacancy defects markedly impair load transfer efficiency across the
aluminum–graphene interface, precipitating pronounced stress concentrations that nucleate preferentially at the edges
of the atomic voids. Consequently, the shear strength of the graphene-reinforced aluminum composite undergoes a
monotonic decrease as the defect area fraction increases. Quantitatively, as the defect area fraction rises from 1.24% to
13.8%, the shear strength declines markedly by approximately 14%–15%. Beyond the 13.8% threshold, the mechanical
response deteriorates precipitously, characterized by disordered buckling waves localized near the voids, which act as
precursors to premature interfacial fracture. These findings provide a theoretical basis for the design optimization of
aluminum-graphene composites in experiments.

KEYWORDS: Molecular dynamics simulation; mechanical properties; dislocation-interface interaction; shear
deformation; vacancy defects

1 Introduction
Graphene-reinforced metal matrix composites exhibit excellent structural, mechanical, and tribological

properties, with broad applications in aerospace, automotive, electronics, and biomedical fields [1–5].
However, during the fabrication of these composites, mechanical actions such as friction and stirring, as
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well as certain chemical reactions, inevitably damage the graphene structure [6], resulting in surface defects.
Beyond fabrication, in-service exposure to irradiation and chemical corrosion can also generate graphene
surface defects [7]. In the context of metal matrix composites, graphene surface defects are typically classified
by morphology into vacancy defects, line defects, and pore defects [8,9]. Vacancy defects can be formed by
rotating a C-C bond by 90○, transforming four hexagons into two pentagons and two heptagons [10], if defect
spacing is uniform, the strength of tilted grain boundaries increases with the square of the tilt angle [11].
Stone-Wales defects introduce pentagon-heptagon pairs, creating local curvature that increasing surface
reactivity and roughness. This significantly enhances interfacial bonding and electron transfer with polymers
or metals, improving adhesion and overall composite performance [12]. Additionally, atomic aggregation
near vacancies can form defect bubbles in graphene, which polymerize into defect ridges and further develop
into planar defect bands [9]. Plasma treatment produces 5–10 nm nanopores on the basal plane of P-GO,
yielding higher strength enhancement and improved interface stability compared to untreated graphene
composites [11]. Controlled nanopores (with tunable size and density) enhance interfacial adhesion and
load transfer efficiency by increasing specific surface area and providing mechanical anchoring, improving
mechanical synergy in composites [13]. Thus, graphene vacancies significantly influence the performance
of metal matrix composites, including strengthening mechanisms and mechanical properties, attracting
considerable attention.

Larger-area defects on graphene surfaces profoundly affect the mechanical properties of metal
matrix graphene composites. Experimental results indicate that pentagons (positive curvature defects) and
heptagons (negative curvature defects) in graphene cause local stress concentrations, facilitating plastic
deformation (dislocation slip) and reducing service life [14]. Defective graphene exhibits significantly
higher shear strain accommodation and strain stiffening capabilities during deformation, resisting interlayer
shear/strain localization [15], while increasing its content in Al composites enhances load transfer efficiency
and thereby significantly improves the yield strength and ultimate tensile strength [16]. In simulation
calculations, defective graphene enhances the Cu–C interfacial bonding effect through strong Cu–C inter-
actions at the defect sites, thereby improving the mechanical properties of the material [17]. But smaller
defects on graphene surfaces may expand into larger pore defects under stress loading, further diminishing
composite performance [18]. Numerous studies indicate that graphene vacancies critically impact metal
matrix composite performance, but the effect of graphene defect on dislocations interacting with interface
has not been fully revealed at the atomic scale, severely hindering structural design and performance
optimization of graphene-reinforced metal matrix composites.

Molecular dynamics (MD) simulations have achieved substantial progress in elucidating the mecha-
nisms of dislocation-interface interactions and uncovering associated strengthening and failure processes.
Jin et al. investigated dislocation transmission across grain boundaries using MD simulations of perfect
lattice screw dislocations interacting with {111} coherent twin boundaries (CTBs). They found that screw
dislocations approaching a coherent boundary from one side can either transmit into the adjacent twin
grain by cross-slip across the boundary or dissociate within the boundary plane [19]. Wang focused on edge
dislocation interactions with pairs of single-layer graphene nanosheets (GNS) oriented on different crystal
planes, examining the mechanical response and dislocation evolution in graphene/iron composites during
deformation. Their results showed that edge dislocations experience the strongest blocking effect when the
GNS are parallel to the (111) plane [20]. Zhu et al. conducted MD tensile simulations on aluminum-graphene
composites with varying aluminum crystal orientations, demonstrating that interfaces formed between the
Al (111) face and graphene yield the highest composite strength, followed by Al (110) and then Al (100) [21].
Qiu et al. employed MD to explore size effects in graphene-reinforced aluminum matrix composites,
attributing these effects to competing strengthening and softening mechanisms at dislocation-interface
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interactions [22], while also clarifying the influence of interface characteristics and reinforcement shape on
dislocation motion and strengthening in silicon-reinforced aluminum composites [23–25]. Furthermore,
MD simulations have revealed the impact of Al/Si interfaces on friction force and coefficient during
tribological processes, along with the associated microstructural evolution [26], showing that reinforcements
elevate stress levels at interfaces and grain boundaries, thereby enhancing boundary stability and conferring
benefits for friction reduction and wear resistance [27].

Therefore, this study employs molecular dynamics simulations to construct aluminum-graphene inter-
face models with various vacancy defects, systematically examining the effects of graphene vacancy defects
on dislocation-interface interactions and strengthening and failure mechanisms in shear deformation. The
work investigates the deformation behavior of single dislocations slipping to the graphene-aluminum (111)
interface and the shear deformation process in graphene-reinforced aluminum composites, revealing that
vacancy-containing graphene interfaces reduce interface stability and thus mechanical performance, with
buckling deformation degree positively correlating with the contact area between vacancies and dislocation
slip;during shear deformation, graphene vacancies weaken load transfer efficiency, reducing strength in
graphene-reinforced aluminum matrix composites, with disordered buckling waves and peaks-valleys
concentrated near pores inducing early fracture.

2 Computational Methods
All simulations were performed using LAMMPS [28] with atomic configurations visualized and

analyzed in OVITO [29] employing common neighbor analysis (CNA) and dislocation extraction algorithm
(DXA) [30,31]. A time step of 1 fs was used. Prior to production runs, systems were energy-minimized via
conjugate gradient descent and relaxed for 50 ps under the NPT ensemble to achieve equilibrium. During
relaxation, several atomic layers on the left side (parallel to the Y-axis) were fixed as a rigid region. To drive
dislocation slip toward the aluminum-graphene interface, opposing shear strains parallel to the Z-direction
were applied to the upper and lower halves of the model along the Y-axis: a strain in the opposite direction
was imposed on the upper half, while a constant strain parallel to the Z-axis–aligned with the ([111] [110]) slip
system–was applied to the lower half. Temperature was maintained at 0.1 K to suppress thermal fluctuations
(e.g., thermally driven lattice slip) and facilitate the detection of crystal defects such as dislocations and phase
transformations [24–27]. The applied strain rate in this MD study (10-3 ps-1) is significantly higher than
those in typical experimental conditions, a intrinsic limitation of molecular dynamics simulations arising
from the femtosecond timescale of atomic vibrations [32,33].

Carbon–carbon interactions were described by the adaptive intermolecular reactive empirical bond
order (AIREBO) potential [34], aluminum–aluminum interactions by an embedded atom method (EAM)
potential [31], and aluminum–carbon interactions by a Lennard-Jones (LJ) potential with well depth 3.0135 Å
and cutoff 0.0351 eV [35]. In this study, various defects were broadly classified into vacancy defects (absence of
individual atoms or small clusters), pore defects (larger multivacancy clusters exceeding 5 Å), and line defects.

2.1 Dislocation Motion Simulations
As depicted in Fig. 1, aluminum/graphene/aluminum sandwich composite models were constructed

using LAMMPS. The aluminum crystals were face-centered cubic (FCC) with a lattice constant of 4.0495 Å.
Dark gray atoms represent aluminum, while black atoms denote carbon in graphene;the models contained
approximately 180,000 atoms in total. Non-periodic shrink-wrapped boundary conditions were employed
in the x and y directions, with periodic boundaries applied in the z direction. A full screw dislocation with
Burgers vector (b = a0

2 <110>) parallel to the z-axis and line direction along was introduced at the midpoint
of the left aluminum slab (along the y-direction) using Atomsk. Due to the periodic boundary condition in
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the z-direction, the dislocation line can be considered infinitely long within the y–z plane. This full screw
dislocation ( a0

2 <110>) was utilized for molecular dynamics simulations investigating single dislocation slip
toward the aluminum-graphene interface. The crystallographic orientations along the x, y, and z axes were
[112], [111], and [110], respectively.

Figure 1: Different types of graphene defects introduced directly opposite the dislocation slip path. (a) line defects
(isolated small clusters in line); (b) small pore defects (multivacancy clusters); (c) large pore defects (extended
multivacancy pores); (d) construction of the Al-graphene-Al sandwich composite containing a single dislocation; (e) the
full screw dislocation introduced in the left Al slab.

As illustrated in Fig. 1a–c, we introduced different defect types into the graphene sheet directly opposite
the dislocation path. Fig. 1a shows line defects (one-dimensional topological defects) formed by periodically
repeating pentagon–octagon–pentagon (5-8-5) sp2-hybridized rings seamlessly embedded in the pristine
honeycomb lattice. These defects exhibit perfect atomic coordination without dangling bonds and well-
defined metallic character, offering an ideal platform for atomic-scale engineering of low-resistance, stable
electrical contacts [36]. Fig. 1b,c depicts nanopores of varying area, typically produced experimentally by
focused ion beam (FIB) milling to yield diameters of 100–400 nm. Such pores disrupt phonon transport
symmetry and alter the temperature dependence of thermal conductivity [9]. Fig. 1d,e illustrates the
construction of the aluminum-graphene composite containing a single dislocation and the built perfect
screw dislocation.

For shear failure studies, we constructed additional models containing graphene with pore area fractions
of 1.24%, 3.72%, 8.10%, 13.8%, 16.6%, and 20.3% (Fig. 2a–f). The specific defective region fractions simulated
in this study (e.g., 13.8%) correspond to macroscopic physical dimensions (defective area occupying ~13.8%
of the total sample). Such pores defects can be achieved using synthesis techniques such as focused ion beam
(FIB) milling or chemical oxidation [37,38].
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Figure 2: Graphene with different defect areas within the composite material. Models of graphene sheets containing
various defect areas were prepared. These graphene sheets were then inserted into the aluminum crystal matrix to
create aluminum-graphene composite models. These composites share the same aluminum matrix volume but contain
graphene with different defect areas. The defect areas (void areas) for the graphene sheets shown in (a–f) are 1.24%,
3.72%, 8.10%, 13.8%, 16.6%, and 20.3%, respectively.

2.2 Macroscopic Shear Response
To investigate the performance of aluminum-graphene composites under conditions representative of

in-service loading, we employed infinite shear models, which are widely utilized to probe the shear response
of materials [39].

The pure aluminum single-crystal model and the sandwich structure model (Fig. 3a,b), wherein the
sandwich structure model employs an aluminum/graphene/aluminum three-layer sandwich design, with
the graphene sheet oriented parallel to the x–y plane and aligned uniformly to optimize its load-bearing
capacity [40]. Aluminum atoms are depicted in green and carbon atoms in gray. The x, y, and z axes
correspond to the [100], [010], and [001] crystallographic directions of the face-centered cubic aluminum
lattice, respectively.

Shear loading was applied by imposing opposing displacements along the x-direction on the upper
and lower portions of the model (Fig. 3c,d). Prior to deformation, each system was energy-minimized and
subsequently relaxed for 100 ps under the NPT ensemble at 300 K to achieve equilibrium, with periodic
boundary conditions applied in all directions. Shear deformation was then performed under the NVT
ensemble at 300 K, with a constant strain rate of 10-3 ps-1 implemented via strain increments applied every
1000 time steps. The engineering shear strain γ was calculated as γ = δx/Ly, where δx represents the relative
displacement along the x-direction and Ly is the model dimension along the y-direction.
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Figure 3: (a) Pure aluminum single crystal, where the X, Y, and Z directions represent the crystal orientations [001],
[010], and [001], respectively; (b) Model of the aluminum-graphene composite material, obtained by removing two
atomic layers of aluminum from the middle of the pure aluminum single crystal (a) and inserting a layer of graphene;
(c) The graphene within the composite material (b), with the zigzag chiral direction along the x-axis and the armchair
chiral direction along the y-axis; (d) Top view of the aluminum-graphene composite material, where the blue arrows
parallel to the x-axis indicate the direction of applied strain.

3 Results and Discussion

3.1 Influence of Graphene Vacancies on Dislocation-Interface Interactions
Following relaxation, the initial full screw dislocation dissociated into two partial dislocations

with Burgers vectors a0
6 < 211 > and a0

6 < 121 > (Fig. 4), reflecting the lower energy of the extended
configuration [18].

Figure 4: (a) The full screw dislocation ( a0
2 < 110 >) initially present within the aluminum crystal at the early stage

of model construction, shown in blue; (b) After relaxation, the full screw dislocation has dissociated into two partial
dislocations: a0

6 < 211 > (orange) and a0
6 < 121 > (cyan). The yellow line on the left side in (a,b) represents the frame

border.

The interaction between dislocations and the pristine graphene interface is illustrated in Fig. 5a–d.
Under applied shear stress, two partial screw dislocations first coalesce into a perfect screw dislocation
(Fig. 5a), which subsequently glides along the slip plane. As part of the perfect dislocation has already
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terminated at the aluminum crystal boundary, the dislocation undergoes re-dissociation, leaving only the
trailing a0

6 < 121 > partial screw dislocation (Fig. 5b). The leading segment of the perfect dislocation then
impinges upon the Al–graphene interface, where the dislocation temporarily vanishes once fully transmitted
across the boundary (Fig. 5c). However, owing to the pronounced lattice distortion within the aluminum
matrix, the exceptional toughness of graphene, and its strong resistance to dislocation motion, the graphene
at the interface acts as a dislocation source. This process nucleates new dislocations at the boundary, which
subsequently accumulate to form a stable dislocation lock (Fig. 5d). Such interfacial dislocation locking
significantly enhances the mechanical performance of Al–graphene composites.

Figure 5: Deformation behavior during dislocation entering the interface. Larger spheres represent Al atoms and
smaller spheres represent C atoms. Blue atoms mark the full screw dislocation ( a0

2 < 110 >), pink atoms represent
partial dislocations a0

6 < 121 >, and red atoms represent other dislocations. (a) atomic configuration as the dislocation
approaches the interface; (b) entry of the dislocation core into the interface; (c) instantaneous configuration after the
dislocation continues to traverse the interface; (d) reaction or dissociation of the dislocation at the interface, forming
two separated cores.

As shown in Fig. 6, during the process of dislocation transmission into the interface, graphene under-
goes buckling deformation induced by the plastic strain associated with dislocation glide in the aluminum
matrix. Owing to the high ductility of graphene and its relatively large interlayer spacing, the buckling
displacement at the interface center propagates symmetrically toward both sides, effectively dissipating the
kinetic energy and stress shock generated by dislocation impingement at the interface. Notably, pronounced
buckling occurs only in the graphene layerinterface region. This localized deformation originates at the site
of dislocation–graphene interaction and subsequently spreads outward, forming periodic buckling waves
that buffer along the direction parallel to the Al (111) plane.
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Figure 6: Propagation of graphene buckling waves during the stage of dislocation entering the interface. The colors
indicate atomic kinetic energy, ranging from blue (representing low kinetic energy regions) to red (high kinetic energy
regions). (a) Atomic configuration at the moment when the dislocation just enters the interface, where buckling waves
have not yet propagated significantly; (b) Instantaneous snapshot after the dislocation continues to enter the interface,
with buckling waves propagating along the interface direction.

The influence of graphene defects on dislocation–interface interactions is illustrated in Fig. 7. When
a perfect dislocation fully impinges upon the interface, the extent of buckling deformation in pristine
graphene is compared with that in defective graphene. By comparing the deviation from a reference line
representing the equilibrium interatomic distance, the magnitude of out-of-plane displacement in defective
graphene can be more clearly observed. At the initial stage of dislocation entry, pristine graphene exhibits
only minor buckling, whereas defective graphene surfaces display pronounced deformation. The presence of
defects disrupts the structural symmetry and integrity of graphene; the larger the defect area in contact with
the dislocation, the greater the structural perturbation and the stronger the impact on buckling behavior.
Consequently, during dislocation transmission across the Al–graphene interface, defective graphene exhibits
significantly larger buckling waves compared to pristine graphene in Al–graphene composites.

Figure 7: (Continued)
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Figure 7: Buckling deformation generated on different graphene surfaces at the moment when the dislocation fully
enters the graphene interface. Larger spheres represent Al atoms, and smaller spheres represent C atoms. (a) buckling
deformation of pristine graphene; (b) buckling deformation of graphene with line defects; (c) buckling deformation of
graphene with small pore defects; (d) buckling deformation of graphene with large pore defects. The red dashed line
represents the buckling deformation standard comparison line.

Among the defective configurations, graphene containing line defects shows the most severe buckling
deformation (Fig. 7b), followed by graphene with large vacancy defects (Fig. 7d), while graphene with small
vacancy defects exhibits the least deformation (Fig. 7c). Although the surface defect area of graphene with
large vacancies exceeds that of line-defective graphene, its direct contact area with the dislocation glide
path is smaller, resulting in reduced buckling amplitude. This observation indicates that buckling waves are
more strongly correlated with the contact area between dislocations and graphene defects than with the
absolute defect area. When dislocations reach the interface, localized stress fields are generated within both
the aluminum matrix and graphene. A larger contact area amplifies the stress concentration at the defect
site, thereby inducing greater buckling deformation. Such enhanced deformation significantly influences the
mechanical response and strength of Al–graphene composites.

The instantaneous entry of a single dislocation into the interface induces significantly larger fluctuations
in defective graphene compared to pristine graphene (Fig. 8). (The central region marks the dislocation–
interface contact site, with color brightness representing the kinetic energy of graphene atoms). The red
dashed line denotes the contact interface between the dislocation and the defect upon entering the interface.
When the dislocation core reaches the graphene interface, its localized stress field is transmitted across the
boundary. In the presence of defects such as vacancies, grain boundaries, or waves, the local stiffness of
graphene is reduced, leading to pronounced stress concentration around the defect sites. These intensified
fluctuations diminish the reinforcing effect of graphene on aluminum, thereby compromising the mechanical
performance of Al–graphene composites.

For vacancy defects of different sizes, larger defect areas produce greater fluctuations at the moment of
dislocation entry. However, graphene with line defects–despite having a smaller defect area–exhibits even
stronger fluctuations when the defect is in direct contact with the dislocation glide path. The contact area
between dislocations and defects is proportional to the length occupied by defects on the red dashed line,
respectively 62% (line defects), 24% (small pore defects) and 37% (large pore defects). This indicates that
the amplitude of graphene fluctuations is governed primarily by the contact area between dislocations and
defects rather than the absolute defect size.
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Figure 8: Kinetic energy of surface atoms in graphene at the moment the dislocation enters the Al-graphene
interface, red atoms indicate high kinetic energy, while blue atoms represent low kinetic energy, red dashed line: the
interface between the dislocation and the defect. (a) Graphene without defects; (b) Graphene containing line defects;
(c) Graphene containing smaller pore defects; (d) Graphene containing larger pore defects.

Comparisons of vibration periods for dislocation-entry waves in different graphene reveal clear regular-
ity in defect-free graphene: λ = 31.42 h. Defective graphene shows weaker periodicity because buckling waves
reflect, refract, or mode-convert at defects, disordering overall waves;disordered waves lead to uneven energy
dissipation, with partial kinetic energy released as local heat or interface debonding, affecting dislocation
kinetic energy unloading and thus material mechanical properties.

3.2 Influence of Graphene Vacancies on Shear Strengthening and Failure
For Al–graphene composites reinforced with defect-free graphene, the entire shear process can be

divided into three distinct stages: the elastic stage, the yielding stage, and the failure stage. A key factor
underlying the enhanced mechanical performance is the load-transfer mechanism provided by the graphene
reinforcement. During the application of shear loading, once the stress is transmitted to the graphene, the
internal C–C bonds undergo tensile elongation. This bond stretching enables graphene to effectively bear a
substantial portion of the applied load, thereby significantly improving the overall load-bearing capacity of
the composite.

Under shear loading, from strain initiation to graphene fracture–spanning elastic to yield stages–
graphene buckling waves and borne stress intensify with increasing strain, with carried stress rising. Upon
reaching failure, graphene fractures entirely, with borne stress dropping instantly to low levels. Under shear,
out-of-plane graphene displacement is constrained by the aluminum matrix, further enhancing composite
strength (Fig. 9a–c). Importantly, during shear loading, the out-of-plane displacement of graphene is con-
strained by the surrounding aluminum matrix. This restriction suppresses excessive buckling and contributes
to enhanced strength of the composite, underscoring the critical role of interfacial confinement in the
mechanical reinforcement of Al–graphene systems (Fig. 9d–f).
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Figure 9: (a–c) Shear stress distribution in the aluminum-graphene composite material during the shear elastic stage,
shear yield stage, and shear failure stage; (d–f) Stress distribution of the graphene within the composite material during
the shear elastic stage, shear yield stage, and shear failure stage.

As shown in Fig. 10, the shear stress–strain curves of Al–graphene composites containing graphene
with varying defect areas reveal a clear trend: the overall shear strength of the composites decreases
progressively with increasing defect size. This demonstrates that the defect area on the graphene surface
exerts a pronounced influence on the shear mechanical performance of Al–graphene composites. An
appropriate amount of defects helps strengthen the interfacial bonding effect, whereas excessive defects will
destroy the bonding effect [17]; therefore, there exists a critical value for the defect size. As the defect area
fraction rises from 1.24% to 13.8%, the shear strength decreases markedly by ~14%–15%. Beyond 13.8%, it
drops sharply, which trigger premature fracture.

Figure 10: Shear stress-strain curves of Al-graphene composites with graphene containing different defect areas. These
composites have the same aluminum matrix volume, but the defective areas in the contained graphene differ. Each
curve represents graphene with its respective defect area size (1.24%, 3.72%, 8.10%, 13.8%, 16.6%, and 20.3%).
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To elucidate the intrinsic mechanisms underlying the degradation of mechanical performance in Al–
graphene composites with defective graphene, a representative model containing a graphene defect area
of 13.8% was selected for systematic investigation. The shear stress distribution across different constituent
phases was analyzed at various stages of the shear process. As shown in Fig. 11, similar to the defect-
free composite, graphene consistently sustains stresses significantly higher than those in the aluminum
matrix at any stage of shear deformation, confirming its role as an effective load-transfer medium. However,
throughout the shear process, the overall stress borne by defective graphene remains lower than that of
pristine graphene (Fig. 9), indicating a markedly reduced load-transfer efficiency.

Figure 11: (a–c) Distribution of shear stress in the Al-graphene composite material containing graphene with 13.8%
pore defects, during the shear elastic, yield, and failure stages, respectively; (d–f) Stress distribution within the defective
graphene of the composite material during the corresponding shear elastic, yield, and failure stages.

In the early elastic stage (Fig. 11a,d), atoms surrounding vacancy defects in graphene carry stresses
comparable to those in the aluminum matrix, which are substantially lower than those sustained by other
carbon atoms. This localized weakening diminishes the efficiency of load transfer. In the subsequent yielding
stage prior to fracture (Fig. 11b,e), stress becomes concentrated around the vacancy defects, accelerating crack
initiation and propagation between defect sites. As a result, the defective graphene composite fails earlier
than its pristine counterpart. In the final failure stage (Fig. 11c,f), immediately after fracture, the stress in
graphene rapidly drops to levels comparable to the aluminum matrix, with a faster decline than observed in
defect-free graphene (Fig. 9).

Overall, the increase in vacancy defects reduces the effective graphene content within the com-
posite, thereby impairing its ability to transfer load efficiently. This diminished load-transfer capacity
directly accounts for the observed reduction in mechanical strength of Al–graphene composites containing
defective graphene.

From the onset of shear loading, as shear strain progressively increases, the surface of defective graphene
within Al–graphene composites begins to develop buckling waves, with the amplitude of fluctuations
intensifying over time. The presence of surface defects destabilizes the graphene lattice, thereby weakening
the constraining effect of the aluminum matrix on the reinforcing phase (Fig. 12a,d). As shown in Fig. 12b,e,
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the buckling waves and their crests and troughs are predominantly localized around defect sites, where
fracture is also more likely to initiate.

Figure 12: Buckling fracture process of the graphene within the Al-graphene composite material containing graphene
with 13.8% pore defects. The color of the atoms in the images (a–c) represents their different positions along the Z-axis.
(d–f) Buckling waves on the graphene atomic surface during the fracture process.

During the final fracture stage of shear deformation, a small crack first nucleates in the vicinity of a
graphene defect. The crack then propagates across three consecutive vacancy defects, enlarging the fracture
area and ultimately leading to catastrophic failure of the composite (Fig. 12c,f). It should be noted that, limited
by the femtosecond timescale of atomic vibrations, the strain rate in our molecular dynamics simulations is
higher than that under quasi-static experimental conditions, and a temperature of 0.1 K is applied to avoid
thermal fluctuations.

4 Conclusions
This study employs molecular dynamics simulations to investigate the influence of graphene vacancy

defects on dislocation–interface interactions and the strengthening and failure mechanisms during shear
deformation in Al–graphene composites.

1. During dislocation transmission across the Al–graphene interface, defective graphene exhibits larger
buckling amplitudes compared to pristine graphene. However, its buckling periodicity is markedly
weakened and eventually vanishes. This is attributed to the reflection, refraction, and mode conversion
of buckling waves at defect sites, which render the overall oscillation disordered. Such irregular energy
dissipation diminishes the dislocation pile-up strengthening effect, thereby reducing the compos-
ite strength.

2. Increased graphene pore defects lower overall shear strength in aluminum matrix composites. During
shear deformation, pore defects weaken load transfer efficiency, causing stress concentration at defect
edges, amplifying graphene buckling amplitude while disordering waves, ultimately concentrating
peaks-valleys near pores and inducing early fracture. Increasing the graphene defect area fraction to
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13.8% reduces shear strength by 14%–15% relative to pristine graphene, beyond which reinforcement
efficiency declines sharply.

Overall, this work reveals the fundamental role of graphene defects in governing dislocation dynamics
and shear-induced failure at Al–graphene interfaces. The findings provide theoretical guidance for the design
and optimization of high-performance Al-graphene composites in the engineering applications. It is worth
noting that in reality, graphene-reinforced aluminum matrix composites exist only in the form of aluminum
alloys, rather than pure aluminum, and the effects of their alloying elements on mechanical properties require
further investigation.
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