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A B S T R A C T

The emerging monolayer fullerene (M-C60) offers exceptional multifunctional properties, yet its role in rein
forcing copper via dislocation-blocking remains unclear. Using molecular dynamics nanoindentation simulations, 
we compare single-crystal Cu, graphene/Cu, and M-C60/Cu in surface-coated and embedded configurations. Key 
findings demonstrate that M-C60 coating enhances hardness by 24.2% via its sp2-sp3 hybrid structure leading to 
stair-rod/Hirth dislocation multiplication and carbon-chain formation, outperforming graphene's sp2-based 
mechanisms. Embedded M − C60 absorbs and reflects mobile dislocations, reducing Hirth/Stair-rod dislocations 
by 54.1% and 16.7% and thereby improving ductility. Compared to graphene, M-C60 exhibits a 26.3% higher 
interfacial bonding-site density and superior stress buffering, enabling more versatile tuning of strength–ductility 
tuning. Strain-rate studies reveal that M-C60/Cu retains hardness by resisting brittle fracture and sustaining 
dislocation loop formation, unlike graphene coatings that fail catastrophically. Elevated-temperature tests show 
that M-C60 coatings uniquely sustain or increase dislocation density due to strong Cu–C bonding and rough 
surface morphology, while graphene/Cu softens through dislocation annihilation and reduced twinning. In 
addition, the hardness-enhancement and dislocation-blocking mechanisms of M-C60 are intrinsic to the material 
and are not attributable to the indenter characteristics. This work establishes a dislocation-blocking design 
framework for metal matrix composites, resolving the longstanding strength-ductility trade-off through rational 
2D/metal interface engineering.

1. Introduction

Two-dimensional (2D) nanomaterials, including graphene, molyb
denum disulfide, tungsten diselenide, and hexagonal boron nitride, are 
characterized by their unique structure and exhibit outstanding me
chanical [1,2], electrical [3,4], and thermal properties [5,6], which 
makes them well-suited for advanced applications in the aerospace, 
semiconductor, and electronics industries [7]. Recently, a novel 

all-carbon 2D material, monolayer quasi-hexagonal phase fullerene 
(M-C60), was synthesized [8]. M-C60 features a planar topological 
structure formed by covalent bonds between C60 cluster cages [9,10]. 
This sp2-sp3 hybrid structure [11] provides M-C60 with unique me
chanical flexibility, high electron mobility, and significant surface area, 
making it suitable for diverse electronics, energy storage, catalysis, and 
biomedicine applications. M-C60 exhibits high electron mobility in 
electronics, making it suitable for transistors and sensors [12]. 
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Additionally, its semiconducting properties are advantageous in 
manufacturing integrated circuits [13]. From a chemical perspective, 
M-C60's high surface area to volume ratio is beneficial for applications in 
energy storage and catalysis [14]. Its unique structure also allows add
ing functional groups, enabling property modifications tailored to spe
cific applications. Mechanically, the flexibility of the two-dimensional 
material imparts a ductility akin to graphene, which can withstand large 
deformations without breaking [15]. This property makes it useful for 
manufacturing lightweight composites in the aerospace and automotive 
industries.

Integrating 2D carbon-based materials with substrates to develop 
nanocomposites has shown significant effectiveness in graphene-based 
composites. For example, carbon-based materials (graphene sheets, 
single-walled carbon nanotubes, multi-walled carbon nanotubes) have 
been used as reinforcing agents in epoxy resin nanocomposites, where 
the performance of graphene sheets was superior to that of carbon 
nanotubes [16]. Graphene also improves thermal conductivity in poly
mer composites due to the large contact area and interfacial solid in
teractions of graphene [17]. MD (molecular dynamics) simulations 
revealed graphene's role in enhancing polymer composites' mechanical 
properties [18]. However, metals have excellent specific strength, 
higher working temperature, and better corrosion resistance, and they 
are emerging as viable alternatives to polymers. Therefore, metal matrix 
composites (MMCs) are increasingly becoming the focus of academic 
research [19–21]. In 2013, graphene-metal nanosheet composites were 
successfully synthesized, demonstrating the mechanical enhancement 
benefits of graphene in MMCs [22]. Despite graphene's success in 
enhancing strength, its limited interfacial bonding sites often lead to 
premature failure under cyclic loading due to insufficient dislocation 
accommodation [23]. This critical limitation necessitates exploring 2D 
reinforcements with enhanced interfacial activity to achieve simulta
neous strength-ductility optimization. Copper is the primary material 
used for microcircuit interconnects in large-scale integrated circuits 
within semiconductor devices [24–26]. Gr is being considered to 
strengthen copper due to its insufficient strength [27,28]. However, the 
study of copper/graphene composites indicated that the effect of peri
odic graphene strengthening may be overestimated [29]. Monolayer 
fullerene, as an allotrope of graphene, has been extensively examined for 
its inherent properties, such as its anisotropic optical properties [30,31], 
mechanical properties [32,33], thermoelectric performance [34], cata
lytic activity [14], and thermal stability [35]. Despite the promising 
properties of M-C60, how M-C60's hybrid bonding structure governs 
dislocation nucleation and propagation in Cu matrix remains 
unexplored—a knowledge gap critical for designing damage-tolerant 
composites. Thus, investigating the mechanical behavior of M-C60/me
tal composites is beneficial for discerning their prospective applications. 
MD is an effective method for studying the mechanical properties of 
materials [36], as it allows direct observation and analysis of material 
structure and movement at the atomic and molecular levels. It is bene
ficial for understanding the microscopic mechanisms of materials under 
mechanical effects, such as dislocation movement and phase change, 
and it provides theoretical guidance for the practical application of 
materials [37,38]. Moreover, Cu-C systems, including Cu/graphene and 
Cu/CNT, have been systematically studied using MD simulations 
[39–42].

This study systematically investigates the mechanical properties of 
M-C60/Cu composites (including coating and embedding structures) 
under nanoindentation using molecular dynamics simulations and 
compares them with Cu and graphene/Cu composites. By examining the 
differences in force, dislocation, stress distribution and different condi
tions (strain rate, temperature and indenter geometries) among various 
composites, we can better understand the reinforcement mechanism of 
M-C60. This research aims to provide insights for designing high- 
performance composites for aerospace, electronics, and other high- 
stress applications.

2. Model and methods

2.1. Molecular dynamics model

Molecular dynamics simulations were conducted using LAMMPS (a 
large-scale atomic/molecular massively parallel simulator) [43], and 
the MD model was represented in Fig. 1. The initial crystalline cell of 
M-C60 is shown in the red rectangular area in Fig. 1(a), with lattice 
constants a = 0.92 nm, b = 1.60 nm, and c = 1.22 nm [8]. C60 structures 
form a regular hexagonal pattern. The sides of the hexagon parallel to 
the x-axis are labeled 'armchair', and those parallel to the y-axis are 
called 'zigzag' [44,45], as depicted in Fig. 1(b). M-C60/Cu and Gr/Cu 
composites comprise single-crystal copper, Gr, and monolayer 
quasi-hexagonal phase fullerene, respectively, as demonstrated in Fig. 1
(c). In the Cartesian coordinate system, the crystal orientation of Cu is 
defined as [100], [010], and [001]. Its zigzag and armchair shapes align 
with the X and Y axes. M-C60 and Gr are set on the Cu (001) surface, 
referred to as the coating. M-C60 and Gr are interposed within Cu, 
referred to as the embedding. The distance between M-C60 and the Cu 
(001) surface was fixed at 0.72 nm, and the setup of Gr is the same. To 
minimize interfacial strain, the in-plane lattice parameters of the copper 
substrate and the 2D reinforcement (Gr or M-C60) were matched by 
constructing commensurate supercells. The mismatch ratio δ was 
defined as: 

δ =

⃒
⃒a(n)

Cu − a(m)

2D

⃒
⃒

a(n)
Cu

× 100% (1) 

where a(n)
Cu and a(m)

2D are the in-plane lattice lengths of the n × n copper 
surface unit cell and the m × m 2D layer supercell, respectively. The goal 
was to find integer n and m pairs that minimized δ while keeping the 
supercell dimensions close to the target simulation size. In this study, an 
84 × 84 Cu (001), a 33 × 19 M-C60, and a 122 × 71 Gr unit cell were 
constructed. This configuration yielded mismatch rates of 0.006% and 
0.071% in the X-direction and 0.059% and 0.071% in the Y-direction, 
substantially reducing lattice discrepancies. A diamond, composed of a 
hemispherical and cylindrical shape with a radius of 4 nm, was selected 
as the material for the indenter. The specific parameters of the simula
tion model are shown in Table 1. In terms of boundary conditions, pe
riodic boundary conditions were implemented along both the X and Y 
directions to simulate an infinite lattice in these directions, while fixed 
boundary conditions were applied along the Z direction to replicate the 
real nanoindentation scenario. All models underwent relaxation after 
energy minimization, followed by indentation simulations under NVE 
conditions. During the indentation simulation, the indenter was placed 
directly above the geometric center of the model. The indenter was 
lowered at a velocity of 100 m/s to reach a loading depth of 4 nm before 
being unloaded at an identical rate.

2.2. Interatomic potentials

The interactions of C-C atoms in the M-C60 and Gr were depicted 
using the AIREBO (adaptive intermolecular reactive empirical bond 
order) potential, with a cut-off value of 0.2 nm [46–48]. The Tersoff 
potential characterized the interactions among carbon atoms in the 
indenter, and the EAM (embedding atom method) [49–51] described 
interactions among copper atoms. The LJ (Lennard-Jones) potential was 
utilized to represent the interactions between Cu, M-C60, Gr, and the 
indenter [52–54]. LJ potential parameters for Cu-C, C–C interaction can 
be listed in Table 2. To validate the compatibility of the AIREBO po
tential with M-C60, the stretching simulations were performed along the 
X and Y axes, respectively, as illustrated in Fig. 1(b). The 
three-dimensional dimensions of the M-C60 were 30.26 nm × 30.40 nm 
× 1.22 nm, comprising 75,240 atoms. Periodic boundary conditions 
were implemented. The box size along the Z axis was set to 20 nm to 
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minimize the periodicity effects in the Z direction optimally. Before the 
stretching process, energy minimization was initially undertaken via the 
conjugate gradient method with a 0.001 ps timestep. Then, the struc
tures underwent equilibration in an NPT ensemble, maintaining a tem
perature of 300 K and zero pressure through a Nosé-Hoover thermostat 
for 200 ps. Finally, under NVT conditions, uniaxial uniform stretching 
was implemented on the X and Y axes at a strain rate of 0.005/ps until 
overall structural rupture. Detailed results and analysis are presented in 
Section 2.3.

The simulation results were analyzed by OVITO as the visualization 
tool [55]. The DXA (dislocation extraction algorithm) facilitated the 
detection of distinct dislocation lines and acquiring structural informa
tion [56]. The interaction behaviors between atoms were observed via 

atomic strain, while the motion of dislocations was monitored through 
the displacement vectors of atoms. The CNA (common neighbor anal
ysis) discerned defective atoms, and the atomic von Mises strain was 
deployed to monitor inelastic deformations [20,57,58].

2.3. Stress-strain of stretching

Fig. 2 illustrates the stress(δ)-strain(ε) curves and shear strains cor
responding to the fracture of M-C60 during its stretching along the X and 
Y axes. As can be inferred from Fig. 2(a), the stretching process is 
categorized into three stages: elastic, yield, and fracture. Initially, the 
stress-strain curve exhibits a linear relationship, indicating elastic 
deformation. Young's modulus was calculated as 146.13 GPa along the X 
direction and 127.70 GPa along the Y direction, demonstrating the 
material's anisotropy. In the absence of experimental values for com
parison, confirming the precision of the results is difficult. However, the 
values are consistent with the elastic moduli reported in the literature 
[59,60,61]. As the strain increases, the material enters the yield stage, 
characterized by a deviation from linearity. The maximum yield stress 
was observed at 39.89 GPa for the X direction (ε = 0.273) and 22.92 GPa 
for the Y direction (ε = 0.262). The final stage is marked by a sudden 
drop in stress, indicating brittle fracture [11].

The fracture behavior showed a distinct anisotropy, with different 
fracture mechanisms along the X and Y directions. As shown in Fig. 2(b), 
horizontal C-C bonds broke first when stretched along the X direction. 
Along the Y direction, C-C bonds oriented at 60◦ to the horizontal 
ruptured initially. The formation of carbon chains post-fracture was 
similar to that observed in graphene under tension [40,62]. To assess the 
suitability of the AIREBO potential function, stress-strain data calculated 
using Density Functional Theory (DFT) and the Reactive Force-Field 
(ReaxFF) were compared, as shown in Fig. 2(a). Fig. 3 presents the 
calculated theoretical Young's modulus values from the elastic stage. All 
calculation methods showed a higher Young's modulus value along the 

Fig. 1. The MD models in this study: (a) Monolayer quasi-hexagonal phase fullerene; (b) The stretching of M-C60 (X and Y direction); (c) Nanoindentation of Cu, M- 
C60/Cu and Gr/Cu composites.

Table 1 
Parameters employed in this study.

Parameter Specimens: Tools: 
Diamond

Cu M-C60/Cu Gr/Cu

Dimensions (nm) 30.34 × 30.34 × 30.34 Radius: 4
Number of atoms 2370816 2375496 2377137 34060
Ratio (wt%/vol%) 0 0.62/4.03 0.28/1.14
Time step (fs) 1.0
Temperature (K) 100, 200, 300, 400, 500
Depth (nm) 4
Speed (m/s) 60, 80, 100, 120, 140, 250, 500, 750, 1000

Table 2 
Parameter for Lennard – Jones potential used the simulations [52–54].

Parameter ε(eV) σ(nm)

Cu-C 0.019996 0.3225
C-C 0.00286 0.347
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X-axis than the Y-axis. The value calculated via ReaxFF deviates 
significantly from the DFT calculation (X_error:35.50%; 
Y_error:33.48%), whereas the AIREBO potential function calculations 
exhibit relatively more minor errors (X_error:5.23%; Y_error:3.39%). 
Despite the significant difference in temperature conditions between 
DFT calculations, which approximate results at near-zero base temper
ature, and MD simulations via the ReaxFF and AIREBO computed at 
300K, M-C60 shows excellent thermal stability as supported by previous 
research [3]. Therefore, the results of the DFT calculations can be relied 
upon. In the second deformation stage, both DFT and ReaxFF calcula
tions exhibit a short yield state before reaching their maximum tensile 
strength. In contrast, the AIREBO calculations exhibit a longer yield 
stage. The critical strain for the DFT and ReaxFF calculations in the 
X-direction (Y-direction) is 7.0% (4.1%) and 9.6% (11.9%), respec
tively, and the ultimate tensile stresses are 10.8 GPa (5.4 Gpa) and 21.7 
GPa (20.4 GPa) respectively. The calculated differences can be attrib
uted to the effects of the new sp2-sp3 hybrid structure.

3. Results and discussion

3.1. Load-depth relationship

Fig. 4(a) presents the load-depth (P-h) curves during the complete 
loading and unloading cycles of nanoindentations for Cu, M-C60/Cu 
composites, and Gr/Cu composites. The curves reveal the effect of M-C60 

(Gr) and its position on the distinct mechanical response of the syn
thesized composites. In nanoindentation, the fluctuation of load-depth 
curves is attributed to the material's plastic rearrangement and strain 
hardening [63]. Moreover, the P-h curves are compared with the curves 
calculated using the Hertzian theory. While experimental validation is 
desirable, current limitations in synthesizing M-C60/Cu composites 
restrict direct experimental comparisons. Thus, Hertzian contact theory 
was used as a theoretical benchmark. Following the Hertzian contact 
theory, the correlation between P and h is delineated as follows [64]: 

P =
4
3
ErR1/2h3/2 (2) 

in which Er represents the equivalent elastic modulus, expressed as: 

1
Er

=
1 − γhkl

2

Ehkl
+

1 − γ2D
2

E2D
+

1 − γi
2

Ei
(3) 

where Ehkl, E2D represent the Young's modulus of copper and M-C60(Gr), 
respectively, while γhkl, γ2D correspond to their respective Poisson ratios. 
Ei and γi denote the Young's modulus and Poisson's ratio of the indenter. 
Given that the indenter is treated as a rigid body in the simulation, E3 is 
assumed to be infinite. For 2D materials, the in-plane Young’s modulus 
[65] and Poisson’s ratio [66] along an arbitrary direction can be 
expressed as: 

1
E(ϕ)

= S11(cos ϕ)4
+ S22(sin ϕ)4

+ (2S12 + S66)(cos ϕ)2
(sin ϕ)2 (4) 

γ(ϕ) =
(S11 + S22 − S66)sin2 ϕ cos2 ϕ + S12

(
cos4 ϕ + sin4 ϕ

)

S11 cos4 ϕ + S22 sin4 ϕ + (2S12 + S66)sin2 ϕ cos2 ϕ
(5) 

where ϕ is the angle between the crystallographic c-axis and the normal 
to the plane of interest. Sij denotes the components of the elastic 
compliance matrix S, which is the inverse of the stiffness matrix C (i.e., 
S = C − 1).

When the loading is axisymmetric, the sheet is stretched radially in 
every azimuth. The usual trick is to average the compliance over 0-2π: 

1
E2D

=
1
2π

∫ 2π

0

1
E(ϕ)

dϕ (6) 

γ2D =

∫ 2π
0 ν(ϕ)

[
1

E(ϕ)

]

dϕ

∫ 2π
0

[
1

E(ϕ)

]

dϕ
(7) 

To convert an in-plane 2D Young’s modulus to a 3D Young’s 
modulus, divide by the nominal thickness d of the 2D layer: 

E3D = E2D/d (8) 

Fig. 2. The stretching of the M-C60 along the X and Y axes: (a) Stress(δ)-strain(ε) curves; (b) Shear strains corresponding to the fracture, with atoms colored ac
cording to their shear strain.

Fig. 3. The theoretical Young's modulus of the elastic stage calculated by 
different calculation methods, where pink and green represent the results of 
stretching along the X and Y directions, respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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Poisson’s ratio is dimensionless and therefore remains invariant 
when extended to three dimensions.

The elastic modulus and Poisson's ratio of different crystal planes of 
3D materials [67,68] can be expressed as: 

1
Ehkl

= S11 − 2
(

S11 − S12 −
1
2

S44

)
(
l12l22

+ l22l32
+ l12l32) (9) 

γhkl = −

S12 +

(

S11 − S12 −
1
2
S44

)
(
l21m2

1 + l22m2
2 + l23m2

3
)

S11 − 2
(

S11 − S12 −
1
2
S44

)
(
l21l22 + l22l23 + l23l21

)
(10) 

where, Ehkl and γhkl denote the Young’s modulus and Poisson’s ratio for 
the crystallographic plane (hkl). l1, l2, l3 are the direction cosines of the 
loading direction (tension or compression) with respect to the crystal 
axes, satisfying 

l1 =
h

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√ , l2 =
k

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√ , l3 =
l

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√ (11) 

m1,m2,m3 are the direction cosines of the transverse strain–measure
ment direction. They are orthogonal to the loading direction, so they 
satisfy 

l1m1 + l2m2 + l2m3 = 0 (12) 

The independent elastic constants of Cu, graphene, and monolayer 

fullerene (M-C60) are listed in Appendix(Table A1).Therefore, the 
Hertzian theoretical curves of copper, M-C60/Cu, and Gr/Cu composites 
are determined at Er of 142.6, 126, and 62.57 GPa, respectively, with 
their elastic modulus and Poisson's ratio taken from Refs. [20,69]. 
Notably, in the initial stages of indentation, all materials exhibit elastic 
behavior. As the indentation depth increases, the materials transition to 
plastic deformation, characterized by a deviation from the theoretical 
Hertzian curve. The critical indentation depth, defined as the depth at 
which the material transitions from elastic to plastic deformation, is 
approximately 0.5 nm for Cu [70], 0.3 nm for the embedding composites 
of M-C60/Cu and Gr/Cu. These values are consistent with theoretical 
predictions based on Hertzian contact mechanics. For coating compos
ites, the response of M-C60/Cu and Gr/Cu deviates from their Hertzian 
curve. However, the curve of M-C60/Cu is in good agreement with the 
theoretical Hertzian curve of Cu, deviating at an indentation depth of 
0.9 nm. The coating curve of Gr/Cu composites mirrors that of M-C60/Cu 
composites and the critical indentation depth is 0.5 nm.

Furthermore, compared to copper (76 nN), the critical loads for the 
coating composites of M-C60/Cu (253 nN) and Gr/Cu (168 nN) increased 
by 233% and 122%, respectively. Embedding in the copper matrix, the 
critical load decreases by 33% for M-C60/Cu (38 nN). On the other hand, 
it increases by 25% for Gr/Cu (79 nN), which is attributed to the high 
strength of Gr. Overall, the peak load and corresponding indentation 
depth are higher for coating composites than pure copper and embed
ding composites, indicating enhanced load-bearing capacity. The 
enhancement effect of M-C60 is significantly higher than that of Gr. 

Fig. 4. Evolution of force (a) and hardness (b) with indentation depth for different materials: Cu-black; M-C60/Cu (Coating)-red; M-C60/Cu (Embedding)-blue; Gr/Cu 
(Coating)-green; Gr/Cu (Embedding)-purple; (c) Average hardness of non-ISE area for five materials, with yellow representing the hardness of Gr/Cu (Coating) after 
graphene breaks; (d) Evolution of M-C60 deformation with changing indentation depth. It should be noted that only Gr/Cu (coating) uses the dataset from the light- 
red region (Stage 2) to compute the corresponding average hardness. For all other materials, the dataset from the light-yellow region (Stage 1) is used to calculate the 
average hardness. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Although the initial force of Gr/Cu (Coating) exceeds that in the M-C60/ 
Cu (Coating), then falls below that of copper. This difference is mainly 
attributed to M-C60 (Gr) and its position. It is also related to the fracture 
behavior of M-C60 (Gr). After retraction of the indenter, the minimal 
adhesion between the indenter and substrate can be observed in the 
coating, with embedding and single-crystal copper giving similar results. 
However, embedding significantly delays the rebound effect compared 
to single-crystal copper.

Fig. 4(b) depicts the indentation-hardness curves, revealing the re
sponses of the five systems under plastic deformation conditions. The 
hardness values from nanoindentation in the plastically deformed state 
were ascertained by the Oliver-Pharr method [71]. The hardness value is 
equal to the quotient of the indentation load P (nN) to the projected 
contact area Ac (nm2), as expressed in equation (13). 

H =
P
Ac

(13) 

in which Ac = πh(2r − h). And h represents the indentation depth, and r 
denotes the radius of the indenter.

The hardness of the five materials initially increases and then de
clines with increasing indentation depth, as shown in Fig. 4(b), which is 
attributed to the influence of indentation size effects [72]. The mean 
hardness value in the non-ISE region is taken as the material's intrinsic 
hardness to reflect the materials' true mechanical properties, as shown in 
Fig. 4(c). Gr/Cu (Coating) achieves a peak hardness of 16.67 GPa, 37.8% 
higher than pure Cu (12.1 GPa), but rapidly degrades to 10.57 GPa 
post-fracture due to graphene's brittle failure. The coating hardness of 
M-C60/Cu, the second highest, is 15.02 GPa. Notably, the hardness of the 
M-C60/Cu coating first decreases, then increases briefly before declining 
again. Initially, the drop in hardness is caused by deformation of the 
spherical C60. It then recovers as interactions among M-C60 lead to the 
formation of carbon chains and finally diminishes again as these chains 
progressively fracture. The full evolution sequence is shown in Fig. 4(d). 
The hardness of Cu is 12.1 GPa. The hardness of the composite coated 
with only 0.62 wt% M-C60 is 24.2% higher than that of Cu. While the 
hardness of embeddings is the lowest, M-C60/Cu and Gr/Cu exhibit 
hardnesses of 11.11 GPa and 11.41 GPa, respectively, which are 5.7% 
and 8.2% lower than Cu. During the loading process, the M-C60 and Gr 
directly contact the indenter, indicating initial deformation in these 
materials. As a spherical structure, fullerene exhibits significant 
load-bearing capacity [73], contributing to its high hardness. Graphene 
is stronger than fullerene, so its hardness is higher than fullerene in the 
initial period. When the Gr breaks, the Cu matrix is in contact with the 
indenter. In addition, partially broken carbon chains or carbon atoms 
are embedded into the copper matrix, as shown in Fig. 9(a4). Therefore, 
in this case, the overall hardness of the material is reduced.

Significant atomic displacement within the indentation area causes 
noticeable plastic deformation, as shown in Fig. 5. Using M-C60 and Gr as 
coatings results in significantly more plastic deformation than Cu, which 
exhibits more plastic deformation than when embedded (M-C60 and Cu). 
The behavior of plastic deformation corresponds to the hardness results. 
Embeddings show lower hardness as they absorb partially force when 
the load reaches the surfaces of M-C60 and Gr, thus alleviating accu
mulated stress at the tip of the indenter. The difference in hardness 
between M-C60/Cu (Embedding) and Gr/Cu (Embedding) primarily 

results from the spherical fullerenes absorbing part of the force and 
deforming under load. At the same time, the force is transmitted to the 
spherical fullerenes—effective neutralization of reflected forces is 
shown in Fig. 8(c, e).

3.2. Ductility

Ductility serves as a key criterion for determining whether a crystal 
will lose its ability to undergo plastic flow as a result of rapid cleavage. It 
is often evaluated using the Pugh ratio [33], D = B/G, where B and G are 
the bulk and shear moduli, respectively. When D exceeds the critical 
threshold (approximately 1.75 for metals), the material is deemed 
ductile; when D falls below 1.75, it is considered brittle. In this study, we 
describe crystal ductility in the plastic-deformation regime by analogy to 
the Doerner–Nix function [74], as shown in Equation (14). 

1
Dr

=
1

Dhkl
+

(
1

D2D
−

1
Dhkl

)

exp(− α(z/h)) (14) 

Here, Dhkl denotes the ductility of the substrate along the (hkl) crystal 
plane, while D2D represents the ductility of the graphene or M-C60 layer. 
The parameter α is a dimensionless constant (set to 1 in this study), and 
ℎ is the thickness of the two-dimensional material. The variable z 
specifies the position of the 2D layer within the substrate, taking a value 
of 0 when the layer lies at the surface and 1 when it is embedded in the 
bulk. For computational simplicity, the bulk modulus B and shear 
modulus G were obtained from the classical isotropic elastic contact 
theory [75]. 

B =
E

3(1 − 2ν),G =
E

2(1 + ν) . (15) 

Fig. 6 compares the Pugh ratios of five materials. Pure Cu shows a D 
of 1.86, indicating moderate ductility. The embedded M-C60/Cu com
posite exhibits the highest D (3.48), signifying superior ductility, fol
lowed by embedded Gr/Cu with D = 2.65. These results demonstrate 
that embedding either M-C60 or graphene in the Cu matrix markedly 
improves ductility; the underlying mechanism is discussed in the 
dislocation analysis. In contrast, the coating configurations—M-C60/Cu 

Fig. 5. Distribution of atomic displacements in the xy plane of the substrate during nanoindentation, with atoms colored according to their displacement: (a) Cu; (b) 
M-C60/Cu (Coating); (c) M-C60/Cu (Embedding); (d) Gr/Cu (Coating); (e) Gr/Cu (Embedding).

Fig. 6. Ductility of five materials: Cu; M-C60/Cu (Coating); M-C60/Cu 
(Embedding); Gr/Cu (Coating); Gr/Cu (Embedding).
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and Gr/Cu—display much lower D values of 0.91 and 0.80, respectively. 
When the 2D layer lies at the surface, applied loads are transmitted 
directly to the brittle M-C60 or graphene sheet, causing the composite to 
fail in a brittle manner.

In addition, it should be noted that in our MD nanoindentation 
simulations, dislocation analysis serves as another key metric: a higher 
density of mobile Shockley partials and fewer sessile Hirth or stair-rod 
dislocations indicate greater capacity for sustained plastic flow. While 
this approach does not measure ductility in the conventional tensile 
sense, it provides a consistent, mechanistically linked proxy for 
comparing systems within the same simulation framework.

3.3. Dislocations

The dislocation density increases with the indentation depth during 
the loading process, as shown in Fig. 7(a). Initially, the curves remain 

stable and at zero since the deformation of the workpiece is in the elastic 
stage. Subsequently, the dislocation densities of both Cu and coating 
increased rapidly while that of the embedding increased slowly. 
Compared with Cu, Cu surface-coated M-C60 or Gr produces more 
dislocation lines with increasing depth. Specifically, Gr coating results in 
higher dislocation densities than M-C60 coating prior to any fracture in 
Gr. The increase in dislocation density contributes to the strengthening 
of the material. When M-C60 and Gr are positioned centrally within the 
Cu matrix, the dislocation density is the lowest, improving the material's 
ductility. The lengths of various dislocation types at an indentation 
depth of 4 nm for the five materials are displayed in Fig. 7(b). Changes in 
total dislocation length correspond with trends in hardness. The increase 
in 1/6<110> stair rod and 1/3<100> Hirth dislocations is a primary 
reason for strengthening the material hardness. M-C60/Cu (Coating) 
generates the highest number of dislocations, followed by single-crystal 
copper. The dislocation density in M-C60/Cu (Coating) reaches 6.0 ×

Fig. 7. (a) Variation of dislocation density with indentation depth; (b) Lengths of different types of dislocations inside the substrate; (c–d) Dislocation evolution of 
the embeddings at different indentation depths, with atoms colored according to their displacement in the Z direction. Special emphasis is placed on M-C60 and Gr, 
colored purple and pink, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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1016 m− 2 at 4 nm depth, 39.5% higher than pure Cu (4.3 × 1016 m− 2), 
directly correlating with its 21.3% hardness enhancement. The dislo
cation lengths in Gr/Cu (Coating) and Gr/Cu (Embedding) are similar, 
resulting in nearly identical final hardness values. For M-C60/Cu 
(Embedding), the lengths of the Hirth and stair-rod dislocations are 
reduced by 54.1% and 16.7%, respectively, compared to Gr/Cu 
(Embedding), resulting in the lowest hardness.

To further explore the causes of the significant reduction in dislo
cation density observed in the embedding during the loading process, 
the dislocation analysis (DXA) and atomic displacement map were 
performed, as depicted in Fig. 7(c and d). During the loading process, 
phenomena such as dislocation nucleation, slip, interaction, loop for
mation, shrinkage, and annihilation occur. In the initial stage, the sur
face of the workpiece undergoes slight deformation, producing shear 
strain that leads to two inclined slip planes (at a 45◦ angle to the surface) 
and dislocation prototypes. As strain consistently increases, dislocations 
rapidly move along the slip planes until they partially terminate at the 
surfaces of M-C60 and Gr. Finally, the reflection of dislocations resulting 
from the counterforces exerted by M-C60 and Gr contributes to the 
reduction in the hardness of the embedding. The spherical structure of 
M-C60 absorbs dislocations more effectively than the planar structure of 
graphene. This significantly reduces 1/3<100> Hirth dislocations in the 
embedding composites, leading to improved ductility.

3.4. Stress distribution

Fig. 8 depicts the stress distribution diagram of the five materials 
under different loading depths. At initial contact between the indenter 
and the workpiece, the stress produced by Cu and the embeddings is 
similar. This similarity in stress is due to the interaction between Cu and 
diamond at the contact surfaces of both single-crystal Cu and the em
beddings. However, the contact occurs between diamond and M-C60 
(Gr) for the coatings. The initial deformation in M-C60 involves com
pressing the spherical C60, demonstrating its buffering capacity. Minor 
deformations in M-C60 do not affect stress levels in the embeddings. The 

deformation of high-strength Gr induces the plastic deformation of the 
Cu matrix, thereby leading to higher stress. As the loading depth in
creases, the strain range of the workpiece increases accordingly. The 
stress distribution is more pronounced in Cu. The stress of the coatings is 
predominantly localized at the interface between the indenter and the 
M-C60 (Gr). The high strength of graphene induces its plastic deforma
tion, leading to higher localized stress at the interface. In contrast, the 
spherical structure of M-C60 evenly absorbs and reflects stress, resulting 
in a more uniform stress distribution across the embedding surface. The 
uniform stress distribution further demonstrates that M-C60 is better 
than graphene at improving the ductility of the composite in the Cu 
matrix.

3.5. The interaction between the M-C60/Gr and the Cu

Fig. 9 shows the distribution of von Mises stress and shear strain after 
nanoindentation in Cu, Coatings, and Embeddings. As the loading pro
gresses, the initial deformation occurs in the M-C60 at the bottom of the 
indenter, as seen in Fig. 9(a2). Subsequently, the spherical C60 gradually 
breaks up, forming carbon chains. Numerous carbon chains create ten
sion, avoiding the deformation of the substrate at the bottom of the 
indenter. The uneven deformation of C60 around the indenter leads to 
abnormally concentrated stress in the substrate. It causes further lattice 
distortion (as shown in Fig. 9(b2)) and severe amorphization of nearby 
atoms (as shown in Fig. 10(b)). For Gr/Cu (Coating) composites, the 
depth increase accelerates the surface graphene's brittle fracture, as 
shown in Fig. 9(a4). Initial stress storage in graphene results from its 
high strength and shear modulus. When graphene fractures, the rapid 
stress release causes the atoms around the indenter to become highly 
amorphous, as shown in Fig. 10(d). In Cu and Embedding, stress is 
uniformly distributed along the direction of dislocation due to consistent 
dislocation movement. However, the stress on M-C60 and Gr at the same 
position is significantly lower than on Cu, as shown in Fig. 9(a1, a3, a5). 
It occurs because M-C60 and Gr absorb and reflect part of the dislocation 
motion while transmitting some stress to the subsequent substrate layer. 

Fig. 8. Variation of von Mises stress in the xz plane for Cu, Coatings, and Embeddings at different indentation depths (d = 1, 2, 3, 4 nm), with atoms colored 
according to the von Mises stress values.
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This conclusion is corroborated by the shear strain diagrams and Fig. 11
(c–e). However, dislocations first reach the interface of Gr and form 
reflections, contributing to the higher hardness of Gr/Cu (Embedding) 
compared to M-C60/Cu (Embedding). In addition, the stresses in all 
indentation tests show obvious anisotropy, leading to an anisotropic 
spatial distribution of the phase change structures, as shown in Figs. 9 
and 10. The inherent anisotropy of M-C60 and Gr causes the dislocations 
to be anisotropic during their formation and reflection.

Nanoindentation involves various types of dislocations, including 1/ 
2 <110> Perfect, 1/6 <112> Shockley, 1/6 <110> Stair-rod, 1/3 
<100> Hirth, and 1/3 <11 > Frank dislocations [76], as illustrated in 
Fig. 11. The process promotes the generation of multiple shear dislo
cation loops. Shear dislocation loops are generated across all systems, 
but their sizes and numbers vary significantly. The M-C60 (5-11 nm) and 

Gr (5-6 nm) as coatings generate more and larger dislocation loops. 
These larger dislocation loops more effectively impede dislocation 
movement, thereby enhancing the strength and stiffness of the material. 
When M-C60 and Gr are embedded in the Cu matrix, partial or no 
dislocation loops will be generated. In addition, the M-C60 and Gr 
interface absorb dislocation lines, impeding their movement and sub
sequent dislocation reaction. During loading, uneven deformation of 
M-C60 in the coating induces abnormal stress on the substrate, pro
moting increased dislocation formation and facilitating dislocation 
movement and reactions. For instance, Hirth dislocations are formed by 
reactions between Shockley dislocations [77], such as 1/6[121] +
1/6[121] = 1/3[100]. This process leads to the formation of larger 
dislocation loops.

The main difference in the mechanical properties of M-C60/Cu and 

Fig. 9. The measurement for nanoindentation in xy plane and xz plane for Cu, Coatings, and Embeddings: (a) Von Mises stress distribution and the corresponding 
states of M-C60 and Gr, with atoms colored according to the von Mises stress values; (b) Shear strain distribution, with atoms colored according to the shear 
strain values.
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Fig. 10. Demonstration of dislocation nucleation and defect atom types after indentation for Cu, Coatings and Embeddings, where light red and white atoms 
represent the hcp structure and amorphous structure, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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Gr/Cu composites lies in the structural differences between M-C60 and 
Gr. Coordination number(CN) of M-C60 and Gr in composites at an 
indentation depth of 4 nm, as shown in Fig. 12. The primary peak of 
graphene appears at CN ≈ 3, while that of monolayer fullerene is 
distributed between CN ≈ 3~4, with a broader range. Additionally, for 
CN > 4, the proportion of monolayer fullerene is significantly higher 
than that of graphene (which is 0 in Gr/Cu(Embedding)). This indicates 
that during the indentation process, graphene maintains a high degree of 
layered structural integrity, without significant local collapse or phase 
transformation. In contrast, due to spherical curvature effects, mono
layer fullerene undergoes local deformation, forming a denser structure. 
This deformation may lead to partial atomic rearrangement, enhancing 
local short-range order and increasing coordination number. This also 
suggests that the sp2-sp3 hybrid structure of M-C60 provides multiple 
bonding sites (48 per nm2), enhancing adhesion with the copper matrix. 
Meanwhile, the spherical fullerene cages of M-C60 provide mechanical 
interlocking, further strengthening the interface. Graphene, with its 
purely sp2 structure, has 26.3% fewer bonding sites (38 per nm2) than 
M-C60. This results in lower adhesion energy and interfacial strength. 
However, the planar structure of graphene allows for a larger contact 

Fig. 11. Evolution of dislocation nucleation and movement in the yz plane at the 0.4 nm, 2 nm, and 4 nm depths for Cu, Coatings, and Embeddings, with lines of 
different colors representing different dislocations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 12. Coordination number of M-C60 and Gr in M-C60/Cu and Gr/Cu com
posites at an indentation depth of 4 nm.
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area, partially compensating for the lower bonding strength.

3.6. Characteristics under different conditions

3.6.1. Loading speed effect
As illustrated in Fig. 13(a1-e1), the force-displacement curves of five 

materials are presented under varying loading speeds (V). For each 
material, the load increases elastically with depth, reaches a peak 
associated with the elastic-plastic transition. Drop was observed during 
the pop-in event, and subsequently exhibited a gradual rise in occur
rence with further loading. Although the absolute indentation speeds in 
MD simulation are high, we classify the tests into two regimes: low strain 

Fig. 13. Variation of (a1-e1) Force, (a2-e2) Hardness and (a3-e3) Average hardness (Non-ISE area) of different materials with indentation depth at different loading 
speeds. The blue curve is the fitting curve of the average hardness. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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rate (V < 140 m/s) and high strain rate (V > 140 m/s). At low strain 
rates, the force in the elastic regime varies little with speeds for Cu and 
the embedded composites, see Appendix (Fig. A2). At high strain rates, 
the curves shift upward with increasing speeds, resulting in elevated 
peak values and load at a given depth. Interestingly, for the coating 
composites the load at a fixed depth first decreases with increasing speed 
in the low-rate regime and then increases at higher speeds. This in
dicates a rate-dependent mechanism that governs the strength–ductility 
balance in 2D/metal composites. In M-C60/Cu (Coating), higher speed 
accelerates the deformation of the spherical C60 units and promotes 
carbon-chain formation. This, in turn, intensifies chain rupture, though 
complete failure does not occur, as shown in Fig. 14(a). In Gr/Cu 
(Coating), the surface graphene undergoes complete brittle fracture at 
all speeds, with the onset shifting to shallower depths as speeds increase, 
as shown in Fig. 14(b).

The depth dependence of hardness at different velocities is shown in 
Fig. 13(a2-e2). All five materials exhibit a pronounced indentation size 
effect (ISE), characterised by an initial increase in hardness at shallow 
depths, followed by a decline towards a plateau. Similarly, the average 
hardness of the No-ISE area was calculated. However, for Gr/Cu 
(Coating), prior to the fracture of the graphene, the maximum hardness 
is taken as the representative value. This is due to the fact that an in
crease in speed results in earlier fracture and a substantial reduction in 
the No-ISE window, thereby rendering the average unreliable. For each 
material, the average hardness increases with speed and then ap
proaches saturation. This behavior can be explained using thermally 
activated slip model of Kocks–Argon–Ashby [78], with the strain rate 
dependence given by Eq. (16). 

ε̇ = ε̇0 exp
[

−
ΔG(τ)

kT

]

(16) 

where, ΔG(τ) is the activation free energy of the rate-controlling process 
under the applied shear stress τ. It represents the thermal energy barrier 
that must be overcome for plastic flow—such as dislocation nucleation/ 
slip or interfacial shear—to occur at the specified stress. ε̇ denotes the 
mechanism-specific plastic strain rate (s− 1). In nanoindentation, it is 
typically taken as the indentation strain rate. ε̇0 is reference strain rate 
(s− 1), typically treated as a constant. k is the Boltzmann constant, and T 
is the absolute temperature (K).

Hirth [79] combined the Gibbs free-energy barrier with a mechanical 

work term and introduced the activation volume, yielding 

ΔG(τ) = ΔG0 − V*τ (17) 

Here, ΔG0 is the activation barrier in the absence of mechanical loading, 
and V* is the activation volume.

In addition, the flow stress beneath the indenter tip is proportional to 
the measured hardness during nanoindentation, can be expressed as 
[80]. 

H ≈ Cτ (18) 

From Eqs. (16)–(18), we obtain 

H(ε̇) = H0 +
kT
V* ln

(
ε̇
ε̇0

)

(19) 

Equation (19) shows that, with constant temperature, the hardness 
initially increases and then levels off as the strain rate increases, as 
shown in Fig. 13 (a3-e3). This is consistent with our results. An excep
tion is the M-C60/Cu (Coating) configuration, which shows a decrease in 
hardness with increasing strain rate. This deviation highlights the 
limited applicability of Eq. (19) to 2D surface coatings: the relation as
sumes an intact, stable rate-controlling mechanism, whereas in our tests 
the surface layer fractures (graphene fails by complete brittle fracture, 
and M-C60 evolves from localized to widespread rupture), invalidating 
the activation-volume description.

Fig. 15(a1-e1) presents the dislocation density-displacement curves 
for the five materials at different loading speeds. For all cases, the 
dislocation density increases with indentation depth. At low strain rates, 
the change in dislocation density of each material does not demonstrate 
a clear pattern with increasing loading speed. At high strain rates, 
however, increasing speed shifts the curves downward: at the same 
displacement, higher rates yield lower dislocation densities. This 
behavior contradicts the expectation from Taylor Forest hardening [81], 
where the flow stress on an active slip system scale with the square root 
of dislocation density: 

τ = αGb ̅̅̅̅̅̅ρm
√

(20) 

where α is a dimensionless constant (typically 0.2-0.5), G is the shear 
modulus, b is the magnitude of the Burgers vector, and ρm is the dislo
cation density.

As demonstrated in Eq. (18), a direct correlation can be established 

Fig. 14. Deformation and fracture of (a) M-C60/Cu(Coating) and (b) Gr/Cu(Coating) at different loading speeds.
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between hardness and dislocation density: 

H = CMαGb ̅̅̅̅̅̅ρm
√ (21) 

where M is the Taylor factor that converts the resolved shear stress τ into 
the equivalent uniaxial (tensile) flow stress.

It is evident from the derived relation that hardness increases in 
proportion to dislocation density. Notably, however, our earlier results 

show that hardness rises with loading velocity while the dislocation 
density decreases. This implies that Taylor forest hardening does not 
govern the response at high strain rates, and the hardness–dislocation 
density relationship under these conditions warrants further study. Tang 
[82] et al. reported that, at extreme strain rates, dislocation motion 
transitions from thermally activated glide to ballistic transport due to 
strong dislocation–phonon interactions, which introduce substantial 

Fig. 15. At different loading speeds, (a1-e1) Variation of dislocation density with indentation depth; (a2-e2) Lengths of different types of dislocations inside the 
substrate; (a3-e3) The number of twin boundary atoms produced.
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drag and can even lead to dislocation annihilation. The relationship 
between the dislocation glide velocity (v) and the analytical shear stress 
(τ), as determined by the drag effect of phonons [83], is as follows: 

v =
bτ
Ḃ

(22) 

where, Ḃ is the viscous drag coefficient governing dislocation motion.
According to the Orowan relation [84], the plastic shear strain rate is 

ε̇ = ρmbv (23) 

By eliminating the common term (dislocation velocity), we obtain 

τ =
Ḃγ̇

b2ρm
(24) 

For macroscopic measurements, applying the Taylor/Schmid conver
sions σ = Mτ and ε̇ = γ̇/M gives 

σ =
MḂε̇
b2ρm

⇒H =
CMḂε̇
b2ρm

(25) 

Consequently, the plastic strain rate is inversely proportional to the 
mobile dislocation density, consistent with our findings.

To elucidate the hardening mechanisms at low strain rates, we 
compared the evolution of dislocation lengths for different character 
types, as shown in Fig. 15(a2-e2). Shockley partial dislocations domi
nate, followed by Stair-rod and Hirth dislocations. Perfect and Frank 
dislocations are relatively rare. With increasing loading speed, the total 
dislocation length in the embedded composites and in Cu grows mark
edly, consistent with forest hardening. The coating systems do not 
follow this trend, likely due to be fractured of the surface layer. This 
hypothesis requires further verification. Notably, in the coatings, the 
total lengths of stair-rod and Hirth dislocations increase, promoting the 
nucleation of dislocation loops, Lomer–Cottrell locks, and Hirth locks, as 
shown in Fig. 16(b–d), which impede plastic flow and raise hardness.

Twinning provides a distinct carrier of plasticity beyond dislocation 
slip, and observing twin formation reveals the strain hardening of 
crystals. Twin boundaries act as strong barriers to slip (similar to a 
Hall–Petch effect). We identified twin-boundary atoms using PTM in 
OVITO followed by planar-defect analysis. The number of twinned 
atoms with loading speed is shown in Fig. 15(a3–e3). The results show 
that at low strain rates, the number of twin atoms increases with 

Fig. 16. DXA analysis of (a) Cu; (b) M-C60/Cu(Coating); (c) M-C60/Cu(Embedding); (d) Gr/Cu(Coating); (e) Gr/Cu(Embedding) at different loading speeds, with 
lines of different colors representing different dislocations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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increasing speed, while the opposite trend occurs at high strain rates 
(the trend is not strictly monotonic, but the overall tendency is plau
sible). In the coating systems, the M-C60 coating generates substantially 
more twinned atoms than the graphene layer. This is attributed to 
stronger Cu-C bonding and the uneven surface of the M-C60 coating (see 

section 3.5). By contrast, graphene possessed very high in-plane stiffness 
effectively suppresses stacking faults and partial twinning.

Our results corroborate previous conclusions on rate hardening in 
metals. However, the discrepancy observed between hardness and 
dislocation density at high strain rates challenges the conventional 

Fig. 17. Variation of (a1-e1) force, (a2-e2) hardness and (a3-e3) average hardness (Non-ISE area) of different materials with indentation depth at different tem
peratures. The blue curve is the fitting curve of the average hardness. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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forest hardening model and instead aligns with a phonon-drag- 
controlled mobility mechanism. Regarding twinning behavior, the pro
motion of twinning by the M-C60 coating extends prior knowledge by 
revealing how molecular-scale roughness and bonding heterogeneity 
can locally amplify shear stress. In summary, dislocation forest hard
ening dominates at low strain rates, whereas pronounced strain-rate 
hardening emerges at high strain rates, consistent with literature [85]. 

H=

⎧
⎪⎨

⎪⎩

CMαGb ̅̅̅̅̅̅ρm
√

, Low strain rate

CMḂε̇
b2ρm

,High strain rate
(26) 

3.6.2. Temperature effect
Fig. 17(a1-e1) shows the force-displacement curves of the five 

Fig. 18. At different temperatures, (a1-e1) Variation of dislocation density with indentation depth; (a2-e2) Lengths of different types of dislocations inside the 
substrate; (a3-e3)The number of twin boundary atoms produced.
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materials at different temperatures (T). For each material, the load in
creases with depth. The Cu curves nearly overlap across temperatures, 
indicating weak thermal sensitivity. For the M-C60/Cu composites, the 
curves shift downward with increasing temperature. In the embedded 
configuration, this decrease is most pronounced at T = 500 K. For Gr/Cu 
(coating), prior to graphene fracture, the load is the highest among all 
systems and shifts upward with temperature, but elevated temperature 
promotes earlier fracture of the graphene. After fracture, the response 
resembles that of Cu—overall weak temperature dependence—with a 
dip at T = 500 K followed by recovery to a comparable level. Gr/Cu 
(Embedding) behaves similarly to M-C60/Cu (Embedding), with loads 
decreasing as temperature increases, although the change trend is not 
obvious.

The hardness–depth curves at different temperatures is shown in 
Fig. 17(a2-e2), and mirror the features of the corresponding force
–displacement responses. The variation of the average hardness with 
temperature in the stable stage is shown in Fig. 17(a3-e3). For each 
material, the average hardness generally decreases with temperature. 
However, Cu and Gr/Cu (Coating)-fracture exhibit weak temperature 
sensitivity, consistent with literature [86]. The combined dependence of 
hardness on temperature and strain rate can be captured by a 

Johnson–Cook–type expression [87]: 

H(T) = H0

[

1 + Aln
(

ε̇
ε̇0

)]

[1 − mT*],T* =
T − Troom

Tmelt − Troom
(27) 

Here, A is the strain-rate sensitivity coefficient (dimensionless), and m is 
the thermal-softening exponent (dimensionless). T, Troom, and Tmelt are 
the test temperature, room temperature, and melting temperature, 
respectively.

The overall hardness ranking is Gr/Cu (Coating)-initial > M-C60/Cu 
(Coating) > Cu > M-C60/Cu (Embedding) ≈ Gr/Cu (Embedding) > Gr/ 
Cu (Coating)-fracture, consistent with our earlier results.

Fig. 18(a1-e1) shows how dislocation density varies with tempera
ture. For all five materials, the dislocation density increases steadily 
with indentation depth. As temperature rises, the Cu curves cluster 
tightly. In the 2D/metal composites, dislocation density generally de
creases with increasing temperature—except for M-C60/Cu (Coating), 
where it increases with temperature. This trend appears inconsistent 
with the concurrent decrease in hardness at higher temperatures and 
therefore merits further investigation. Fig. 18(a2-e2) decomposes the 
dislocation type by character. During plastic deformation, Shockley 
partials dominate slip and diminish with increasing temperature, with 

Fig. 19. DXA analysis of (a) Cu; (b) M-C60/Cu(Coating); (c) M-C60/Cu(Embedding); (d) Gr/Cu(Coating); (e) Gr/Cu(Embedding) at different temperatures, with lines 
of different colors representing different dislocations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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the exceptions of Cu and M-C60/Cu (Coating). In Cu, Shockley partial 
dislocations remain nearly constant. For M-C60/Cu (Coating), they in
crease with increasing temperature, consistent with the change in 
dislocation density. Sessile products—stair-rod, Hirth, and Frank dis
locations—generally decline with temperature, while in Cu their pop
ulations remain nearly constant. Perfect dislocations approach 
saturation overall.

From the twin analysis of Fig. 18(a3-e3), it can be seen that the 
number of twinned atoms decreases with temperature in all systems: Cu 
shows a slight reduction; M-C60/Cu (Embedding) exhibits the largest 
drop, though twinning is suppressed again at the highest temperatures. 
At low temperature, M-C60/Cu (Coating) retains a comparatively high 
density of twins, consistent with the propensity for mechanical twinning 
on (111) by Shockley partials under low-temperature or high-rate con
ditions [88]. Consequently, even though the total dislocation density in 
M-C60/Cu (Coating) can be low at low temperature, the abundance of 
twin boundaries together with dislocation loops and Hirth/Lo
mer–Cottrell locks impede slip and increases the crystal strength.

Overall, increasing temperature enhances dislocation mobility—via 
cross-slip and climb—and promotes annihilation, thereby lowering the 
dislocation density and suppressing twinning, as shown in Fig. 19(c–e). 
It also reduces the formation of dislocation loops and sessile locks 
(Lomer–Cottrell and Hirth locks), as shown in Fig. 19(a, b, d). The 
exceptions—the anomalous increase in dislocation density in M-C60/Cu 
coatings—underscore the distinct interfacial mechanics of surface- 
modified metals. For M-C60/Cu, strong Cu–C bonds and rough coating 
morphology may promote Shockley partial dislocation nucleation even 
at high temperatures.

3.6.3. Berkovich nanoindentation
To investigate the generality of the observed reinforcement mecha

nisms and hardness trends, we performed additional nanoindentation 
simulations using a Berkovich indenter. This allows assessment of 
whether indenter geometry influences the composite’s mechanical 

response and ensures that our findings are not artefacts of using a 
spherical indenter. The model configuration and parameter settings are 
provided in Appendix 2.

3.6.3.1. Force-displacement relationship. Fig. 20(a) shows the force- 
depth curves for Cu and 2D/Cu composites under nanoindentation 
with a Berkovich indenter. All five materials exhibit a pronounced 
nonlinear increase in load with depth. The serrated nature of the curves 
is characteristic of discrete dislocation nucleation and expansion events 
beneath the indenter tip. At the same indentation depth, the coating 
systems can sustain significantly higher loads than pure Cu. Among 
them, the graphene coating sustains the highest load in the early stage, 
consistent with graphene’s exceptionally high in-plane stiffness and its 
load-transfer capability across the contact interface. As the graphene 
fractures, a sudden dropping appears in the curve. Notably, the abrupt 
load drop caused by the Berkovich indenter is less pronounced than that 
produced by a spherical indenter, owing to the difference in their con
tact areas with the substrate, as shown in Fig. 21(b).

As indentation proceeds, although graphene fractures in both cases, 
with the Berkovich indenter most of the conical surface still contacts the 
2D interface, and only a small portion of the tip directly interacts with 
the Cu substrate. The deformation of the substrate thus results from the 
combined effects of load transfer through the 2D contact surface and 
direct tip–substrate contact. For the spherical indenter, the tip eventu
ally makes full direct contact with the Cu, and the subsequent 
load–displacement curve approaches that of pure Cu, as shown in Sec
tion 3.1. Graphene fracture also enables the M-C60 coating system to 
exhibit the highest load capacity. Throughout the indentation process, 
M − C60 does not undergo the deformation and fracture observed under 
spherical indentation. Instead, it only engages in load transfer through 
the 2D interface, as shown in Fig. 21(a). Since the M-C60 layer is a 2D 
interface composed of interconnected spherical C60 molecules, the load- 
transfer process is equivalent to multiple spherical C60 particles acting 
on the Cu substrate, causing uneven deformation and promoting a surge 

Fig. 20. Evolution of force (a) and hardness (b) with indentation depth for different materials by Berkovich indenter; (c) Average hardness of non-ISE area for five 
materials, with yellow representing the hardness of Gr/Cu (Coating) after graphene breaks; (d) Variation of contact area between different indenter geometries and 
the workpiece during loading. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in geometrically necessary dislocations (GNDs).
The embedding systems, regardless of indenter geometry, display 

softened plastic deformation due to the blocking and constraining effects 
of the internal 2D interface on dislocation slip. Fig. 20(b, c) compare 
hardness-depth curves and average hardness values. All curves reach a 
peak at shallow depths and then decay to a steady state (non-ISE region). 
This peak results from the ISE caused by the sharp Berkovich tip, which 
triggers a burst of GNDs. As indentation depth increases, the GND 
density per unit contact area saturates, and hardness stabilizes. The 
ranking of average hardness values matches the results obtained with 
the spherical indenter, with the hardness of Cu close to that reported in 
Ref. [89]. However, the values are lower than those for the spherical 
indenter, due to differences in contact area, as shown in Fig. 20(d). At 
shallow depths, the spherical indenter’s contact area (AS) is larger than 

that of the Berkovich indenter (AB) at the same depth, resulting in a 
lower mean contact pressure (hardness) and a smoother onset of plas
ticity. As depth increases, AB grows faster and eventually exceeds AS; the 
sharper tip then engages more material, leading to relatively lower 
hardness values. It is noteworthy that, after graphene fracture, the 
hardness of the Gr coating system remains higher than that of Cu (unlike 
the spherical indenter case), benefiting from residual Gr fragments and 
interfacial friction.

3.6.3.2. Dislocation evolution. Fig. 22 presents the dislocation density of 
the five materials at various indentation depths. At shallow depths, the 
dislocation density remains constant in an elastic regime, followed by a 
sharp jump at the first pop-in event. As new dislocation sources are 
activated and existing dislocations expand, the dislocation density 

Fig. 21. Deformation and fracture of (a) M-C60/Cu(Coating) and (b) Gr/Cu(Coating) under different indenter geometries.
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increases monotonically with depth. In the coating systems, the onset of 
initial dislocation bursts is delayed, as the M-C60 and Gr increase the 
nucleation barrier and their in-plane stiffness shields the near-surface 
shear field. Once this barrier is overcome, local dislocation multiplica
tion becomes active. In the embedding systems, the nucleation of initial 
dislocations is similar to that in Cu, as the surface remains Cu. However, 
when the plastic zone encounters the embedded 2D interface, it 

promotes dislocation annihilation and reflection.
The length comparison of different dislocation types generated in 

various matrices is shown in Fig. 22(b). Apart from amorphous atoms, 
Shockley dislocations are the main carriers of slip and key components 
of deformation twins. Perfect dislocations are usually short because they 
quickly dissociate into two Shockley partial dislocations separated by a 
stacking fault. Immobile dislocations (stair-rod, Hirth, and Frank) tend 

Fig. 22. (a) Variation of dislocation density with indentation depth; (b) Lengths of different types of dislocations inside the substrate.

Fig. 23. Evolution of dislocation nucleation and movement in the yz plane at the 0.4 nm, 3 nm, and 5 nm depths for Cu, Coatings, and Embeddings, with lines of 
different colors representing different dislocations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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to form immobile locks that hinder dislocation motion, thereby 
enhancing work hardening. The coating interfaces promote higher 
proportions of stair-rod and Hirth dislocations through cross-slip and 
reactions, locking mobile dislocation lines and strengthening the mate
rial. The M-C60 coating is more prone to producing dislocation loops 
than the Gr coating due to the uneven deformation of interfacial Cu, as 
shown in Fig. 23(b), which further impedes dislocation multiplication 
and propagation. This explains why M-C60/Cu (Coating) exhibits higher 
hardness than Gr/Cu (Coating). In the embedding systems, the 2D 
interface acts as an internal slip barrier, causing mobile and propagating 
dislocations to disappear or reflect upon encountering the interface, as 
shown in Fig. 23(c–e). For M-C60/Cu (Embedding), the intrinsic elas
ticity and discontinuous surface lead to more dislocation annihilation, 
resulting in superior plasticity.

4. Conclusions

Through molecular dynamics simulations, 2D/metal composite 
models were established to elucidate the reinforcement mechanisms of 
monolayer fullerene (M-C60) and graphene in copper-based composites. 
Five fundamental advances emerge from systematic nanoindentation 
simulations: 

(1) M-C60/Cu composites exhibit superior mechanical performance 
across configurations and conditions. Surface coatings boost 
hardness by up to 24.2% via dislocation multiplication and 
carbon-chain formation, while embedded structures maximize 
ductility (Pugh ratio ≈ 3.48) by absorbing and reflecting 
dislocations.

(2) Compared to graphene, M-C60 exhibits higher interfacial bonding 
site density (26.3%), mechanical interlocking via fullerene cages, 
and superior stress-buffering, explaining its greater strengthening 
and ductility-tuning versatility.

(3) At high strain rates, M-C60/Cu retains hardness by resisting brittle 
fracture and sustaining dislocation loop formation, unlike gra
phene coatings that fail catastrophically.

(4) Under elevated temperatures, M-C60/Cu uniquely maintains or 
increases dislocation density due to strong Cu–C bonding and 
rough surface morphology, whereas Gr/Cu softens through 
dislocation annihilation and reduced twinning.

(5) Although the indenter geometry can affect the magnitude of load 
drop and the contact stiffness, the hardness enhancement and 
dislocation-blocking advantages of M-C60 remain robust across 
different indenter shapes.

Although the present work is based on high-rate atomistic simula
tions and experimental fabrication of M-C60/Cu remains challenging, 
the mechanistic trends are robust and likely to persist in practical ap
plications. The demonstrated ability of M-C60 to outperform graphene in 
both high-strain-rate and high-temperature regimes highlights its po
tential for aerospace, microelectronic, and other extreme-environment 
applications. This study provides a predictive framework for designing 
next-generation metal matrix composites that overcome the conven
tional strength-ductility trade-off through rational 2D/metal interface 
engineering.
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