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ABSTRACT: Graphene has excellent mechanical, electrical and optical properties, which make it an ideal
reinforcement phase for aluminum matrix composites. However, graphene is easy to agglomerate and has poor
wettability with the aluminum matrix, resulting in unsatisfactory effects when added to the aluminum matrix. In this
paper, the effects of transition metals (Cu, Ni, Co) on the bonding properties at the graphene/aluminum interface were
systematically investigated using first-principles calculations. The computational results reveal significant differences
in the effects of various metals and their crystal plane orientations on interface stability and bonding strength. Among
Cu, Ni, Co coatings, Co exhibits the most pronounced modification effect. Its most stable Co(110) crystal plane forms
an interface with Al(111)/Gr(0001), exhibiting the highest adhesion work of 3.755 J/m2. This trend indicates that the
interfacial bonding strength follows the order Co > Ni > Cu. The calculated density of states and differential charge
density show that graphene primarily undergoes weak physical adsorption on the Cu(100) plane, with negligible charge
transfer, resulting in limited enhancement of interfacial bonding. In contrast, nickel and cobalt modifications introduce
strong chemical bonding. Simulated tensile tests reveal that the cobalt-modified interface, characterized by strong
chemical bonding, exhibits optimal mechanical properties, achieving a tensile strength of 7.715 GPa and an elongation
at break of approximately 21%. Compared to the clean Al(111)/Gr interface (4.329 GPa, 15%), this represents a strength
enhancement exceeding 78%. The copper-coated interface, which primarily relies on physical adsorption, shows limited
strength improvement (5.493 GPa) and exhibits brittle fracture behavior. Both nickel- and cobalt-coated interfaces
demonstrate distinct ductile fracture characteristics.
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1 Introduction
Aluminum matrix composites (AMCs) have broad application prospects in the aerospace, electronics,

marine, and automotive industries due to their low density, low coefficient of thermal expansion, high
specific strength, good ductility, and excellent machinability [1]. Graphene (Gr) is a two-dimensional
material composed of a single layer of carbon atoms arranged in a hexagonal lattice. This unique structure
endows it with numerous exceptional properties [2]. However, with the rapid advancement of the aerospace,
defense, and automotive sectors [3,4], there are increasingly stringent demands on the comprehensive
performance of graphene-reinforced aluminum matrix composites. The reinforcing effect of graphene within
the aluminum alloy matrix largely depends on its uniform dispersion and interfacial bonding properties
with the matrix [5]. Studies have shown that graphene tends to agglomerate in aluminum matrix composites
[6–8] and readily forms brittle Al4C3 phases at the interfaces, significantly reducing load-transfer efficiency
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and degrading material performance [9–11]. In contrast, ideal interfacial bonding can not only effectively
suppress graphene agglomeration but also enhance material properties by optimizing stress distribution [12].
Graphene/aluminum interfaces exhibit significant potential in advanced composites and electronics due
to their high strength-to-weight ratio and thermal stability. However, the intrinsic weak van der Waals
interactions at these interfaces often limit interfacial bonding strength and charge transfer efficiency. Until
now, graphene/aluminum composites still face widespread challenges such as weak interfacial bonding and
non-uniform distribution of the reinforcing phase, which severely limit improvements in mechanical prop-
erties and practical applications [13–15]. Therefore, effective interfacial modification of graphene-reinforced
aluminum matrix composites has become a key focus of current research.

Theoretical and computational studies suggest that transition metal atoms can chemisorb onto
graphene, forming strong bonds with aluminum substrates. For instance, ab initio calculations indicate that
Pt or Ni coating can induce charge redistribution at the interface, leading to enhanced adhesion energy
(typically increasing by 30%–50% compared to pristine interfaces) and improved electronic coupling due to
orbital hybridization between the transition metal d-states and graphene π-orbitals [16]. However, challenges
remain in atomic-scale interactions and their evolution mechanisms within the interfacial micro-region,
which is difficult to observe in situ through experimental methods [17]. Therefore, it is essential to employ
first-principles calculations to investigate the interfacial bonding characteristics between matrix atoms and
reinforcing particles within the composite’s micro-regions, thereby providing a theoretical foundation for
regulating the macroscopic properties of the composites.

Numerous researchers have employed first-principles calculations to investigate interfacial bonding
characteristics and mechanical responses under tensile loading in materials. Huang et al. [18] systematically
examined the influence of Al(100), Al(110), and Al(111) surfaces on the bonding stability of graphene,
revealing that the Al(111) surface exhibits the highest interfacial adhesion energy with pristine graphene.
Zhang and Wang [19] simulated various metal/graphene interfacial structures to explore the electronic orbital
interactions and bonding mechanisms at the interface. Additionally, Huang et al. [20] investigated the effects
of different alloying elements at the graphene/aluminum interface, demonstrating that such modifications
can enhance interfacial bonding properties. Xie et al. [21] calculated the tensile strength of Mo-doped dia-
mond (111)/Al(Cu)(111) interfaces using first-principles methods and elucidated how interfacial interactions
influence tensile performance. These studies provide a crucial theoretical foundation for understanding and
optimizing the interfacial behavior of graphene/aluminum composites.

The theoretical understanding of wetting and interfacial bonding at transition metal-coated
graphene/aluminum interfaces remains limited. In this work, first-principles calculations based on density
functional theory (DFT) are employed to investigate the evolution of interfacial bonding properties and
electronic structures at graphene/copper, nickel, and cobalt/aluminum interfaces, as well as the tensile
mechanical behavior of the corresponding composite materials. The results aim to provide theoretical
insights and guidance for the interface design of graphene-reinforced aluminum matrix composites.

2 Computational Details

2.1 Methodology
Structural optimization, energy calculations, and electronic structure analyses based on a plane-wave

basis within the density functional theory (DFT) framework were performed using the Quantum-ESPRESSO
software package [22]. Ultrasoft pseudopotentials [23] were employed, with the exchange-correlation func-
tional implemented in the GGA-PBE form [24]. The DFT-D3 type of vdWforce correction was included in
our calculations [25]. K-point sampling in the Brillouin zone utilized a Monkhorst-Pack grid [26]. The energy
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cutoff for the plane-wave basis was set to 500 eV for structural optimizations of all bulk and surface models.
Specific K-point grid settings were as follows: for bulk and surface calculations of aluminum, copper, nickel,
and cobalt, 6 × 6 × 6 and 4 × 4 × 2 grids were used, respectively; for graphene bulk and surface calculations,
6 × 6 × 6 and 6 × 6 × 3 grids were applied, respectively. Subsequent interface model studies—including
optimal interfacial spacing tests, structural optimization, and interfacial tensile simulations—uniformly
employed a 500 eV energy cutoff and a 5 × 5 × 1 K-point grid. The exchange-correlation functional used
for interface models was GGA-PBESOL. Self-consistent field convergence was achieved at 1 × 10−5 eV/atom,
with atomic forces relaxed to below 0.03 eV/Å, stress errors not exceeding 0.05 GPa, and displacement errors
below 0.001 Å.

2.2 Bulk Calculations
First, structural optimization was performed on the unit cell models of aluminum, copper, nickel, cobalt,

and graphene. The calculated unit cell parameters are compared with literature-reported values in Table 1.
As shown, the parameters obtained in this study exhibit strong agreement with the literature, indicating
that the computational methods and parameters employed are appropriate. This provides guidance for the
subsequent structural optimization calculations of the interface structure in aluminum matrix composites.

Table 1: Comparison of calculated cellular parameters and experimental values.

Present Work (nm) Other Calculation (nm) Experiment (nm)
Al a = b = c = 0.405 a = b = c = 0.403 [27] a = b = c = 0.404 [28]

Graphene a = b = 0.246 a = b = 0.246 [29] a = b = 0.244 [30]
Cu a = b = c = 0.361 a = b = c = 0.362 [31] a = b = c = 0.358 [32]
Ni a = b = c = 0.352 a = b = c = 0.351 [33] a = b = c = 0.348 [32]
Co a = b = c = 0.354 a = b = c = 0.352 [34] a = b = c = 0.351 [35]

2.3 Surface Calculations
To ensure the reliability of subsequent Al/Gr interface models and computational results, two critical

preliminary calculations must be performed on the Al substrate before constructing the interface. First,
layer number convergence testing determines the minimum number of Al layers required to accurately
simulate bulk properties. Second, systematic calculations of surface energies for all low-index crystal planes
of Al assess the thermodynamic stability of different surface orientations, thereby providing a theoretical
foundation for the rational design of the interface model. The surface energy is calculated using the following
expression,

Esur f =
Esl ab − NEbul k

2A
(1)

where Esl ab denotes the surface system energy; Ebul k represents the total energy of the unit cell; N is the ratio
of the surface system energy to the total energy of the unit cell per atomic number; A is the surface area.

First, the surface energies of the Al(100), Al(110), and Al(111) surfaces were calculated using Eq. (1). The
surface energies are 0.720 J/m2 for Al(111), 0.938 J/m2 for Al(110), and 0.832 J/m2 for Al(100). Based on these
results, the surface energies of the Al crystal planes are clearly ranked as Al(110) > Al(100) > Al(111). This
conclusion aligns with previous studies [18], demonstrating the reliability and accuracy of the calculations.
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To minimize computational costs, the Al(111) surface was chosen for layer number convergence testing
because surfaces with lower surface energies are more stable. A systematic comparison of the surface energies
of 3-layer, 5-layer, 7-layer, and 9-layer Al(111) surface models is presented, with the results shown in Fig. 1.
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Figure 1: Surface energy of Al(111) with different atomic layers.

The surface energies of 3-, 5-, 7-, and 9-layer Al(111) surface models were systematically compared, with
the results shown in Fig. 1. It was found that the surface energy of the Al surface model with a 7-layer slab
converged to 1.02 J/m2, a value consistent with other theoretical predictions [36,37] ranging from 0.9 to
1.1 J/m2. This study employs a seven-atom-layer-thick Al(111) film to construct an Al(111)/graphene(0001)
interface model. To simulate a metallic bulk environment, the bottom five Al atomic layers are fixed
at their ideal lattice positions, while only the two Al atomic layers near the interface (i.e., the region
closest to graphene or the overlay layer) are allowed to undergo full geometric relaxation. This constraint
effectively reflects the bulk material’s influence on the interface structure while accurately describing atomic
rearrangement and energy optimization processes near the interface.

2.4 Interfaces
To investigate the bonding mechanism at the aluminum/graphene (Al/Gr) interface, Al/Gr interface

models with different crystallographic plane indices were constructed, as shown in Fig. 2. The interface
binding energy Eb and the interface adhesion work Wad , which is the energy required to separate the interface
into two free surfaces, can be expressed as:

Eb = EAl/Gr − EAl − EGr (2)

Wad =
−Eb

2A
(3)

where, EAl , EGr and EAl/Gr are the total energy of the relaxed Al slab, Gr slab and interface slab in the same
supercell, respectively. A is the interface area. If Eb < 0, the interface structure is considered stable. Conversely,
if Eb > 0, the interface structure is unstable. Wad indicates the work done per unit area by the surface to form
the interface with the surroundings, serving as a measure of interface bonding strength. A higher Wad value
signifies greater interface bonding strength.
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Figure 2: Al/Gr(0001) interface models, (a) Al(100)/Gr(0001), (b) Al(110)/Gr(0001), (c) Al(111)/Gr(0001).

As shown in Fig. 3a, for Al/Gr interface structures with different crystal plane indices, all the interface
binding energies (Eb) are below −0.01 eV and except for the Al(110)/Gr configuration. This result suggests
these three interface structures have the physical adsorption characteristics [38] with van der Waals
interactions dominating the interlayer bonding, without significant chemical reactions at the interface.
The interface binding energy of Al(111)/Gr(0001) interface structure calculated from the first principles is
−0.02 eV by Wang et al. [27]. The adhesion work results for the three Al/Gr interface structures are presented
in Fig. 3b. The stability of the Al/Gr interface models follows the order: Al(111)/Gr (0.015 J/m2) > Al(100)/Gr
(0.014 J/m2) > Al(110)/Gr (−0.03 J/m2). Moreover, we found from Fig. 1b an adhesion work of 0.015 J/m2

between Gr(0001) and Al(111), in good agreement with the 0.02 J/m2 adhesion work found by Qi et al. [36].
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Figure 3: Calculated interfacial energy and adhesion work for Al/Gr composite interfaces with various low-index
crystal planes, (a) Interfacial energy, (b) Adhesion work.

Surface energy calculations indicate that the surface energy stabilizes at seven atomic layers of
aluminum; therefore, a 7-layer Al surface model was adopted for interface construction. To prevent mirror
interactions between layers under periodic boundary conditions, a 15 Å vacuum layer was introduced.
During structural optimization, the bottom five layers of Al atoms were fixed to simulate the constraints of the
bulk material, while the top two layers of Al atoms were allowed to relax along with the modified metal atoms.
This approach more accurately reflects the interfacial bonding behavior. Based on this optimization strategy,
the study constructed an Al(111)/X/Gr(0001) interface model by coating a single layer of metal atoms (X =
Cu, Ni, Co) onto the seven-layer Al(111) surface and matching it with a single layer of the Gr(0001) surface, as
shown in Fig. 4. We choose the in-plane lattice constant of graphene equal to its optimized PBE value, a = 2.46
Å, adapting the lattice constants of the metals accordingly. The graphene honeycomb lattice then matches
the triangular lattice of the metal (111) surfaces in the lateral unit cells shown in Fig. 4. The 2 × 2 graphene
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unit cell was adjusted to the 2 × 2 unit cell of Al, Cu, Ni and Co(111) surfaces. The lattice constant mismatches
for Al, Cu, Ni and Co(111) surfaces were −0.81%, −4.06%, −1.22% and −1.83%, respectively. Negative lattice
mismatch represents compression of metal lattice.

Figure 4: Al(111)/X/Gr(0001) interface model (a) Al(111)/Cu(100)/Gr(0001), (b) Al(111)/Cu(110)/Gr(0001),
(c) Al(111)/Cu(111)/Gr(0001), (d) Al(111)/Ni(100)/Gr(0001), (e) Al(111)/Ni(110)/Gr(0001), (f) Al(111)/Ni(111)/Gr(0001),
(g) Al(111)/Co(100)/Gr(0001), (h) Al(111)/Co(110)/Gr(0001), (i) Al(111)/Co(111)/Gr(0001), (j) Al(111)/Gr(0001).
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3 Results and Discussion

3.1 Stability of Interfaces
For composite structures with two interfaces, the interface adhesion work, Wad, is as follows [28]

Wad =
EAl/D/Gr − EAl − ED − EGr

2A
(4)

where EGr and EAl represent the energies of isolated graphene and clean aluminum surfaces after structural
optimization, respectively; ED denotes the energy of the coated metal surface after structural optimization;
and EAl/D/Gr represents the equilibrium configuration energy at the graphene/coating/aluminum metal
interface.

The calculated Eb (refer to Eq.(1)) and Wad for Al(111)/X(100)/Gr(0001), Al(111)/X(110)/Gr(0001),
and Al(111)/X(111)/Gr(0001) interfaces are shown in Fig. 5. Compared with the clean graphene/aluminum
interface (Fig. 3), the interface bonding energies Ebof graphene/aluminum interface with metal coating are
significantly reduced, and the interface adhesion works Wad are significantly improved. For the Al/Cu/Gr
interface, Al/Cu(100)/Gr exhibits the highest adhesion work (1.166 J/m2), followed by Al/Cu(110)/Gr
(1.097 J/m2), while Al/Cu(111)/Gr exhibits the lowest (0.724 J/m2), showing the trend Al/Cu(100)/Gr >
Al/Cu(110)/Gr > Al/Cu(111)/Gr. For the Al/Ni/Gr interface, the interface stability order is Al/Ni(110)/Gr
(2.894 J/m2) >Al/Ni(100)/Gr (2.333 J/m2) >Al/Ni(111)/Gr (1.522 J/m2). For the Al/Co/Gr interface, the adhe-
sion work of Al/Co(110)/Gr is 3.755 J/m2, slightly higher than Al/Co(100)/Gr (3.751 J/m2), both significantly
higher than Al/Co(111)/Gr (2.683 J/m2). The interface stability order is Al/Co(110)/Gr > Al/Co(100)/Gr >
Al/Co(111)/Gr. Therefore, Cu(100), Ni(110), and Co(110) are further confirmed as the most stable crystal
planes in their respective metal-modified systems.
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Figure 5: Interface binding energy and adhesion work at the Al(111)/X/Gr(0001) interface, (a) Interfacial energy,
(b) Adhesion work.

Comparing the most stable crystal planes across the modified systems reveals significant variations
in interfacial bonding strength. The Co-coated Al/Gr interface exhibits the highest stability, followed
by Ni, while the Cu-coated Al/Gr interface demonstrates the lowest stability. Regarding adhesion work,
the interfacial bonding strengths are ranked as follows: Al/Co(110)/Gr > Al/Ni(110)/Gr > Al/Cu(100)/Gr,
indicating that the Co(110) plane provides the most pronounced interface strengthening effect.
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3.2 Density of States
To clarify the nature of interatomic bonding, the partial density of states (PDOS) for atoms in the

interface layers of the Al(111)/Gr, Al(111)/Cu(100)/Gr, Al(111)/Ni(110)/Gr, and Al(111)/Co(110)/Gr interface
models is shown in Fig. 6. For the Al(111)/Gr interface model, no overlapping peaks were observed between
the orbital electrons of Al and C atoms (Fig. 6a), indicating no bonding tendency between Al and C atoms.

1
2
3
4
5
6
7

0

1

2

3

4

5

-20 -15 -10 -5 0 5 10
0.0
0.5
1.0
1.5
2.0
2.5
3.0

 Total

 C-s
 C-p

D
en

st
iy

 o
f 

S
ta

te
s(

el
ec

tr
on

s/
eV

)

energy(eV)

Al-s
 Al-p

5
10
15
20
25
30

0
1
2
3
4
5

0
0.5
1.0
1.5

0
0.2
0.4
0.6
0.8

-20 -15 -10 -5 0 5 10
0
5

10
15
20
25

 Total

 C-s
 C-p

Al-s
Al-p

 Cu-s
Cu-p

D
en

st
iy

 o
f 

S
ta

te
s(

el
ec

tr
on

s/
eV

)

energy(eV)

Cu-d

0
5

10
15
20

0
1
2
3
4
5

0
0.3
0.6
0.9
1.2
1.5

0
0.2
0.4
0.6
0.8

1

-20 -15 -10 -5 0 5 10
0
5

10
15
20

Total

C-s
 C-p

Al-s
 Al-p

D
en

st
iy

 o
f 

S
ta

te
s(

el
ec

tr
on

s/
eV

)

 Ni-s
 Ni-p

energy(eV)

Ni-d

0
3
6
9

12
15

0
1
2
3
4
5

0
0.5

1
1.5

0
0.2
0.4
0.6
0.8

1

-20 -15 -10 -5 0 5 10
0
3
6
9

12
15

Total

D
en

st
iy

 o
f 

S
ta

te
s(

el
ec

tr
o

n
s/

eV
)

 C-s
 C-p

Al-s
 Al-p

 Co-s
 Co-p

energy(eV)

Co-d

(d)(c)

(a) (b)

Figure 6: Partial density of states (PDOS) at the interface of the four models, (a) Al(111)/Gr, (b) Al(111)/Cu(100)/Gr,
(c) Al(111)/Ni(110)/Gr, (d) Al(111)/Co(110)/Gr.

In the Al(111)/Cu(100)/Gr interface model, no significant interaction was observed between Cu and C
atoms, and no substantial shift was detected in the electronic density of states peaks of the C atoms, as shown
in Fig. 6b. In contrast, Cu and Al atoms exhibit a large overlap region and multiple resonance peaks between
approximately −3 and 0 eV. This corresponds to hybridization among the s, p, and d orbitals of Cu and the
s and p orbitals of Al, indicating strong interactions between the two elements and a pronounced tendency
toward covalent bond formation.

In the Al/Ni(Co)(110)/Gr interface model (Fig. 6c,d), multiple resonance peaks appear between Ni(Co)
atoms and C atoms within the energy range of −5 to −2 eV. The s, p, and d orbitals of Ni(Co) atoms exhibit
multiple couplings with the p orbitals of C atoms, indicating a tendency toward covalent bond formation
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between them. Furthermore, under the influence of the Ni(Co) metal, the density of states near the Fermi
level in the graphene layer is no longer zero, indicating that its electronic properties have transformed from
nonmetallic to metallic. Simultaneously, numerous resonance peaks exist between Ni(Co) atoms and Al
atoms in the energy range from−8 eV to the Fermi level. Extensive hybridization occurs between the s, p, and
d orbitals of Ni(Co) and the s and p orbitals of Al, consistent with the formation mechanism of metallic bonds.

3.3 Mulliken Population Analysis and Differential Charge Density
Mulliken population analysis combined with differential charge density analysis provides insights

into bonding, charge distribution, and charge transfer between atoms. The results of Mulliken population
analysis and differential charge density calculations for the Al(111)/Gr, Al/Cu(100)/Gr, Al/Ni(110)/Gr, and
Al/Co(110)/Gr interface models are presented in Table 2 and Fig. 7. Table 2 shows that the Mulliken
occupancies of C and Al atoms in the Al(111)/Gr model remain largely unchanged, with net charges of only
−0.03 and 0.04 e, respectively. Fig. 7a also reveals no significant charge transfer or accumulation between
these atoms, indicating that the physical adsorption interface between Al and C atoms is primarily governed
by van der Waals forces.

Table 2: Analysis of atomic orbital arrangement at the interface.

Model Atom Location s p d Charge/e

Al(111)/Gr
C Interface 1.15 2.88 0 −0.03
Al Interface 1.14 1.82 0 0.04

C Interface 1.14 2.88 0 −0.02

Al/Cu(100)/Gr
Cu Interface 0.76 0.56 9.77 −0.08
Al Interface 0.99 1.91 0 0.1

C Interface 1.20 2.95 0 −0.15

Al/Ni(110)/Gr
Ni Interface 0.31 0.56 8.88 0.25
Al Interface 0.97 2.01 0 0.02

C Interface 1.22 2.96 0 −0.18

Al/Co(110)/Gr Co Interface 0.30 0.46 7.90 0.35
Al Interface 0.99 2.01 0 0

Figure 7: Differential charge density of the three interface structures, (a) Al(111)/Gr, (b) Al(111)/Cu(100)/Gr,
(c) Al(111)/Ni(110)/Gr, (d) Al(111)/Co(110)/Gr.
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In the Al/Cu(100)/Gr model, charge transfer between Cu and C atoms at the interface is negligible, with
net charges of −0.02 and −0.08 e respectively, indicating virtually no effective interaction between them. This
result is consistent with the conclusions from the electronic density of states analysis of the corresponding
interface region (Fig. 7b). For the Al/Ni(110)/Gr model (Fig. 7c), significant hybridization occurs among the
s, p, and d orbitals of the Ni valence electron layer, exhibiting an overall electron-deficient character with a
net charge of +0.25 e. Conversely, the C atom gains electrons in both its s and p orbitals, resulting in a net
charge of −0.15 e. This indicates electron sharing between Ni atoms at the interface and multiple neighboring
C atoms, consistent with a covalent bond formation mechanism. The calculated C–Ni bond occupancy is
0.07, with a bond length of 2.15 Å, confirming that this covalent interaction contributes to enhancing the
interfacial bonding strength.

In the Al/Co(110)/Gr model (Fig. 7d), the valence electron layer of the Co atom also undergoes s, p,
and d orbital hybridization, with a net charge of +0.35 e. This higher electron loss compared to the Ni atom
indicates the formation of stronger covalent bonds between Co and C atoms. Calculations show that the
C–Co bond has a 0.03 higher occupation number than the C–Ni bond, while its bond length is 0.1 Å shorter,
corresponding to a higher interfacial bonding strength.

As shown in Fig. 7b–d, at the Al/Cu(100)/Gr, Al/Ni(110)/Gr, and Al/Co(110)/Gr interface models, Al
atoms in the interfacial region share electrons with Cu, Ni, and Co atoms, respectively. In the Al/Cu(100)/Gr
model, the Al atom carries a net charge of 0.1 e and tends to form covalent bonds with Cu atoms. In contrast,
for the Al/Ni(110)/Gr and Al/Co(110)/Gr interface models, the net charge of Al atoms is nearly zero, indicating
that Al bonds with these metal atoms through metallic bonding. The interfacial strength provided by this
type of bonding is essentially consistent across the different models.

Based on the above analysis, to elucidate the mechanisms by which metal modifications such as Cu,
Ni, and Co influence the interfacial strength of graphene-reinforced aluminum matrix composites, this
study systematically compares different interfacial models. In the Al(111)/Gr model, the bonding potential
between the Al(111) surface and graphene is relatively low, primarily manifesting as physical adsorption at the
interface, resulting in the weakest bonding strength. This finding indirectly supports Zou’s [39] conclusion
regarding SiC/Al composites: during actual high-temperature fabrication, the system readily reacts to form
an Al4C3 interphase, which enhances interfacial bonding. However, Al4C3 is a brittle compound prone to
cracking under external forces, ultimately leading to complete interfacial separation. For the Al/Cu(100)/Gr
interface, the bonding tendency between the Cu(100) plane and graphene is weaker, with the interface still
exhibiting physical bonding and limited bonding strength. However, due to chemical bonding between the
Cu(100) and Al(111) planes, the formation of Al2Cu during preparation—where the Cu coating encapsulates
the Al coating—prevents the formation of the harmful Al4C3 phase, thereby improving the Al/Gr interface
bonding [40]. Consequently, the overall interfacial strength is enhanced to some extent. In the Al/Ni(110)/Gr
and Al/Co(110)/Gr models, the Al(111) plane readily forms metallurgical bonds with both Ni(110) and Co(110)
planes. Simultaneously, chemical bonding occurs between graphene and both metal surfaces, significantly
enhancing the overall interfacial strength. Notably, charge transfer between the Co(110) surface and graphene
is more pronounced, resulting in stronger Co–C bonds than Ni–C bonds. Consequently, the Al/Co(110)/Gr
interface exhibits optimal stability. Since Ni and Co coatings are more stable than the Al layer relative to
graphene, carbon readily forms compounds with Ni and Co. This prevents the formation of Al4C3, thereby
improving the Al/Gr interface. This can be confirmed by the comparison between Figs. 3a and 5a. The
interfacial energy of Gr/Al interface is greatly reduced after modification with metal coatings (Ni, Cu, Co). It
shows that the interface stability is significantly improved, which is not conducive to the formation of Al4C3.
Moreover, the mechanism of coating modification is also related to the bonding mode at the interface. When
the interfaces between Ni and Co coatings and the graphene layer exhibit chemical bonding, they more
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readily encapsulate the graphene layer, thereby preventing the formation of harmful Al4C3 species. whereas
when the Cu coating forms a physical bond with the graphene layer but a chemical bond with the Al layer,
it more readily encapsulates the Al layer, thereby eliminating the generation of harmful Al4C3.

The results indicate that the differences in interfacial bonding strength primarily arise from the bonding
characteristics and the degree of charge transfer between graphene and various metal surfaces. The interfacial
bonding strengths of Cu, Ni, and Co coatings, as well as the Al/graphene interface, also explain the differing
modification mechanisms.

3.4 Simulation Stress-Strain Analysis
Based on first-principles calculations, this study initially constructed a fully relaxed interface unit cell

model to determine the lowest-energy stable structure. Subsequently, uniaxial tensile stress was applied
along the Z-axis, perpendicular to the interface, uniformly stretching the interface in fixed increments of
1% strain per step. The Poisson’s ratio contraction effect parallel to the interface was neglected, and the
lateral lattice parameters of the supercell were held constant. The tensile strength obtained by this method
corresponds to the theoretical ideal strength of the interface at 0 K. The first abrupt drop in the stress-strain
curve indicates interface failure. Subsequent stress fluctuations primarily reflect local debonding and atomic
rearrangements within the aluminum metal matrix, no longer representing the true failure mechanism of the
original interface and thus having limited physical significance. For computational efficiency and to maintain
focus on the problem, the calculation was terminated upon the initial stress drop and the onset of the first
plateau. The stress-strain relationship during this process can be calculated using:

σ =
∂Einter f ace

V ∂ε
(5)

where V is the volume of the interface system, Einterface is the total energy of the interface tensile supercell
model, σ and ε are the stress and strain of the system, respectively [41].

The tensile stress-strain results for the Al(111)/Gr, Al/Cu(100)/Gr, Al/Ni(110)/Gr, and Al/Co(110)/Gr
interfaces are presented in Fig. 8. As shown in Fig. 8, the tensile stress–strain curves of Gr/Al composites
with varying metal coating reveal a clear trend: the overall tensile strength of the composites decreases
progressively in the following order: Al(111)/Gr < Al/Cu(100)/Gr < Al/Ni(110)/Gr < Al/Co(110)/Gr. This
demonstrates that the coating on the Gr/Al interface exerts a pronounced influence on the tensile mechanical
performance of Gr/Al composites.

As shown, the Al(111)/Gr interface exhibits the lowest tensile strength of 4.329 GPa, with an elongation
at fracture of approximately 15%. The Al/Cu(100)/Gr interface demonstrates an elongation at fracture of
about 16%, achieving a tensile strength of 5.493 GPa—a 27% increase over the Al(111)/Gr interface. Following
Ni(110) modification, the tensile strength of the Al/Ni(110)/Gr interface rises to 6.251 GPa, with elongation
at break increasing to approximately 20%, representing a 44.4% improvement in tensile strength compared
to the Al(111)/Gr interface. The Al/Co(110)/Gr interface exhibits the most favorable overall mechanical
properties, with tensile strength and elongation at break of 7.715 GPa and 21%, respectively. This corresponds
to a 78.2% increase in tensile strength relative to the Al(111)/Gr interface.

Notably, during tensile deformation, different interface models exhibit distinctly varied mechani-
cal responses: the Al(111)/Gr and Al/Cu(100)/Gr interfaces detach at relatively low strains, whereas the
Al/Ni(110)/Gr and Al/Co(110)/Gr interfaces demonstrate superior ductility accompanied by significant stress
reduction. Analysis of charge density distributions at the moment of fracture for each interface (Fig. 8) offers
further insight into their micro-failure mechanisms.
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Figure 8: Stress-strain curves of Al(111)/Gr, Al/Cu(100)/Gr, Al/Ni(110)/Gr, and Al/Co(110)/Gr interfaces.

At the Al(111)/Gr interface (Fig. 9a), the stress discontinuity arises from localized unbonding and
atomic rearrangement within the aluminum substrate. At this point, the graphene layer exhibits significant
wrinkling, indicating a weak bond between aluminum and graphene. This finding is consistent with
conclusions drawn from the interface electronic structure analysis. In the Al/Cu(100)/Gr model (Fig. 9b), the
copper coating deforms substantially along with the aluminum layer while maintaining a distinct separation
from the graphene layer. This observation further supports the earlier conclusion that the Cu coating forms
stronger bonds with the Al layer. Although the tensile strength increased markedly, the elongation at break
remained unchanged. While the bonding strength between Cu and graphene improved, it remained a
physical bond. In summary, these results indicate that when the metal and graphene layers are connected
by a physical bond, the fracture behavior at the interface manifests as a distinct brittle fracture in the
composite material.

Figure 9: Differential charge density of the interface models during the tensile process, (a) Al(111)/Gr,
(b) Al(111)/Cu(100)/Gr, (c) Al(111)/Ni(110)/Gr, (d) Al(111)/Co(110)/Gr.

At the Al/Ni(110)/Gr and Al/Co(110)/Gr interfaces (Fig. 9c,d), no significant electron transfer occurs
between the Ni/Co atoms and the C atoms. This indicates that the interfaces are separated and that the
Ni/Co coatings did not deform along with the Al layer. This finding further confirms the earlier observation
that the Ni/Co coatings bond with the graphene layer. The Al/Ni(110)/Gr and Al/Co(110)/Gr interfaces
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exhibit not only higher tensile strength but also increased elongation at break. Their stress decay patterns
demonstrate pronounced ductile fracture characteristics. This suggests that when the metal layer chemically
bonds with the graphene layer, the fracture behavior at the interface manifests as distinct brittle fracture in
the composite material.

Based on the preceding analysis, these results clearly demonstrate that the enhanced interfacial bonding
between the modified metal and graphene significantly improves the macroscopic tensile strength of the
composite material. Furthermore, the nature of the interfacial bonding between the modified metal and
graphene influences the fracture mechanism of the composite.

Liu et al. [42] demonstrated that during the hot-pressing process of copper-coated graphite flake-
reinforced aluminum matrix composites, the copper layer diffused into the aluminum matrix, forming a
transition zone dominated by aluminum-copper intermetallic compounds. This transition zone effectively
suppressed the formation of brittle phases such as Al-C-O at the interface, utilizing Al-Cu compounds as
bonding bridges to enhance the mechanical and thermal properties of glass fiber/aluminum composites.
Concurrently, Liu et al. [43] experimentally fabricated nickel-coated graphene-reinforced aluminum (NGR-
Al) composites. They observed a 132% increase in strength compared to the unreinforced aluminum matrix,
attributed to optimized interfacial bonding and uniform graphene distribution. There is currently no direct
experimental data available for Co coatings, which underscores the forward-looking nature of this prediction
and highlights a key direction for future experiments.

In summary, although the idealized model employed in this study predicts theoretical performance
limits, the physical mechanisms it reveals and the performance ranking trends across different systems show
good qualitative and semi-quantitative agreement with existing experimental reports. This further validates
the reliability of the computational model and demonstrates its significant reference value in guiding the
interface design and performance optimization of practical aluminum-based composites.

4 Conclusion
This study systematically investigates the effects of various metal-coated crystal planes on the inter-

facial interactions and mechanical properties of graphene/aluminum composites using first-principles
calculations. The principal conclusions are as follows.

(1) The Cu(100), Ni(110), and Co(110) planes were identified as the optimal surfaces for interface modifi-
cation. The interfacial bonding strength, ranked according to the calculated work of adhesion, follows
this order: Al/Co(110)/Gr (3.755 J/m2) >Al/Ni(110)/Gr (2.894 J/m2) >Al/Cu(100)/Gr (1.097 J/m2). This
indicates that the Co(110) coating layer provides the most significant interfacial strengthening effect.

(2) From the bonding mechanism perspective, the Al(111) surface exhibits chemical bonding with the Cu
metal surface, while forming metallurgical bonding with both Ni and Co metal surfaces. The difference
in overall interface stability primarily stems from the nature of interactions between graphene and
metal surfaces: Gr(0001)/Cu(100) exhibits weak physical adsorption, whereas strong chemical bonding
forms with Ni(110) and Co(110). The net charge of Co atoms in the graphene/Co(110) interface is
more than that of Ni atoms in graphene/Ni(110) interface, which resulting in the formation of stronger
covalent bonds between Co and C atoms than between Ni and C atoms.

(3) Regarding mechanical performance, the clean Al(111)/Gr interface exhibited the lowest tensile strength
of 4.329 GPa, with a fracture elongation of approximately 15%. The tensile strength increased to
5.493 GPa (16% elongation) for the Al/Cu(100)/Gr interface, 6.251 GPa (20% elongation) for the
Al/Ni(110)/Gr interface, and reached an optimum of 7.715 GPa (21% elongation) for the Al/Co(110)/Gr
interface. These results consistently demonstrate that enhancing the chemical bonding between the
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coating layer and graphene directly correlates with improved macroscopic mechanical properties of
the composite.

In summary, selecting appropriate crystallographic planes and introducing metal coating layers that
can form chemical bonds with graphene significantly enhance both the interfacial bonding strength and the
mechanical properties of graphene/aluminum composites. Among the systems studied, the Co(110) coating
layer was the most effective in improving interfacial strength.
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