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Abstract: Graphene (Gr) has proved its significant role as a reinforcement material in improving
the strength of metal matrix composites due to its excellent mechanical properties. In this paper,
Gr/Cu composite film with a layered structure was prepared by layering electrodeposition. The
directional distribution of Gr in the Cu film was insured by this method, which gives play to its
ultra-high-strength in a two-dimensional plane. In the meantime, the effect of electrodeposition time
on the distribution structure of the Gr layer was studied. The structure analysis and mechanical
properties test show that the strength of the layered Gr/Cu composite film is greatly improved
compared to the pure Cu film. Furthermore, the strength of the composite film increases at the
beginning and then decreases with the electrodeposition time of the Gr layer increasing, while the
coverage and the degree for the layer stacking of Gr gradually increase in this process. In conclusion,
the influence of different Gr distributions on the mechanical properties of the composite film has
been studied by combining the experimental results with molecular dynamics simulation, which lays
an effective foundation for further optimizing the structure of Gr in the layered composite film and
improving the mechanical properties.

Keywords: Cu/Gr composite films; mechanical properties; molecular dynamics simulation

1. Introduction

Graphene (Gr), as an sp2 hybridized two-dimensional material discovered in recent
years [1], has attracted extensive attention due to its excellent thermal, electrical, and
mechanical properties. The Young’s modulus of monolayer graphene is 1 TPa and its
tensile strength is 130 GPa [2], with an ultra-high specific surface area (~2600 m? g~!) and
ultra-low density (2.2 g cm~3) [3]. Compared to carbon nanotubes and alumina particles,
Gr is more suitable as a reinforcement for composite materials [4]. Cu matrix composites
have been widely studied in view of their outstanding mechanical and physical properties,
such as high tensile strength, high Young’s modulus, superb wear resistance, splendid
electric conductivity, and thermal conductivity [5-7]. As a potential high-performance
material, Cu-based composite materials can be used for electronic packaging, electrical
contact coatings, printed circuit board coatings, and fuel cell electrodes [8-10]. Therefore,
researchers were committed to studying high-strength Cu/Gr composite materials.

Electrochemical co-deposition and powder metallurgy were the major methods for
preparing Cu/Gr composite film. Researchers were devoted to the uniform dispersion of
Gr in the Cu matrix and the improvement of interface strength. Song et al. [11] studied
the effect of the concentration of Gr in a solution on the strength of the composite by the
electrochemical co-deposition process. When the concentration was 0.5 g/L, the strength
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of the composite was the highest, up to 360 MPa. Hwang et al. [3] prepared Gr/Cu
composites with high interfacial strength through a molecular-level mixing process, and
Jang et al. [12] prepared Gr/Cu composites with a strength of up to 841 MPa through
chemical synthesis and hot-press sintering processes. As an anisotropic two-dimensional
material, the directional distribution of Gr along the plane tensile direction can play
its reinforcing effect more effectively, which is difficult to achieve by electrochemical
co-deposition and powder metallurgy. The directional distribution of graphene can be
achieved by the interlayer confinement of Cu with a multilayer structure. Kim et al. [13]
prepared Gr/Cu and Gr/Ni layered composites by magnetron sputtering and chemical
vapor deposition, respectively. The strength of the composites was increased by 2.5 times
and 3.3 times, up to 1.5 GPa and 4.0 GPa, compared with Cu and Ni with only 0.5 vol% and
0.34 vol% of Gr added, respectively. The result confirmed the ultra-high enhancement effect
of Gr when distributed along the plane. However, this preparation process is more complex
and difficult to apply. The electrodeposition process is a simple and applicable method that
can be used to prepare Cu with a multilayer structure. Cu with a multilayer structure also
has broad application prospects in the field of Cu-based magnetic sensors. Deposition of
Fe/Ni or Fe/Ni/Co layers on Cu wires is an effective way to fabricate magnetic sensors,
but usually causes high stress [14,15], which can be solved by the electrodeposition of a
Cu layer. Here, the multilayer Gr/Cu composite film may have greater advantages. The
combined structure of multilayer Cu and magnetic layers also has important applications in
magnetic materials, Vas’kovskiy et al. [16] and Amir et al. [17] have carried out meaningful
research in this field. Therefore, the research of multilayer Cu and Gr/Cu composite film is
of great significance.

Here, we proposed a simple and convenient layer-by-layer electrodeposition process
that can prepare high-strength Gr/Cu composite film with a layered structure to achieve
the directional distribution of Gr. By changing the electrodeposition time of the Gr layer,
the structure distribution of Gr and the change of the mechanical properties of composite
materials were studied, and the mechanism of the influence of Gr distribution on the
mechanical properties was deeply explored in combination with molecular dynamics
simulation.

2. Materials and Methods
2.1. Experimental Materials and Preparation Methods

All experimental reagents were analytical grade, and electrolytes were prepared with
deionized water. The Cu layer and the Gr layer were prepared by different electrolyte
systems and deposition methods. The Cu layer was deposited by the DC electrodeposition
method with an electrolyte of CuSO4-5H,0 (200 g/L), HySO4 (60 g/L), and a current den-
sity of 5 A/dm?. A piece of copper was used as the anode plate, and the cathode plate was
stainless steel with insulating tape on the back to avoid Cu deposition. The electrochemical
reduction deposition of Gr adopted a three-electrode system, which consisted of a graphite
plate (counter electrode), a saturated calomel electrode (reference electrode), and a stainless
steel plate with a Cu layer as the working electrode. An aqueous solution containing
sheet-shaped graphene oxide (GO,0.5 g/L) was used as an electrolyte. The sheet-shaped
GO used in this work was purchased from Nanjing Xianfeng Nanotechnology Co., Ltd.,
Nanjing, China, with a sheet diameter of 0.5-5 pm and a thickness of 0.8-1.2 nm. The
sheet-shaped structure of GO is favorable for the preparation of two-dimensional oriented
distributed Gr. The deposition potential was pulsed, and each cycle was divided into
positive potential (0.5 V, 2 s) and negative potential (—1.2 V, 3 s). The actual deposition
time of Gr was the application time of negative potential. The deposition process was
carried out in a constant temperature water bath (20-25 °C). The Cu layer and Gr layer
were alternately deposited to ensure that the total deposition time of the Cu layer was
60 min (7.5 min x 8) and the number of Gr layers was 7. The microstructure evolution
of graphene and the mechanical properties of the composite materials were studied by
changing the electrodeposition time of the graphene layer.
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2.2. Structural Characterization

The characterization of graphene in the composite materials used a composite material
sample with a double-layer structure (Cu-Gr). An atomic force microscope (AFM, afm5500,
Agilent, Palo Alto, CA, USA) was used to test the thickness and film diameter of the GO.
The morphology of the Gr on the surface of the Cu layer was characterized by scanning
electron microscope (SEM, JSM-7800F, JEOL, Shishima, Tokyo, Japan) and transmission
electron microscope (TEM, JEM-2100 F, JEOL, Shishima, Tokyo, Japan), and the elemental
composition of the sample was analyzed by an energy dispersive X-ray spectrometer
(EDS, AMETEXK EDAX, JEOL, Shishima, Tokyo, Japan). The structure of the Gr was
characterized by Fourier transform infrared spectrometer (FTIR, Nicolet Is10, Thermo
Fisher, Waltham, MA, USA), X-ray photoelectron spectrometer (XPS, Axis Supra, Kratos,
Trafford Park, Manchester, UK), and Raman spectrometer (Raman, LabRam ARAMIS,
HORIBA, Kisshoin, Kyoto, Japan). The carbon content in the composite material was
measured with an infrared carbon and sulfur analyzer (LECO CS844, St. Joseph, MI, USA).

2.3. Mechanical Performance Test

The tensile performance of the composite film was tested by using an Instron 5848
micro-mechanical with a tensile rate of 0.5 mm/min. The width of the samples was 3.2 mm
and the thickness was the thickness of the sample itself (60—-65 um).

2.4. Molecular Dynamics Simulation

Figure 1 shows the pure Cu and Gr/Cu composite models with the size of 20.5 x
13.5 x 4.0 nm3. The red atoms represent Cu, and the blue atoms represent Gr. The lattice
orientations of the Cu matrix along X, Y, and Z are [100], [010], and [001] [18], respectively,
and the configuration of Gr along the tensile direction was armchair. One end of the model
was fixed along the X-axis direction, and the other end was stretched. The thickness of
the constraint layer at both ends was 5 A. Different models with different coverage and
arrangement of graphene were named Gr/Cu-1, Gr/Cu-2, and Gr/Cu-3, respectively.

(@) (b)

(©)

Gr/Cu-1 Gr/Cu-2 Gr/Cu-3
Figure 1. Two-dimensional view of (a) Gr/Cu-1, (b) Gr/Cu-2, and (c) Gr/Cu-3.

The tensile process of composites was simulated by molecular dynamics simulation.
The atomic embedding method (EAM) interatomic potential was used to describe the
interactions between Cu atoms [19]. The interactions between carbon atoms of Gr were
described by the adaptive intermolecular reactive empirical bond order (AIREBO) poten-
tial [20]. The interaction between Cu and C was described by Lennard-Jones potential
function, with a potential depth of 0.019996 eV and a size parameter of 3.225 A [21]. All
simulations apply periodic boundary conditions along the Z-axis. The nanocomposite
models were equilibrated at the NPT ensemble at 300 K using the Nose-Hoover thermostat
for 100 ps to reach an equilibrium state. During the stretching simulation, one end was
fixed, and the other end was slowly stretched at a constant speed of 0.2 A /ps in the X-axis
direction. The MD simulations were carried out using the large-scale atomic molecular
dynamics code LAMMPS [22]. Stress was calculated according to the Virial theorem. Ovito
was used to visualize the deformation and fracture process.
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3. Results and Discussion
3.1. Characterizations of Structures and Morphologies
3.1.1. Characterization of GO

The result of AFM measurement is shown in Figure 2a, indicating that GO has a
thickness of about 0.8 nm. The thickness is in good consistency with the typical thickness
of the observed single-layer GO (0.8 nm) [23,24]. Owing to the presence of epoxy and
hydroxyl groups on both sides of the oxide surface, the typical thickness of single-layer GO
shows a ~0.44 nm increase in single-layer Gr thickness (~0.36 nm) [24,25]. The statistical
results of multiple AFM measurements show that the thickness of graphene oxide is
between 0.8-1.0 nm. The TEM image (Figure 2c) shows that the GO exhibited a kind of
layered structure with curled edges. Figure 2d shows the FTIR spectrum of GO with four
characteristic peaks at 1042 em~ 1, 1616 em™1, 1714 em™!, and 3155 cm ™}, corresponding to
C-0, C=C, C=0, and -OH, respectively [26].
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Figure 2. Microstructural characterizations of GO. (a) AFM image and (b) its height profile, (c¢) TEM
image, and (d) FTIR spectrum.

3.1.2. SEM Images and EDS of GO, Cu, and Cu-Gr

Figure 3 shows the SEM images and corresponding EDS of GO, Cu, and Cu-Gr. Gr
with a folder structure can be seen in Cu-Gr, while not observed in Cu. Figure 3e,f shows
the energy spectra of Cu and Cu-Gr, both of which have Cu, C, and O elements, but the
peak intensity of carbon in Cu-Gr is significantly higher than that of pure Cu. As shown
in Table 1, the carbon atom percentage in Cu-Gr is much higher than that of Cu. EDS
mapping (Figure 4) of Cu and Cu-Gr shows that the Cu, C, and O elements were distributed
uniformly in the film, but the presence of graphene in Cu-Gr makes it have a higher content
and distribution density of C and O elements. The results indicate that Gr flakes were
deposited onto the surface of the Cu layer.
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Figure 3. SEM images and EDS of the samples. (a) GO, (b) pure Cu, (c) low magnification and
(d) high magnification of the Cu-Gr, EDS of the (e) Cu and (f) Cu-Gr.

Table 1. Proportion(at%) of EDS elements.

Name Cu C (@)
Cu 88.40 7.95 3.65
Gr/Cu 54.83 37.45 7.71

3um

Figure 4. EDS elemental mapping analysis of the Cu and the Gr/Cu. SEM images of the (a) Cu and
(e) Gr/Cu, and (b,f) the Cu element, (¢,g) C element, and (d,h) O element.

3.1.3. TEM Images of Gr

TEM images of Gr with different deposition times are shown in Figure 5, indicating
that the deposition of Gr mainly includes two processes: one is the increasing process of
the Gr covered area; the other is the thickening process of the Gr stack. The stacking and
agglomeration are due to the large specific surface area of graphene. Besides, during the
deposition of Gr, the area where the Gr already exists on the Cu substrate has better con-
ductivity, so that subsequent Gr is easily deposited on the original Gr to form a multilayer
stack structure. The high magnification picture clearly shows the structure of a few-layer
(Figure 5f) and multi-layer (Figure 5g) Gr.
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Figure 5. TEM images of the Gr (a) 120's, (b) 180's, (c) 240 s, (d) 300 s, and (e) 360 s. High magnification of the RGO with
(f) fewer and (g) multiple layers.

3.1.4. XPS Spectra of GO and Cu-Gr

XPS test can characterize the types of carbon-oxygen bonds in GO and Cu-Gr with
different deposition times and the changes of oxygen-containing functional groups before
and after reduction. The XPS C1s spectra of GO and Cu—Gr based on Gaussian fitting are
shown in Figure 6, and four peaks at 284.9 eV, 286.5 eV, 287.1 eV, and 288.9 eV are observed,
representing C=C/C-C, C-O, C=0, and O=C-OH functional groups, respectively [27]. To
reflect the reduction degree of oxygen-containing functional groups, we calculated the area
ratio of each carbon-oxygen peak to carbon—carbon peak in GO and Gr, and the decreasing
ratio of each bond type ratio in Cu-Gr to GO. The results are shown in Tables 2 and 3,
respectively. The content of three kinds of oxygen-containing functional groups decreased
significantly while the decreasing ratio of C-O is the largest, which fully indicates that
GO removes a large amount of oxygen-containing functional groups to become Gr and
deposits. Besides, this incomplete reduction allows the remaining oxygen-containing
functional groups on the surface of the Gr to form a C-O-Cu bond with the Cu matrix,
which is beneficial to the load transfer between Cu and Gr [3,4].
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Figure 6. XPS Cls spectra of the (a) GO and Cu-Gr at (b) 120's, (c) 180 s, (d) 240 s, (e) 300 s, and (f)
360 s.



Coatings 2021, 11, 502

7 of 15

Table 2. The peak area (A) ratios of the oxygen-containing functional bonds to the C-C bonds of the
GO and Cu-Gr samples with different deposition times.

Sample Ac.o/Acc Ac-o/Acc Aocon/Acc
GO 0.823 0.206 0.159
Gr/Cu-120 0.122 0.053 0.064
Gr/Cu-180 0.124 0.059 0.054
Gr/Cu-240 0.099 0.046 0.063
Gr/Cu-300 0.110 0.059 0.079
Gr/Cu-360 0.106 0.039 0.064

Table 3. The decreasing ratio of each bond type in Cu-Gr relative to GO (%).

Sample C-0 C=0 0=C-OH
Gr/Cu-120 85.2 74.3 59.7
Gr/Cu-180 84.9 714 66.0
Gr/Cu-240 87.9 77.6 60.4
Gr/Cu-300 86.6 71.4 50.3
Gr/Cu-360 87.1 81.1 59.7

3.1.5. Raman Spectra of GO and Cu-Gr

A Raman spectrometer was used to determine the structure of GO and Cu-Gr, the
Raman spectrum (Figure 7) shows that the two main peaks of GO appear at 1350 cm !
and 1600 cm !, which are called D peak and G peak, respectively [28]. The D peak reveals
the defect density due to the lattice vibration leaving the Brillouin zone center, and the
G peak was caused by sp2 hybridization of carbon atoms of in-plane vibration [29], the
ratio of D peak to G peak (Ip/Ig) can be used to characterize the defect degree of carbon
materials [30]. Compared with GO, the position of the D peak and G peak of Cu-Gr shifted
to between 1328-1345 cm ! and 1580-1590 cm ! (As shown in Table 4), respectively, which
is called blue shift. The blue shift indicates the recovery of the hexagonal structure of
carbon atoms in Gr [31]. Additionally, after the electrochemical reduction, the ratio of D
peak to G peak of Gr-Cu is higher than that of GO (Table 4). This is due to the reduction of
oxygen-containing functional groups on the surface of GO. After the reduction, some new
defects were exposed [9]. Additionally, when the deposition time increases, the ratio of the
D peak to the G peak of Cu-Gr increases gradually. This phenomenon can be explained by
the deposition process of Gr. The deposition process of flake Gr is not completely uniform;
as the electrodeposition time increases, the coverage of Gr on the Cu layer surface gradually
increases. Therefore, a part of Gr tends to deposit on the surface of existing Gr to form new
defect sites. The increase of deposition time will cause Gr to stack, leading to an increase of
defects, and ultimately lead to an increase in the ratio of D peak to G peak.

3.2. Mechanical Properties Test
3.2.1. Mechanical Properties of Gr/Cu Composite Film

Figure 8 shows the stress—strain curve of Cu and Gr/Cu composite film. The Gr/Cu
composite film has higher strength than pure Cu. As the electrodeposition time of the
Gr layer increases, the strength of the composite materials increases gradually and then
decreases, which reaches the maximum when the electrodeposition time is 240 s. The exact
values are given in Table 5. In the initial stage of electrodeposition, the content of Gr in the
composite film increases with the increase of electrodeposition time, and the enhancement
effect is significant. After the electrodeposition time exceeds 240 s, the graphene in the
composite film forms a multi-layer stacked structure with many defects, which reduces the
bonding strength of the interface. Additionally, the decrease in the load-bearing capacity
of graphene leads to a decrease in the strength of the composite film in turn.
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Figure 7. Raman spectra of the GO and Cu-Gr.

Table 4. The position and the ratio of D peak and G peak.

Sample D Peak (cm~—1) G Peak (em™1) Ip/Ig
GO 1350 1600 0.827
Gr/Cu-120 1335 1590 1.034
Gr/Cu-180 1331 1593 1.084
Gr/Cu-240 1334 1588 1.102
Gr/Cu-300 1329 1585 1.121
Gr/Cu-360 1341 1589 1.178
(a) 400 1 (b) 400 ®— Yield strength
—géor'(:u-]"(] 375 F ®  Tensile strength
350 —— RGO/Cu-180 7 3
- —— RGO/Cu-240 350 pe
§ 300 ——RGO/Cu-300 | F I *
% 250 —— RGO/Cu-360 _zuf 3251
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Figure 8. (a) Tensile stress—strain curves of Cu and Gr/Cu composite film with different deposition
times of Gr, and (b) yield strength and tensile strength of Cu and Gr/Cu composite film with different
deposition times of the Gr layer.

Table 5. Yield strength, tensile strength, and elongation of Cu and Gr/Cu composite film with
different electrodeposition times.

Sample S tren;tilllc(iMPa) Tens11(e13v151:$ngth / Elongation/(%)
Cu 231 304 9.2
Gr/Cu-120 249 328 9.4
Gr/Cu-180 268 346 9.4
Gr/Cu-240 276 367 9.2
Gr/Cu-300 265 356 9.0
Gr/Cu-360 259 341 8.8
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3.2.2. Fracture Morphology of Gr/Cu Composite Film

Figure 9 shows the tensile fracture morphology of the Gr/Cu composite film. Many
well-developed dimples can be seen in the figure, which means they are all plastic fractures.
Figure 9a,b shows that Gr/Cu-120 and Gr/Cu-240 have similar fracture morphologies and
uniformly distributed dimples, indicating that both have good elongation (9.4% and 9.2%,
Table 5). Figure 9c shows that there are some larger dimples (Circled area) in the fracture
morphology of Gr/Cu-360. The reason for this phenomenon is that the stacking of Gr
(Figure 5e,g) leads to poor adhesion of the Gr/Cu interface, which will develop into voids
during stretching. This process also resulted in a decrease in elongation (8.8%, Table 5).

10pm
——

Figure 9. Fracture surfaces of the Gr/Cu composite film at (a) 120 s, (b) 240 s, and (c) 360 s.

3.3. Molecular Dynamics (MD) Simulations

Molecular dynamics simulations were used to verify the influence mechanism of
Gr layers and stacking on the mechanical properties of composite materials. In previous
molecular dynamics simulation studies, the strength of Gr/Cu composites was generally
higher than that of Cu [19,21,32]. Guo et al. [32] used molecular dynamics simulation
at 300 K to get the tensile strength of copper to be 8.1 GPa, and the strength of Cr/Cu
composite material was 9.5 GPa. Figure 10 shows the tensile simulated stress—strain curve
of the Gr/Cu composite film, the illustration is an enlarged view of the marked area.
The strengths of Gr/Cu-1, Gr/Cu-2, and Gr/Cu-3 are 9.65 GPa, 10.28 GPa, and 9.0 GPa,
respectively, which are higher than that of copper under the same conditions (8.1 GPa).
The strength obtained by the tensile simulation shows a trend of increasing first and then
decreasing, which is the same as the result obtained in the experiment.

11

Gr/Cu-1
Gr/Cu-2
Gr/Cu-3

Stress(%)

30 40 50 60 70 80
Strain(%)

Figure 10. Tensile simulation stress—strain curves of Gr/Cu composites.

Figures 11-13 show the atomic configuration changes of the three models under
different tensile strains(¢). Gr/Cu-1 and Gr/Cu-2 have similar deformation and fracture
processes, which are combined by the following two factors: one is the plastic deformation
of the copper matrix, and the other is the initiation and expansion of Gr/Cu interface
defects. During the stretching process, the composite materials reach their maximum
strength and begin to undergo plastic deformation, the Cu matrix slides along the Gr.
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At the same time, a cavity starts to grow at the interface, which further expands under
the action of stretching, leading to the fracture failure process of the composite materials.
Besides, the size of Gr in Gr/Cu-2 is larger than that of Gr/Cu-1, which has a better
hindering effect on the deformation of the Cu matrix. The deformation and fracture process
of Gr/Cu-3 is illustrated in Figure 13. Multilayer Gr forms larger voids (Figure 13a,b) in the
Cu matrix, which reduces the load-bearing effect of Gr and leads to a decrease in strength.
As the strain continues to increase (Figure 13c), delamination occurs between multilayer
Gr. As the strain increases (Figure 13d), obvious interlayer sliding is formed, and a larger
void also appears at the Gr/Cu interface.

(a) e=11% (b) e=25%
(c) e=35% (d) e=50%

Figure 11. Atomic configuration diagram of Gr/Cu-1 under different strains during stretching.
(@) € =11%, (b) £ =25%, (c) € = 35% and (d) & = 50%.

(a) e=11.5% (b) e&=16% (c) e=35%
(d) e=50% (e) e=65%

Figure 12. Atomic configuration diagram of Gr/Cu-2 under different strains during stretching.
(a) e =11.5%, (b) ¢ = 16%, (c) € = 35%, (d) ¢ = 50% and (e) € = 65%.

(a) e=11% (b) e=16% (c) e=35%
(d) e=45% (e) e=50% () e=75%

Figure 13. Atomic configuration diagram of Gr/Cu-3 under different strains during stretching.
(@) e = 11%, (b) € = 16%, (c) € = 35%, (d) € = 45%, (e) ¢ = 50% and (f) € = 75%.

The trend of dislocation density in Gr/Cu composites with increasing strain is shown
in Figure 14. The dislocation density of Gr/Cu-2 is significantly higher than that of Gr/Cu-1
and Gr/Cu-3, which matches the strength change of the composite materials. Figures 15-20
show the crystal structure, dislocation distribution, and stress distribution diagrams of three
composite materials under different strains. Gr/Cu-1 and Gr/Cu-2 have similar models.
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Under tensile strain, the composite material undergoes a martensitic transformation, and
part of the crystal structure changes from FCC to HCP, followed by dislocations that
occur at the interface between Gr and Cu (Figures 15a and 17a). As a reinforcing phase,
Gr provides an impermeable interface for the dislocations in the composite material to
form dislocation plugging. This high dislocation density makes dislocation slip more
difficult, hinders the plastic deformation of the Cu matrix, and improves the strength of
the composite materials [33]. In Gr/Cu-2, the dislocation hindering effect is more obvious
due to a higher dislocation density and strength caused by the higher content of Gr. The
stress distribution state also confirms this statement (Figures 16a and 18a). The subsequent
fracture of the two composite materials is mainly dominated by the pores between one end
of the Gr and the matrix: Gr/Cu-1 has produced obvious cavities, dislocation plugging,
and stress concentration when the tensile strain is 35%, while the strain point that produces
obvious voids and stress concentration in Cu-2 is much higher than that of Gr/Cu-1.

—— Gr/Cu-1
——Gr/Cu-2
—+—Gr/Cu-3

w =S
T T

o
T

Dislocation density(x10'7 m™)
o w

o

0 10 20 30 40 50 60 70 80 90
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Figure 14. The dislocation density of Gr/Cu composites under different strains.
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Figure 15. Crystal structure and dislocation line distribution of Gr/Cu-1 under different strains.
(a) € =11%, (b) € = 25%, (c) € = 35% and (d) € = 50%.
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Figure 16. Stress distribution of Gr/Cu-1 under different strains. (a) ¢ = 11%, (b) € = 25%, (c) € = 35%
and (d) ¢ = 50%.
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Figure 17. Crystal structure and dislocation line distribution of Gr/Cu-2 under different strains.
(a) e =11.5%, (b) € = 16%, (c) € = 35%, (d) ¢ = 50% and (e) € = 65%.
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Figure 18. Stress distribution of Gr/Cu-2 under different strains. (a) ¢ = 11.5%, (b) ¢ = 16%,
(c) € =35%, (d) € =50% and (e) € = 65%.
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Figure 19. Crystal structure and dislocation line distribution of Gr/Cu-3 under different strains.
(@) € =11%, (b) € = 16%, (c) € = 35%, (d) ¢ = 45% and (e) € = 50%.
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Figure 20. Stress distribution of Gr/Cu-3 under different strains. (a) € = 11%, (b) € = 16%, (c) € = 35%,
(d) € =45% and (e) & = 50%.
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For Gr/Cu-3 (Figures 19 and 20), the dislocation density and high-stress region in the
matrix are lower than those of Gr/Cu-1 and Gr/Cu-2 when the strain is 11%, which is
due to the weak interface between the end of the multilayer Gr and the Cu matrix [4,34].
Additionally, more obvious cavities are formed during the tensile process, which makes the
dislocation move to the free surface of the cavity and annihilates, resulting in the decrease
in the strength of the composite. As the strain continues to increase (Figure 19¢,d and
Figure 20c,d), the van der Waals force between the layers of stacked Gr is weak, which
makes it easy to form interlaminar shear and delamination [35,36]. As a result, with the
bonding and load transfer effects of the composite weakened [37], the dislocation density
decreases and the stress of the middle layer of Gr is significantly less than that of the
outer two layers (Figure 20c,d). As the strain continues to increase (Figures 19e and 20e),
the multilayer Gr interface is seriously delaminated and the voids at the interface further
increase, causing the Gr to be unable to effectively bear the load and a decrease in the
mechanical properties of the composite material.

In summary, the increase in the coverage of Gr can effectively hinder the movement of
dislocations in the matrix to increase the strength, while the stacking of multilayer irregular
Gr will reduce the interface bonding strength between Gr and Cu in the composites,
resulting in the generation of interface voids (which is also verified in the tensile fracture).
At the same time, the interlayer shear and delamination of the multilayer Gr during the
stretching process reduce the load transfer efficiency, and the combined effect of the two
leads to the reduction in the strength of the composite material.

4. Conclusions

In this paper, a layer-by-layer electrodeposition process was used to prepare layered
Cu/Gr composite film. The tensile performance measurement shows that the tensile
strength of the composite film was greatly improved compared to the pure Cu film. Com-
bining structural analysis and molecular dynamics simulations, we studied the influence
of electrodeposition time on the distribution structure of Gr between layers and the me-
chanical properties of composite materials: with the increase of Gr electrodeposition time,
the coverage of Gr and the degree of layer stacking gradually increase, and the strength
of the composite film shows a trend of increasing first and then decreasing. The influence
mechanism is studied through TEM characterization and molecular dynamics simulation:
when the electrodeposition time is short (120-240 s), the deposition process of Gr is mainly
to increase the coverage. During this period, the increase of the Gr content can increase the
interface area between the Gr and the Cu matrix, thereby increasing the blocking effect of
Gr on dislocation movement and stress transfer efficiency, and then improve the strength
of the composite film; when the electrodeposition time is too long, the deposition process
of Gr is mainly the increase of the stacking degree. The stacked Gr forms a weak interface
bond in the Cu matrix, resulting in the generation of interface voids, and the interlaminar
shear and delamination of multilayer Gr in the stretching process reduce the load transfer
process, which reduces the strength of the composite film.
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