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a b s t r a c t   

Graphene has been demonstrated as an effective reinforcement for metal matrix composites, due to its 
excellent mechanical properties, robust chemical inertness, thermal stability, and self-lubricating. 
Nevertheless, the limiting factor for its further use in metal matrix composites, is to realize the homo-
geneous dispersion of graphene for taking advantage of its exceptional and fascinating properties, because 
of the poor wettability and density contrast between metal matrix and graphene. Herein, we design a gel- 
assisted route to synthesize high-quality graphene nanoplatelets modified monodispersed copper particles, 
followed by hot pressing to fabricate graphene reinforced copper matrix composites bulk. This simple route 
with high efficiency and low cost, offers a new solution for the mass-production of graphene reinforced 
copper matrix composites and other graphene-based composites on an industrial scale. Significantly en-
hanced tensile strength of 253 MPa, and yield strength of 145 MPa, accompanied by the low friction 
coefficient and improved wear resistance, can be simultaneously achieved in the composites. For the real 
electrical contact performance test, the service life of electrical contacts made of graphene reinforced 
copper matrix composites, is 10 times longer as that of the commercial pure copper electrical contacts and 
almost comparable to CuAg20 contacts, demonstrating its superior ability to solve the electrical contact 
issues in electrical engineering systems. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Graphene, composed of two-dimensional sp2-hybridized carbon 
atoms, has been recognized as an effective reinforcement in metal 

matrix composites, owing to the exceptional chemical inertness, 
electron mobility, self-lubricating performance and mechanical 
properties [1–5]. However, graphene is difficult to be homo-
geneously dispersed in the copper matrix, due to the agglomeration 
driven by the Van der Waals force and the density contrast between 
copper matrix (8.9 g cm−3) and graphene (2.2 g cm−3) [6,7]. Beyond 
that, poor wettability between graphene and metallic matrix raises 
the difficulty level to achieve a homogeneous dispersion [8]. In ad-
dition, the adhesion between graphene sheets and copper matrix is 
limited to Van der Waals interaction, which weakens the perfor-
mance of graphene sheet reinforced copper matrix composites  
[8–10]. Therefore, the key issue to obtain higher reinforcing effi-
ciency of graphene in copper matrix composites lies in the advanced 
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architecture design combining the homogeneous dispersion, strong 
interfacial bonding and stable structure of the composites. 

During the past decades, several effective synthesis methods, 
such as mechanical ball milling, molecular-level mixing (MLM), in- 
situ chemical vapor deposition (CVD), have been developed to dis-
perse graphene homogeneously and obtain tight interfacial bonding 
between graphene and copper matrix, for improving the perfor-
mance of graphene reinforced copper matrix composites [4,11–17]. 
Dong et al. introduced a plasma-assisted ball milling method to 
fabricate graphene/copper composites with an enhanced tensile 
strength of 260 MPa [11]. However, the high energy during ball 
milling process may lead to the structural defects of graphene and 
exert a negative impact on the intrinsic electrical conductivity of the 
composites. Hwang et al. developed an MLM and a following spark 
plasma sintering (SPS) process for homogeneous distribution of re-
duced graphene oxide (RGO) in copper matrix composites [4]. They 
demonstrated that the Cu-O-C bonding at the grain boundary of 
RGO/copper nanocomposites can efficiently improve the tensile 
strength and elastic. It is noteworthy that mass of defects introduced 
from MLM process may remarkably bring down the intrinsic thermal 
diffusion and electrical conductivity of copper matrix, which results 
from the heavy use of strong acids and bases for pre-treatment of 
graphene via Hummers' method. Compared with ball milling and 
MLM routes, the in-situ CVD method has been demonstrated as an 
effective method to obtain a homogeneous dispersion of graphene in 
copper matrix as well as tight interfacial bonding between graphene 
coating and copper particles. However, copper particles would be 
melted and aggregated owing to the high temperature during CVD 
procedure, which approximates the melting point of copper 
(1084 °C) [15,18]. Therefore, graphitic spacer particles have to be 
used during the coating process, or the deposition temperature have 
to be reduced which may give rise to defects density of graphene, by 
reason of the self-limited growth mechanism of graphene on copper 
matrix during the CVD procedure [19–21]. An alternative approach 
by using an inline atmospheric pressure plasma CVD coating process 
has been shown promising results instead of batch CVD processes, 
but the mechanical performance of the achieved graphene-like 
carbon reinforced copper composites still needs to be improved [6]. 
Therefore, an urgent need exists to develop efficient and scalable 
methods to achieve advanced graphene reinforced copper matrix 
composites with homogeneous dispersion of high-quality graphene. 

In this work, we propose a gel-assisted milling method for the 
synthesis of high-quality graphene nanoplatelets (GNPs) modified 
monodispersed copper particles, followed by vacuum hot pressing to 
fabricate GNPs reinforced copper matrix (GNPs/Cu) composites, 
which is high-efficiency compared with the reported methods and 
facilitates mass production on an industrial scale. Comparing to 
pristine copper, the GNPs/Cu composites demonstrate enhanced 
tensile strength of 253 MPa, yield strength of 145 MPa, lower friction 

coefficient and improved wear resistance simultaneously. During the 
real electrical contact performance test, the service life of our GNPs 
reinforced copper matrix composites as electrical contacts is 10 
times longer than that of the commercial pure copper electrical 
contacts, demonstrating the superior ability to solve the electrical 
contact issues in electrical engineering systems. 

2. Materials and methods 

2.1. Materials 

The spherical copper particles with a diameter (D50) of 20 µm 
were purchased from Shanghai Shuitian Nanotechnology Co., Ltd. 
The 0.65% nanocellulose gel (NCG) was provided by Guilin Qihong 
Tech. Co., Ltd. GNPs were produced by Ningbo Morsh Tech. Co., Ltd. 
The commercial pure copper electrical contacts were supported by 
State Grid Co., Ltd. 

2.2. Synthesis of GNPs encapsulated monodispersed copper particles 

As shown in Fig. 1a, 20 g spherical copper particles were mixed 
with 2 g 0.65% NCG via a high-speed mixer (DAC 150, FlackTek Ltd., 
Germany) with a rotation speed at 3500 r/min. After the mixing 
process, the copper particles are homogeneously coated by NCG. In  
Fig. 1b, 0.5 g GNPs were mixed with the copper particles with NCG 
coating via a high-speed mixer with a rotation speed at 3500 r/min. 
Due to the adhesion of NCG, the GNPs can be affixed on copper 
particles. After vacuum evaporation of water at 60 °C for 2 h, the as- 
prepared particles are loaded into a quartz tube, which was heated 
to 800 °C at a heating rate of 15 °C min−1 with 100 sccm Ar flow and 
30 sccm H2 flow (Fig. 1c). The annealing process was kept at 850 °C 
for 2 h under the Ar (100 sccm) and H2 (30 sccm) flow, followed by 
rapidly cooling down with a rate of 35 °C min−1. At last, the as- 
prepared GNPs/Cu particles were passed through vibrating screen of 
5000 meshes for removal of redundant GNPs, which are separated 
from the GNPs/Cu composite particles. 

2.3. Hot pressing sintering of GNPs/Cu composite bulk 

The GNPs/Cu composite particles were set into a graphite mold 
with diameter of 20.0 mm and then were hot pressed into bulk 
under a pressure of 40 MPa at 850 °C for 20 min with a vacuum of 
10 Pa level. The heating rate was maintained at 25 °C min−1. In the 
final hot pressing process, sintering parameters such as imposed 
pressure, holding pressure and temperature, would be of vital im-
portance on the construction of homogeneous and continuous gra-
phene framework with copper matrix. The GNPs/Cu composite bulk 
was polished by 80, 500, 1200, 2400, and 5000 mesh Al2O3 water-
proof abrasive papers in sequence. The thickness of GNPs/Cu bulk 

Fig. 1. Schematic illustration of the synthesis route for GNPs/Cu composites.  
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was polished to about 6 mm. A counterpart pure copper bulk was 
also fabricated by the same parameter. 

2.4. Characterization 

The morphologies of the samples were observed utilizing field 
emission scanning electron microscope with electron back-scattered 
diffraction (EBSD) (SEM, Verios G4 UC, Thermo Scientific, USA) and 
3D Surface Scanning System (UP-Lambda, Rtec, USA). Raman spec-
trometer (Renishaw inVia Reflex, Renishaw, UK) with a laser wave-
length of 532 nm was adopted to analyze the defects of graphene. 
The crystal structure and composition of the composites were ana-
lyzed by X-ray diffraction (XRD, Bruker D8 Advance, Bruker, 
Germany). High frequency infrared carbon/sulfur element analysis 
system (CS844, LECO, USA) was utilized to measure the content of 
GNPs within the composites. Transmission electron microscope 
(TEM, Talos F200x, ThemoFisher, USA) were utilized to characterize 
the microstructures of GNPs as well as GNPs/Cu composites. The 
thickness of GNPs was determined by atomic force microscopy 
(AFM, Dimension 3100, Vecco, USA). 

Tensile stress-strain curves of the GNPs/Cu composites and pure 
copper samples were measured by electronic universal testing ma-
chine (5569 A, Instron, USA) with a speed of 0.5 mm min−1under 
ambient condition. Dog-bone shaped samples were prepared by 
wire-cut for tensile strength measurement. The gauge length, width 
and thickness were 10 mm, 2 mm, 1 mm, respectively. A multi-
functional tribometer (UMT3, CETR, USA) was used for friction tests 
in ambient air. The setting mode of friction tests was reciprocating 
ball-on-disk and sliding against GGr15 steel balls with a diameter of 
3 mm. The sliding speed and load force were 0.5 mm s−1, 10 N, lasted 
for 1800 s. The length of the wear track was 0.5 mm. The hardness 
values were measured by a Vickers hardness tester (HX-1000TM, 
Shanghai Optical, China). 

The electrical contact performance tests were carried out on an 
electrical contact tester. The parameters of the test are listed in Table 
S1. The service life, electrical contact resistance, arc energy, contact 
force and welding force are automatically measured by the electrical 
contact tester. All tested samples have been cut in cylindrical spe-
cimens with 3 mm in diameter, 5 mm in height, and have been po-
lished as described above. 

3. Results and discussion 

The main task for obtaining advanced graphene reinforced 
copper matrix composites, is to construct the homogeneous coating 
of graphene on the surface of copper particles and a homogeneous 
graphene framework within copper matrix composite bulk. In our 
strategy, we propose a gel-assisted milling method, which starts 
from defined coating with GNPs on the surface of spherical copper 
particles by speed mixing and thermal annealing. Fig. 1 indicates the 
overall synthesis route of GNPs/Cu composites, which can be mainly 
divided into four steps. The construction of homogeneous and con-
tinuous framework can be attributed to special sheet welding me-
chanisms, which has been demonstrated in the reported 
studies [22–24]. 

As shown in Figs. 2a, S1 and S2, the particle size of pure copper 
particles ranges from 5 to 35 µm in diameter with the average par-
ticle size of about 21 µm. Due to the adhesion of NCG, the GNPs can 
be affixed on pre-coated copper particles, which is essential to 
achieve a homogeneous dispersion of GNPs in the copper matrix.  
Fig. 2b exhibits the morphology of an individual GNPs/Cu particle 
after the gel-assisted milling and thermal annealing process. The 
morphology of separated spherical copper particles modified by 
GNPs could be obviously identified. After thermal annealing tem-
perature of 800 °C, the agglomeration between GNPs/Cu particles 
could be fully avoided and a loosely-packed-sphere shaped particles 

could be maintained well. After the thermal annealing process for 
evaporation of NCG, GNPs/Cu composite particles can be obtained 
with tight interfacial bonding between copper matrix and GNPs. The 
AFM image in Fig. 2c and corresponding height-distance curve in Fig. 
S3 indicate the GNPS with a diameter of several micrometers are not 
agglomerated and have a typical thickness of ≈5 nm, suggesting the 
multilayer structure of GNPs. To further explore the morphologies 
and quality of GNPs coated on copper particles, the copper matrix is 
eliminated by using 0.5 M ammonium persulfate solution and the 
GNPs are observed by TEM. In Fig. 2d, some typical wrinkles of GNPs 
are distinguishable in the TEM image and the high transparency of 
the graphene can be clearly seen due to its ultrathin structure. From 
the HRTEM image in Fig. 2e, about 15 layers of graphene are coun-
table at the edge of GNPs. The selected area electron diffraction 
(SAED) pattern in Fig. 2f shows strong diffraction spots with a well- 
defined hexagonal structure, indicating high crystallinity of GNPs  
[25]. In order to better characterize the defects and crystallinity of 
the GNPs, the Raman spectrum of GNPs/Cu particles is presented in  
Fig. 2g, in which three typical peaks of graphene related to the D- 
band (~ 1345 cm−1), G-band (~ 1572 cm−1), and 2D-band (~ 
2708 cm−1) can be found. In Fig. 2g, a weak D-band can be found with 
a calculated ID/IG ratio of 0.14, suggesting the a quite low defect level 
and high crystallinity, which is consistent with the SAED observation 
in Fig. 2f as well as the XRD pattern in Fig. S4 [26]. In terms of high 
frequency infrared C-S analysis, the load content of GNPs in GNPs/Cu 
composites is about 0.5 wt%, while the carbon content in the pure 
copper sample is merely 0.01 wt%. As a result, GNPs/Cu composites 
with low content of homogeneous low-defect graphene can be re-
liably synthesized using gel-assisted milling and sintering by hot 
pressing. 

The representative engineering stress-strain curves and com-
parative tensile properties of the pure copper and GNPs/Cu com-
posites are presented in Fig. 3a and b, which is indicative of the 
ultimate tensile strengths of GNPs/Cu composites (253 MPa) are al-
most 19% higher than that of the pure copper samples (212 MPa). 
Besides, the GNPs/Cu composites deliver a yield strength of 145 MPa, 
which is markedly superior to that of pure copper (85 MPa). The 
fractural elongation of GNPs/Cu composites is measured as 16.5%, 
which is as 54% less as that of pure copper. Fig. 3c exhibits the work 
hardening rate-true strain curve. Comparing to pure copper, the 
GNPs/Cu composites enhanced work hardening capacity and higher 
work hardening rate throughout almost entire probed strain range  
[27,28]. Based on the Considere criterion, while the work hardening 
rate increase, deformation resistance and dislocation storage rate 
would be enhanced, which is beneficial to the engineering tensile 
strength. 

The interfacial bonding between graphene and copper matrix 
plays critical role in determining the mechanical properties of the 
composites [4]. To investigate the interfacial bonding between gra-
phene and copper matrix, TEM and related inverse Fourier-filtered 
images are obtained. Fig. 3d and e show the HRTEM and inverse 
Fourier-filtered images near Cu-Cu boundary, demonstrating that 
limited dislocation accumulations near the Cu-Cu boundary in pure 
copper. As shown in Figs. 3f and S6b, continuous multilayer gra-
phene can be observed at the grain boundary. No gaps or impurities 
could be found along the interface between graphene and copper 
matrix, which means tight interfacial bonding between graphene 
and copper. In Fig. 3g, the dislocation storage capacity at the Cu- 
graphene boundary in GNPs/Cu composites is significantly en-
hanced, leading to the improvement in tensile strength according to 
the dislocation strengthening mechanism [7,9,29]. The reason for 
enhanced dislocation density near the Cu-graphene boundary can be 
attributed to the wrinkles and layer thickness, which may be the 
origin of defects in the GNPs/Cu composites [2,11]. 

The shape and size of the matrix grain after hot pressing are 
identified by electron back-scattered diffraction (EBSD). As shown in  
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Fig. 4, both of the samples display irregular shapes, and the statis-
tical result indicates that the average grain size of the GNPs/Cu 
(5.82 µm) is smaller than pure copper (8.24 µm). As shown in Fig. S5a 
and b, the graphene layers distributed along the grain boundaries 
and inhibit the grain growth, which possibly contributes to the en-
hancement of strength. 

In consideration of the frequent circuit switching at the electrical 
contact point, low friction coefficient, intensive wear resistance and 
hardness are imperative for the real application of electrical contact 
materials. Fig. 5a shows the friction coefficient-sliding time curves of 

pure copper and GNPs/Cu composites measured under a contact 
pressure of 10 N for 1800 s. The friction coefficient of GNPs/Cu 
composites is about 0.27, which indicates a 65% reduction compared 
with that of pure copper (0.78). In Fig. 5b and c, the wear track of 
GNPs/Cu is obviously shallower depth and narrower width, than that 
of pure copper. On the basis of wear volume, the wear rates are 
calculated and summarized in Fig. 5d. The wear rate of GNPs/Cu 
composites is merely 3.9 × 10−4 mm3 N−1 m−1, which is one order of 
magnitude lower than that of pure copper (26 × 10−4 mm3 N−1 m−1). 
The hardness value of GNPs/Cu composites is measured to be 78 HV, 

Fig. 2. Typical morphologies of (a) pure copper particles and (b) GNPs/Cu particles after thermal annealing. (c) Typical AFM image of GNP. (d) TEM image of GNPs. (e) Related 
HRTEM image, and (f) SAED pattern of the GNPs in (d). (g) Typical Raman spectrum of GNPs/Cu particles. 

Fig. 3. (a) Engineering tensile stress-strain curves of pure copper and GNPs/Cu composites. (b) Tensile properties of pure copper and GNPs/Cu composites. (c) Work hardening 
rate-true strain curves of pure copper and GNPs/Cu composites. (d) HRTEM image close to the grain boundary in as-prepared pure copper bulk. The inset image shows the original 
Fourier transformed pattern from the selected area. (e) The inverse Fourier-filtered image from the selected area in (d). (f) HRTEM image near the Cu-graphene boundary in as- 
prepared GNPs/Cu composites. The inset image shows the original Fourier transformed pattern from the selected area. (g) The inverse Fourier-filtered image from the selected 
area in (f). 
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which shows 24% improvement than that of pure copper (63 HV). 
Clearly, the implementation of graphene can significantly decrease 
the friction coefficient and improve the wear resistance as well as 
hardness value of copper matrix composites. 

To better understand the effect of GNPs on the friction properties 
of the composites, the surface morphologies of pure copper and 
GNPs/Cu are depicted in Fig. 5e and f after a sliding time for 800 s. As 
shown in Fig. 5e, the surface of pure copper is seriously worn and 
exhibits considerable peeling holes and increasing roughness. In  
Fig. 5f, the wear track of GNPs/Cu composites has not obvious 
peeling holes and is smoother than that of pure copper. In addition, 
some abrasive GNPs can be released and transferred on the surface 
of the GNPs/Cu wear track, which may further decrease the surface 
roughness as well as the wear rate of GNPs/Cu composites. 

Based on the enhanced tensile strength of 253 MPa, yield 
strength of 145 MPa, and the intensive wear resistance, GNPs/Cu 
composites exhibit a great potential for electrical contact applica-
tions. Hence, we investigate the electrical contact properties of 
CNPs/Cu composites in a real electrical contact performance mea-
surement exhibited in Video S1. Service life (operation number of 
on-off switching cycle) is the foremost target to evaluate the suit-
ability and reliability of the composites applying as electrical 

contact. In Fig. 6a, the GNPs/Cu composites demonstrate 586 on-off 
switching cycles before failure, indicating 10 times longer service life 
than that of commercial pure copper electrical contact (58 cycles). 
As can be seen in Fig. 6b and c, the failure of commercial pure copper 
electrical contact can be attributed to the sharp increase of electrical 
contact resistance and contact force when the cycle number reaches 
the service life. In contrast, the electrical contact resistance and 
contact force of GNPs/Cu composites contact remain stable until the 
failure, suggesting the arc stability and oxidation resistance of GNPs/ 
Cu composites. The failure reason for GNPs/Cu composite contact 
might be the increasing surface roughness caused by frequent arc. In  
Fig. 6d, the arc energy of GNPs/Cu composite contact steadily fluc-
tuates around 2.0–2.5 J during the frequent on-off switching opera-
tions. As a result, the GNPs/Cu contact exhibits almost 10 times 
longer service life with stable electrical contact performance, com-
paring to that of commercial pure copper contact. 

Supplementary material related to this article can be found on-
line at doi:10.1016/j.jallcom.2021.162058. 

The surface morphologies of commercial pure copper contact 
and our GNPs/Cu composite contact after frequent on-off operations 
are shown in Fig. 6e and f. The residual agglomeration of graphene 
with sharp edges in GNPs/Cu can be found in Fig. 6f and related EDS 

Fig. 4. EBSD micrographs of (a) pure copper and (b) GNPs /Cu composite bulk after hot pressing.  

Fig. 5. (a) Friction coefficient of pure copper and GNPs/Cu composites. (b) The depth mapping of the wear tracks on pure copper and GNPs/Cu. (c) Corresponding wear track 
profiles of pure copper and GNPs/Cu composites. (d) Wear rates and hardness values of pure copper and GNPs/Cu composites. SEM images of the wear tracks on pure copper 
(e) and GNPs/Cu composites (f). 
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mapping in Fig. S6, owing to the high melting point and chemical 
inertness of graphene against arc ablation [30]. 

During arc ablation process, electrons escape from the surface of 
Cu and graphene. The density of escaped electrons can be calculated 
using Richardson-Dushman formula: 

=j AT e T2 (1) 

Where j is the density of electrons (eV/A); A is constant; T is the 
temperature (K); is the work function; is the thermal con-
ductivity (W m−1 K−1). 

The work function (5.1 eV) and thermal conductivity (1900 W m−1 

K−1) of multilayer graphene are much higher than that of copper 
(4.5 eV, 407 W m−1 K−1), which has been demonstrated in a number of 
studies [31–33]. Therefore, the electron density of Cu is higher than 
that of graphene, when the arc is generated on the surface of the 
composite. Owing to the lower work function and melting point, the 
region of copper in GNPs/Cu composites would be arc ablated and 
evaporated in prior to the region of graphene. After the evaporation of 
copper, residual graphene with sharp edges can work as lightning 
rods. Due to the lightning-rod effect of sharp graphene edge, the 
graphene can focus and consume the arc energy for the reduction of 
ablation and evaporation in the region of copper [34]. 

In order to further confirm the mechanism of graphene edges, 
finite-element simulations of current density distribution during arc 
plasma ablation in the structurally simplified GNPs/Cu composites, 
are processed utilizing COMSOL Multiphysics. Figs. 6g and S7 show 
the current density distribution of GNPs/Cu composites without 
sharp graphene edges on the top surface. The highest current density 
on the top surface is up to ~2300 A m−2. Under the same applied 
voltage, the highest current density of GNPs/Cu composites with 
sharp graphene edges on the top surface is merely ~400 A m−2 in  
Fig. 6h and S8, indicating the exceptional protective effect of gra-
phene edges during arc ablation process. 

Cu-Ag alloy has been proved as the most common and reliable 
low-voltage electrical contact materials, owing to the low electrical 
contact resistance, excellent thermal conductivity, and high wear 
resistance. To further characterize the service performance of our 
GNPs/Cu composite, a comparative study was done by recording the 
service life of our samples and Cu-Ag alloys. All the parameters of 
service performance test are consistent with that in Table S1. Five 
batches of Cu-Ag alloys with Ag content of 1, 5, 10, 20, 30 wt%, are 
specified as CuAg1, CuAg5, CuAg10, CuAg20, CuAg30, respectively. As 
the results in Fig. 7 indicate, the service life of CNPs/Cu composite is 
almost comparable to that of CuAg20 and longer than that of 

Fig. 6. (a) Comparison of service life between the commercial pure copper contact and GNPs/Cu contact in the electrical contact performance test. (b) Electrical contact resistance 
of the commercial pure copper contact and GNPs/Cu contact. (c) Contact force of the commercial pure copper contact and GNPs/Cu contact. (d) Arc energy of the commercial pure 
copper contact and GNPs/Cu contact. Surface morphology of (e) commercial pure copper contact and (f) GNPs/Cu contact after the electrical contact performance test. Simulation 
for current density distribution of sandwich structured GNPs/Cu (g) without sharp graphene edges and (h) with sharp edges on the top surface under the same applied arc voltage. 
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CuAg10. This confirms the significant enhancement of service life of 
GNPs in copper matrix, which offers a probability to the consump-
tion of Ag in electrical contact area. 

4. Conclusion 

In summary, we develop a scalable surface modification method 
for the synthesis of high-quality graphene nanoplatelets en-
capsulated monodispersed copper particles, followed by vacuum hot 
pressing to fabricate graphene reinforced copper matrix composites. 
Comparing to pure copper, the tensile strength and yield strength 
are enhanced by 19% and 71% respectively, owing to the enhanced 
dislocation density around Cu-graphene boundary. Besides, lower 
friction coefficient and enhanced wear resistance can be simulta-
neously achieved in our GNPs/Cu composites. In the real electrical 
contact performance test, due to the higher work function of gra-
phene, the GNPs/Cu contact exhibits almost 10 times longer service 
life with stable electrical contact performance, comparing to that of 
commercial pure copper contacts, demonstrating GNPs/Cu compo-
sites a promising candidate for application as electrical contacts. 
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