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Catherine Debiemme-Chouvy*, Yongfeng Lu® and
Jean-Francois Silvain'"®

Abstract

The consistent rise in current density within electrical wires leads to progressively more substantial heat losses attributed
to the Joule effect. Consequently, mitigating the electrical resistivity of copper wires becomes imperative. To attain this
objective, the development of a composite material that incorporates a more conductive reinforcement, like graphene,
holds great promise. The conception of a copper/graphene composite using a powder metallurgy-based approach is
presented. An optimum graphene quantity of 0.06 vol.% was obtained by calculation in order to limit the phenomenon of
overlapping layers. This synthesis technique enables the dispersion of graphene and the meticulous control of the interface
through the growth of CuO(Cu) nanoparticles that are tightly bonded to the reinforcement. The increase in the hardness
of the various materials with separation of the graphene sheets by ultrasonic treatment (55.3 to 67.6 HV) was obtained. Itis
an indicator of the correct distribution of the reinforcement. The influence on the electrical properties of dendritic copper
(pe = 2.30 pQ.cm) remains limited, resulting in a modest reduction in electrical resistance of around 1.4%. Nevertheless,
for flake copper (2.71 pQ.cm) and brass (7.66 p{).cm), we achieved a more substantial reduction of 2.7% and 10%,
respectively. With the improvement of graphene quality, there exists a greater potential for further enhancing the electrical
properties.
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Introduction materials. Known since the 1960s, it was only in 2004 that
K. Novoselov and A. Geim® were able, for the first time, to
isolate graphene sheets using mechanical exfoliation,
commonly called the “scotch trick”. The great attraction of
scientists to this 2D material comes from the sp* hybrid-
ization of carbon atoms. In this case, two of the valence
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electrical systems. This is mainly due to its mechanical

properties, particularly its ductility which allows for easy

shaping; as well as its electrical resistivity, which is among

the lowest among metals (1.78 p€.cm at 20 °C"). When a
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orbitals Px and Py will form ¢ bonds in the plane of the
graphene (which is the origin of the hexagonal structure).
This allows a delocalization of the Pz orbital directed
perpendicularly to the graphite plane. The overlapping of
these Pz orbitals allows the formation of n-n* bonds be-
tween carbon atoms, which are responsible for amazing
electronic properties.”® As a result, Gr has a unique band
structure with a semiconductor-like behaviour with a zero
bandgap. This allows electrons to flow through the structure
without collision, thus adopt a ballistic behaviour. These
characteristics of Gr lead to exceptional electrical properties
(200,000 cm?/vs, again 33 cm®vs for Cu’), thermal
properties (5600 W/mK.,® compare to 400 W/mK for Cu),
and mechanical properties (Young’s modulus of 1 TPa and
tensile strength of 130 GPa”). Due to these properties, the Gr
has been used as a reinforcement in various types of
composite materials such as polymers, metals, or ceramics.
However, the different methods to fabricate these com-
posites have their own advantages and disadvantages that
affect the final properties. Nevertheless, based on powder
metallurgy (used in this study), three main points are im-
portant to master in order to obtain a high-performance
composite material.

The first two factors to be considered are the distribu-
tion'® and orientation of the Gr reinforcement within the
matrix.'' An agglomeration of several graphene layers or a
significant overall misorientation of the reinforcement will
result in the degradation of the macroscopic properties of the
composite materials. The reinforcement-matrix (R-M) in-
terface is also critical for ensuring proper transfer of
properties between both materials. However, Cu and carbon
have no chemical affinities leading to a poor interfacial
property transfer. Two methods exist to create interfacial
chemical bonding: the first involves using a carbide element
which will react with carbon to form carbide interphase.'
However, the formation of this carbide interphase is as-
sociated with the reaction of carbon and therefore of the
degradation and/or the total of consumption of Gr, making
this method inappropriate for nanometric carbon-based
reinforcement. The second method involves the growth
of metallic nanoparticle, chemically linked with the carbon
atom surface of Gr, on the surface of the reinforcement.'?
These particles can be made from various materials (Cu, Ag,
Cr, Ni'*'%). Cu will be chosen to match the matrix. Nev-
ertheless, there are very few articles reporting a decrease in
electrical resistivity of such a composite compared to pure
Cu. Keerti S. et al.'"® show a 2.7% increase in electrical
conductivity of pure Cu with the incorporation of 15 ppm
(0.006 vol.%) of graphene, while Mu Cao’s team'” obtained
over 15% increases in electrical conductivity compared to
pure Cu. However, the fabrication method employed by the
latter is too sophisticated to be viable for industrial appli-
cations. However, these two studies remain exceptions
because in most cases (i.e.,'®!?) increases in electrical

resistivity are obtained following the preparation of gra-
phene reinforcement composites.

In this work, Cu/Gr and brass/Gr composite materials
were fabricated using conventional powder metallurgy
processes. A first surface treatment of the Gr involves an
acid treatment to remove surface contamination and graft
oxygen functional groups. Then, a second treatment enables
the growth of Cu nanoparticles (on the functionalized
groups) that will be chemically bonded to the Gr. Subse-
quently, an innovative method for mixing copper powder
and graphene will be used to obtain a homogeneous powder
without degradation. Finally, the powders will be densified
using a hot uniaxial pressing method. Hardness and elec-
trical conductivity were measured on each sample and
compared to non-reinforced materials. The main goal was
the increasement of the electrical conductivity of the
composite (positive composite effect), which is a novel and
rarely represented work in the literature.

Materials and methods

Raw materials

Dendritic Cu (Cu-D) powder with an average length size of
50 pm and a diameter of 10 pm, and flake Cu (Cu-P) powder
with an average width of 20 pm and a thickness of 350 nm
were purchased from ECKART (Figure 1(a) and (b)). Flake
brass (Bra-P) (80% Cu, 20% Zn) powder, purchased from
Werth-Metal, has an average length size of 40 pm and a
diameter of 10 um (Figure 1(c)). These powders were used
as received without further treatment. Multilayer Gr powder
(KNG-5) with a lateral size of 5-10 um and an average
thickness of 2-3 nm (3-9 atomic layers) were bought from
KNANO Company. This MLG was made by a chemical
exfoliation method of graphite.

Fabrication of the composite materials. First, homogenization
of the Gr reinforcement in an ethanol solution of 0.1 g/L
concentration was carried out using an acoustic mixer,
with an acceleration of 80 g for 6 min. An acoustic type
mixer (LABRAM II Resodyn) was then used in order to
reach an optimal “matrix + reinforcement”. In this process,
the “ethanol + Gr solution” was spread on the surface of
the Cu powders which were in levitation induced by the
acoustic wave of the mixer. In order to reduce the surface
oxidation of the Cu powder as well as the CuO nano-
particles, the composite powder “Cu + Gr” obtained was
dried and reduced in a furnace at 400 °C for 60 min under a
flow of Ar/5%. H,. The densification of the composite
materials was carried out using a Thermolab press
equipped with an inductive heating system. The densifi-
cation parameters are a temperature of 650 °C applied for
45 min under a pressure of 60 MPa in an inert atmosphere.
Relative densities, equal or greater than 99% whatever the
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Figure |. SEM analysis of dendritic and flake Cu (a) and (b) and flake brass (c).

materials, were measured using the Archimedes’ dis-
placement method.

Characterization method. Hardness of different materials
was measured using the Micro-Vickers hardness method
equipped with a square-based diamond pyramid tip. The
measurements are performed in the plane perpendicular
to the densification direction, using a force of 20 kgf to
obtain the largest possible indentation. Each sample is
indented ten times on both sides to ensure the lowest
possible uncertainty. The electrical resistivity of the
composites was measured by typical a four-point contact
probe. Both outer tips are connected to the generator for
current injection with an ammeter for current mea-
surement. Both inner tips are connected to a nano-
voltmeter for voltage measurement. This system was
placed in a temperature-controlled oven to perform
measurements at various temperatures. A thermocouple
was also placed under the sample to obtain an accurate
temperature value. A copper al sample (pe poc =
1.724 pQ.cm, and a purity of 99.9 wt.% in copper) was
purchased to ensure that the measurements of our 4-
point system are correct.

Cu nanometric particles were characterized by trans-
mission electron microscopy (TEM) using a JEOL-2100
microscope. Analysis of the Gr surface was carried out
using a ThermoFischer Scientific K-Alpha® X-ray photo-
electron spectrometer system with a monochromatized Al
Ka source (hv = 1486.6 eV) and a spot size of 200 um. Full
and high-resolution spectra obtained were fitted using the
AVANTAGE software provided by ThermoFischer Scien-
tific®. Scofield sensitivity factors were used for quantifi-
cation. The measurements were conducted with a precision
of 0.1 cm™' using a high-resolution Jobin Yvon Horiba
LabRam HR micro-Raman spectrometer equipped with a
charge coupled device (CCD) detector. Raman spectra were
obtained in scattering micro-configuration. The incident
laser light as well as the backscattered light are focused by a
10x objective.

Results and discussion

Determination of the optimal amount of
Gr reinforcement

To determine the percolation threshold value for an “ideal”
material, where half of the metallic powders are covered by
one Gr sheet, the calculation of the required Gr content is
proposed. The aim is to avoid the contact between two Gr
particles during the assembly of the Cu powder, which
would result in the presence of nano-porosity I between 2 Gr
sheets which is assumed to be harmful for the electrical
properties.

The geometry of the KNG-5 Gr and Cu-P powder are
taken into account in these calculations. First, the equation
(1) allows to calculate the surface areas of Cu and Gr
particles.

Yowt
VGr X pGr’

(1 — %wt)

Scu =
“ VCuXpCu

386 = (1)
where Scu and SGr are the surface areas of Cu and Gr in
cm?, wt.% is the weight percentage of the reinforcement,
pca and pg; are the density of Cu (8.9 g/cm?) and graphene
2.2 g/cm3), respectively, and V¢, and Vg, are the volumes
of Cu and graphene particles in cm?.

To determine the coverage percentage of Cu by Gr
particles, we need to calculate the ratio of the surface areas
of the Gr particles to those of the Cu particles. This can be
done using the following equation (2), with its represen-
tation in Figure 2.

Jowt
S _ Vorxpe _ Jowtx Ve, X pe, ?)
GV/SCu (1—=%wt) (1 . %Wt) " ch XpGr.

Veu*peu

According to this graph, a quantity of 0.06 vol.% of gra-
phene seems sufficient to cover half of the surface areas of the
Cu-P powders. In the case of our materials, a quantity of
graphene corresponding to an initial content of 0.1 vol.% were
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Figure 2. Evolution of the Sg,/Sc, ratio as a function of the
percentage of Gr inside the composite materials.

used to compensate for losses induced by the various steps. The
same Gr amount were used for both dendritic Cu and brass
flakes. Obviously, this is a numerical calculation in an ideal case,
and it is impossible to achieve such a model. Nevertheless, it
allows us to obtain an approximate value for the quantity of Gr
required to reach the percolation threshold without inducing
overlapping.

The calculated Gr content may seem low compared to the
majority of the recent works in the literature,”® where
graphene contents higher than 1 vol.% were used. However,
as seen in various works,?' percolation thresholds around
0.1 vol.% are often obtained.

Studying the impact of the graphene quantity (beyond
the percolation threshold) on the electrical properties of the
composite material would be interesting. However, this
aspect will be addressed in a separate publication.

As mentioned previously, Cu and Gr are two materials
chemically inert. Therefore, a preparation step of the Gr
reinforcement, including chemical treatment of Gr and
germination-growth of nanometric Cu particles onto Gr
surface, is necessary.

Surface treatment and functionalization of the
graphene materials

To disperse the Gr materials, acoustic mixing (80 g for
10 min) has been applied on alcohol + Gr mixture. After
this first treatment, nitric acid (HN) treatment has been
used to modify the surface chemistry of the Gr powder.
Specific conditions of the mixing and acid treatment can be
found in.** A treatment time ranging from 0 to 150 min
was applied at a temperature of 100 °C in a reflux setup
equipped with a water-cooled condenser and magnetic
stirring. XPS analysis has been performed to characterize

Table 1. Evolution of the O and C percentages: XPS analysis of
the HN treated and non-treated Gr materials.

Treatment time (min) C (%) O (%)
0 98.5 1.5
30 98.5 1.5
150 98.5 1.5

the evolution of the surface chemistry of the non-treated
and treated Gr powders. Table 1 shows the evolution of the
carbon (Cls) and oxygen (Ols) atomic percentages with
the treatment time. No specific effect can be observed.
After deconvolution, the Cls spectra is presented in the
Figure 3; the association of the different contributions with
their binding energy was obtained from these following
articles R. Al-Gaashani and D. Ferrah et al.**** Table 2
shows the evolution of the Csp2 and =n-n* percentage
(corresponding to the contribution of carbon sp2 hybrid-
ization and m-n* bonding) and the Csp2/Csp3 ratio. In the
two-dimensional structure of Gr, each carbon atom is
strongly bonded to three neighbors (o bonds) with an angle
of 120° in the plane. This structure is the consequence of
the sp? hybridization of the carbon atoms and the sp°
hybridization is related to the disorder or amorphous
carbon. This configuration allows the non-hybridization
(delocalization) of the carbon pz orbital which is found
directed perpendicular to the graphitic plane. It is the
overlapping of these orbitals that allows the formation of
the z-z* bonds that are the origin of the astonishing
electronic properties of Gr.”

Table 1 shows that the HN treatment has no effect on the
evolution of the chemistry of the Gr surface (C and O are
constant, independent of the treatment time). After de-
convolution of the high-resolution C1s peak, table 2 shows
that the concentration of the Csp” species increases with the
treatment time. It seems unlikely that this increase is at-
tributable to a “restoration” of the graphitic network. It is
more likely that the acid treatment leads to the elimination of
surface contamination from the Gr materials.

However, with regard to the evolution of the percentage
of the m-n* bonds, the material seems to undergo a slight
degradation (cf. Table 2). Therefore, a short treatment time
is preferable to limit deterioration and eliminate some of the
contamination. A time of 30 min was therefore selected.

To enable the germination growth of copper nano-
particles on the entire surface of the reinforcement, a dis-
persion step of the graphene in the solution (ethanol) is
necessary. To achieve this, ultrasonic agitation for a time
ranging from 10 s to 90 min was performed. To monitor the
evolution of the separation of the graphene layers, an
analysis by UV-Visible spectroscopy was performed (cf.
Figure 4). In our case, since the graphene serves as a density
filter, an increase in the absorbance of the solution would
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Figure 3. Deconvolution of a high-resolution Cls peak of MLG.

Table 2. Evolution of the Cls contributions with different HN
treatment time.

Treatment time (min) ~ Csp2 (%)  Csp2/ Cos 7T— 7 (%)
0 69.0 10.3 9.3
30 70.5 13.4 8.6
150 73.0 15.1 7.6

indicate an increase in the amount of layers present, i.e.,
exfoliation of the graphene layers.

As can be seen, an increase in the ultrasonic treatment
time leads to an increase in the absorbance of the solution.
This graph also shows that the separation of the layers
reaches its maximum after a 5 min treatment, with the
absorbance of the solution remaining constant up to an hour
of treatment. Raman analyses, allowing the calculation of
the Ip/Ip ratio (used instead of the Ip/Ig ratio for higher
sensitivity25 ), show that during this first hour, the rein-
forcement is not degraded by the ultrasonic treatment
(Table 3). On the contrary, a decrease in the Raman ratio is
obtained.

It was also observed that the absorbance increases again
after 60 min, indicating an increase in the number of
graphene layers. However, considering the evolution of the
Ip/I,p ratio, obtained by Raman spectroscopy (cf. Table 3),
this new increase in the absorbance is accompanied by an
increase in the Ip/I,p ratio, indicating that we no longer
have a simple separation of the layers, but rather a rupture
of the C-C bonds. A treatment time of 5 min appears to be
optimal.

After this optimized HN treatment, CuO (Cu after A1/5%
H, treatment) nanoparticles were grown of the surface of the

Gr materials treated®. For that, two solutions are prepared
initially:

e Solution 1: 0.5 g of sodium hydroxide (NaOH) in
25 mL of water.

e Solution 2: 1 g of hydrated Cu nitrate (Cu(NO3),,
3H,0) in 100 mL of ethanol.

Solution 1 and 2 are added dropwise under magnetic
stirring, and then placed in a reflux setup at 90 °C. These
initial steps aim to promote the nucleation of Cu hydroxide
in a basic medium, followed by the formation of Cu (II)
oxide.

Associated reactions:

Cu(NOy),, 3H,0+2NaOH — Cu(OH),+2Na(NOy) + H,O

Cu(OH), — Cu** +20H"

Cu** +20H™ — CuO + H,0

The CuO particles are then thermally reduced at 400 °C
for 1 h under a reducing atmosphere (Ar/5%H,).

Transmission electron microscopy (TEM) analysis
shows that for the optimized growth and reduction heat
treatment in a Ar/5% H, atmosphere, Cu particles with a
mean diameter of 16.8 =7.1nm are grown of the Gr surfaces
(cf. Figure 5). The micro diffraction pattern of one Cu dot
shows that the nanodots are perfectly crystallize (cubic face
center of Cu).

To verify the presence of a strong chemical bond be-
tween the Cu nanoparticles and the surface of the rein-
forcement, an adhesion test was performed. The graphene
solution was placed under an ultrasonic probe for 10 s. As
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Figure 4. Evolution of the absorbance of different Gr solutions after various ultrasonic treatment times.

Table 3. Evolution of Raman ratio after several ultrasonic time.

Ultrasonic time (min) Io/lop
0 0.55
5 0.40
10 0.39
30 0.45
60 0.46
90 0.93

shown in Figure 6(c), the Cu nanoparticles (white dots on
the Gr surfaces) are still present on the surface of the re-
inforcement, although the particle density is slightly lower
than the initial one (cf. Figure 6(a)). Another reinforcement
was tested without a surface contamination removal pre-
treatment (cf. Figure 6(b)). The Cu nanoparticles were re-
moved by the ultrasonic treatment due to the formation of
bonds with the contamination present on the surface of the
graphene, weakly bound to the reinforcement. Therefore, it
is essential to eliminate this surface contamination.

Characterization of dense material

Hardness. The material hardness was measured to highlight
the impact of the reinforcement (cf. Table 4). As a reminder,
an ultrasonic finger device and a germination method were
used to individualize the graphene sheets to the maximum
extent and optimize the electrical and mechanical properties
of the material. Initially, it was observed that the simple
introduction of the reinforcement (without graphene sheet
individualisation treatment) does not induce a significant
increase in the hardness of the different copper and copper
alloys studied, due to the low amount of reinforcement
present (0.06 vol.%) and graphene agglomeration. Sec-
ondly, it is noticed that carrying out an ultrasonic treatment
induces a significant increase in material hardness, i.e., with

Figure 5. TEM micrograph and micro diffraction pattern of the
Cu nanoparticles (black dots on the Gr surfaces) grown on the
surface of treated HN Gr surfaces.

an increase of about 12 HV for Cu-D/Gr. This result remains
consistent because the reinforcements are a resistance to
material deformation and the movement of dislocations.
Therefore, the more particles present (induced by sepa-
rating the sheets using ultrasonic treatment), the more the
material hardness would increase. The evolution of ma-
terial hardness is thus a relevant indicator to attest to the
homogeneous distribution of reinforcement in the mate-
rial, thereby optimizing the mechanical properties of the
composite materials.

Electrical resistivity. The electrical resistivity measurements
were carried out on our materials. The results are shown in
Figure 7. Concerning the Cu-D/Gr composite, it can be
observed that the decrease in electrical resistivity is only
1.4% compared to Cu-D without reinforcement. The error
range in the measurement has been estimated to be ap-
proximately 1%, so this value remains relevant. The in-
troduction of Gr therefore has a relatively small impact on
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Figure 6. SEM micrograph of an (a.) graphene sheet with Cu(O) nanoparticles without HN pre-treatment, (b.) graphene sheet with
Cu(O) nanoparticles without HN pre-treatment and after 10 s of ultrasonic treatment, (c.) graphene sheet with Cu(O) nanoparticles
with HN pre-treatment and after 10 s of ultrasonic treatment.

Table 4. Evolution of the hardness of different composite materials.

Hardness with/without ultrasonic treatment of the Gr (HV % 1.2)

Materials With Without
Cu-D 55.8

Cu-D/Gr 55.3 67.6
Cu-P 61.1

Cu-P/Gr 61.5 72.4
Brass 120.2

Brass/Gr 121.0 134.1

10% decrease

S 6.10 |

Brass/Gr
Brass 6.80—
2.7% decrease
Cu-P/Gr \ 2.00—
Cu-P 2.06+
1.4% decrease
Cu-D/Gr \‘ 1.75
Cu-D 1.78—
1 | ) 3 5 6 7 8

Electrical résistivity (uQ.cm)

Figure 7. Electrical resistivity measurement at 20°C for various single and composite copper matrix materials.

the electrical resistivity, this is due to the very low electrical
resistivity of Cu-D. Regarding Cu-P, which has higher
electrical resistivity than Cu-D (2.06 against 1.78 p{).cm),
the decrease in electrical resistivity (for the Cu-P/Gr
composite) is more significant, with a gain of 2.7%. The
reason for this greater decrease could be due to a more
favourable alignment of the Gr layers in a plane perpen-
dicular to the pressing direction. However, measurements

carried out by polarized Raman spectroscopy (not presented
in this study) disagree with this hypothesis. Consequently,
the greatest decrease in electrical conductivity could be
induced by the weaker initial electrical properties of the Cu
used (Cu-P).

To validate this hypothesis, a final series of materials
were produced using brass (Cu alloy with 20 wt.% of
zinc) as the matrix; brass has a higher electrical resistivity
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(6.8 p€).cm) than that of copper (1.78 u{).cm). The results
of the electrical resistivity measurement show that the
incorporation of graphene leads to a reduction in elec-
trical resistivity to 6.1 pQ.cm (around 10%). In the case
of this sample, we can see that the composite effect is
present. Our hypothesis is therefore valid. The difference
in electrical resistivity between the reinforcement and the
matrix is not significant enough in the case of Cu-D.
However, in the case of brass, the intrinsic resistivity of
the matrix being lower, the composite effect is more
significant.

Conclusions

In this study, a new method for developing Cu/Gr com-
posites was developed, with significant focus on creating a
high-performing interface through the germination growth
of the CuO nanoparticles. Hardness measurements showed
the importance of separating Gr layers to obtain a homo-
geneous distribution, resulting in increased material hard-
ness. Results from electrical resistivity measurements
indicated that using a matrix with higher resistivity than Cu
leads to a greater positive composite effect. This validates
our hypothesis and highlights that the intrinsic properties of
Gr used are not sufficient for achieving a significant positive
composite effect on Cu-D. This finding suggests the pos-
sibility of incorporating graphene into lower quality Cu or
Cu alloys to increase their electrical conductivity and reduce
the amount of Cu used, especially considering the shortage
of Cu resources expected to occur within the next 50 years.
Indeed, this approach would allow industries to use lower-
quality Cu while achieving electrical properties very close
to pure Cu through the development of a composite ma-
terial. Furthermore, incorporating graphene reinforcement
into materials with higher electrical resistivity, such as
ferrous or Al alloys, may be feasible, although optimizing
the R-M interfaces using an appropriate metallic salt will be
necessary.
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