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Combination of extreme service conditions and complex thermomechanical loadings, e.g., in electronics or
power industry, requires using advanced materials with unique properties. Dissipation of heat generated
during the operation of high-power electronic elements is crucial from the point of view of their efficiency.
Good cooling conditions can be guaranteed, for instance, with materials of very high thermal conductivity
and low thermal expansion coefficient, and by designing the heat dissipation system in an accurate manner.
Conventional materials such as silver, copper, or their alloys, often fail to meet such severe requirements.
This paper discusses the results of investigations connected with Cu-C (multiwall carbon nanotubes
(MWNTs), graphene nanopowder (GNP), or thermally reduced graphene oxide (RGO)) composites, pro-
duced using the spark plasma sintering technique. The obtained composites are characterized by uniform
distribution of a carbon phase and high relative density. Compared with pure copper, developed materials
are characterized by similar thermal conductivity and much lower values of thermal expansion coefficient.
The most promising materials to use as heat dissipation elements seems to be copper-based composites
reinforced by carbon nanotubes (CNTs) and GNP.

Keywords copper matrix composites, graphene, spark plasma
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1. Introduction

The continuous progress in electronics industry leads to
increased requirements for heat sink materials. Dissipation of
heat generated in electronic high-power components (e.g.,
diodes, thyristors, and lasers) during their operation has crucial
significance for their effectiveness. Heat flux density during the
operation of, e.g., semiconductor lasers may even amount to
10 kW/cm? (Ref 1). Favorable cooling conditions can be
achieved by, e.g., designing the heat-dissipating system and
using appropriate advanced materials. The materials intended to
be used in electronics should be characterized by the following
features: the heat conductance comparable with that of copper
(250-400 W/mK), the thermal expansion coefficient matched
with the properties of semiconductor materials (Si, GaAs—3.0-
6.0 x 107 1/K), advantageous mechanical properties such as
the Young modulus > 140 MPa, good machinability, ability to
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form durable joints, stability of the structure during thermal
cycles (within the specified temperature range dependent on a
given application), low cost comparable to that of other
materials competitive with them, and, last but not the least, the
possibility of their recycling. As a result, the proper choice of
the used materials and technological process of their prepara-
tion are getting more and more important.

The fulfillment of these requirements by the conventional
materials is practically impossible. At present, many studies
devoted to the design and fabrication of advanced materials,
characterized by a very good thermal conductivity, such as Cu-
Mo, Cu-Be, Cu-Cp, Cu-SiC, Cu-AIN, Al-SiC, AI-AIN, etc., are
being carried out worldwide (Ref 2-7). Copper with its thermal
conductivity of about 400 W/mK is always used wherever high
thermal and electric conductivities are required, but its
application range is limited because of the unsatisfactory
mechanical properties, especially at elevated temperatures.
Moreover, the high thermal expansion coefficient of copper
(16.5 x 107° 1/K) may result in considerable residual stresses
being induced and in thermal dilatation occurring, when the
copper components are subjected to substantial temperature
variations.

One of the possible solutions to this problem can be the
development of a new group of copper-based materials. The
combination of the specific properties of copper and selected
allotropic forms of carbon should result in a material with the
desired properties, which could be used as a heat dissipation
material. Copper-carbon composites can be produced applying
a variety of processing techniques, but in all these cases, a very
significant problem must be solved, i.e., the homogenous
distribution of a carbon phase in a copper matrix (Ref 8).
Uniform dispersion of graphene or other nanoforms has been
the main challenge in the case of this kind of metal-matrix
composites (MMCs) because graphene has a well-developed
specific surface area, which leads to the formation of clusters
due to van der Waals forces. The modeling results in (Ref 9)
demonstrate that the thermal conductivity of the Cu-C interface
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is a crucial factor and decreases with an increase in the number
of graphene layers.

Various forms of carbon, in particular graphene, have
generated a lot of interest due to their characteristics. Graphene
is a 2D form of carbon atoms arranged in a honeycomb lattice.
Apart from being 100 times stronger than steel, one atom-thick
graphene is flexible, transparent, and is known to conduct heat
better than silver and conduct electricity better than silicon. Its
thermal conductivity (4800-5300 W/mK), which is more than
twice as high as that of diamond (A = 2000 W/mK), is the
highest ever recorded (Ref 10). In addition, due to having low
electrical resistance, graphene is also an excellent electrical
conductor. Carbon nanotubes (CNTs) are strong and stiff
materials. CNTs can withstand pressure up to 25 GPa without
deformation, and the bulk modulus of superhard phase
nanotubes is up to 546 GPa (Ref 11). Measurements show
that a CNT has a room-temperature thermal conductivity of
about 3500 W/m K along its axis (Ref 12). Its temperature
stability has been estimated to be up to 2800 °C in vacuum and
about 750 °C in air (Ref 13).

Composites based on copper doped with carbon (Cu-C) are
claimed to combine the unusual electrical (conductivity),
thermal (heat conduction), and tribological properties (low
coefficient of friction). They are used in electric engine brushes,
plain bearings, etc. (Ref 14, 15).

There are a great number of manufacturing methods of Cu-
C, including the following (Ref 16, 17):

— Cu-C as a bulk material: microwave sintering, hot-pressing,
spark plasma sintering (SPS), cold pressing, hot-isostatic
pressing, liquid infiltration, and diffusion bonding; and

— Cu-C as layers: microwave plasma-enhanced chemical va-
por deposition and tape casting.

SPS is one of the most promising techniques employed to
produce composite materials (Ref 18). In this method, the
consolidation of powder material is influenced by a combination
of both pressure and temperature, accompanied by the passage of
an electric current. The possibility of performing a quick pressing
process of various powders has to be reckoned as its predominant
advantage. Arcing can appear in pores during electric current-
assisted sintering, thus intensifying the sintering processes.
Second, the particularly important feature of this method is that
the electric current-assisted sintering of powder materials does
not alter the microstructure of the sintered materials and does not
cause growth of grains and their agglomeration.

The present paper shows some technological aspects of the
preparation of the powder mixtures of copper and carbon
nanoforms and sintering process by the SPS method. The
influences of the carbon form on the microstructure and thermal
properties of Cu-C composites are also presented and discussed.

2. Materials and Experimental Procedure

In this experiment, copper powder produced by Sigma
Aldrich, having a dendritic shape, grain size of 3 pum, and
purity of 99.8%, was used as a starting material. Three different
forms of carbon (multiwall carbon nanotubes—MWNT,
graphene nanopowder—GNP, or thermally reduced graphene
oxide—RGO) with the volume fraction of 3% were added as a
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Fig. 1 SEM images of carbon nanoforms: (a) graphene nanopow-
der, (b) thermally reduced graphene oxide, (c) multiwall carbon nan-
otubes

reinforcement. Figure 1 shows the morphologies of the differ-
ent carbon forms used in the experiments. The properties of the
carbon forms were as follows:

e graphene nanopowder (from SkySpring Nanomaterials):

particle size, between 1 and 5 um (about 5-10 layers);
specific surface area, 120-150 m?/g; and purity 99.5%.
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e thermally RGO (from ITME): size of sheets, 30 pum (30-
70 layers).

e multiwall carbon nanotubes (from Sigma Aldrich): 10
walls approximately of 5-um length, 70-nm diameter, and
purity 95%.

The preparation method of a carbon reinforcement placed in
the copper matrix consists of two main processes: sonication of
compact materials and separation of dispersed forms. Both
processes were carried out in liquids: MWNTs and RGO in an
aqueous solution at a critical micellar concentration of Triton
x100; and graphene in pure ethanol (99.6% V). Sonication
parameters: diameter of an ultrasonic probe tip, & = 13 mm;
time, 4 min (pulsed: 1 s act/1 s pause); and total power, 576 J.
The parameters of the separation process: 5000 rpm spin for
10 min. Figure 2 presents the morphology of the powders after
the mixing process.

In the preliminary test, powders were axially pressed in a
metallic die under the pressure of 200 MPa, and a “green
body” was obtained. They were finally densified by the SPS
method in a vacuum atmosphere (5 x 10> mbar) using the
following parameters: sintering temperature = 950 °C, heating
rate = 100 °C/min, holding time = 10 min, and pressure =
50 MPa. Pure copper was also sintered under the same
conditions as a reference sample. The powders were sintered
in a graphite die and, as a final product, we obtained cylindrical
samples (diameter = (J25 mm, height = 5 mm). Density of the
“green body” and samples after sintering were measured using
a hydrostatic method.

Microstructural characterizations of the Cu-C powder mix-
tures and sintered composites were performed by means of
scanning electron microscopy (SEM) using a Dual-Beam
Auriga Zeiss microscope with an energy dispersive spec-
troscopy (EDS) detector (Bruker).

Dilatometric investigations were performed using a Netzsch
DIL 402 C/4/G dilatometer. The temperature dependence of the
relative linear expansion dL/L, was measured, and the coeffi-
cient of thermal expansion (CTE), « (Alpha), was calculated as
a function of the temperature according to Eq 1. The samples
were heated up to the temperature of 1000 °C at a rate of 5 K/
min in a protective pure argon atmosphere.

= AT (Eq 1)
where o is the thermal expansion coefficient, /, is the initial
length of the sample, Al is the length increase, AT is the tem-
perature increase.

Differential scanning calorimetry (DSC) measurements were
performed by means of Netzsch DSC 404 C equipment. The
samples were heated up to the temperature of 1000 °C at a rate
of 5 K/min in a protective pure argon atmosphere.

The thermal diffusivity D was measured at room temper-
ature by a laser flash method (LFA 427, Netzsch). The front
face of the measured sample was homogeneously heated by an
unfocused laser pulse. On the rear face of the sample, the
temperature increase was measured as a function of time. The
mathematical analysis of this temperature/time function allows
for the determination of the thermal diffusivity D (Ref 19). The
specific heat was evaluated based on the rule of mixture.

The experimental results of the thermal diffusivity and the
calculated values of the specific heat were used to estimate the
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Fig. 2 SEM images of Cu-C powder mixtures with carbon in the
form of (a) graphene, (b) graphene oxide, (c) nanotubes

thermal conductivity K. It can be determined from the

following relation:
K=p-c-D, (Eq 2)

where K is the thermal conductivity in W/mK, p is the den-
sity in g/em®, ¢p is the specific heat in J/gK, and D is the dif-
fusivity in mm?/s.
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3. Results and Discussion

Table 1 presents the results of density measurements
performed for the obtained Cu-graphene composite materials.
Theoretical density of the composites was defined for the
assumed volume contents, using the density of carbon nano-
forms pc = 1.22 g/em® and the density of copper pcy = 8.89
g/em®. Based on these data, the theoretical density
(Preor = 8.71 g/cm3) of Cu-3%C was estimated.

The measurements show a high relative density for the
materials (at least 99% of theoretical density value). There are
no significant differences in density for various carbon forms
used as the reinforcement.

The SEM observation of the microstructure of the Cu-C
composites revealed that the carbon phase is quite evenly
distributed in the entire volume of the material. Exemplary
images of Cu-C composite structures are presented in Fig. 3, 4,
and 5.

All images presented in Fig. 3, 4, and 5 were obtained from
the cross sections of the samples produced in SPS processes.
The cross sections of both Cu/RGO (Fig. 3a and b) and Cu/
MWNT (Fig. 4a) composites clearly show the pores of the
copper matrix, having a circular cross-sectional shape. No pores
of the matrix are registered in SEM images of the Cu/GNP
composite (Fig. 5a). Carbon forms built in the copper matrix
have some distinguishing features. They are a derivative of the
morphology of carbon structures and their size. The average
flake size for RGO forms is one order of magnitude larger than
for copper powder particles. In addition, the RGO structures are
multilayered (Fig. 3b). The size of the RGO structures and their
composition inhibit both densification and sintering of the
composite material. The entire mass flow mechanism in the
sintering process takes place around the RGO structure,
especially as carbon and copper practically do not react
together. That is why, deep pore slots appear around large
RGO objects (Fig. 3b). Well-dispersed individual nanotubes,
observed in each gap left after the detachment of Cu grains
(Fig. 4a) in the case of low-resolution SEM, do not show
porosity at the MWNT/Cu boundaries. With higher SEM
resolution, nanopores are revealed on the lateral surface of
nanotubes (Fig. 4b). In the process of sintering, the length of
nanotubes close to the diameter of matrix particles leads to
revealing only nanopores resulting from there being no Cu-C
interaction. The average flake size of GNP after dispersion and
centrifugation processes equals 0.7 pm. It is significantly lower
than the diameter of copper matrix particles, thus facilitating
densification and sintering processes of this composite. More-
over, GPN objects are composed of a few graphene layers on
average. For this reason, SEM observation employing the
InLens technique did not show clearly the coating of copper
with GNP particles (Fig. 5a). On the other hand, in the case of
the ESB/SEM technique (Fig. 5b), dispersed but homogeneous

Fig. 3 SEM images of Cu-RGO composite material

coating of copper with GNP particles is observed (dark spots in
Fig. 5b).

Measurement results of thermal diffusivity of Cu-C com-
posites and estimated results of conductivity as a function of the
temperature of these materials are presented in Fig. 6.

The measured thermal conductivity values of the compos-
ites, with a copper matrix doped with various forms of carbon
in 3 vol.%, range between 330 and 370 W/mK. The results
obtained at 50 °C are lower than both the literature data
(theoretical thermal conductivity of pure copper is around
400 W/mK) and the measurement results of a reference sample
of pure copper sintered using the SPS technique (about 380 W/
mK). The highest thermal conductivity of Cu-C composites
was achieved when employing carbon in the form of graphene
flakes (366 W/mK), whereas the lowest was reached in the case
of RGO (330 W/mK). The presence of oxygen significantly
reduces heat transport properties in the crystal lattice of the
graphene structure. It is well known that graphene as an
anisotropic material is characterized by particularly high
thermal conductivity in the direction of atomic rings. On the

Table 1 Density measurements performed for the obtained Cu-graphene composite materials

Materials “Green body” density, g/cm® Measured density after sintering, g/cm’ Relative density, %
Cu-3% RGO 6.25 8.66 99.4
Cu-3% MWNT 6.20 8.65 99.3
Cu-3% GNP 6.45 8.69 99.7
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Fig. 4 SEM images of Cu-MWNT composite material

other hand, the location of graphene layers in the volumetric
structure of the composite is random, and therefore in the
majority of instances, heat does not flow through the graphene
phase toward their top conduction. This does not have the
visible effect of improving the thermal conductivity of the
composite material containing graphene. Another factor reduc-
ing heat transport capacity of composites is the presence of
pores in the structure of the material. Even though their quantity
is not substantial and oscillates at the level below 1%
depending on the applied carbon form, it undoubtedly is a
barrier to the heat flux. The location of pores among individual
graphene flakes and the formation of carbon phase clusters are
also disadvantageous from the point of view of thermal
conduction. As was stated in Ref 20, the size of pores plays
a detrimental role in the heat conductivity of materials.
Materials having a structure with a great number of fine pores
conduct heat in a better manner than materials with a lower
total number of bigger pores. In the case of Cu composites with
nanotubes, the number and size of phonon-scattering centers
have a less destructive influence on the heat flux than for
composites doped with RGO. It was also found that the thermal
conductivity values for all analyzed samples are decreased
when the temperature is raised. This phenomenon is typical of
the majority of metallic materials and is caused by the increased
scattering of phonon carriers in the crystal lattice, observed
when raising the temperature.

Figure 7 presents linear expansion curves of Cu-C compos-
ite materials, Cu (SPS), and Cu electrolytic measured during
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Fig. 5 SEM images of Cu-GNP composite material

the first heating (Ist run) and reheating (2nd run) to a
temperature of 1000 °C.

Thermal expansion of the tested samples in the approximate
temperature range of 300-800 °C is greater than the thermal
expansion of pure electrolytic copper (Cu). The same material
subjected to repeated heating has a very low thermal expansion,
less than pure electrolytic copper. It means that the heat
treatment involving heating to a high temperature leads to
irreversible changes of the structure. DSC studies may be
helpful in qualitative interpretation of measurement results of
dilatometric investigations. Figure 8(a), (b) and 9(a), (b) show
examples of DSC and CTE curves of the 1st and 2nd runs of
Cu(SPS) and Cu-GNP composite materials, respectively.

DSC curves (Ist run) show the presence of two thermal
effects—endothermic in the temperature range of approx. 300-
800 °C and exothermic at the higher temperature. The differ-
ence between the DSC curves (1-2) demonstrates that the first
endothermic and irreversible effect corresponds to a significant
increase in the volume (Fig. 7a), and the second exothermic
and reversible can be ascribed to final decrease of volume.

Composite samples, due to lack of solubility of carbon in
copper, do not show phase transitions or chemical reactions
(e.g., oxidation). All the recorded changes in the dilatometric
curves are mechanical changes and are associated with the
consolidation process of composites. Lower-temperature
dimensional changes accompanied by irreversible endothermic
heat effect are probably related to the formation of stresses that
may lead to permanent deformation of the matrix and increase
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the volume of the composite. These stresses are caused by the
differences in the thermal expansion curves of the copper and
graphite matrices. Recrystallization and grain growth of the
matrix characterized by exothermic effects may be also
involved in this process. Final high-temperature contraction
can be related to the presence of voids and pores in the
composite structure.

4. Conclusions

This paper presents the results of experimental studies
concerning the manufacture of Cu-C (multiwall carbon
nanotubes (MWNTSs), graphene nanopowder (GNP), or ther-
mally reduced graphene oxide (RGO) composite materials and
characterizations of their thermal properties, which are of
crucial importance when being used in heat-dissipating
systems. The technological conditions allowing one to obtain
almost fully dense composite materials were developed using
the SPS method. The best results from the point of view of
their application to heat dissipation—the lowest (versus
copper) CTE—were obtained for the composites containing
GNP, after preheating to ca 800 °C. It was found that
comparatively lower thermal conductivity values obtained for
Cu-C composites (versus copper) are generated due to (i) the
residual oxygen content and (ii) graphene anisotropic prop-
erties (extremely different values of thermal conductivity
parallel and perpendicular to the surface of the used carbon
forms). The presence of various forms of graphene in
composites and the processes of consolidation, which are
the source of adverse but thermally unstable dilatometric
effects, and the explanation of these with the aim to remove
them without loss of good thermal conductivity, require
further study.
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