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Abstract:

Recently, copper-nanocarbon composites have become the focal point of many research groups
around the world. The reason for this phenomenon is that carbon nanotubes or graphene have
proven that they can bring the technology of copper to a whole new level due to their
extraordinary electrical, thermal and mechanical properties. Addition of even small amounts of
nanocarbon into copper matrix can significantly enhance its performance, but unfortunately
integration of these two materials is not trivial. In this review article we highlight methods of
manufacture of Cu-nanocarbon composites and properties of the resulting material. We stress
their strong and weak points as well as indicate pending challenges remaining to be sorted out to
produce the nanocomposite of significantly improved properties as compared to neat Cu. Finally,
we identify future R&D directions, which must be taken to bring these materials closer to mass-

production and eventually real-life applications.
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1. Introduction

During the last few decades, there has been a growing interest in nanotechnology, which
encompasses objects so tiny (of the order of 10° m) that they are actually quite difficult to
imagine. The conception of possibility of materials construction, modification and application on
such a small scale, given by the famous lecture “There is plenty of room at the bottom” by
American physicist Richard Feynman ! became an inspiration to taking up the subject for many
researches, which continues to this day. Some of the accomplishments were particularly
successful in boosting the R&D in this field: the discovery of new forms of carbon such as
fullerenes in 1985 2, carbon nanotubes (CNTs) in 1991 3 and graphene in 2004 4 were
particularly successful. Nanotechnology has made since then much wider impact and opened up
new horizons in almost all modern disciplines such as materials science > °, biochemistry " &,

catalysis %1, medicine 213 various parts of engineering 141® and many other.

Bulk copper has been one of the leading choices for applications requiring high performance in
terms of electrical and thermal conductivity for hundreds of years. It is the second least resistive
metal after silver (copper: 1.68 x 108 Q-m, silver: 1.59 x 10® Q-m) 1" with impressive current
carrying capacity of the order of 108 A/cm? 8 and the highest thermal conductivity among metals
398 W/m-K *°. From a practical point of view, it can easily be formed into conductive wires or
tracks, which explains its abundance in many applications ranging from microelectronics,
overhead power transmission lines, active heat exchangers to heat sinks. Ever since carbon
nanomaterials such as CNTs or graphene came into existence, researchers wondered how to
utilize their unbeaten electrical and thermal properties to further improve the established
technology of copper. Enhancements are necessary to meet the requirements of our modern

world wherein the energy demand is growing and its management has to be of the highest



possible efficiency. The research on copper nanocomposites is now in the exponential phase
(Fig. 1) and scientific groups from all around the world work on the development of copper-
nanocarbon composites of significantly improved properties. In fact, first attempts to integrate

copper with carbon (e.g. graphite, carbon fiber) took place as early as in 1970s 2% 2 or before.
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Fig. 1. Trends in research on copper nanocomposites represented as number of journal

publications in the last 10 years as reported by the Web of Science database.

There is a range of techniques employed to manufacture Cu-nanocarbon composites, but the
three most common routes are based on powder metallurgy 2234, electroplating > or electroless
deposition #® 47, The synthetic approach has to be precisely designed to overcome the problem of
the “cuprophobic” nature of nanocarbon materials. Due to large surface free energy mismatch
(72.9 mJ/m? for nanocarbon *® as opposed to 1650 mJ/m? for Cu “°), these two materials have
only slight affinity to each other and often it is hard to combine them without special
pretreatment steps to nanocarbon *° or engaging carbide forming materials at the interface °'.
Although carbide forming metals such as Ti, Co, Cr, V, W or Mo have lower electrical
conductivity than Cu they create much better Ohmic interface with unfunctionalized nanocarbon

materials > 53, When good contact is obtained between nanocarbon and Cu, the composite



reveals significantly improved properties. For instance, Cu-CNT composites proved to have one
hundred-fold higher ampacity (maximum amount of electric current that a conductor can carry
without deterioration; often referred to as current-carrying capacity) than pure copper 4° (besides
improvements in terms of mechanical and thermal properties). The effect is a result of
suppressed electromigration of Cu atoms at high current density and skin effect at high frequency
5% Encouraging results from other metal matrix composites loaded with CNTs or graphene
strongly suggest that the nanocarbon additive may bring enhancement of properties on many

fronts 558,

In this review article, we summarize the up to date progress that has been made in the synthesis
and evaluation of performance of copper nanocomposites with the focus on CNTs or graphene as
the additive to the copper matrix. First, we present what are the successful strategies to combine
nanocarbon and copper. Then, we show the electrical, thermal and mechanical properties of the
composites. To prove the advantage of using the nanocomposites over traditional materials in
these areas, we compare the measured values with neat copper reference recorded using the same
setup in each case. Since some properties (e.g. Vickers Hardness) are very much dependent on
testing parameters, we compared the performance of Cu-nanocarbon composites versus that of
neat copper measured under the same conditions (where appropriate data was reported). Finally,

we highlight the possible applications and suggest future directions of research.



2. Preparation methods

The methods used to combine nanocarbon and copper are mostly based on established
techniques such as powder metallurgy, electroplating or electroless deposition. In this section we

stress what are their merits, scalability potential and the nature of the material they produce.
2.1. Cu-CNT composites

2.1.1. Powder processing
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Fig. 2. Powder processing route towards Cu-nanocarbon composite. Modified and reproduced

with permission. Copyright 2015, Pleiades Publishing Ltd *°.

Powder metallurgy is the most common approach to create Cu-CNT composites (wherein Cu is
the matrix) because of its scalable nature (Fig. 2). Combination of copper and nanocarbon
powder is relatively easy to execute and can be accomplished using established and widely
available machinery. Arnaud et al. used double-wall CNTs (0.5 vol.%), which were pretreated
with acid to introduce necessary functional groups for appropriate bonding with copper 22. Both

CNTs and Cu were suspended and sonicated in a liquid medium to ensure homogeneous mixing.



The material was dried, compacted, sintered and used for wire-drawing, which reached lengths
up to 1.5 m. The microstructure resembled that of pure Cu, but the Ultimate Tensile Strength
(UTS) of the composite was increased by about 10% reaching 560 MPa at room temperature.
UTS is a maximum amount of stress a material can withstand during elongation before failure.
Moreover, the strain was as high as 7.5% as compared with 6.2% for pure Cu. At the same time,
electrical resistivity at room temperature was similar to pure Cu with a slight increase at 77K

(about 12%).

Many materials have been considered to enhance the properties of copper, but addition of
another phase was often found to increase the scattering rate of the conducting electrons or
deteriorate stress transfer capabilities. As a consequence, there is a consensus that the amount of
nanocarbon should not be excessive. Another important aspect is homogeneity of CNT
distribution and good interfacial bonding to Cu matrix. It was shown that the addition of 5% vol.
of double-wall CNTs can increase the Vickers microhardness by more than 50% (up to 82 — as
compared with 50 for pure Cu) with a notable decrease in the average friction coefficient . It
was observed that increase in the number of CNT walls lowers microhardness. The authors
explained this effect by the decrease in packing density with the increase in the number of

constituting walls.

In another approach reported by Rajkumar et al., CNTs were first precoated with Cu by
electroless deposition and then mixed/compacted/sintered according to the regular powder
metallurgy route 2* to improve the intermatrix bonding. The results showed that addition of
CNTs lowers the wear rate as compare with unreinforced copper. The reason was the formation

of carbonaceous film at the contact surface, which introduced lubricating properties into the



material. The nanocomposites also indicated high Vickers microharndess (up to 126), which was

26% harder than regular copper.

Contact between CNTs and copper matrix can be also improved by shearing the composite
powder by high-speed rotary blade 2°. It causes interparticle impacting, shearing and friction,
which results in coating of the Cu particles with nanocarbon. During the course of composting,
CNT assemblies are disintegrated into individual CNTs and used dendritic Cu particles turned
into spheres. Despite that good contact between Cu matrix and CNTSs, the length of CNT is
reduced, which results in imperfect phonon coupling. As a consequence, thermal conductivity of

the nanocomposites is slightly inferior to that of pure copper (328 vs 331 W/m-K).

Nevertheless, there are reports utilizing the powder metallurgy route, which show the thermal
conductivity of the Cu-CNT composite to be higher than that of copper (359 vs 345 W/m-K).
However, thermal conductivity of Cu is commonly given as 400 W/m-K ¥, so further research is
needed to confirm whether the measured conductivity of the composite is in fact higher or Cu of

inferior quality was used as the reference.

Fig. 3. CNTs on the grain boundaries of Cu matrix as observed by bright-field high-resolution

TEM. Modified and reproduced with permission. Copyright 2013, Elsevier 7.



Furthermore, because of the notable anisotropy of CNT electrical/thermal conductivity, which is
much higher along the axis than in the radial direction, it is important to align the individual
CNTs in the matrix. Yoo et al. employed high-ratio differential speed rolling (HRDSR) of Cu-
CNT composite sheaths to target this goal (Fig. 3,4) ?’. The Vickers microhardness of the
nanocomposite was almost twice that of pure Cu (135 vs 70) whereas the UTS reached 500 MPa
(as compared with 400 MPa for Cu measured under the same conditions). The results also
showed that ball-milling/rolling degrades the structure of the CNTs therefore it should be used
for the shortest possible amount of time to preserve their highly conductive character. Because of
high-shear strain induced by HRDSR, the CNTs themselves were found on the grain boundaries
within the bulk of Cu matrix (Fig. 3). It is interesting to note that equal speed rolling results in

poorly dispersed and scattered CNTs throughout the Cu matrix.
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Fig. 4. Fabrication procedure of Cu-nanocarbon composite by high-ratio differential speed

rolling (HRDSR). Modified and reproduced with permission. Copyright 2013, Elsevier 2/



(a)

Fig. 5. Microstructure of Cu-CNT composites. (a) flake-like. (b) spherical. Modified and

reproduced with permission. Copyright 2013, Elsevier .

In all of the cases high-ratio differential speed rolling gave better mechanical properties than the
samples prepared by equal speed rolling. Shukla et al. showed that hardness of the composites
increases with the content of single-wall CNTs, but the opposite was true for multi-wall CNTs.
Single-wall CNTs were generally found to have better reinforcement properties ®*. At the same
time increase in the CNT content may increase the dislocation density in the composites *°. Size
and shape of copper particles is also important. Dendritic Cu particles give composites with
nanocarbon, which have higher microhardness than composites made from spherical Cu particles
62, What is more, prolonged milling of Cu-CNT mixtures often leads to flake-like morphology of
Cu 276981 if the content of CNTSs is relatively low or excessive milling is carried out (Fig. 5a).
With an increased CNT content the Cu particles become smaller and more spherical in shape
(Fig. 5b), which has a negative effect on bonding between individual constituents. The bottom

line is that the processing power and time has to be optimized. Cu-CNT composites with good



intermatrix bonding should be obtained with minimum disruption to the hexagonal lattice of the

CNTs. That ensures improved properties of the nanocomposite as compared with pure Cu.

2.1.2. Electrodeposition
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Fig. 6. Cu-nanocarbon manufacture by electrodeposition. Modified and reproduced with

permission. Copyright 2014, Royal Society of Chemistry .

Another approach to create Cu-CNT nanocomposites is to electroplate one of the ingredients
with the other one. Most commonly, CNTs are the target and Cu is deposited using established
techniques, wherein aqueous copper sulfate solution is the most common source of Cu atoms, but
deposition from organic media is also commonly employed because carbon nanostructures are
much easier wetted by them (Fig. 6). Addition of CNTs to Cu was found to lower the
Temperature Coefficient of Resistance (TCR) *° because of the inherently low sensitivity of their
electrical resistance to temperature ** (tested from 50 to 350K). Similarly as in the case of
powder metallurgy route, Cu-CNT composites prepared by electrodeposition have improved
properties as compared to pure Cu. The tensile strength, yield strength and ampacity are
increased by 49%, 95% and 32%, respectively (super-aligned CNT arrays were electroplated in
an aqueous Cu bath) 3. Thermal conductivity surpassed that of copper and reached up to 427
W/m-K. Furthermore, a continuous process of CNT deposition with Cu was shown by Xu et al
3 CNT fibers produced by direct spinning % are spun and passed through anodization and

deposition baths to fabricate a composite wire. Nanocomposite of high UTS was obtained (811



MPa, as compared with Cu wires), which is partially caused by the starting material (CNT fiber
substrate) of very good mechanical properties. CNT fibers produced by this method are known
for its high-strength %, which should be taken into the account. Unfortunately the reported values
of electrical conductivity of these nanocomposites (up to 2.45 x 10 Q-m) are inferior to similar

materials produced by different methods.

Another interesting property of Cu-nanocarbon composite is its exceptionally low Coefficient of
Thermal Expansion (CTE). When CNTSs, which have negative CTE °, are electroplated with Cu
of positive CTE °°, the resulting material has 70% lower CTE than most metals *’. The net effect
gives silicon-like CTE on the order of 5 ppm/K. Because of its high thermal conductivity (395
W/m-K) and negligible CTE mismatch with silicon, the nanocomposite has been considered as a
promising heat sink for CPUs and other silicon-based circuits, which generate heat inside of

computers.

What regards the process of electrodeposition, a variety of modifications have been devised to
improve it. For instance, Feng et al. described co-depositon of Cu and CNTs onto a substrate
with nanodiamonds used as a dispersing agent to prevent agglomeration of CNTs 3. The authors
claim that nanodiamonds help to mitigate agglomeration of CNTs in polymer matrices ¢, but the
merits of using them for electrodeposition were not shown. Next, electrodeposition by periodic
pulse reverse had a positive effect on the speed of the deposition, but the conductivity of the
nanocomposite was inferior to that of prepared by DC electroplating. Moreover, Cu-CNT
composites prepared by electrodeposition also have improved microhardness as compared to
pure copper. An increase by up to 36% was observed 3. Probably the most notable improvement
in properties, which justifies combination of Cu and CNTs on an industrial scale, comes from the

results of Subramaniam et al > %, In a two step process, CNTs were first electroplated with Cu



seeds using organic medium (copper acetate in acetonitrile) and then electrodeposition from
typical agueous solution was employed. Organic media are much better for infiltration of
hydrophobic CNTs to precoat them with Cu seeds, from which Cu clusters can grow in the
subsequent step. The team has shown that Cu-CNT nanocomposite can have two orders of
magnitude higher ampacity, an order of magnitude lower TCR and similar electrical conductivity
as compared with pure Cu. Electromigration of Cu, the primary cause of failure at high current,
was suppressed to a large extent. At this level, the Cu-CNT composite already shows significant
competitive advantage. It is probably most evident in terms of specific conductivity, which takes
into account weight of a conductor. Because of high electrical conductivity, but low density of

CNTs the Cu-CNT composite has got 26% higher specific conductivity than pure Cu.

Next, as stressed by Hannula et al., to prepare Cu-CNT nanocomposites of appreciable properties
by electrodeposition, two issues must be overcome. Firstly, the current distribution throughout
CNT macroassembly is often non-uniform 8 which causes excessive nucleation close to the
electrodes, but insufficient beyond a certain distance from a current feed point due to a large
voltage drop. Ideally, CNT macroassemblies such as fibers or films, which are the target for the
Cu electrodeposition, should be of low resistivity to alleviate this problem. Secondly, similarly as
in the case of powder metallurgy route, the CNTs should have some degree of functionalization
% to improve the interaction with Cu. Such functionalization again should not be too severe not
to disrupt the sp?-network of carbon atoms, which allows for efficient transport of charge

carriers.



2.1.3. Electroless deposition

The route involving electroless deposition is relatively unexplored. In an electroless plating,
metals are deposited onto a given surface without use of external electrical power, but instead the
process is driven by a chemical reaction (Fig. 7). A typical mixture of copper sulfate (Cu source),
glyoxylic acid (reducing agent) and EDTA (ethylenediaminetetraacetic acid, complexing agent)
was employed to manufacture homogeneous Cu-CNT composites, but unfortunately the
properties of these composites were not examined ® 7°. The authors stressed the importance of
appropriate dispersion of CNTs, which enables uniform coating with Cu. Out of magnetic
stirring, ultrasonic homogenization and atomization, the last approach yielded the best results.
Nevertheless, CNTs were uniformly covered with Cu in the plating bath. CNTs of different size
are equally well covered with Cu as long as they are properly dispersed (with the assistance of an

appropriate surfactant e.g. sodium dodecy!l sulfate).

substrate

\Cu504 glyoxylic acidj

Fig. 7. Electroless deposition of Cu onto a flat substrate.

A summary of the properties of the Cu-CNT composites is given in Table 1.



Preparation

CNT

Best properties

- . Ref.
method Content Type Electrical Thermal Mechanical
0 p:2.03 x 108 Q'm -
0.5vol.% | DWCNTs (1,95 x 10%) N/A
DWCNTSs
0-10 vol.% N/A N/A HV: 82 (50) 23
MWCNTSs
Powder =5 o0 vol.% | MWCNTSs N/A N/A HV: 126 (100) 2
processing
0-10vol.% | MWCNTs N/A k: 328 W/m'K (331) N/A 25
0-10vol.% | MWCNTs N/A K: 359 W/m'K (345) N/A %
UTS: 500 MPa (400)
0-3vol% | MWCNTs N/A N/A 27
HV: 135 (70)
p:2.33x 108 QO'm UTS: 282.7 MPa (168)
0-1vol.% | MWCNTs %
a: 1.17 x 10* A/cm? 5: 4% (13)
N/A MWCNTs | p:2.45x10° Q'm N/A
45v0l.% | MWCNTs N/A «: 395 W/m'K (400) CTE: 5 ppm/K (16)
. -8 .
N/A MWCNTs | P73 107 Qm N/A N/A a8
(1.7 x 108)
Electro-
deposition
0-10vol.% | SWCNTs N/A
45 vol.% SWCNTs N/A

Table 1. The summary of properties of Cu-CNT composites. Corresponding values for pure Cu are given in parentheses.
Shaded cells indicate nanocomposites with the highest enhancement of properties as compared with pure Cu.



p (electrical resistivity), a (ampacity), a (temperature coefficient of resistance), k (thermal conductivity), UTS (Ultimate Tensile
Strength), HV (Vickers Hardness), 6 (elongation to fracture), E (Young’s modulus), o (flexural strength), CTE (Coefficient of
Thermal Expansion).



The highest recorded performance in each categories are: p: 1.65 x 108 Q-m, ampacity: 6 x 108
Alcm?, x: 427 W/m'K, a: 6.20 x 102 1/K, UTS: 811 MPa, &: 7.5% and HV: 164. As compared
with Cu matrix, the biggest improvements are in the area of electrical properties. Ampacity was
increased by two orders of magnitude. Moreover, the material had enhanced mechanical
properties (especially Vickers Hardness), which almost doubled. There was also evident increase
in UTS. Unfortunately, possibly due to imperfect phonon coupling, the increase in thermal
conductivity of Cu-CNT composites was only marginal. A summary of the improvements is
presented in the Fig. 8. The data show that electrodeposition gives stronger enhancement of
properties of the nanocomposite as compared with pure Cu (Table 1.) Nanocomposites prepared

by powder processing are mostly improved in terms of their mechanical properties.
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Fig. 8. Performance of Cu-CNT composites as compared to pure Cu. *UTS of the CNT-Cu

composite is compared to CNT fiber, on which Cu is deposited.



2.2. Cu-graphene composites

2.2.1. Powder processing

Similarly as in the case of CNTs, powder metallurgy route is the most common method for the
preparation of Cu-graphene composites. Graphene flakes also need functional groups to facilitate
appropriate bonding with the Cu matrix. Gao et al. reported a technique wherein graphene oxide
is additionally positively charged with hexadecyltrimethylammonium bromide (CTAB) which
helps in its uniform distribution in the composite 28. Addition of graphene improves thermal
conductivity (up to 396 W/m-K as compared with 360 W/m-K for Cu), UTS (up to 210 MPa as
compared with 185 MPa for Cu) and the Vickers Hardness (up to 51 as compared with 43 for
Cu). The enhancement gradually increases with the content of graphene up to 0.3 wt% and then
starts to decline with further addition of carbon nanomaterial. Excessive amount of nanocarbon
does not act as reinforcement anymore, but introduces defects and dislocations which deteriorate
the phonon propagation and stress transfer. Furthermore, it was shown that the addition of
graphene gives radically different results than incorporation of its parent material graphite.
Graphene based composite exhibits much higher microhardness and bending strength. Moreover,
the wear rate is significantly reduced 2°. The results show once again that nanoscopic structure of
the additive is crucial for the improvement of properties of the matrix. Such structure also has to
be carefully optimized. Dutkiewicz et al. reported that fine graphene flakes give about 50%
higher hardness and 30% lower resistivity of the composite than the composite prepared with
coarse graphene particles . The explanation was that the finer flakes are more homogeneously
distributed within the Cu matrix whereas the coarse ones prefer to reside at the grain boundaries.
It was shown that to preserve beneficial electrical, thermal and mechanical properties of the

filler, pristine graphene may be used instead of graphene oxide under certain circumstances 3.



Sequential addition and removal of polyvinylpyrrolidone (to disperse graphene in copper matrix)
leads to composite having 84% IACS (the International Annealed Copper Standard) in terms of
electrical conductivity, but much higher compression and yield strength than pure Cu. Addition
of graphene in general has significant influence on the mechanical properties and gradually

changes the fracture mechanism from ductile to brittle.

It must be noted that even starting with nanocarbon of high crystalline order, one must be careful
what kind of processing is involved up to the final step of the composite manufacture. Often,
ball-milling, sonication, shear mixing or other fragmentation technique introduces defects and/or
breaks down the constituents (individual CNTs or graphene flakes) into much smaller pieces .
Even if it will make the material more processable, the properties of the resulting copper matrix
composite may be inferior. An alternative to improve the interaction between nanocarbon and
copper is to precoat one of the constituents with a thin layer of transition metal such as nickel or
chromium, which has affinity towards both of the nanocomposite constituents . Although it is
not ideal for the electrical applications because the conductivity of Ni or Cr is much lower than
that of Cu or nanocarbon, the results have shown that such addition is suitable where improved
mechanical properties are wanted. Ni-graphene-Cu composite had 64.5% higher yield strength
than regular Cu #’. To eliminate the influence of other components than graphene and Cu, the
graphene flakes may be precoated with Cu nanoparticles by electroless deposition and then
subjected to powder metallurgy processing “°. UTS as high as 485 MPa was achieved using this
approach. In terms of the highest absolute values, yield strength of 501 MPa was reported 2,

which is on par with the previously described best results for Cu-CNT composites.



2.2.2. Electrodeposition

To synthesize the Cu-graphene nanocomposite by electroplating the typical copper sulfate
approach is employed. Jagannadham showed how Cu seeds and graphene oxide can be co-
deposited onto an electrode to form the composite 3. The material revealed higher thermal
conductivity than copper (460 vs 380 W/m'K) at room temperature. The difference was even
more evident at 250 K (510 vs 400 W/m-K). The study of electrical properties indicated that the
composites have a slightly lower resistivity (up to 11% as compared with electrolytic copper)
and reduced TCE (as in the case of CNTs). To reach the highest thermal or electrical
conductivity, a different ratio of graphene has to be introduced into the copper matrix *, so the
material can be tailored for a particular application. Finally, when graphene flakes are arranged
in plane of the composite, thermal conductivity is much higher along this axis rather than normal
to the surface as expected. To achieve high isotropic thermal conductivity, random orientation of

graphene flakes is preferred 72,
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Fig. 9. Schematic diagram of the fabrication procedures of graphene/Cu composites. (a) Original

Cu powders and poly(methyl methacrylate) (PMMA). (b) Flaky Cu powders loaded with PMMA



after ball-milling. (c) Graphene/Cu composite powders. (d) Bulk graphene/Cu composite after

hot-press sintering. Modified and reproduced. Copyright 2016, Nature Publishing Group .

An interesting approach was presented by Chen et al., who mixed Cu powder and PMMA as the
graphene precursor, which was then grown in-situ * (Fig. 9). The material was then subjected to
regular powder metallurgy processing and analyzed. Such technique ensured very good
dispersion of the nanocarbon material and good combination between graphene and Cu matrix.
Although just a small increase in Hardness was observed, the Yield strength tripled and reached
144 MPa (as compared with 52 MPa for pure Cu). That once again proves that nanocarbon

addition strengthens and toughens the Cu matrix.

Another technique to achieve this goal is to use a reported bioinspired strategy " (Fig. 10).
Nacre-like reduced graphene oxide reinforced Cu matrix composite was prepared by a brick-and-
mortar impregnation process. In this case not only the mechanical properties of copper were
improved to a large extent, but the inherently high electrical conductivity was preserved.

(d) —» Copper

mortar

—» RGrO
brick

—
——
—

GrO absorption e ——— ———
and reduction Hot-pressing

Fig. 10. Schematic representation of fabricating RGrO-and-copper artificial nacre. (a) Ordered

porous structure in natural fir wood. (b) Replicating the porous structure of fir wood with Cu. (c)



Hot-pressing porous Cu preform absorbed with RGrO. (d) RGrO-and-Copper nacre consisting of
RGrO “brick” and copper “mortar”. RGrO stands for reduced graphene oxide. Modified and

reproduced with permission. Copyright 2015, American Chemical Society .

A summary of the properties of the Cu-graphene composites is given in Table 2. The highest
recorded performance in each category are: p: 1.7 x 10® Q-m, a: 3.03 x 102 K%, x: 500 W/m'K,
UTS: 485 MPa, Yield strength: 501 MPa, 3: 45%, HV: 98. In case of graphene composites, we
see that similarly to Cu-CNT composites the electrical conductivity of Cu is reached but no
significant improvement is observed. However, in the case of Cu-graphene we see a notable
increase in thermal conductivity, which was as high as 500 W/m-K. What regards mechanical
properties, enhancement in terms of UTS and Vickers Hardness is only marginal contrary to the
results from Cu-CNT composites. The exception is the Yield strength, which almost tripled upon
graphene incorporation. A summary of the enhancements is given in the Fig. 11. Similarly as in
the case of CNT-based composites, powder processing gives mostly improvements in terms of

mechanical properties, whereas electrodeposition enhances electrical and thermal performance.



234.0

113 11.4
|

107.3
L
-18.3

31.6

-19.1

240

T T T T T T
(=3 (=] [=] (=] [=] o
o © w0 < [y

-—

% ‘N9 jeau o} paledwos se abueys

220
20

L ssaupieH S19)9IA

L ulens

- yiBuans plaIA

- sin

- dIl
L AjARONpuUod ewIay |

- AuAnsisay

Fig. 11. Performance of Cu-graphene composites as compared to pure Cu.



Preparation

Graphene

Best properties

- . Ref.
method Content Type Electrical Thermal Mechanical
UTS: 210 MPa (185)
0-0.5wt% GO N/A K: 396 W/m'K (360) 8: 17% (22) 28
HV: 51 (43)
HV: 97
0-10vol.% G N/A N/A 29
o: 441 MPa
0-2wt% G, RGO p: 2.3 x 108 Q'm N/A HV: 62 30
_ 0 p: 2.1 % 10-8 Qm . 31
0-0.3 wt% G, GO (1.74 x 10°%) N/A UTS: 187 MPa (209)
UTS: 230 MPa (180)
0-2wt% GO N/A N/A d: 24% (22) 32
Powder HV: 51 (45)
rocessin
P "9 3% increase in
0—6 wt% RGO electrical N/A 3
conductivity
UTS: 275 MPa (220)
0-0.5vol.% G N/A N/A a4
3: 20% (32)
1.3 wt% GO N/A N/A 46
0 4.8vol% RGO N/A N/A Yield strength: 501 MPa 72

(150)




N/A GO K: 460 W/m'K (390)
N/A GO
Electro-
deposition
N/A GO
In-situ 1.7 %108 Q'm
growth of | 0— 0.95 wt% G p- = 5
(1.8 x 10°)
graphene
. 8 (). UTS: 300 MPa (200
_ Template NIA RGO p: 177 x10° 'm N/A (200)
impregnation (1.81 x 10°) 81 20% (17)

Table 2. The summary of properties of Cu-graphene composites. Corresponding values for pure Cu are given in parentheses.
Shaded cells indicate nanocomposites with the highest enhancement of properties as compared with pure Cu.

G (graphene), GO (graphene oxide), RGO (reduced graphene oxide), p (electrical resistivity), o (temperature coefficient of resistance),
K (thermal conductivity), UTS (Ultimate Tensile Strength), HV (Vickers Hardness), & (elongation to fracture), E (Young’s modulus),
o (flexural strength).



3. Modelling

Results of computation support the experimental findings. In a study by Park et al., the authors
prove that oxygen-containing functional groups such as hydroxyl (-OH) or carboxyl (-COOH) or
structural defects enhance the interaction between Cu and nanocarbon . The binding energy of
Cu on the oxidized CNTSs increases in the case of pristine CNT (from -0.53 to -0.73 eV) as well
as Stone-Wales defective CNT (from -1.26 to -2.70 eV). In addition to structural integrity,
defects and functional groups promote electron exchange between Cu and carbon atoms.

According to calculations, 1.9 — 2.4 A is the optimum distance between nanocarbon and Cu.
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Fig. 12. Calculated I-V curves for (a) metallic and (b) semiconducting pristine CNTs (pCNT)
and Cu-CNT interconnects (Cu/CNT/Cu) of a given chirality. Modified and reproduced with

permission. Copyright 2011, Elsevier .



A strong interaction between O and Cu was detected. In fact, Oz, orbital had extensive overlap
with Cusqg orbital, which confirms favorable interaction. On the other hand, according to Wu et
al., pristine nanocarbon interacts with Cu through Cop orbital and the strength of that interaction
is very much dependent on the chirality of a particular CNT. The consequence of that is a

radically different shape of calculated I-V curves for various types of Cu-CNT interconnects

(Fig. 12).
Cu-CNT(6,6) Cu-CNT(10,0)
3—————r—p——— ————————
" -- Pure Cu #Z1 T
2.5F —eoe=0° 27
. L —0=45° 2L
<C L 0 =90° // ]
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Bias Voltage [V] Bias Voltage [V]

Fig. 13. Current-voltage characteristics of Cu—CNT composites with different chirality and
orientation. The characteristic of infinite pure Cu is also shown for comparison Modified and

reproduced with permission. Published by the PCCP Owner Societies /',

The more aligned CNTSs in the composite the more homogeneous is the current distribution
density at high frequency. On the macroscopic scale, the CNT length "8, alignment and density in
fact play a key role in electrical conductivity of the composite rather than the chirality * (Fig.
13). Electrons are injected at the ends of a nanotube rather than the side (as shown in the
calculated I-V curves in Fig. 14), therefore misalignments of individual CNTs (or graphene

flakes 7°) from the applied bias axis have a deleterious effect on the electrical conductivity.
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Fig. 14. Current-voltage characteristics of Cu—CNT composites with end-contacts (E-C) and

side-contacts (S-C). Modified and reproduced with permission. Copyright 2010, American

Institute of Physics .

The length of individual CNTs should ideally be above 10 um ’® and the diameter within the

range of >2 nm (for SWCNTSs ) and 30-100 nm (for MWCNTS) for the effective resistivity to be

optimal (Fig. 15) >,
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Fig. 15. Normalized current density vs position along the conductor diameter for (a) SWCNT
and (b) MWCNT of D diameter. Modified and reproduced with permission. Copyright 2015,

Elsevier >

Another crucial factor determining the properties of the resulting composite is the structural
perfection of the constituting species. A detailed study by Sadowski et al. shows that inclusions
of adulterants such as graphite or defects can make a significant negative influence on the
performance of the Cu-nanocarbon composite in a variety of applications ’°, so the material

functionalization level has to be kept at the necessary minimum. Lastly, the presence of



nanocarbon greatly reduces the skin effect >* 81, which was later proven experimentally 82 83, The
skin effect decreases with increasing content of nanocarbon (Fig. 16). Such result can be
fundamental for the application of Cu-nanocarbon composites for high-frequency AC

transmission.
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Fig. 16. Normalized current density vs position along the conductor diameter as a function of
SWCNT content in a Cu matrix. Modified and reproduced with permission. Copyright 2015,

Elsevier >

What is interesting from the conduction mechanism point of view, the modeling shows that for
small diameter CNTs only the metallic ones contribute to current conduction according to the

results of Feng et al. >

4. Applications

Cu-nanocarbon composites have a wide range of possible applications. One of the advantages in
adding CNTs or graphene to Cu is the reduced weight of the resulting composite. Highly

thermally and electrically conductive nanotubes or graphene flakes of low-weight can substitute



certain amount of Cu to reach the same performance. Probably the most obvious application for
such composite is in the transport industry for automotive and aerospace applications. Even
small reduction in weight would result in massive savings as these vehicles contain kilograms
and tonnes of Cu wiring, respectively. Another area which could gain from using these materials
is thermal management. At present, heat sinks are most commonly made from Cu, which is
heavy and prone to cracking if subjected to repeated bending. Addition of carbon nanostructures,
which are very flexible and produce light-weight nanocomposites with Cu of improved thermal
conductivity would be beneficial. Mechanical reinforcement of Cu could be advantageous for
other applications as well. Furthermore, carbon nanomaterials are much better suited for the
application in extreme environments wherein corrosive chemicals are present 8 &, Addition of a
protective layer from CNTs or graphene onto Cu or Cu-nanocarbon composite would enable the

use of such conductors in the areas where Cu is currently unsuitable.

5. Conclusions and future outlook

In this paper we reviewed the up to date progress in the synthesis and properties of Cu-
nanocarbon composites. CNTs or graphene can be combined with Cu matrix by various methods,
but most commonly powder metallurgy, electroplating or electroless deposition are employed.
These techniques are scalable and proven at industrial level in many parts of engineering. That is
very important for the possibility of mass-production of Cu-nanocarbon composites of
significantly improved properties in the future. One could also consider exploring how to

integrate nanocarbon into the existing other large scale copper technologies such as casting.

The nanocomposites have shown advantages on many fronts, but certain aspects have to be taken
care of to make these efforts worthwhile. Firstly, the cost of nanocarbon (in particular graphene

and single-wall CNTs) still has to be reduced to a large extent, so that the benefits of the use of



nanocomposite (as compared to pure Cu) are justified from the economic point of view. Over the
years we have seen a significant decrease in the unit cost of multi-wall CNTs and increase in
their production capacity. At the end of the day, the same has to be the case for single-wall CNTs
and graphene to bring these Cu-matrix nanocomposites to a wider audience. Secondly, the
production of Cu-nanocarbon composite requires very high-degree of control over the
microstructure and composition of the nanocarbon feed. We need to have means of consistent
large-scale manufacture of CNTs or graphene of particular length/diameter/number of
walls/chirality/etc. or flake size/number of layers/etc., respectively, both having the desired
surface chemistry. Only such level of control can enable implementation of Cu-nanocarbon

composites in the real-life.

The nanocomposites have revealed potential to enhance several Cu parameters, the most notable
being: electrical (ampacity), mechanical (hardness, tensile strength) and thermal (thermal
conductivity, TCR, CTE) properties. With adequate level of production control we can imagine
tailoring the nanocomposite to create a family of Cu-nanocarbon materials for a spectrum of
possible applications such as in high-performance wiring or lighter flexible heat sinks for
consumer electronics. That is why manufacture method of the nanocomposite should be selected
according to which properties of copper should be enhanced. In general, powder processing
methods have produced nanocomposites of improved mechanical properties, whereas
electrodeposition has enhanced electrical and thermal performance. As we compare copper
matrix composites loaded with CNTs and graphene, we see that CNT-based materials have better
mechanical properties both in terms of Vickers Hardness (164 vs 98) and UTS (811 vs 485 MPa),
which are almost twice as big as the corresponding values for graphene. On the other hand,

graphene-reinforced copper is more thermally conductive (500 vs 421 W/m‘K) and has got a



lower TCR (3.03 x 10 vs 6.20 x 10 1/K). Electrical conductivity of Cu-CNT and Cu-graphene
nanocomposites is on par. It is important to note that for the comparison to be accurate, the
composites should have been characterized under the same conditions (the quoted values come
from different studies). Because the outermost layer contributes the most to current conduction in
CNTs, it is not surprising to see that SWCNTs gave the best composites with Cu in terms of
electrical conductivity. From the mechanical point of view, very high tensile strength of
MWCNTSs , translated into excellent reinforcement of Cu matrix. What regards graphene, it
would be vital to carry out a study to investigate how the number of layers influences the
properties of its composite with Cu. We currently know that fine graphene gives composites with
Cu of much higher hardness and lower resistivity 3°, so maybe targeting single layer graphene Cu

matrix composites is the route towards the best performance.

What is more, it would be interesting to see the performance of Cu-nanocarbon composites, in
which instead of functionalization carbide forming materials such as Ti or Co would be used for
improved bonding between the two materials. Such experiments would enable quantification
whether the performance of the composite is better when carbon nanomaterials are oxidized or a

part of them is converted to connecting carbide layer.
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