Depar tment of Chemical and Metallurgical Engineering

Processing and properties
o f carbon nanotube-copper
composites
Pyry-Mikko Hannula

D O C TO R A L
DISSERTATIONS

Aalto University publication series
DOCTORAL DISSERTATIONS 31/2019

Processing and properties of carbon
nanotube-copper composites
Pyry-Mikko Hannula

A doctoral dissertation completed for the degree of Doctor of
Science (Technology) to be defended, with the permission of the
Aalto University School of Chemical Engineering, at a public
examination held at the lecture hall Auditorio of the school on 8
March 2019 at 12.

Aalto University
School of Chemical Engineering
Department of Chemical and Metallurgical Engineering
Hydrometallurgy and Corrosion

Supervising professor
Professor Mari Lundström, Aalto University, Finland
Thesis advisor
Docent Jari Aromaa, Aalto University, Finland
Preliminary examiners
Professor Emeritus Imre Bakonyi, Hungarian Academy of Sciences (HAS), Hungary
Dr. Juan Carlos Galván, Centro Nacional De Investigaciones Metalurgicas (CENIM), Spain
Opponent
Docent Peter Leisner, RISE Research Institutes of Sweden, Sweden

Aalto University publication series
DOCTORAL DISSERTATIONS 31/2019
© 2019 Pyry-Mikko Hannula
ISBN 978-952-60-8425-1 (printed)
ISBN 978-952-60-8426-8 (pdf)
ISSN 1799-4934 (printed)
ISSN 1799-4942 (pdf)
http://urn.fi/URN:ISBN:978-952-60-8426-8
Unigrafia Oy
Helsinki 2019
NOR
DI

BEL

Finland

N
SWA ECO
LA

C

Printed matter
Printed
matter
1234 5678
4041-0619

Ab s t ra c t
Aalto University, P.O. Box 11000, FI-00076 Aalto www.aalto.fi

Author

Pyry-Mikko Hannula

Name of the doctoral dissertation

Processing and properties of carbon nanotube-copper composites

P u b l i s h e r School of Chemical Engineering
U n i t Department of Chemical and Metallurgical Engineering
S e r i e s Aalto University publication series DOCTORAL DISSERTATIONS 31/2019
F i e l d o f r e s e a r c h Electrochemistry
M a n u s c r i p t s u b m i t t e d 10 December 2018

D a t e o f t h e d e f e n c e 8 March 2019

P e r m i s s i o n t o p u b l i s h g r a n t e d ( d a t e ) 23 January 2019
Monograph

Article dissertation

L a n g u a g e English
Essay dissertation

Abstract
Pristine individual carbon nanotubes (CNT) exhibit extraordinary mechanical, thermal and
electrical properties, which have been difﬁ cult to translate into practical applications. One route
to obtaining improved material properties on a larger scale is to combine carbon nanotubes with
a traditional conductor material, copper. Such composites have been proposed as a new generation
of conductor materials to replace traditional copper conductors due to their potential for improving
various properties of copper, such as speciﬁ c electrical conductivity, current carrying capacity,
mechanical properties and speciﬁ c density.
This thesis focuses on the electrochemical deposition process of copper onto premade carbon
nanotube macrostructures, such as a CNT ﬁ ber, yarn and ﬁ lm, from aqueous copper sulphate
electrolytes. The microstructure and speciﬁ c electrical conductivity of the electrodeposited CNTCu samples are also investigated as well as the corrosion properties of CNT-Cu wires.
The properties of pristine CNT macrostructures, such as low electrical conductivity, hydrophobicity
and existence of impurities are found to affect the electrochemical deposition process considerably.
Due to the low electrical conductivity of CNT macrostructures, the electrochemical deposition
begins closest to the electrical contact and proceeds further as the copper deposit provides more
conductivity to the working electrode. The degree of penetration of Cu on the inside of CNT
material was found to be dependent on the porosity of CNT material, with higher porosity CNT
macrostructures being easier to deposit on the inside.
Oxidative pre-treatments were applied in order to improve the electrochemical response of the
employed CNT ﬁ lms. The degree of the functionalization treatments, heat treatment and electroo xid at i o n, w e re c o nt ro l l e d b y t h e e mp l o y e d p arame t e rs . Th e e l e c t ro c h e mic al ac t i vi t y o f C N T ﬁ l ms
could be considerably enhanced, while the undesired amorphous carbon particles were removed.
In addition, the CNT ﬁ lm became hydrophilic, which enabled deposition inside the CNT network
and not just on the surface of the ﬁ lm.
The microstructure of CNT-Cu ﬁ bers and yarns were found to affect their speciﬁ c electrical
c o n d u c t i v i t y . A t a n y g i ve n a m o u n t o f n a n o t u b e s , t h e s p e c i ﬁ c c o n d u c t i v i t y o f C N T - C u ﬁ b e r s , w h e r e
carbon nanotubes are embedded inside a copper matrix is smaller than that for a CNT-Cu yarn
with only a copper cladding surrounding the carbon nanotube core. This is assumed to be due to
the high electrical resistance of the curved nanotubes themselves and the nanotube-nanotube
junctions on the inside of the wire.
The corrosion properties of CNT-Cu wires with 0.05 wt % multiwall nanotubes produced by casting
and drawing were also investigated. The effect of the small concentration of nanotubes inside the
copper matrix was shown to reduce the corrosion rate slightly. No galvanic corrosion between CNTs
and the surrounding Cu matrix could be observed by measurements or from the sample surfaces.
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Tiivistelmä
Yksittäisillä hiilinanoputkilla on huomattavan hyvät mekaaniset, termiset ja sähköiset
ominaisuudet. Yksi keino hyödyntää näitä ominaisuuksia suuremmassa mittakaavassa on
valmistaa komposiittimateriaali, jossa yhdistetään hiilinanoputkia kuparin kanssa. Tällaista
materiaalia on ehdotettu korvaamaan perinteisiä kuparijohtimia, koska komposiitti voi
teoreettisesti tarkasteltuna parantaa useita johdinmateriaalille tärkeitä ominaisuuksia, kuten
sähköistä johtavuutta ja virrankantokykyä sekä keventää sen painoa.
Tämän väitöskirjan tavoitteena on tutkia kuparin sähkösaostusprosessia vesipohjaisesta
kuparisulfaattielektrolyytistä erilaisille hiilinanoputkimatriiseille, kuten hiilinanoputkikuiduille,
hiilinanoputkilangoille ja hiilinanoputkikalvoille. Hiilinanoputkimatriisien alhaisen sähköisen
johtavuuden takia sähkösaostusprosessi alkaa läheltä sähköistä kontaktia ja etenee kauemmas
kasvavan kuparin parantaessa työelektrodin sähkönjohtavuutta. Kuparin kasvu nanoputkimatriisin
sisälle on sitä helpompaa, mitä suurempi on matriisin huokoisuus.
Hapettavat esikäsittelyt paransivat hiilinanoputkiﬁ lmien sähkökemiallista aktiivisuutta
huomattavasti. Hapetuskäsittelyn vahvuutta voitiin kontrolloida sekä lämpökäsittelyllä että
sähkökemiallisella hapetuksella. Samalla kun materiaalin sähkökemiallinen aktiivisuus kasvoi,
my ös amo rﬁ ne n hiil i hap e t t u i p ois mat e riaal in p innal t a. Lis äksi mat e riaalin hy d roﬁ ilis y y s kas voi,
jolloin kuparin sähkösaostus ﬁ lmin sisälle tuli mahdolliseksi.
Hiil inano p u t ki- ku p ariku it u je n j a l anko je n mikro rake nne vaiku t t i niid e n mas s al l a no rmal is o it u u n
sähköiseen johtokykyyn (spesiﬁnen johtavuus). Hiilinanoputki-kuparikuitujen spesiﬁnen johtavuus
oli pienempi, kuin vastaavien hiilinanoputki-kuparilankojen. Langoissa kupari pinnoittui vain
matriisin päälle muodostaen puhtaan hyvin johtavan kuparipinnoitteen, kun kuiturakenteissa
kupari ydintyi myös nanoputkien väliin matriisin sisälle. Tällöin kuitujen spesiﬁ stä johtavuutta
heikensi myös nanoputkien väliset kontaktivastukset sekä heikko ominaisjohtavuus.
Työssä tutkittiin myös valettujen ja langoiksi vedettyjen 0.05 painoprosenttia hiilinanoputkia
sisältävien kuparilankojen korroosio-ominaisuuksia. Komposiittilankojen korroosionopeus oli
tutkituilla metodeilla hieman puhdasta kuparia pienempi. Viitteitä galvaanisesta korroosiosta ei
todettu sähkökemiallisilla menetelmillä eikä korroosiopintoja tutkimalla.
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1. Introduction

1.1

Background

Since the discovery of carbon nanotubes (CNTs) in 1991 by Sumio Iijima, there has been
significant research interest in producing, characterizing and applying their extraordinary
properties in practical applications. One of the most researched applications of CNTs is in
the formation of composites with existing materials, to provide improved material solutions
that meet the ever increasing demands of technology (Bakshi et al., 2010; Aryasomayajula
& Wolter, 2013).
Copper (Cu) has been traditionally utilized as a conductor material in a plethora of applications, ranging from the very minute microchips of ultralarge-scale integrated (ULSI) devices to electrical wirings and along with aluminium, in massive structures for power transmission in overhead lines. Copper is also used in electronics as a heat-sink material due to
its high thermal conductivity. The use of copper in such a wide range of applications is due
to its excellent electrical and good mechanical properties along with a relatively modest
price. Nevertheless, there exists a growing demand for improving the properties of copper,
for applications in smaller and lighter electronic devices that can withstand harsher operating conditions, such as elevated temperatures and higher current densities.
The miniaturization of electronic devices as predicted by Moore’s law has led to energy
localizations in the continuously down-scaled copper interconnections in integrated circuits
(ICs). Modern ICs have billions of transistors and other electronic components in an area of
ca. 1 cm2. Copper based interconnects between transistors are now considered a bottleneck
in the development of smaller components. This is due to the various reliability issues that
arise from decreasing the dimensions of copper interconnects, such as increased temperatures, electrical resistivity and electromigration (Lin et al., 2018). For instance, the current
density in devices has been estimated to already be at the threshold (~ 10 MA cm-2) of what
pure Cu is capable of conducting reliably without void formation due to electromigration.
The International Technology Roadmap for Semiconductors (2015) suggests carbon nanotube based materials as one possible solution to these increasingly difficult technical demands in interconnects.
The need to improve conductor materials is also emphasised by ongoing trends in the development of, e.g., aerospace and electrical vehicle industries. The amount of copper in an
average automobile is up to 22 kg, while fully electrical vehicles contain ca. 83 kg of copper
(Copper Development Association, 2018a).
A sustainable development of these industries calls for new materials that improve the desired property per kilogram of material used, such as electrical conductivity. Such improvements would have a direct mitigating effect on the fuel consumption and CO2 emissions
1

from said industries. Furthermore, on a larger scale, as electricity is typically produced centralized, i.e., far away from where it is consumed, the electrical properties of overhead lines
dictate the resulting electrical energy losses during power transmission. Currently, ca. 7%
of generated electricity in the western world is consumed by resistive losses in the transmission and distribution network before reaching the end user (Razanousky et al., 2012). These
global demands for improving conductor materials have acted as the catalysts for this work.
Carbon nanotubes are considered as highly attractive constituents in composite materials
due to their low density and exceptional inherent properties. The first to propose CNT based
copper composite materials as an alternative to pure copper conductors were Hjortstam et
al. (2004). They based their reasoning on promising theoretical calculations of increased
CNT-Cu electrical properties that assumed no contact resistance between CNTs and Cu.
Various types of carbon nanotube-copper composites have been the subject of experimental
research since the early part of the 21st century. The produced composites have been made
in a variety of copper and carbon nanotube configurations, where the CNTs are either surrounded by a copper matrix, or exist as a separate continuous phase e.g as a coating on
copper or vice versa. There are several motivations for combining these materials in different configurations to produce composites, but the rationale is always in improving some
property, which cannot be achieved with pure copper.
The often researched properties in literature for different types of CNT-Cu composites include strength, toughness, fatigue, ductility, corrosion resistance, thermal properties, electrical conductivity and current carrying capacity among others. While the production of
CNT-Cu composites has been successfully implemented with a wide variety of methods and
by different research groups, improvements in composite properties over pure copper have
mostly remained elusive despite some encouraging exceptions. To date, the experimentally
observed improvements in electrical and thermal properties of CNT-Cu have been more difficult to achieve than advances in mechanical properties. Improvements in mechanical
properties beyond pure Cu have been routinely reported, while improvements in various
electrical and thermal properties have been more recent. Typically, the majority of improvements achieved by high temperature production methods have been in the field of mechanical properties and the improvements in electrical and thermal properties have been demonstrated primarily by electrochemical deposition. Among the most exciting results, Subramaniam et al. (2013, 2014, 2016) showed carbon nanotube-copper composites produced by
electrodeposition of copper onto existing CNT macrostructures with superior electrical
properties compared with pure Cu, including 26% higher electrical conductivity by weight
and 100 times higher ampacity, i.e., current carrying capacity, among other improved electrical properties. As such, the research into the production and properties of these exciting
composite materials is ongoing with new developments being continuously reported.

1.2

Objectives and scope

On a theoretical level, combining carbon nanotubes (ρ ≈ 1.3 g cm-3) with copper (ρ = 8.96 g
cm-3) could offer a new type of composite material with improved properties beyond those
found in pure copper. Such conductors could potentially have, e.g., increased electrical conductivity, current carrying capacity and mechanical properties at lower weight (Hjortstam
et al., 2004; Subramaniam et al., 2013; Lekawa-Raus et al., 2014). The methods so far utilized in producing CNT-metal composites can be classified into powder metallurgy (Chu et
2

al., 2013), melting and solidification (Kwaśniewski & Kiesiewicz, 2014), thermal spraying
(Laha et al., 2004), electrochemical methods (Subramaniam et al., 2013) and other methods and their combinations (Huang et al., 2017). However, to date, there does not exist an
established production method that can produce CNT-Cu composites in large quantities
with considerably enhanced properties. Furthermore, the focus of previous research on the
production of CNT-Cu composite structures has been mostly on characterizing the actual
obtained composite, without emphasizing how the CNT raw material and production process affect the properties of the final composite. In this thesis an attempt is made to bridge
this gap and to understand how the utilized CNT macrostructure properties affect the electrochemical deposition process of copper and their influence on the obtained composite
properties.
First, the properties of various premade CNT macrostructures are investigated (Publications I-III). This part of the work is focused on identifying the relevant properties of various
CNT macrostructures that affect on the copper electrodeposition process. Secondly, the production of CNT-Cu composites by applying electrodeposition of copper onto premade CNT
macrostructures is investigated (Publications I-III). The electrochemical deposition of copper from an aqueous sulfate based electrolyte, commonly used in industrial electrodeposition, is carried out onto different types of pristine carbon nanotube macrostructures in order to determine the relevant mechanisms of copper nucleation and growth. Finally, in order to observe properties of CNT-Cu composites, two forms of CNT-Cu are utilized; CNTCu produced by electrodeposition processes (Publication I, II) and CNT-Cu wire produced
by casting and drawing (Publication IV). The specific electrical conductivity of electrodeposited CNT-Cu are investigated and the corrosion behaviour of cast and drawn CNT-Cu
wires is reported. Figure 1 presents an overview of the research topics covered in the current
work related to CNT raw material properties, production of CNT-Cu composites and investigation of the CNT-Cu composite properties. The detailed results are presented in the Publications I-IV and form the basis of the compendium in this thesis.

Figure 1. The structure of the work conducted in the publications of this thesis.

3

In summary, the objectives of this work can be stated as follows:
1. To define the factors that affect copper deposition on pristine carbon nanotube
macrostructures from copper sulphate electrolyte.
2. To identify pre-treatment methods for improving the electrochemical response of
carbon nanotube macrostructures for electrodeposition of copper from copper sulphate electrolyte.
3. To determine the change in specific electrical conductivity of carbon nanotube- copper composites of different microstructures and containing different CNT fractions.
4. To observe the changes in corrosion properties of copper after carbon nanotube additions.

4

1.3

Structure of this thesis

This thesis consists of four scientific peer-reviewed journal publications (I-IV) and the present compendium. The publications are attached in the Appendices. Chapter 2 of the thesis
contains the most relevant theoretical background of the electrochemical deposition methods used in publications I-III. A brief summary of the other state of the art composite production methods and the different factors associated with various types of production methods for CNT-Cu structures are also discussed in chapter 2. The chapter also contains a summary of the results from the most pertinent research published in the literature, on the production and properties of CNT-Cu composite materials. In chapter 3, the used experimental
procedures and methods from publications I-IV are described. Chapter 4 summarizes the
obtained experimental results from publications I-IV and compares them with previously
published literature. In chapter 5 the conclusions and recommendations for future work are
given with a critical outlook of what the author considers to be the most relevant research
questions yet to be solved and what could be potential future applications for such composite materials.

5

2. Theoretical background

2.1

Fundamental properties of CNTs and Cu

Individual carbon nanotube structures are classified as zigzag, armchair or chiral, depending on the rolling angle of the hexagonal carbon structure, i.e., graphene, and the diameter
of the nanotube. Due to the similarity in structure, CNTs exhibit similar properties as graphene. CNTs can be either metallic or semiconducting and can be single walled (SWNT),
double walled (DWNT) or with multiple walls (MWNT) (Lekawa-Raus et al., 2014). Figure
2 shows the relation between the wrapping angle of the graphene sheet and the type of
SWNT. The way the sheet of graphene is wrapped is denoted by indices (n,m). They represent the number of unit vectors along the crystal lattice of a graphene sheet that rolls up into
a CNT. If m = 0 the CNT is of zigzag- type and if n=m then the nanotube is armchair. All
other configurations are chiral nanotubes. Nanotubes are metallic if n = m, quasimetallic if
n - m is a multiple of 3 and n ≠ m and nm ≠ 0 and semiconducting in other cases. (Wilder
et al., 1998; Balasubramanian & Burghard, 2005)

Figure 2. Relation between chirality of carbon nanotubes and the hexagonal carbon lattice. Modified from Balasubramanian & Burghard (2005).

MWNTs consist of many coaxial SWNTs and as such exhibit different properties than
SWNTs. The diameters of SWNTs typically range from less than a nanometer to a few nanometers while MWNT diameters can be up to hundreds of nanometers, depending on the
6

amount of walls. Typical nanotube lengths are from hundreds of micrometers up to millimetres, while the longest reported nanotubes have been up to 55.5 cm long (Zhang et al.,
2013). Thus, the typical length/diameter ratio of CNTs is roughly on the order of ~104, and
the highest reported ratio ~108 (Wang et al., 2009).
Theoretically, the electrical conductivity of nanotubes can be ballistic, i.e., no scattering of
electrons occurs, even at micrometre range distances at room temperature. The highest experimentally measured electron mean free path on CNTs is about 1 μm (Purewal et al.,
2007). Individual straight single wall nanotubes have been claimed to have a theoretical
maximum conductivity of up to ~108 S m-1 in room temperature (McEuen & Park, 2004;
Lekawa-Raus et al., 2014). However, practical measurements have yielded conductivity values orders of magnitude lower as the nanotubes typically exhibit disorders, impurities and
curvature or waviness, all of which cause additional scattering of electrons (Dai et al., 1996;
Ebbesen et al., 1996). On the other hand, copper, one of the most commonly utilized conductor materials has an electron mean free path of ca. 36 nm and conductivity of ~0.6·108
S m-1. The conductivity of materials is actually often reported in comparison to that of copper. According to the International Annealed Copper Standard (IACS), the conductivity of
100% IACS is set to standard copper at 58.001∙106 S m-1 (Harper et al., 1999).
The maximum current density, i.e., ampacity, that can be passed through an individual
SWNT is of the order of 109 A cm-2, which is about 1000 times higher than what can be
passed through pure copper (Wei et al., 2001). Another benefit of CNTs is the high thermal
conductivity of ca. 3000 W m-1 K-1 in the axial direction, which is about 100 times higher
than that of pure copper (Pop et al., 2006). Such high thermal conductivity facilitates effective heat removal. Carbon nanotubes also exhibit a very low coefficient of thermal expansion
(CTE). CTE for SWNTs depends on the temperature and at low temperatures and room
temperature it is negative and smaller than -0.5∙10-6 K-1, while at high temperatures it is
positive (Jiang et al., 2004). CTE is an indicator of the change in size of an object changing
with temperature and its importance is highlighted in applications operated at increased
temperatures. The experimentally measured mechanical properties of CNTs include Youngs
modulus (E) of 0.3-0.95 TPa, ultimate tensile strength (UTS) on the order of 10-100 GPa
and tensile strain of 6-12% (Yu et al., 2000; Huang et al., 2006). Various properties of CNTs
are summarized in Table 1. For comparison, relevant experimentally measured properties
for Cu alloys and Al alloys along with some information on their price are also shown in
Table 1. The Cu alloys referred to have up to 40% Zn or 30% Sn, Al or Ni, while the Al alloys
are alloyed with some of the following elements: Mg, Mn, Cr, Cu, Zn, Zr and Li.
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Table 1. Experimentally measured property range of Cu alloys, Al alloys and individual CNTs (or CNT macrostructures,
if individual CNT properties have not been reported)
ρ

UTS

E

ߪ

ߪ

Jmax

κ

Price

(g cm-3)

(GPa)

(GPa)

(MS m-1)

ሺMSm-1g-1cm3ሻ

(MAcm-2)

(Wm-1K-1)

(€/kg)

Reference

(Lloyd
Cu
alloys

~8.96

0.1-

112-

0.55

148

and

Clement,
~59.6

~6.5

1-20

160-400

~5

1995;

CES

EduPack,
2018)

Al alloys

~2.7

0.060.55

(Blech,
68-82

~35

~14.2

~1

76-235

~2

1976;

CES EduPack,
2018)
(Ebbesen

Individual CNT

1.3-2.1

10-100

300950

0.03-19.6 (I~20

doped CNT fiber)

~1000

~3000

et

~600-

al., 1996; Zhao

30000

et al., 2011; Le-

0*

kawa-Raus et
al., 2014)

* The price range is a rough estimation based on the cheapest industrial scale MWNT
powder up to high quality SWNT powder available from an online supplier (Cheaptubes,
2018).
Of traditional metal conductors, aluminum shows the highest conductivity by weight, i.e.,
specific conductivity and lowest price, while Cu excels over Al for other properties. To the
author’s knowledge, the theoretically estimated high conductivity of structurally pristine
individual SWNTs has not been experimentally verified to exceed that of pure Cu, other
properties considerably exceeding those in Cu and Al alloys have been measured. For an
iodine doped CNT fiber, a specific conductivity surpassing that of Al by ca. 38% has been
reported (Zhao et al., 2011). Furthermore, considerably better mechanical properties over
Cu or Al have been measured for individual nanotubes. While economical considerations
are not a part of this thesis, the given price estimations further elaborate the current differences between traditional metal conductors and CNT based conductors. While the price of
Cu is more than two times more than Al, the price of CNT material is atleast two orders of
magnitude higher. Thus, the use of CNT based composite materials makes sense also from
an economical perspective as the fraction of CNTs is typically from 1 to 30 wt%. Different
CNT-Cu composites referred to in literature are discussed later in Section 2.4, where the
mechanical, electrical and thermal, and corrosion properties are compared in detail.
The basic methods reported for synthesis of CNTs include laser ablation, arc discharge
and chemical vapour deposition (CVD). In the first two methods the carbon molecules are
evaporated from a solid, whereas in the CVD method the carbon is produced by cracking
the hydrocarbon precursors. The carbon atoms rearrange into a type of CNT structure on
catalyst particles, often either Fe, Co or Ni. The catalyst particles thus remain at the tip of
the nanotube. All production methods require a high temperature to initiate and maintain
the CNT growth. (Lekawa-Raus, 2014; Arora & Sharma, 2014) CNT macrostructures can be
manufactured in the form of, e.g., films, forests, cotton, fibers and yarns. The terminology
in literature is not always clear, but in this thesis planar CNT assemblies are referred to as
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CNT films, thin CNT wires with diameters up to 30 microns are referred to as CNT fibers
and CNT wires consisting of multiple individual CNT fibers with 50 μm and higher diameters are referred to as CNT yarns. These materials are shown in Figure 3. The macrostructures are produced by the CVD dry direct spinning method and the nanotubes show orientation in the drawing direction (Koziol et al., 2007; Sundaram et al., 2011; Janas & Koziol,
2016). All types of nanotubes, SWNT, DWNT and MWNT, bundle together spontaneously
to a certain degree during synthesis due to Van der Waals interactions (Thess et al., 1996;
Colomer et al., 2004; Li et al., 2005).

Figure 3. Different types of carbon nanotube macrostructures (a) CNT film photograph (b) SEM image of CNT film, (c)
SEM image of CNT fiber and (d) photograph of CNT yarn.

In practice, the impressive properties of pristine individual CNTs are often hindered by the
presence of impurities, waviness and disorders of the nanotube surface, which stem from
the nanotube synthesis process. Defects and impurities in the nanotube structure can diminish their extraordinary properties, similarly as nanotubes exhibiting local distortions,
such as kinks and waviness (Dai et al., 1996; Che et al., 2000; Liu et al., 2014). Postproduction treatments such as some form of oxidation can be utilized to purify the CNTs from the
impurities such as amorphous carbon or catalyst particles and add reactivity (Datsyuk et
al., 2008). A schematic of this process is shown in Figure 4, where the removal of amorphous carbon and appearance of carboxyl groups occurs after oxidation. Other functional
groups such as hydroxyl and carbonyl are also formed during this process. The extent of
oxidation can be controlled by the employed method and oxidation conditions. Doping of
CNT macrostructures by applying various procedures, such as iodine vapour doping, has
also been reported to increase their specific electrical conductivity to the same level as metallic conductors (Zhao et al., 2011).
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Figure 4. Schematic for oxidation of CNTs. Modified from Balasubramanian & Burghard (2005).

The amount of CNTs required for practical applications is extremely large, due to the
miniscule size of the individual nanotubes. CNTs are therefore produced as different types
of macrostructures. There exists a fundamental difficulty in producing a large network of
CNTs, i.e., a CNT macrostructure, while trying to achieve similar properties on the macroscale as with individual CNTs. This problem stems from various issues such as variation
in the type of nanotubes in the network, including chirality, diameter, length and impurities.
Also, as the CNT properties are beneficial primarily in their axial direction, the CNT macrostructure should have a high alignment of nanotubes in the preferred orientation. For example, the electrical and thermal conductivity of CNT material is several times higher in the
direction parallel to the nanotubes than in the perpendicular direction (Hone et al., 2000;
Wang et al., 2001; Jakubinek et al., 2010). Due to the inherent porosity of CNT macrostructures, densification by various means, such as twisting the structure or by inducing bundling
by evaporation of liquid, is often applied to improve the properties of CNT macrostructures.
Densification makes the CNT structure less porous and improves the nanotube packing by
ensuring a higher contact area between CNTs, which leads to a decreased contact resistance
at the nanotube junctions (Koziol et al., 2007).
For CNT macrostructures, the types of contacts between individual CNTs are considered
to affect the observed properties to a large degree. For instance, the electrical resistance in
a junction between two CNTs is dictated by the length of the contact and type of CNTs. Theoretical calculations have shown that at an optimal contact length the resistance for electron
transfer should be zero, however such an arrangement is obviously extremely difficult to
achieve in practice. The measured electrical conductivity of CNT macrostructures, such as
fibers, is often orders of magnitude smaller than what is possible for individual CNTs. (Xu
et al., 2013; Lekawa-Raus et al., 2014) The theoretical maximum density of SWNT macrostructures is reported to be 1.5 g cm-3, while in practice slightly higher values (around 2 g
cm-3) have been reported due to the existence of impurities (Alvarenga et al., 2010; Behabtu
et al., 2013).
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2.2

Electrodeposition of copper

Electrodeposition, or electrocrystallization, of copper involves the reduction of copper ions
from aqueous or organic electrolytes on to a specific surface. During electrodeposition, the
copper ion is transferred from the solution, called electrolyte, onto the substrate surface and
reduced into solid form. The competition between growth and nucleation of copper determines the granularity of the resulting copper deposit. The nucleation and deposition of copper on any surface depends on the number of active sites that will react at certain applied
overpotential. Any utilized working electrode material, in this work carbon nanotube
macrostructures, will have a unique distribution of active sites with lower and higher critical
overpotentials for a certain type of deposit. When the applied overpotential is higher than
the critical overpotential for a particular active site, it will support the copper nucleation
process. The critical overpotential for copper deposition can depend on many factors such
as surface morphology and functionalities of the working electrode, and additives in the
electrolyte (Budevski et al., 2000; Paunovic & Schlesinger, 2006).
The steps involved in the formation of a copper deposit on a conductive substrate material
are shown in Figure 5. The process begins with the adsorption of cupric ions, which is followed by electron transfer. At this point the copper adatoms are partly hydrated and weakly
bound to the substrate surface. An individual adatom on the surface is only temporary because of low binding energy. It can increase its stability by forming a cluster with other adatoms through surface diffusion. An adatom cluster forms a stable nucleus, after a sufficient
amount of adatoms have been incorporated. A stable cluster of adatoms can be formed when
the critical energy barrier ߂Gcrit is overcome. The minimum number of atoms in a stable
cluster (which is defined as having equal probability for growth and dissolution) is inversely
related to the square of overpotential. The size of the stable cluster is inversely related to
overpotential and therefore larger overpotentials lead to smaller nuclei. The critical amount
of adatoms in a stable cluster at very low overpotentials is on the order of ca. 100 adatoms,
equalling with a nucleus radius on the order of 10 Å. These clusters then grow to form different types of deposit morphologies, depending on the applied deposition parameters.
(Budevski et al., 2000; Walsh & Herron, 1991)
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Figure 5. General electrodeposition steps of metal onto a substrate. Modified from Walsh & Herron (1991).

As nucleation is affected by an energy barrier, it is a probability process with rate J (nuclei
cm-2s-1):
οܩ௧
 ܬൌ  ܭή ሺ
ሻ
݇ ܶ

(1)

, where K is a constant that takes into account the number of adsorption sites and the rate
of attachment of atoms, ߂Gcrit is the critical free energy barrier, kb is the Boltzmann constant
and T absolute temperature (Budevski et al., 2000; Zangari, 2015).
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The appearance of nuclei on a surface, with a number density N0 of active sites for nucleation, may be expressed as:
ܰ ൌ ܰ ሺͳ െ ሺെݐܣሻሻ

(2)

, where t is the time since potential was applied, N is the number of nuclei, and A is the
nucleation rate. Typical values of number density of active sites N0 are 104 cm−2 < N0 < 1010
cm−2. The number density is dependent on the overpotential but it is always smaller than
the number density of atoms on the surface, which for metals is ca. 1015 cm−2 (Milchev,
2002). The nucleation process is typically classified as ‘‘instantaneous’’ or “progressive”,
depending on the frequency at which new nuclei appear, and the corresponding rate at
which active nucleation sites are depleted. When the nucleation rate A is very large (A >>
1/t), depletion of nucleation sites occurs at the very early stages of electrodeposition. Thus,
equation (2) reduces to N = N0, and nucleation is termed ‘‘instantaneous’’. For very small
nucleation rate, the number density of nuclei increases initially linearly with time, N = N0At,
and nucleation is termed ‘‘progressive’’. The limiting cases of instantaneous and progressive
nucleation are valid only during the beginning stages of the electrodeposition process, when
the number and size of the nuclei are sufficiently small and not yet complicated by interactions between growing centers. (Walsh & Herron, 1991; Paunovic & Schlesinger, 2006)
The formation of a coherent copper deposit may proceed by two distinct growth modes:
layer growth and nucleation-coalescence growth. In the layer growth mechanism, an electrodeposited crystal grows by spreading of discrete layers (steps), one after another across
the working electrode surface as copper ions are continuously reduced on the edge of the
existing copper layer. In this case, the growth layer is a structural component of the coherent
deposit. In the nucleation-coalescence, or 3D crystallite growth mechanism, the deposits
are isolated nuclei, which form a coherent deposit as a result of joining of these crystallites.
In this case the growth sequence of copper consists of four stages: (1) formation of isolated
nuclei and their growth into three-dimensional crystallites (TDC), (2) coalescence of TDC,
(3) formation of a linked network of growing nuclei, and (4) formation of a continuous deposit. The development of different growth mechanisms is a result of the potential dependence of the nucleation and growth processes. Generally, low overpotentials result in sparse
nucleation and favour layer growth. Moderate overpotentials typically result in densely and
evenly populated small nuclei. Very high overpotentials result in powdery deposits, which
adhere poorly to the working electrode surface. The deposition mode is also highly dependent on the type of electrode material used and the affinity of the deposited metal adatoms
to that surface. (Paunovic & Schlesinger, 2006; Bard et al., 2007) Furthermore, additives in
the electrolyte, such as acceletators and inhibitors, can change the deposition kinetics by
adsorbing at different profiles of the surface and either blocking nucleation sites or causing
preferential deposition (Hasegawa et al., 2005).
Carbon nanotube macrostructures are electrically resistive, with as made structures exhibiting conductivity in the typical range of ~150-5000 S cm-1, more than three orders of
magnitude smaller than copper (Lekawa-Raus et al., 2014). Therefore, when they are used
as electrodes in an electrochemical cell, the polarization is strongest near the electrical contact and decreases along the substrate length. This is due to the resistance of the nanotube
material consuming the applied potential, as a function of distance from the electrical contact, which leads to non-uniform charge transfer overpotential along the surface. This is
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known as the “terminal effect” and is commonly observed in wafer metallization by electrodeposition of copper onto thin seed layers with high resistance (Alkire & Varjian, 1974). At
short deposition times, when the whole working electrode surface is not yet covered by the
highly conductive copper, the deposit thickness variation is most pronounced as shown in
Figure 6. As the current density is highest near the electrical contact in the beginning of
deposition, a higher amount of copper deposits there. Further away from the contact less
and less deposition occurs and at some point the driving force for copper deposition is decreased to such a degree that no deposit can form. However, with time, the conductance of
the electrode improves as the depositing metal itself provides more conductivity. This leads
to a more even current density and after a certain time, once the copper deposit covers the
working electrode, the surface will have a uniform current distribution. (Matlosz et al.,
1992)

Figure 6. Non-uniform deposit thickness during beginning stages of electrodeposition onto an electrically resistive
working electrode. Modified from Willey & West (2007).

If the working electrode is porous, as in the case of a carbon nanotube macrostructure with
high inherent specific surface area (typically > 100 m2 g-1 (Birch et al., 2013)), the electrodeposition process becomes further complicated compared to a typical planar electrode.
Various studies have focused on the electrodeposition of copper from copper sulphate based
electrolytes, with and without additives, onto different types of electrodes with variously
sized depth profiles, such as pores/vias/crevices. This type of deposition is common in the
electronic industry, where printed circuits and circuit interconnections require copper deposition by the so called Damascene process. In this case, the filling of an interconnect feature
is mostly affected by its geometrical shape. The ratio of the depth to the width of the feature,
known as aspect ratio, is used to characterize the difficulty of filling it without creating obviously undesirable voids. As the feature width decreases and its depth increases, the more
difficult it becomes to completely fill, known as superfilling, as copper will deposit more
easily on the sidewalls of the pore and not from the bottom to the top of the pore, thus
leading to a porous copper deposit inside the pore. In this type of deposition the copper is
either deposited on a thin conductive seed layer or directly on a barrier layer, which can
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have resistivity high enough to also cause the terminal effect to affect the deposition process.
(Josell et al., 2003) In these processes the deposition is typically optimized for a feature
with standard dimensions and not for an electrode with randomly sized and distributed
pores, such as the carbon nanotube fiber studied in Publication I.
In order to superfill pores with high aspect ratios, a low applied polarization or applied current density and selected additives are used. With low enough driving force for the deposition of copper, the Cu2+ ions have enough time to arrive deep inside the pore and not nucleate at the pore sidewalls and close the pore before reaching the bottom. Another reason to
avoid high driving force for the deposition is to avoid the evolution of H2 gas, which is a
typical parasitic side-reaction occurring during copper deposition at high overpotentials. In
most copper electrodeposition studies on CNT macrostructures, very low current densities
on the order of 1-5 mA cm-2 are utilized in order to deposit Cu homogeneously inside the
CNT matrix (Sundaram et al., 2018; Tao et al., 2017), whereas typical copper deposition on
planar surfaces is done with current density an order of magnitude higher (Paunovic &
Schlesinger, 2006). A technique called pulse plating could also be utilized, where copper
electrodeposition consists of pulses, with time in between pulses where no deposition current is utilized. During the “off”- time when no current is applied, the copper ion concentration inside the pores increases, which can improve the filling of pores without voids as
shown by Seah et al. (2001). However, this technique was not utilized in the experimental
part of this thesis.
Structurally pristine carbon nanotubes are known to be inherently hydrophobic, which
can further complicate the deposition process from aqueous based electrolytes as shown in
Publication III. However, a carbon nanotube macrostructure produced by most methods
always has some number of defects, surface functionalities and impurities present as well
as certain density. These factors play a key role in how such a structure, including different
types of fibers, yarns and films, will be wetted by the electrolyte when immersed in the electrochemical cell. Different authors attempt to overcome the issue of non homogeneous deposition of CNT material by various methods including using additives in aqueous electrolytes (e.g., Tao et al. (2017)), using organic electrolytes (e.g., Subramaniam et al. 2013;
Sundaram et al. 2018), oxidizing the CNT material before deposition (e.g., Publication III,
Chen et al. (2018a)) and utilizing very low deposition current density (e.g., Publication IIII, Subramaniam et al. (2013); Tao et al. (2017); Sundaram et al. (2018)).
Some authors have also applied a co-deposition method, where CNTs are mixed in the
copper electrolyte and then deposited together to form films of CNT-Cu (e.g., Chai et al.,
2008a and Yang et al., 2008). Similarly to high temperature methods, this method is limited
in the amount of nanotubes that can be homogeneously embedded in the copper matrix, as
CNTs agglomerate easily in the electrolyte, causing an uneven distribution of CNTs in the
composite.
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2.3

Other production methods of CNT- Cu composites

Carbon nanotube- Cu composites have also been produced by a variety of other methods
that do not employ direct electrolytic or electroless deposition of Cu on CNT macrostructures to form composites. The commonality in these other production methods is that they
all use some form of high temperature treatment in order to consolidate the CNT material
together with Cu. These methods include powder metallurgy (e.g., spark plasma sintering
(SPS)), hot pressing, melting and solidification (e.g., casting), as utilized in Publication IV,
and thermal spraying. These methods are generally combined with other processing steps
to further refine the CNT-Cu composite structure into a desired form, such as a wire. Often
these process steps consist of easily scalable metallurgical processes. This is in contrast with
the electrodeposition method used in the Publications I-III, which results in certain types
of CNT-Cu composite wires directly. The literature shows that powder metallurgy especially
by SPS is the most commonly applied high temperature production method for consolidating carbon nanotubes with copper.
The basic powder metallurgy method processing steps to produce CNT-Cu material can
be roughly classified as follows, with the standard process steps typically utilized shown in
bold (Daoush et al., 2009; Deng et al. 2017; Huang et al. 2017; Nayan et al., 2017; Wang et
al., 2018):
x
x
x
x
x

Purification (and functionalization) of CNTs by an oxidation process
Electroless plating with Ni or another metal
Mixing CNT powder with Cu powder (or CuCr/TiCu powder) often in a ball
mill and/or by an electrochemical method to embed CNTs into Cu
Compaction
Sintering by, e.g., SPS

The above steps are often followed by a deformation phase, i.e., rolling or extrusion to improve the alignment of nanotubes, and lastly annealing. Regardless of the utilized production method, the final objective is always to obtain a homogeneous dispersion of CNTs in
the Cu matrix with a preferred orientation of the CNTs and good bonding at the interface
between Cu and CNTs.
The physical mixing of CNTs and Cu has proven difficult due to the large difference in
density between the two materials. Due to this, and the van der Waals forces acting between
the inherently high surface area CNTs, the CNTs typically agglomerate together on the surface of Cu powder, which causes inhomogeneous dispersion of CNTs in the Cu matrix after
production. Often, the CNTs are reported to remain at the grain boundaries of Cu, while
CNTs connecting Cu grains are more rarely reported. Functionalization of CNTs in acids
before introduction to Cu salts in an ethanol solution has been shown to achieve a homogeneous mixture of CNTs/Cu, as a precursor to forming CNT/Cu powder for later sintering,
by the so called molecular level mixing method (e.g., Cha et al., 2005; Kim et al., 2007,
2008, 2011). However, considerable agglomeration of CNTs is typically reported as a problem of high temperature methods, when the nanotube fraction increases beyond ~1-2 wt%
(e.g., Huang et al. 2017; Deng et al. 2017; Daoush et al., 2009; Nayan et al., 2017), which
also leads to increased porosity of the composite (Guiderdoni et al., 2013). Mechanical dispersion of CNTs with copper requires considerable energy, which could deteriorate the CNT
quality by shortening and causing curvature of the tubes (Tan et al., 2006; Nayan et al.,
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2017). The properties of CNT-Cu composites and their relation to the production process
are discussed in the next section.

2.4

Properties of CNT-Cu composites
2.4.1

Structure of CNT-Cu composites

Simplified forms of some CNT-Cu composite structures are shown in Figure 7. In practice,
nanotubes in composites typically show some curvature or waviness, especially as their aspect ratio increases (Shi et al, 2004; Li et al., 2008). Furthermore, as nanotubes are prone
to agglomeration, producing composites with minimal nanotube bundling is another critical
issue. The structure and properties of CNT-Cu are strongly related. The structure shown in
Figure 7a is typically the most sought after. This type of CNT-Cu consists of aligned CNTs
embedded inside a Cu matrix and typically shows the best combination of mechanical, electrical and thermal properties due to the high alignment of CNTs and high interaction between CNTs and Cu. However, interesting improvements have been obtained for all types
of CNT-Cu structures. In practice, perfect alignment of CNTs inside the copper matrix in
the parallel direction (or any other direction) is never fully achieved by any method. Observing and quantifying the nanotube alignment and bundling for any CNT based macrostructure is difficult due to the small size of CNTs and the large number of CNTs present in
any configuration. Thus, typically the CNT-Cu composites exhibit structures somewhere between the simplified structures shown in Figure 7a and b. Production and properties of CNT
based coatings on Cu, such as the one shown in Figure 7c are rarely reported, except for
some exceptions (see, e.g., Duan et al., 2017). Due to the high density of some CNT macrostructures, another typical form of CNT-Cu produced by different Cu deposition methods,
such as electrodeposition (Chen et al., 2018a) and physical vapour deposition (PVD) (Han
et al. 2018) is shown in Figure 7d.

Figure 7. Simplified forms of different CNT-Cu composites, with nanotubes (a) embedded parallel inside Cu matrix, (b)
embedded perpendicular inside Cu matrix, (c) as a coating on the surface of Cu and (d) coated with a Cu cladding.

The commonly accepted challenges in producing high quality copper matrix CNT composites with enhanced properties beyond pure Cu are related to (i) the quality and stability of
CNTs, (ii) the bond strength and interface quality between CNTs and the copper matrix and
(iii) obtaining a homogenous dispersion and orientation of CNTs throughout the copper
matrix (Hjortstam et al., 2004; Bakshi et al., 2010; Zhao et al., 2016).
(i) Quality and stability of CNTs: To effectively utilize CNTs in any practical application,
for example for interconnects in ICs, the required amount of nanotubes is on the order of
17

1011 cm-2, due to their small size (Sun et al., 2016). The sheer amount of nanotubes required
for most applications highlights the need for precise control of their structure and properties during the nanotube synthesis phase, which obviously affect the composite properties
later on (Subramaniam et al., 2013; Sundaram et al., 2018). Obtaining straight, high quality
CNTs with a minimal concentration of surface defects and impurity contamination is difficult regardless of the synthesis method. The synthesis of CNT macrostructures with a high
concentration of metallic nanotubes with minimal waviness remains elusive (McEuen &
Park, 2004; Balasubramanian & Burghard, 2005). This fact is also reflected in the price of
high quality CNTs as shown earlier in Table 1.
(ii) Bond strength and interface quality between CNTs and copper matrix: An inherent
difficulty related to the quality and interface between CNTs and Cu results from the chemical nature and inertness of carbon nanotubes. This is related to the interface between CNTs
and Cu. Due to the lack of chemical bonding between pristine CNTs and the surrounding
copper matrix, small voids have been noted to appear between CNTs and the Cu matrix
during consolidation in powder metallurgy methods. This issue is also a concequence of the
fact that copper does not form carbides, which could act as a chemical bonding phase between CNTs and Cu. Voids effectively insulate the CNTs from having any positive effect on
the composite properties. Another interfacial problem attributed to the interfacial adhesion
is the existence of amorphous carbon layers that can form on individual CNTs and CNT
macrostructures during production. This layer can further insulate CNTs from the surrounding metal matrix during consolidation (Cho et al., 2012). To overcome the poor interfacial bonding, various methods have been made to add reactivity to the system before introducing the CNTs to copper. For instance, creating an interfacial layer on top of the CNTs
with another metal or carbide, such as Ni, TiC or Cr3C2 has been utilized in high temperature
production methods (Chu et al., 2013; Huang et al., 2017; Cheng et al., 2017). Another option often utilized is grafting some functional groups on the nanotube surfaces. This can be
achieved either by polymer wrapping or by oxidation, to form carboxyls and other oxygen
containing functional groups (Chen et al., 2018a; Firkowska et al., 2011).
The interfacial issue of CNTs and Cu can be elaborated by a simple method: The contact
angle between liquid copper and carbon nanotube macrostructures indicates the wettability
and thus the reactivity of these materials. Low contact angles indicate good adhesion, while
high contact angles indicate weak interfacial bonding. Figure 8 shows schematically (a) the
contact angles of pristine CNT material and Cu (145º) and (b) pristine CNT material with
chromium carbide interfacial layer and chromium alloyed Cu (45º) at 1150 ºC, respectively
(Mortimer & Nicholas, 1970; Standing & Nicholas, 1978). The poor wetting at the interface
of the CNT-Cu system is due to existence of only a weak van der Waals force over the interface (Chu et al., 2013).

Figure 8. Schematic of the wetting of (a) pristine CNT and (b) CNT with Cr interface by Cu. Modified from Chu et al.
(2013).
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Some of the reports where other elements have been used to improve the interfacial quality
have to be reviewed critically. For example, in the case of Cu alloyed with Cr (typically in the
range of 0.6 to 1.2% Cr) chromium carbide precipitates would also improve the mechanical
performance and corrosion resistance in comparison with pure copper (Copper Development Association, 2018b). Thus, it can be difficult to differentiate whether an increase in a
certain material property is derived from the actual improvement in the interface between
CNTs and Cu or simply from the alloying.
The effect of doping of CNT material before introduction of Cu is as of yet an understudied
approach. Recently, Ye et al. (2018) produced CNT-Cu by sintering of functionalized
MWNTs with polyethyleneimine (PEI) modified Cu. The structure is termed “3D nitrogen
doped CNT-Cu”, and was claimed to show considerable enhancements in mechanical properties and thermal conductivity (37% increase from bulk Cu). However, to the author’s
knowledge, this is the first report claiming an enhancement in thermal conductivity over
bulk Cu and the results are yet to be confirmed by other researchers.
The effect of covalent functionalization, i.e., oxidative treatment, on CNT-Cu properties is
highly dependent on the type and purity of the CNT material and the degree of the applied
oxidation scheme. Quantifying the effect of functionalization on the various factors that affect the overall composite properties is also quite difficult. For instance, removal of amorphous carbon from CNT material before introducing copper will surely have a beneficial
effect on all composite properties, as amorphous carbon does not exhibit beneficial properties. However, this process is simultaneously assumed to decrease the intrinsic CNT properties due to the creation of defects, which act as scattering centers for electrons and heat
carriers at the nanotube surface (Dai et al., 1996; Che et al., 2000; Kim et al., 2005) and
can shorten the tubes (Datsyuk et al., 2008). Furthermore, functionalization also has an
effect on the interfacial quality and bonding of CNT/Cu by the addition of oxygen at the
interface. This can be beneficial for effective load transfer at the interface due to increased
binding of the CNT and Cu leading to increased mechanical properties (Kim et al., 2008;
Park et al., 2011; Chen et al., 2018b). Conversely, the interfacial oxygen can also act as a
barrier for electron and phonon transport, which would affect the thermal and electrical
properties adversely (Kim et al., 2008). Despite this, some experimental reports have shown
higher thermal conductivity, specific electrical conductivity and ampacity in CNT-Cu composites when the CNTs have been functionalized with oxygen containing groups (e.g., Yang
et al., 2008; Firkowska et al., 2011; Cho et al., 2012; Chen et al., 2018a). Similar improvements for mechanical properties have been obtained for CNT-Cu with functionalized nanotubes (e.g., Cha et al., 2005; Kim et al., 2007, 2008, 2011). It seems that the level of functionalization has to be carefully controlled, depending on the quality of the CNT starting
material and the desired application.
(iii) Dispersion and orientation of CNTs: Similar to pure CNT macrostructures, the nanotube alignment inside the copper matrix strongly correlates with most of the properties of
the composite (Subramaniam et al., 2014). This presents a practical problem in CNT composite manufacturing. Using electrodeposition directly on a premade CNT macrostructure
has the advantage that no mechanical mixing between CNT and Cu is required and the alignment of the nanotubes is not reported to be adversely affected during the deposition (Subramaniam et al., 2013), while in powder metallurgy the alignment of CNTs inside the Cu matrix is typically achieved in post-production by, e.g., rolling.
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Literature survey of the pertinent research on production of CNT-Cu composites reveals
that there exists a large difference in the amount of nanotubes that can be effectively utilized
in composites by powder metallurgy methods when compared with electrodeposition methods. Due to the agglomeration issue, the highest reported amount of nanotubes in CNT-Cu
composites by powder metallurgy is typically considerably less than 10 wt% (Dong et al.,
2001; Guiderdoni et al., 2013). Conversely, the amount of nanotubes in CNT-Cu composites
prepared by electrodeposition have been shown to exceed 20 wt%, depending on the structure of the composite (e.g., Randeniya et al., 2010; Xu et al., 2011).
2.4.2

Mechanical properties of CNT-Cu composites

To the author’s knowledge, the first reported properties of the CNT-Cu composite materials
in literature were related to mechanical and tribological properties. The composites were
formed by a combination of electroless deposition of Cu and CNT powder and consolidated
by powder metallurgy (Dong et al., 2001; Tu et al., 2001; Chen et al., 2003). Since then,
most publications in literature have reported the mechanical properties of CNT-Cu composites obtained by different methods, often by using SPS (Bakshi et al., 2010), while some
interesting results have also been shown for electrochemical and PVD methods.
A literature overview of CNT-Cu composite properties produced by various production
methods is compiled in Table 2. The hardness (H), yield strength (YS), ultimate tensile
strength (UTS) and Young’s modulus (E) are reported. The literature survey clearly indicates that in most cases mechanical properties of copper can be successfully improved with
an addition of CNTs inside a copper matrix. The ultimate tensile strength and Young’s modulus are routinely improved over the highest values reported for Cu alloys. The hardness
and yield strength of CNT-Cu are typically improved over pure Cu produced in similar conditions, while some Cu alloys in literature show higher values for these properties.
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SWNT and DWNT fi-

ber

2.2 wt% MWNT in Cu

Dry spinning from CVD re-

actor

High energy ball milling

1.1 wt%*

MWNT in Cu

of Cu , mixing by ultrasoni-

SPS

cation with Cu powder and

0.1 wt%*

activa-

tion, electroless deposition

Functionalization,

with Cu powder and SPS

After twisting

MWNT array

1.0

1.3

N/A

N/A

N/A

As- spun

Fiber spun from CVD made

H (GPa)
0.4-1.8

Structure

Cu with up to 40% Zn or 30% Sn, Al or Ni

Production procedure

120

142

197

N/A

N/A

30-500

YS (MPa)

Table 2. Selected room temperature mechanical properties of Cu, CNT macrostructures and their composites.

~140

~180

281

8800

1910

850

100-400

UTS (MPa)

N/A

137

357

330

275

112-148

E (GPa)

Wang et al. (2017)

Kim et al. (2006)

Koziol et al. (2007)

Zhang et al. (2007)

CES Edupack (2018)

Reference
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1.5 wt% SWNT in Cu

Attritor milling with Cu

0.4 wt%*

and SPS

Cu cladding

ber

Cu cladding

sulfate electrolyte

19.3 wt% CNTs inside

dization and ED in aqueous

cladding

wt% CNTs inside Cu

Functionalization by ano-

CNT-Cu

fiber with rolling to densify

deposition directly on CNT

CNT fiber with 28.7

μm in diameter inside

electrolyte onto graphene fi-

Continuous physical vapour

Graphene fiber ~20

1-step ED in aqueous sulfate

MWNT in Cu

0.1 wt%*

High-energy attritor milling

powder and SPS

Structure

Production procedure

N/A

N/A

N/A

0.9

1.0

H (GPa)

N/A

N/A

N/A

N/A

N/A

256±8

YS (MPa)

~811

2720

~475

256±5

307±6

302

UTS (MPa)

N/A

N/A

N/A

N/A

N/A

71+-5

E (GPa)

Xu et al. (2011)

Han et al. (2018)

Kim et al. (2018)

Deng et al. (2017)

Nayan et al. (2017)

Reference
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1.1 wt%

Purifying, electroless depo-

SWNT in Cu

pacting, sintering, forging

N/A

N/A

1.4
1.1

417

1.3

376

N/A

YS (MPa)

340

370

500

421

~830

UTS (MPa)

N/A

N/A

N/A

N/A

N/A

E (GPa)

Huang et al. (2017)

Yoo et al. (2013)

Zou et al. (2018)

Reference

* If not given in the reference, wt% was calculated from reported CNT density. If the density is not given the calculation has been done by using
SWNT density of 1.3 g cm-3 (Saifuddin et al., 2012) and MWNT density of 2.1 g cm-3 (Lehman et al., 2011).

an die-stretching

2.2 wt%

with Cu powder, cold com-

sition of Ni and Cu, mixing

0.7 wt%*

and rolling to sheets

High-energy
1.2

ding on fiber

electrolytes and annealing

0.2 wt%*

15.8 wt% Cu as clad-

and Cu layer from aqueous

milling

layer

ball

N/A

0.5 wt% Ni interfacial

2-step ED on CNT fiber to

produce Ni interfacial layer

(300 ºC)

H (GPa)

Structure

Production procedure

2.4.3

Electrical and thermal properties of CNT-Cu composites

A considerable amount of literature has been published in the past 15 years for production
of CNT-Cu composites and graphene based Cu composites by electrochemical and powder
metallurgy methods. While improvements in absolute electrical and thermal conductivity
for CNT-Cu composites have remained elusive, some encouraging improvements have been
achieved in various other properties. Based on the literature, the most promising enhancements in CNT-Cu composite properties have been made in the past 5 years. The specific
conductivity, i.e., electrical conductivity normalized by weight of the conductor, of some
CNT based materials has been reported to be higher than pure Cu (Yang et al., 2008; Subramaniam et al., 2013) and Al (Zhao et al., 2011). For applications in automotive and aerospace industries, every kilogram less weight is an important factor for economical and environmental reasons due to reduced energy costs and reduced CO2 emissions of transportation. A similar case could be made for the use of aluminium based conductors, which have
a low price and high specific electrical conductivity due to low density of Al. However, aluminium based conductors have higher thermal expansion, lower ampacity and higher corrosion susceptibility than pure Cu, which has limited their application outside of power
transmission (Lienig, 2006). Other often proposed electrical and thermal applications for
CNT based composite materials include interconnects in integrated circuits, thermal management of electronic devices in heat sinks and applications in corrosive environments
(Chai et al., 2008a; Subramaniam et al., 2013, 2014; ITRS, 2015; Sun et al., 2016; Lee et al.,
2018). The most relevant results from literature are summarized in Table 3. Only a few results by powder metallurgy methods are shown as the electrical and thermal properties reported in literature typically show no enhancements in electrical or thermal properties.
The electrical conductivity is represented by specific values (ߪs) and also ampacity (Jmax),
thermal conductivity (κ), coefficient of thermal expansion (CTE) and temperature coefficient of resistance (TCR) are shown. In most cases, the specific conductivity values given in
Table 1 have been calculated by the author of this thesis, based on the reported conductivity
and density in the papers. If no composite density has been given, the density of pure copper
has been used (8.96 g cm-3) and thus the reported value is the minimum possible ߪs. All of
the ampacity studies use a different set-up with varying sample environment, e.g., ambient
air, inert gas or vacuum, sample size, current application rate and so on. As such, a direct
comparison between obtained ampacity values is difficult. The values for ampacity are
therefore also mentioned as a function of the copper reference value given by the respective
authors in their measurement set-up.
Specific conductivity (ɐ௦ ) is used to describe the electrical conductivity of materials with
respect to their volumetric density. The specific conductivity of fibrous CNT based samples
with varying diameters can be calculated using the equation:
ɐ௦ ൌ


ൈ ͳͲଽ
ܦܮ

(3)

, where ɐ௦ is specific conductivity (S m-1 g-1 cm3), G is conductance (S), L is length (m) and
LD is linear density (g/km). For standard metallic conductors this value can be calculated
by dividing the electrical conductivity by volumetric density. (Lekawa-Raus et al., 2014) In
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Publications I and II the specific electrical conductivity of CNT-Cu composites with various
CNT wt% is investigated.
Ampacity (Jmax), also referred to as current-carrying-capacity, is the maximum current
density that a conductor material can transmit without a change in its structure or decrease
in other properties, mainly conductivity. Electromigration is the primary mechanism for
failure of conductors operated at high current densities, where the mass-transport of atoms
and Joule heating of the conductor lead to its failure. Traditional loosely bonded metals
such as copper (Jmax ≈ 1-20 MA cm-2) fail mainly due to the current-induced diffusion of
atoms. On the other hand, in pristine CNT materials ampacity is mostly due to the Joule
heating occurring at the high electrical resistance of nanotube to nanotube junctions.
(Subramaniam et al., 2013; Sundaram et al., 2017)
The importance of CTE is highlighted in applications where efficient heat dissipation
through two different materials is required. In electronic devices, the heat sink material is
often Cu or Al-based and heat source material Si-based. For application in small electrical
devices the CTE of the heat sink material should be as close to that of Si as a large mismatch
can cause non-uniform strain distribution, delamination and buckling at the interface,
which can result in inefficient heat dissipation. The CTE of Si is 2.6 ppm K-1, while the value
for Cu is ca. 6 times higher. (Subramaniam et al., 2014) Therefore, for an optimal interface,
the CTE of the conductor material should be lowered as close to Si as possible (Sun et al.,
2016). As previously mentioned, CTE for nanotubes is close to 0 ppm K-1 (Jiang et al., 2004).
Thermal conductivity (κ) is a measure the property of a material to conduct heat. Materials
with a high κ are often used in heat sink applications in electronics, whereas materials with
a low κ are used as thermal insulators. Thus, along with CTE it is an important parameter
for applications in semiconductor-based electronics.
Temperature coefficient of resistance (TCR) shows how much the resistance of a conductor increases with an increase in temperature. In metals used for conductor applications
this value is positive, e.g., 3.9 ·10-3 K-1 for Cu, but for CNT this value can be negative, i.e.,
increased conductivity at higher temperatures, or positive, depending on the structure of
the CNTs. Typical values are in the range of -0.4 to 0.4 ·10-3 K-1 (Vollebregt et al., 2013).
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1.0 wt% MWNT in Cu

matrix

0.2 wt%*

2.5 wt%*

MWNT in Cu matrix

Dry impact blending

with Cu powder and SPS

Functionalization, mix-

ing by ultrasonication

with Cu powder and SPS

by acetone

N/A

N/A
N/A

N/A

335

359

325

ber)

N/A

N/A

N/A

N/A

N/A

N/A

Sundaram et al.

2018

Cho et al., 2010

Chu et al., 2010

CNT film

films that are densified

770±10 (fi-

-0.9

Lloyd and Clement,
1995; CES EduPack,

produce CNT fibers and

N/A

N/A

3.9

Reference

Gspann et al., 2017

~0.4 (film)

N/A

16.9-18

TCR (·10-3 K-1)

CNT fiber

0.02, ~0.4×

160-400

CTE (ppm ˚C-1)

Floating catalyst CVD to

0.87

MWNT wire

1-20

erence

pared to Cu ref-

κ (Wm-1K-1)

2017a, 2017b

6.52

change

(MSm-1g-1cm3)
com-

Jmax (MA cm-2),

ɐ௦ 

Pure Cu

Structure

forest

Twist spinning of MWNT

Production procedure

Table 3. Select electrical and thermal properties of Cu and CNT-Cu composites
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1.2 wt%* MWNT with

Cr7C3 interface in Cu

matrix
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film in aqueous sulfate
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Structure

Production procedure

~8.2

~1.3

~2.3

~6.4

change com-

(MSm-1g-1cm3)
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0.06, 1.28×

N/A

N/A

erence
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Jmax (MA cm-2),
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N/A

N/A

N/A

κ (Wm-1K-1)

5

N/A

N/A

N/A

CTE (ppm ˚C-1)

0.75

1.7

N/A

1.5

TCR (·10-3 K-1)

2013, 2014

Subramaniam et al.,

2017a, 2018

Sundaram et al.,

Tao et al., 2017

Cho et al., 2017

Reference
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inside Cu cladding

aqueous electrolytes with

wt% CNTs inside (3

μm thick) Cu cladding

fiber by anodization and

1-step ED in aqueous sul-

wt% CNTs inside Cu

cladding

pour deposition directly

on CNT fiber with rolling

to densify CNT-Cu

CNT fiber with 28.7

Continuous physical va-

fate electrolyte

CNT fiber with 24

Functionalization of CNT

(300 ºC)

annealing as final step

layer

layer and Cu layer from
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lyte
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MWNT layers (0.20
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Repeated ED of Cu on

2-step ED on CNT fiber

Structure

Production procedure

5.6

6.0

~5.5

5.3

change com-

N/A

N/A

0.106, 1.09×

0.012, 1.36×

erence

pared to Cu ref-

Jmax (MA cm-2),

ɐ௦ 
(MSm-1g-1cm3)

N/A

N/A

N/A
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κ (Wm-1K-1)

N/A

N/A

N/A

N/A

CTE (ppm ˚C-1)

N/A

N/A

1.14

N/A

TCR (·10-3 K-1)

Han et al., 2018

Xu et al., 2011

Zou et al., 2018

Shuai et al., 2016

Reference
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Graphene fiber ~20

μm in diameter inside

Cu cladding

5.5 wt%* CNT arrays

200 μm in diameter

deposited with Cu

cladding

1.6 wt%* SWNTs em-

bedded in Cu matrix
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N/A

N/A

N/A
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N/A

N/A

5.0

N/A

CTE (ppm ˚C-1)

N/A

N/A

N/A
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TCR (·10-3 K-1)

Ye et al., 2018

Rho et al., 2018

Yang et al., 2008

Sun et al., 2016

Kim et al., 2018

Reference

* If not given in the reference, wt% was calculated from reported CNT density. If the density is not given the calculation has been done using SWNT
density of 1.3 g cm-3 (Saifuddin et al., 2012) and MWNT density of 2.1 g cm-3 (Lehman et al., 2011).
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with a Cu cladding of
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and Cu

Structure

Production procedure

Based on the reported results in Table 3, following general observations can be made: Some
of the reported composite structures have CNTs embedded inside a continuous copper matrix, while others consist of an inner CNT layer coated with a copper cladding. CNT-Cu composites have been produced with the alignment of nanotubes inside the Cu matrix both perpendicular and parallel to the axial direction. The density of produced CNT-Cu composite
is obviously highly dependent on the amount of CNTs incorporated. The lowest reported
densities are in the range of ~2-3 g cm-3, when CNT material is coated with a thin layer of
Cu (~ few μm of Cu), such as by Xu et al. (2011) and Randeniya et al. (2010). CNT macrostructures have also been deposited with Cu to form a continuous CNT-Cu matrix with a
minimum density of ~5 g cm-3 (Subramaniam et al., 2013; Sundaram et al., 2017a). This low
density coupled with a slightly lower electrical conductivity than pure Cu (typically in the
range of 10 to 95 %IACS) can result in CNT-Cu material exhibiting high specific conductivity
as shown by Subramaniam et al. (2013) and Yang et al. (2008). The common theme among
the studies showing improved specific conductivity is that the nanotubes inside the CNT
matrix do not show considerable nanotube bundling, but exist as individual nanotubes separated by the Cu matrix. Therefore in these composites the amount of high resistance CNTCNT electrical junctions is minimal.
A majority of the composites that have low density (and conversely, a high wt% of CNTs)
were produced by electrochemical methods. This is due to the aforementioned agglomeration issue in high temperature methods in Section 2.3, which severely limits their production capability of high wt% CNT Cu composites. Similar to electrical conductivity, the thermal conductivity of reported CNT-Cu materials are typically at best close to values of pure
Cu (Cho et al., 2010; Chu et al., 2010; Subramaniam et al., 2014; Shuai et al., 2016; Kim et
al., 2018). However, recently Ye et al. (2018) reported their CNT-Cu to exhibit a thermal
conductivity of 548 Wm-1K-1 (~37 % higher than bulk Cu), which is highly promising for the
future development of thermal capabilities of CNT-Cu.
To the author’s knowledge, the first to report increased electromigration resistance, i.e.,
ampacity, were Chai et al. (2008b), for nanotubes vertically embedded inside a Cu matrix.
Since then, several authors (Subramaniam et al., 2013, 2014; Shuai et al., 2016; Sundaram
et al., 2017a, 2018; Kim et al., 2018; Rho et al., 2018; Zou et al., 2018) have reported increased ampacity of their CNT-Cu (or graphene-Cu) composites, compared against a copper
reference sample in the same set-up. The improvement has been observed for various types
of CNT-Cu configurations with both Cu cladding on CNT material and CNTs embedded inside a Cu matrix, with the property measured both perpendicular and parallel to the nanotube alignment. The high ampacity is typically attributed to supressed electromigration of
Cu atoms due to an increase in the copper activation energy. However, recent simulations
by Lee et al. (2018) suggest that the decrease in electromigration of CNT-Cu is not related
to changes in activation energy, but can be attributed to reduced self-heating of the composite when compared with pure Cu.
The TCR of CNT-Cu can also be decreased considerably when compared with pure Cu, for
both CNTs inside a Cu matrix (Subramaniam et al., 2013; Cho et al., 2017; Sundaram et al.,
2017a) and for CNT material coated with a Cu cladding (Sun et al., 2016; Zou et al., 2018).
This enhancement shows potential for possible high temperature applications of CNT-Cu.
For instance, due to its low TCR (0.75·10-3 K-1) the CNT-Cu composite reported by Subrama-
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niam et al. (2013) has a higher electrical conductivity than pure copper at 80 ˚C. Furthermore, a low CTE has been reported by many authors for both CNT-Cu composites with CNTs
embedded in Cu matrix (Kim et al., 2011; Subramaniam et al., 2014) and CNTs with a Cu
cladding (Sun et al., 2016) as the CNTs restrain the thermal expansion of Cu.
To summarize, improvements in various electrical properties other than specific conductivity appear more easy to obtain as they can be found for various CNT-Cu configurations
and the type and quality of employed CNT starting material does not appear as critical. Increased ampacity, a low coefficient of thermal expansion and a low temperature coefficient
of resistance are often found in carbon nanotube-Cu composites by electrodeposition.
The outlined improvements in electrical and thermal properties of CNT-Cu composites
appear beneficial for applications in interconnects, heat sinks and overhead lines that are
subject to high temperatures and current densities (Lin et al., 2018). As interconnects are
currently made by Cu electrodeposition (Damascene process) and the highest electrical and
thermal properties have been achieved by electrodeposition of Cu on CNT macrostructures,
this method appears prominent also for the production of CNT-Cu for interconnect applications. In such a case, the CNT structure would require to be templated in the interconnect
feature before being electrodeposited with Cu similarly as the results achieved by Subramaniam et al. (2016). Another method would be to co-deposit CNTs with Cu inside the narrow
feature, but to the author’s knowledge this has not yet been attempted. It should be noted
that the range of obtained results is still large and the most impressive results by Subramaniam et al. (2013, 2014, 2016) are yet to be replicated by other researchers.
2.4.4

Corrosion properties of carbon-Cu composites

To date, the corrosion behaviour of carbon nanotube based copper composites has not been
thoroughly studied. In this section the relevant studies from literature are briefly discussed
along with the theoretical background for corrosion of CNT-Cu composites. Due to the lack
of literature on CNT based composites, some graphene and graphene oxide (GO), which are
analogous to CNTs, based Cu- composites have also been included in the discussion.
Firstly, due to the high standard electrode potential of carbon, CNTs in a composite should
act as the cathode and the copper matrix as the anode when in contact with a corroding
solution (for example a solution containing 3.5 wt% NaCl, which simulates a highly corrosive medium; sea water). Therefore, it could be expected that the addition of CNTs in copper
matrix could induce galvanic corrosion of the copper due to galvanic pairing of CNTs and
Cu. Secondly, because of the inert chemical nature of graphitic carbon, CNTs might help
create a passive film on the surface of metals and increase the nobility of the composite
material (Praveen et al., 2007; Bakshi et al., 2010; Singh et al., 2013). Thirdly, CNTs might
indirectly affect the corrosion of copper based composites by affecting the surrounding
structure of the copper matrix during production. For example, co-deposition of copper
with nanotubes from solution by electrodeposition has been shown to decrease the grain
size of the copper matrix (Yang et al., 2008), which could increase the corrosion rate of the
copper matrix due to the existence of more grain boundaries that are susceptible to corrosion attack.
A majority of the literature shows an improvement in corrosion properties when carbon
nanotubes or graphene are coated on copper. These results are typically attributed to the
highly inert nature of the carbon, which shields the copper underneath. This situation is
identical to protection of metals using a high-quality paint coating. However, to the author’s
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knowledge, only a single study besides Publication IV has investigated the corrosion performance of embedded carbon nanotubes inside a copper matrix. Ghanbari & Darabi (2015)
reported that the corrosion resistance of their CNT-Cu micropillars was increased by six fold
when compared with pure Cu micropillars.
It is interesting to note that the reported galvanic corrosion behaviour of carbon based
composites differs depending on the source. Some authors report strong galvanic corrosion
between carbon based constituents and metal matrix. For instance, Orth & Wheat (1997)
showed in their work that increasing graphite content in the range of 1.2 to 40 vol% in copper matrix composite consolidated by powder metallurgy increases the severity of corrosion
attack in 3.5 wt% NaCl. A higher graphite content increased the localized galvanic corrosion
at the interface between copper and graphite. Opposite results were obtained by Zhao et al.
(2007), who produced copper-graphite composite coatings by electroforming, where no galvanic corrosion was observed between the two constituents in 3.5 wt% NaCl. In their work,
corrosion was shown to occur at grain boundaries while the graphite particles hindered the
corrosion process by modifying the microstructure of Cu.
Table 4 shows a summary of some reports found in literature on the corrosion properties
of different types of Cu composites based on CNTs, graphene or graphene oxide. The best
corrosion performance of composite samples is compared to the reported Cu reference.
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Table 4. Corrosion properties of select carbon based metal composites.

-0.199 V vs. SCE
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with Ag/AgCl ref.

-0.69 V vs. -0.21 V

Cu (V)

Ecorr, composite vs.

Orth & Wheat, 1997

Zhao et al., 2007

Kirkland et al., 2012

Singh et al., 2013
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GO with Cu

composite

graphene with Cu

posite coating on

steel

Co-deposition of

Graphene- Cu com-

on steel

Co-deposition of

Graphene oxide-Cu

coating

CNTs with Cu

Co-deposition of

by CVD
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micropil-

graphene on Cu

CNT-Cu

Direct growth of

Cu

cedure

Production pro-

Graphene coated

Structure

3.5 wt% NaCl

3.5 wt% NaCl

3.5 wt% NaCl

0.6 wt% NaCl

dium

Corrosive me-

Graphene flakes

Graphene oxide flakes

10 nm diameter

MWNT, 1-2 μm long and

graphene

One to two layers of

sions (L x D)

Carbon type and dimen-

sis

56% by Tafel analy-

days in solution

15% by Tafel after 5

ment

resistance measure-

17% by EIS corrosion

ysis

1-10% by Tafel anal-

pared with Cu

Corrosion rate com-

Ecorr, composite vs.

vs. Ag/AgCl

-0.58 V vs. -0.43 V

vs. Ag/AgCl

-0.46 V vs. -0.60 V

N/A

vs. SCE

-0.15 V vs. -0.19 V

Cu (V)

Kamboj et al., 2017

Ragthupathy et al., 2017

Ghanbari & Darabi, 2015

Raman et al., 2012

Source

3. Experimental

This chapter provides a summary of the materials, experimental set-ups and procedures
employed in Publications I-IV. More detailed explanations of each of the experiments are
given in the respective publications. The experimental portion of this work mainly focuses
on the electrochemical characterization, preparation and deposition of copper on CNT
macrostructures and their resulting specific electrical conductivity. CNT macrostructures
produced at the University of Cambridge consisting of fiber, yarn and film, were the focus
of copper deposition studies (Publications I-III). A CNT-Cu wire produced in collaboration
with Nexans Research Centre in Lens and University of Cambridge, by casting and drawing,
was the focus of corrosion studies by mostly electrochemical methods (Publication IV).

3.1

CNT raw material preparation

The CNT raw material used in publications I-IV was produced at the University of Cambridge. The CNT material was produced by the floating catalyst CVD dry spinning method
with a ferrocene catalyst as shown in Figure 9 and demonstrated by Koziol et al. (2007),
Lekawa-Raus et al. (2014) and Janas & Koziol (2016). The winder was covered with transparent acetate sheets, aluminium foil, or sheets of writing paper, which could be removed
from the winder to retrieve the sample material. CNT films were produced by winding a
large amount of CNT fibers on the roll until individual CNT fibers are were longer visible
and the structure was a planar sheet of aligned nanotubes. CNT fibers were produced in the
same way but with shorter production times. The CNT film was used to produce CNT yarns
by the author by hand into a wire form. Suitable sized film samples (0.1 to 1 cm in width)
were cut with a surgical blade and then rolled by hand and densified by spraying with acetone, to induce bundling as shown by Tawfick et al. (2013). The obtained yarn structure was
similar to single CNT fibers in its inhomogeneous fiber-like nature, but with larger diameter, higher density and thus smaller resistance and higher weight. Based on their dimensions and weight pristine CNT fibers were estimated to have an average density of ~0.7 g
cm-3 and the CNT yarns a density of ~1 g cm-3 (Lekawa-Raus et al., 2014). The difficulty in
obtaining exact values for various properties of these materials is due to the inhomogeneous
nature of the CNT macrostructures; the diameter and density are not constant along the
length of the studied specimens.
CNT fibers and yarns consisting of SWNT, DWNT and MWNT (Publication I and II), CNT
films consisting of SWNT, DWNT and MWNT (Publication III and IV) and CNT powder
consisting of MWNT (Publication IV) were employed as the nanocarbon source in the production of CNT-Cu composite materials. CNT fibers of different diameters (D =~5, 10 and
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30 μm) synthesized in different batches with different winding rate were utilized in electrodeposition studies (Publications I and II). Table 5 shows some of the material properties of
the employed CNT macrostructures.

Figure 9. CVD dry spinning method to produce CNT fiber and CNT film at University of Cambridge. Modified from
Lekawa-Raus et al. (2014).
Table 5. Properties of the employed CNT material obtained from University of Cambridge.

Thickness
(μm)

Density
(g cm-3)

Specific surface
area (m2 g-1)

CNT distribution

CNT fiber

5, 10, 30

0.7

450

> 80 % MWNT

CNT film

15

0.9

200

> 80 % MWNT

3.2

CNT material characterization

Scanning electron microscopy (SEM) attached with energy-dispersive X-ray spectroscopy
(EDS) was used in observing the pristine and copper deposited CNT structures and compositions in Publications I-IV. More details of the utilized SEM-EDS parameters are given in
the publications. ImageJ software version 1.51 (National Institutes of Health, Bethesda, MD,
USA) was used in analysis of Cu grain sizes and population densities on CNT films and fibers
in Publications I and II. Raman spectroscopy (LabRAM HR UV-NIR) with red excitation
wavelength of 633 nm was used to characterize the relative levels of functionalization of
pristine and functionalized CNT films in Publication III. The spectra were baseline corrected and the curves were fitted with the Gaussian-Lorentzian function. The reported
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ID/IG-ratios for each sample are an average of five measurements at different surface locations on the CNT film sample.
The electrical resistance of CNT macrostructures and also produced CNT-Cu material was
measured with a custom made four point measurement circuit of copper connections,
shown in Figure 10. The CNT raw material was carefully contacted to the four electrodes
with tiny droplets of conductive silver paint (42469, Alfa Aesar, USA). Once the CNT material was fixed on the electrodes, the paint was allowed to dry (typically 24 hours in ambient
conditions) to minimize contact resistance between the copper electrodes and CNT material. The electrical resistance could then be measured with a multimeter (Fluke 8846a) attached to the circuit. Resistance of various lengths (3 to 15 cm) of CNT fibers and yarns
could be measured with this setup. The circuit was also used to measure the resistance of
CNT-Cu composite fibers and yarns produced in Publications I & II. In this case the wires
could be mechanically fixed on the circuit by clamping as the electrical contact between copper electrodes and the copper coated CNT material was sufficient.

Figure 10. Printed circuit board used in the four wire electrical resistance measurement of CNT and CNT-Cu material.

3.3

Electrochemical cell set up and methods

All the electrochemical cell set ups utilized in Publications I-IV were three electrode cells
controlled with a potentiostat at room temperature. The employed reference electrode was
either a copper/copper sulphate (Cu/CuSO4) or a standard calomel electrode (SCE) (Publication II-IV). In electrodeposition studies the counter electrode was a U-shaped copper
sheet (99.99 % purity) fixed on both sides of the working electrode (Publication I, II and
III). For purposes other than electrodeposition, a platinum counter electrode was utilized
(Publication II, III and IV), except in the zero resistance amperometry (ZRA) experiment in
Publication IV, where a CNT film was utilized as the counter electrode. In the electrochemical deposition, electro-oxidation and corrosion behaviour studies the counter electrode
area was larger than the immersed CNT material area to ensure an even current distribution. For the ZRA experiment the CNT film utilized as counter electrode had the same geometrical surface area as the copper plate.
To study the electrochemical properties of CNT macrostructures, electro-oxidize the material and to deposit the material with copper, a custom sample holder made of PVC plastic
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was designed. With the sample holder, the lightweight and fragile fiber, yarn and film samples could be rigidly fixed in employed solutions and electric current could be passed reliably and evenly through a single electrical contact made with conductive silver paint (42469,
Alfa Aesar, USA). The CNT samples in this case could be up to 11 cm in length. The plating
setup used in Publications I-III is shown in Figure 11. Longer and more heavy CNT yarn
samples (up to ca. 30 cm) could be deposited without a sample holder, simply by gluing a
small piece of PVC plastic at the bottom of the yarn to hold the sample straight in an otherwise similar setup.

Figure 11. Plating setup and sample holder: 1. CNT fiber, 2. Silver paste electrical contact, 3. Glue, 4. Copper sheet
anode, 5. Copper wire, and 6. PVC sample holder (Publication I)

The electrolytes used in electrochemical deposition were aqueous based copper sulfate
baths in similar concentrations as often applied in electrodeposition of copper on carbon
materials and in industrial electroplating (Paunovic & Schlesinger, 2006; Sundaram et al.,
2017a; Tao et al., 2017; Chen et al., 2018a; Kim et al., 2018). The following electrochemical
deposition electrolytes were used:
x
x
x
x

Electrolyte I: 0.8 M CuSO4·5H2O and 0.4 M H2SO4 (Publication I)
Electrolyte II: 0.6 M CuSO4·5H2O, 0.8 M H2SO4 and 0.1mM NaCl (Publication II)
Electrolyte III: 0.6 M CuSO4·5H2O and 0.9 M H2SO4 (Publication III)
Electrolyte IV: 0.1 M CuSO4·5H2O, 3 M H2SO4, 1.0 mM NaCl and industrial accelerator CG 2001 Additive (Shipley) 0.8 ml/l

Galvanostatic deposition (Publication I, II and III) and potentiostatic oxidation (Publication
III) techniques were utilized in production of CNT-Cu composites. In galvanostatic deposition, i.e., copper reduction, the applied current, typically in the range of -0.05 up to -30 mA,
depending on the size of the utilized CNT macrostructure, is fixed to a determined value and
the working electrode potential is recorded. Conversely, in potentiostatic oxidation the potential difference between the working and reference electrode is set to a determined value
and the current passing between the counter electrode and working electrode is recorded.
Cathodic polarization curve was also applied to observe material reactivity in copper sulphate solution (Pulication III). In this technique, the working electrode potential is changed
with a pre-determined speed and the resulting current passing through the working electrode is recorded as a function of overpotential. With this technique, the onset of cathodic
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electrochemical reactions can be identified and the electrochemical reactivity of the working
electrode material observed.

3.4

Oxidation of CNT material

Two different oxidation treatments were employed for CNT fibers and CNT film materials
as a pre-treatment before electrodeposition in Publication III. These treatments were employed in order to modify the electrochemical behaviour of the CNT macrostructures. Oxidation was carried out in a furnace of ca. 2 dm-3 volume (Scandia Oven K4/PDI) under a
constant oxygen flow of 150 SCCM (standard cubic centimeters per minute) at the temperatures 400, 450 or 500 ºC for 20 and 60 minutes. An electrochemical oxidation method was
also applied, where the CNT material was immersed in 1 M H 2SO4 and anodized, i.e., electro-oxidized, at various potentials from 1 V to 2.5 V vs. SCE, for 1 to 10 minutes using a
platinum sheet counter-electrode (Publication III). The degree of oxidation was determined
by Raman spectroscopy and the appearance of functional groups was observed with FTIR.
The effect of oxidation could also be seen in contact angle measurements, which were performed by placing a drop of electrolyte from a pipette on the surface of CNT film and observing the possible contact angle. High contact angles are caused by hydrophobicity between the material and droplet (in our case aqueous based electrolyte).

3.5

Specific electrical conductivity

The electrical resistance of pure CNT material and CNT-Cu composite fibers were recorded
with a multimeter and a custom 4-point resistance circuit shown in Figure 10. The lightweight CNT fiber based samples were weighed with an Ultramicro scale (Sartorius) with 1μg
resolution and the yarn samples were measured with AT261 DeltaRange scale (Mettler Toledo) with 10 μg resolution. The length of the samples (3 to 15 cm) was also measured simply
with a ruler. The specific conductivity of samples could then be calculated (Publication I, II)
by using equation (3).

3.6

Corrosion behaviour

In this work, the corrosion properties of cast and deformed CNT-Cu wires were investigated
in 3.5 wt% sodium chloride (NaCl), which is similar to sea water and thus commonly used
in corrosion studies (Yang et al., 2001). Corrosion properties of CNT-Cu wires (Publication
IV) were studied by various electrochemical techniques: observing free corrosion potential,
measuring polarization resistance and polarization curves, and zero resistance amperometry.
Polarization curve is a commonly applied electrochemical method for corrosion rate estimation. In this method, the sample is polarized from a given value below its corrosion potential to a given value above the corrosion potential. The Tafel method is then utilized to
obtain the anodic and cathodic Tafel constants from the polarization curves from the linear
range ca. 100-200 mV from the corrosion potential. At the intersection of these slopes the
anodic and cathodic reaction rates are equal and the corrosion current can be estimated
from this point.
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Increase in the free corrosion potential can indicate either decrease in anodic reaction rate
or increase in cathodic reaction rate. In the case of a passivating layer formation on copper,
such as a copper chloride film, typically the rate of anodic reaction, i.e., the rate of corrosion
decreases. The composition and formation of the passive film is dependent on the composition of the corroding environment and can form rapidly or slowly with time.
Linear polarization resistance (LPR) measurement was used to record the I-E curve of the
studied material. The sample was polarized only up to 10 mV from its open circuit potential.
In this way, the polarization is non-intrusive and does not change the surface properties of
the sample. Therefore, it can be applied multiple times successively for a sample immersed
in a corrosive environment. As the corrosion rate is directly dependent on the kinetics of
anodic and cathodic reactions, the small externally applied potential shift and its resulting
measurable current flow can be utilized to estimate the corrosion rate. The smaller the
measured current flow for a given potential shift, the smaller the icorr and the higher the
polarization resistance.
The corrosion rate is obtained from the Stern-Geary equation (Stern & Geary, 1957):
ܾ ܾ
߂ܧ
ൌ
߂݅ ܫ ሺܾ  ܾ ሻ
, where

௱ா
௱ூ

(4)

is the polarization resistance, ߂ ܧis the applied polarization,߂ ܫis the observed

current and ܾ and ܾ are the anodic and cathodic Tafel constants, respectively, as observed
from the polarization measurements.
Various methods were used to detect for possible galvanic corrosion of the CNT-Cu samples.
The galvanic current between CNT based material and pure copper plate was studied with
the zero resistance amperometry (ZRA) method. The method uses a three-electrode cell,
where the working electrode and counter electrode materials are the industrial grade pure
copper plate (99.99 % purity) and CNT film, respectively. The potential difference between
the materials is set to zero and the resulting current passing through the cell is observed. In
theory, the larger the potential difference between the materials, the larger the expected
current and the stronger the expected galvanic corrosion.
An estimation of the galvanic corrosion can also be obtained with mixed potential theory
analysis. In this method the pure materials which form the basis of the composite material,
are polarized individually. The polarization curves are then plotted on the same graph. From
this graph the cathodic reaction happening on the noble material, and the anodic reaction
occurring on the less noble material are observed. During corrosion the anodic and cathodic
reactions occur at the same rate, and the intersection of these curves yields the corrosion
current density, i.e., the expected galvanic corrosion rate within the composite material.
Another method used to observe for the galvanic corrosion was the visual observation of
the corroded material surface by SEM. If the corrosion attack is situated at the boundary
between the constituent materials, in this case CNTs and the copper matrix, there should be
visible corrosion, such as pits or grooves at the interface.
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3.7

Casting and drawing to produce CNT-Cu wire

The cast and drawn CNT-Cu wires used in corrosion studies (Publication IV) were produced
by Nexans in Lens, France. A novel method was employed to produce this composite wire.
First, a thin layer of CNTs (ca. 10 μm) was coated onto an oxygen free copper wire, with the
method reported previously by Janas et al. (2017). This CNT coated copper wire was then
electrodeposited with copper from typical copper sulphate electrolyte to produce a sandwich Cu-CNT-Cu wire that could be easily manipulated. This wire was introduced into molten copper during casting by using a hollow casting pin. The sandwich structure is employed
to minimize CNT agglomeration and to help with CNT dispersion in liquid copper. With the
help of the casting pin the sandwich Cu-CNT-Cu wire can be introduced close to the copper
solidification area thus ensuring a homogeneous distribution of CNTs in copper. Due to this
procedure, the CNTs are not thermodynamically separated from the copper and are trapped
at the grain boundaries during solidification. CNTs consisting of multiwalled tubes with
outer diameter of 30–40 nm and length of 10 μm were provided by the University of Cambridge, UK. Wire rods 15 mm in diameter were cast at a speed of approximately 6 kg/h. After
casting, the rod samples were transformed to final shape by rolling and cold drawing. A
reference sample (CuOF) was produced from industrial grade oxygen free copper that was
rolled and drawn to 1 mm from original 12 mm diameter rod.
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4. Results and discussion

Several factors make macroscopic CNT electrodes different from the typically utilized electrically conductive planar electrode materials in electrodeposition. Firstly, the employed
CNT materials are known to have high electrical resistivity and fibrous nature. Secondly,
pristine CNT material is chemically inert with some impurities present and thus it is not
clear how copper will deposit on its surface. Thirdly, as CNTs are known to be inherently
hydrophobic, it is not obvious how this will affect the electrodeposition process from aqueous based electrolytes. Therefore, the investigation of the electrochemical deposition process of copper on CNT macrostructures was one of the main tasks of this research. Furthermore, the specific electrical conductivity of resulting CNT-Cu and its relationship with the
composite microstructure after electrodeposition were examined and the corrosion behavior of CNT-Cu composites formed by casting and drawing was investigated. The following
Sections further elaborate the findings.
The objectives of this work were presented in Section 1.2. The electrochemical deposition
process on individual CNT fibers and its effect on specific electrical conductivity was characterized in Publication I. In Publication II the electrochemical deposition process and its
effect on specific electrical conductivity was studied for CNT yarns of larger dimensions. In
Publication III the electrochemical deposition process was researched on pristine and functionalized CNT films. The corrosion behaviour of CNT-Cu wires was examined in Publication IV to further investigate their potential as a conductor material.

4.1

Characteristics of employed CNT material

Three different CNT macrostructures were employed in this work: CNT fiber, CNT film and
CNT yarn as shown previously in Figure 3. Characteristics of these materials can be found
in previously shown Table 5. The CNT fiber material has been previously characterized extensively (Koziol et al., 2007; Janas & Koziol, 2016). The electrical conductivity of the CNT
fiber material was measured in Publication I. An exact value of the electrical conductivity is
difficult to obtain due to the fibrous nature of the carbon nanotube samples. Based on multiple CNT fiber samples with different average diameters and lengths, the electrical conductivity was found on average as ca. 300 S/cm (Publication I). However, considerable variation (~ ±50%) was noted in the electrical resistance between fiber samples even of the same
average diameter. This conductivity value is at the low end of the CNT fibers (10 to 67 000
S/cm) produced by different methods reported in literature (Lekawa-Raus et al., 2014).
While a CNT fiber produced by the same method has been reported to have a specific conductivity of up to 0.7 MSm-1g-1cm3, the CNT fibers employed in this study had a calculated
specific conductivity an order of magnitude lower at ca. 0.04 MSm-1g-1cm3. The weight of
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individual CNT fibers up to 11 cm in length was below 10 μg. In contrast, the weight of similar lengths of CNT yarns was up to a few milligrams, depending on the amount of CNT film
that was rolled into yarn. The orientation of CNTs was mostly in the axial direction in films
and fibers, as shown in Figure 12. Table 6 shows the EDS analysis of a pristine CNT film
used in Publication III, where some impurities such as iron from ferrocene catalyst particles
can be detected. The other elements (S, Si, Na, Ca) at lower concentrations are likely a contamination from the production and handling process.
Table 6. SEM-EDS analysis of CNT film surface (Publication III).

wt%

C
88.48

O
9.20

Fe
1.27

S
0.40

Si
0.16

Na
0.34

Ca
0.16

At the surface of all studied pristine CNT materials some soot, i.e., amorphous carbon, was
typically present as various sized particles, see, e.g., Figure 12a. In literature amorphous
carbon is also often reported as a ~nm scale partial coating on the surface of individual
CNTs, which cannot be deduced from SEM images. The porous nature of the material is also
visible in Figure 12b and c, where the distances between nanotubes and nanotube bundles
are on the order of a few hundred nanometers. The density of CNT fibers utilized in this
work were estimated to be 0.7 g cm-3 (Koziol et al., 2007) due to lack of densification or
twisting, which are often applied by other researchers in the production of CNT fibers. The
density of the employed CNT fiber samples is thus in the low range of the values (0.3-2 cm3) typically reported for CNT fibers (Lekawa Raus et al., 2014; Sundaram et al., 2018). The
employed CNT fiber consists mostly of curved MWNTs and exhibits a considerable amount
of impurities, e.g., soot. These factors are known to adversely affect the electrical conductivity of CNT materials and explain at least partly the low electrical conductivity of the material in this thesis (Dai et al., 1996; Behabtu et al., 2013; Lekawa-Raus et al., 2014).

Figure 12. Observed surface morphology of (a),(b) CNT film and (c) CNT fiber.

A CNT fiber sample was cut by focused ion beam (FIB) to observe its interior as shown in
Figure 13. Due to the low weight and density of the sample, an even surface was difficult to
obtain. However, the microstructural characteristics, namely porosity, of the CNT fiber material could still be observed. The interior of the fiber showed relatively large voids up to ca.
5 μm in diameter, Figure 13a. The longitudinal cross section further demonstrates the fibrous nature of the CNT fiber in its axial direction, Figure 13b.
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Figure 13. (a) Transverse and (b) longitudinal CNT fiber (used in Publication I & II) cross sections by focused ion beam
milling.

The diameter variation of some CNT fiber samples was pronounced as can be seen in Figure
14. It has to be noted that due to the fibrous nature of the material the variation shown in
Figure 14 could appear more pronounced than during electrodeposition, as the samples are
not stretched on the carbon tape when in SEM. Due to the variations in fiber and yarn geometry, the cathodic current used in electrochemical deposition experiments is given in absolute values and not as an approximation of current density, while the cathodic current
density values for deposition on CNT films are given according to the geometrical area of
the CNT film.

Figure 14. Diameter variation of a CNT fiber (average diameter 30 μm).

While it would be extremely difficult to measure the contact angle between a liquid and an
individual CNT fiber, CNT films can easily be employed for such a measurement. The contact angle between the aqueous based copper sulphate electrolyte and CNT film was measured to be ca. 120˚, Figure 15, which indicates a hydrophobic surface as reported previously
for CNT macrostructures and water droplets (Pavese et al., 2008).
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Figure 15. Contact angle of copper sulphate electrolyte III on CNT film used in Publication III.

To summarize, the employed mostly MWNT macrostructures utilized in Publications I-III
show several distinct characteristics. These include amorphous carbon impurities (soot) in
the range of ~μm, varying dimensions, hydrophobicity, curved nanotubes, low electrical
conductivity for CNT based material and varying porosity. Thus, the structure of the employed CNT material resembles textile based materials more than it does typically employed
electrode materials with consistent features and properties.

4.2

Electrochemical deposition process on pristine CNT macrostructures

During the first trials for electrodeposition (ED) of copper on CNT fiber material it was
found that the electrical resistance of the CNT material affects the deposition process considerably in all employed electrolytes I-IV. For example, 3.5 cm in length CNT fiber samples
utilized in this work showed an electrical resistance on the order of several kΩ (D ~30 μm),
increasing up to ca 15 kΩ for smallest diameter fibers (D~ 5 μm). Several authors have reported the low electrical conductivity of different working electrode materials to affect the
ED process adversely. This phenomenon is known as the “terminal effect” and has not been
typically reported for CNT based materials, except in passing by Randeniya et al. (2010) and
further elaborated in Publication I. However, it is likely other authors have experienced this
effect on CNT material while not explicitly stating it. This can be assumed based on the
experimental conditions employed by other authors that alleviate the severity of the terminal effect, i.e., some studies utilize contacts on both ends of CNT fibers and short fibers (a
few centimeters) (Sundaram et al., 2017b, 2018) while others utilize a single contact to the
bottom of planar CNT material to provide an even current density (Subramaniam et al.,
2013, 2014, 2016)
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In Figure 16, the polarization curves recorded at 50 mV/s for a highly conductive copper
wire 100 μm in diameter and a CNT fiber sample 30 μm in diameter are shown. The difference between the two materials is drastic; the overvoltage required to deposit copper on a
CNT fiber is vastly larger than depositing on a Cu wire. The difference in polarization behaviour is due to the high electrical resistance of the fiber.

Figure 16. Cathodic polarization curves of Cu wire and CNT fiber in Electrolyte I.

In this work, all the deposition tests aimed at producing CNT-Cu composite fibers and yarns
were conducted by applying galvanostatic deposition. On all CNT fibers, yarns and films the
deposition process was found to begin nearest the electrolyte-air interface where the cathodic polarization was largest. This result is due to the terminal effect caused by the high
electrical resistance of the CNT macrostructures as discussed in Section 2.2. As copper was
deposited further along the fiber the electroactive area was increased making further polarization over critical overpotential possible. Thus, all CNT macrostructures (up to 20 cm in
length in case of CNT yarns) could be deposited with Cu as long as the deposition time was
sufficient and copper deposition could reach the furthest points from the contact (Publications I and II).
The terminal effect can be seen affecting the electrodeposition of Cu on a CNT fiber sample
in Figure 17, where the copper nuclei population from Electrolyte I have been imaged at
three distinct areas on the CNT fiber surface. The sample was deposited for a short time (60
s) at low applied current of -0.06 mA. Evidently, such a low deposition time was not sufficient to fully cover the fiber with copper as deposition ended ca. 0.5 cm away from the airelectrolyte interface. In Figure 17a, taken next to the electrolyte-air interface, the copper
nuclei population density was estimated at ~50 nuclei/100 μm2. 2.2 mm further away from
this point, Figure 17b, the nuclei population density had decreased to ~7 nuclei/100 μm2. In
Figure 17c, taken 4.5 mm from the electrolyte-air interface, the last observable deposits were
visible and the copper nuclei population density had dropped to 1.5 nuclei/100 μm2. Interestingly, at this point a cluster of copper nuclei had deposited. Thus, it can be concluded
that due to the inhomogeneous nature of the CNT material, its electrochemical activity is
not constant along the macrostructure surface and some parts of the fiber were more electrochemically active than others. This is likely due to variations in the degree of oxidation
of the fiber, which occur during the high temperature production of CNT material as well as
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variations in impurity distribution, including iron particles and amorphous carbon (Janas
& Koziol, 2016). The average grain size on the surface of the fiber was found to be 1.6 μm
irrespective of whether the air-electrolyte interface or parts further away were investigated.
The lack of large variation in the nuclei size suggests that the observed nuclei were generated
instantaneously during the beginning of the 60 s deposition test, but their population density decreased due to losses in polarization. The conductivity of the CNT fiber during electrodeposition was improved, which enabled deposition further from the electrical contact.
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Figure 17. Evolution of copper nuclei population density on CNT fiber at low deposition time (60s) and low current (0.06 mA) at (a) close to current feed point, (b) 0.2 cm further and (c) 0.5 cm further from the current feed point (modified from Publication I).
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A transverse cross section of the fiber near the air-electrolyte interface was made by FIB
milling, Figure 18. An accurate estimation of the Cu filling inside the CNT fiber is markedly
difficult and is estimated qualitatively from SEM images (Sundaram et al., 2017a, 2017b,
2018). Interestingly, while the deposited copper on the surface of the fiber grew as distinctly
separated nuclei, copper also covered individual CNTs and CNT bundles on the surface and
inside of the fiber. Thus, copper was simultaneously depositing on the inside of the fiber
and at the surface of the fiber to produce a continuous CNT-Cu structure and not just a
cladding on the fiber surface. Considering the observed hydrophobic nature of the CNT film,
which consists of thousands of CNT fibers, this result is surprising as it shows that the electrolyte is able to penetrate, atleast to some degree, inside the CNT fiber network.

Figure 18. Cross-section of CNT fiber after short deposition (60s) at low current (-0.06 mA).

During deposition, the pores between nanotubes and nanotube bundles that are the physical pathways for new copper ions entering inside of the macrostructure are continuously
closed due to the depositing copper closing off gaps inside the CNT fiber. For this reason,
the applied current used by other authors producing a similar homogeneous mixture of
CNT-Cu by ED onto an existing CNT network, is typically very low as it is assumed to increase the probability of superfilling the nanotube network with minimal porosity from the
inside of the fiber to the surface. Surprisingly, in our tests the applied current did not appear
to strongly affect the internal deposition of copper on CNT fibers – the interiors of samples
were similarly deposited with Cu in a wide applied current range of -0.06 to -10 mA and at
diameters from ca. 5 to 30 μm. The deposition of Cu on the inside of the fibers was estimated
qualitatively from FIB milled cross-sections of the produced CNT-Cu composites (as reported in Publication I). In case there were large pores in the μm range on the inside of the
fiber, similar to the pore shown in Figure 13a, they were typically not fully filled with copper.
Such variation of the Cu deposit on the inside of the CNT network is likely to cause additional electrical resistance of the composite, when compared with a continuous and nonporous Cu deposit.
Once the CNT fiber was fully coated, the Cu deposit followed the surface dimensions of
the fiber underneath, Figure 19a. Therefore, for CNT fiber samples with even surface dimensions the CNT-Cu diameter was consistent and for samples with uneven geometry, the
diameter varied accordingly. The thickness of the copper coating on CNT fiber and yarn
samples did not show considerable differences, likely as polarization became stable across
the samples relatively quickly compared to the overall deposition time, similar to results by
Randeniya et al. (2010) and Sundaram et al (2018). On some parts of the deposited fibers,
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a considerable amount of amorphous carbon could be observed at the CNT-Cu fiber surface
post deposition, Figure 19b, as amorphous carbon is highly electrically resistive and thus
difficult to deposit with copper. The result is similar to those by Sundaram et al. (2017b),
who reported uncoated “black spots” after deposition on some of their CNT-Cu samples.
The Cu cladding in Figure 19c shows columnar growth, typical of compact Cu electrodeposits (Paunovic & Schlesinger, 2006). The grain size difference between the Cu cladding and
inside the fiber can be explained by the depletion of copper ions inside the fiber as copper
ions have to diffuse through the CNT material. Grujicic et al. (2002) have shown that
smaller copper concentration leads to smaller and densely distributed nuclei. A similar observation of the grain size of copper on the inside of CNT macrostructures and on the cladding been reported for electrodeposited CNT-Cu by many authors (Yang et al., 2008;
Sundaram et al., 2017a, 2017b; Chen et al., 2018a; Rho et al., 2018).

Figure 19. Representative images of CNT-Cu fibers after deposition with Cu (a) surface morphology and (b) amorphous
carbon contamination and (c) cross-section (Publication I).

In Figure 20, the deposition current used in creating 3.5 cm long CNT-Cu fibers (D =~10
μm) is plotted against the recorded stable electrode potential (V vs. Cu/CuSO4 reference
electrode) during deposition and the time (s) it took to fully cover the surface of the fiber
with copper. The high potentials during deposition are attributed to the high electrical resistance of the CNT material. In order to force the copper deposition on CNT fiber samples
the required potentials were quite high as shown previously in Figure 16. Due to the previously mentioned variation in the electrical conductivity of the samples, the reproducibility
between different samples was difficult as the polarization behaviour was not constant.
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Figure 20. Deposition current plotted against the stable electrode potential at the end of the experiment and the time
(s) it took to cover the fiber with copper. Sample length was a constant 3.5 cm and the diameter of the fiber was
estimated to be 10 μm.

The change in resistance of CNT-Cu fibers after electrodeposition was studied by depositing
CNT fibers of ~30 μm diameter and 11 cm length with varying deposition times, Figure 21.
The
applied
current
was
-10
mA.
The whole fiber length was covered with copper during all deposition times. The strong decrease in resistance after the fiber has been coated with copper shows the drastic difference
between the conductivity of pristine CNT material and copper. Once the CNT fiber has been
coated with copper, the decrease in electrical resistance becomes considerably smaller as
the conductivity is dominated by the growing copper cladding.

Figure 21. Resistance of CNT-Cu fiber after electrodeposition for different times at -10 mA on 30 μm diameter CNT
fiber.

The deposition of Cu on CNT yarns was also studied (Publications I & II). The CNT yarns
were produced by manual rolling from CNT film and had considerably larger diameters than
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individual fibers, from ca. 50 to 150 μm, depending on the width of film rolled. The yarns
were then densified by spraying with acetone that induced bundling of the CNTs and thus
lowered the porosity and increased the density of the material (estimated at ca. 1 g cm-3).
Due to the larger dimensions, this material was easier to handle and had electrical resistance
orders of magnitude smaller than CNT fibers. These yarns could be deposited with a copper
cladding in Electrolyte II in a wide range of applied cathodic current values (from -0.2 to 40 mA), Figure 22a. At the lowest cathodic current values the deposition time for CNT yarns
was around 20 hours, while the higher deposition rates could coat the yarn in minutes.
However, deposition of copper to the inside of the yarns was considerably more difficult.
Copper was deposited inside the CNT yarn networks only at very low applied current (in the
range of -0.2 to -2 mA), but only as individual copper grains that did not form a continuous
mixture with CNTs. A more recent report by Sundaram et al. (2018) showed a similar trend
of decreasing Cu deposition to the inside of increasingly dense CNT macrostructures (from
0.5 to 1.1 g cm-3), even when utilizing 2-step electrodeposition with both organic and aqueous electrolytes.
In an attempt to overcome this issue, the deposition inside the CNT yarns was enhanced
by utilizing additives in the electrolyte (Electrolyte IV) and very low deposition current (in
the range of -0.2 to -2 mA), while applying solution stirring with a magnetic stirrer at 400
rpm. With this process the deposition of copper to the inside of the yarn was considerably
enhanced (see Figure 22b, where the CNT-Cu yarn sample was cut with a surgical blade). In
this case the copper penetration inside the wire could be considerably enhanced compared
with depositing just a Cu cladding. However, the Cu deposit penetration inside the high
density CNT yarn could not be made continuous in similar fashion as with lower density
CNT fibers. The typical surface structure of CNT-Cu yarn is shown in Figure 22c. The improved electrodeposition of Cu to the inside of CNT networks at low current (Subramaniam
et al., 2013; Sundaram et al., 2017b, 2018; Tao et al., 2017) and by utilizing additives (Tao
et al., 2017; Chen et al., 2018a) in the electrolyte has been noted by several authors from
both aqueous and organic electrolytes.

Figure 22. Morphology of CNT-Cu yarns (a) CNT yarn core and Cu cladding, (b) continuous composite of CNT-Cu and (c)
surface structure.
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The previously shown hydrophobic nature of pristine CNT structures is more pronounced
when electrodepositing onto planar CNT films than when depositing on yarns and fibers.
This effect could be related to the considerably larger planar area of the CNT film when
compared with that of small diameter fibers and yarns. The hydrophobicity affects both the
deposition on the material surface and the penetration of copper ions to the inside of the
material. When depositing onto a CNT film, the electrolyte can not effectively cover the
whole surface. The result of this effect can be observed when depositing on pristine CNT
film samples, Figure 23. Here, large areas of the CNT film have no discernible copper nucleation when depositing from Electrolyte III, while other areas of the surface have a thick
copper cladding. In Figure 23a, the sample was deposited at - 3.8 mA cm-2 for 1800s and
the resulting grain size of copper deposits was 10.1 μm with s.d. 4.1 Pm. In Figure 23b another sample was deposited at -5 mA cm-2 for 3600 s. Even at such long deposition times
the film surface could only be partially covered by the deposit. The deposition of Cu on pristine CNT films was limited to the surface and no Cu could be seen penetrating inside the
CNT films.

Figure 23. Pristine CNT films after deposition at (a) -3.8 mA cm-2 for 1800s and (b) 5 mA cm-2 3600s.

To summarize, the electrochemical deposition process is reported to be highly affected by
the characteristics of the employed nanotube macrostructures (Publications I-III). Due to
the low electrical conductivity of the CNT material, the required polarization for copper
deposition is considerably higher than for substrates of metallic conductivity. The terminal
effect reported in Publication I is found to disable the electrochemical deposition process of
copper beyond a short distance from the electrical contact. However, at long deposition
times the low density CNT material (~0.7 g cm-3) can be deposited with copper both on the
CNT material surface and inside of the nanotube network (Publication I). The copper deposit morphology follows the features of the CNT material. Higher density CNT material
(~1 g cm-3) can only be deposited with a copper cladding and minimal deposition of Cu on
the inside of the CNT network from similar conditions (Publication II). To improve the deposition on the inside of the dense nanotube network a very low applied polarization, stirring
during deposition and additives in the electrolyte are required. Once the CNT material surface has been fully deposited the electrical resistance is decreased by 3-4 orders of magnitude due to the highly conductive continuous layer of copper (Publication I and II). Due to
the hydrophobicity of planar CNT films, the material can only be deposited unevenly on its
surface, with no penetration of Cu to the CNT network (Publication III).
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4.3

Electrochemical deposition process on functionalized CNT macrostructures

Due to the as-produced CNT material showing different issues as outlined before, such as
carbonaceous impurities, electrochemical inhomogenuity and hydrophobicity, a pre-treatment method was studied in order to alleviate these problems (Publication III). It is well
known that oxidative treatments introduce various surface functionalities, such as atomic
oxygen, carboxyl and hydroxyl (Wildgoose et al., 2006; Datsyuk et al., 2008), which enhance the surface activity of CNT material for metal deposition by various methods (Kim &
Sigmund, 2004; Felten et al., 2006). Grafting oxygen containing functional groups on CNT
materials has also been shown to improve hydrophilicity, while removing carbonaceous impurities (Pavese et al., 2008; Dichiara et al., 2015). Thus, two different types of oxidative
pre-treatments were investigated, i.e., heat treatment in furnace and electro-oxidation, and
the resulting change in functionalization was detected by Raman spectroscopy, by comparison of the ID/IG ratio of CNT material after a pre-treatment. In Figure 24, the ID/IG ratios
of pristine and functionalized CNT film samples are shown. There is a trend of increasing
the level of functionalization by increasing the furnace temperature or the electro-oxidation
(termed anodization in the image) voltage. In general, the heat treatment produced a milder
level of functionalization compared to the electro-oxidation treaments.

Figure 24. Degree of functionalization by different functionalization treatments (Publication III).

The oxidation treatment affected the CNT properties and microstructure considerably, even
at low levels of functionalization by heat treatment. A visible difference was observed at the
CNT film surface after even the mildest functionalization; the amorphous carbon particles
were largely removed. Furthermore, when attempting to repeat the contact angle measurement with Electrolyte III, the material exhibited such hydrophilicity that no contact angle
could be discerned even from the mildly functionalized samples. However, with an improved apparatus for this measurement a (small) value could possibly have been obtained.
After heavily functionalizing the CNT film at 2.2 V vs. SCE for 60 seconds, the deposition
test shown in Figure 23a was repeated and a noticeable difference could be observed as
shown in Figure 24.
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Figure 25. Functionalized CNT film after deposition at -3.8 mA cm-2 for 1800s. Functionalization by electro-oxidation at
2.2 V vs. SCE for 60s. Publication III.

The nuclei density of copper was highly affected by the functionalization treatment. Even
small areas without copper nucleation could not be observed on the functionalized sample.
The average grain size was 6.5 μm with s.d. 2.1 μm, while the nuclei population density was
homogeneous indicating a higher and more even nucleation rate compared to the non-functionalized surface in Figure 23a. The increase in copper nuclei population density and decrease in nuclei size in functionalized CNT films is assumed to be due to the effect of functional groups at the CNT film surface. These functional groups have a higher binding energy
to copper than the pristine CNT structure (Park et al., 2011) and thus the diffusing adatoms
get trapped near the oxygen functionalized groups causing the nucleation density to increase as previously noted in thermal evaporation and sputtering studies (Felten et al.,
2006; Gopee et al., 2016). A similar trend of increasing Cu nuclei population density and
decreasing the nuclei size has also been reported previously for a heat treated carbon fiber
coated by electrodeposition from a similar copper sulphate electrolyte (Li et al., 2011).
The electrochemical activity of CNT films was also studied by cathodic polarization curves,
as shown previously for a CNT fiber and Cu wire in Figure 16. In this experiment, presented
in Figure 26, a cathodic polarization curve was recorded for a CNT film sample in Electrolyte
III. The sample was then electro-oxidized in 1 M H2SO4 for 60s to remove the deposited
copper and functionalize the CNT film surface and a new cathodic polarization curve in the
copper sulphate electrolyte was recorded. This procedure was then repeated at increasing
electro-oxidation voltages, beginning from 1.2 V up to 2.2 V. The considerably higher current passing through the pristine CNT film compared with a single CNT fiber (in Figure 16)
is due to the higher electrical conductivity of CNT films formed of multiple CNT fibers. The
electro-oxidation procedure clearly increased the electrochemical activity of the CNT film
in each successive functionalization treatment, until oxidation at 1.8 V vs. SCE, similar to
the results obtained by Li et al. (2011) on oxidized carbon fibers. Increasing the oxidation
level of the CNT film beyond this level visibly began to detach some CNT material from the
film. At this point, the polarization of the CNT film began to decrease, likely due to increased
electrical resistance caused by the excessive functionalization which deteriorated the CNT
film structure.
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Figure 26. Cathodic polarization of CNT film in Electrolyte III after electro-oxidation at various voltages in 1M H2SO4
(Publication III).

To summarize, the employed CNT films can be functionalized to various degrees by controlling the oxidation conditions when utilizing electro-oxidation and heat treatment (Publication III). The effect of functionalization is drastic on the CNT film surface; the material becomes hydrophilic, while carbonaceous impurities are removed. Due to the introduction of
oxygen containing functional groups, such as carboxyl and hydroxyl, at the surface of nanotube film, the electrochemical activity of the macrostructure is found to be considerably enhanced. This is attributed to the functional groups acting as nucleation centers, as previously reported in literature for functionalized CNT material deposited with thermal evaporation and sputtering. However, under severe oxidation conditions the CNT film begins to
deteriorate, which can be seen as a decrease in the cathodic polarization of the material in
copper sulphate electrolyte.

4.4

Specific electrical conductivity of CNT-Cu composites by electrodeposition

As shown previously, the diameter of CNT fiber/yarn and therefore the resultant CNT-Cu
composite cross-sections vary along their length. For this reason, the electrical conductivity
of the produced composite samples (Publication I and II) could not be accurately normalized by use of the cross-section. Instead, electrical conductivity by weight, i.e., specific conductivity as shown in equation (3), was used as it is an exact and comparable property for
each sample. With this comparison, the attractive low weight (and also density) of CNT
based Cu composites could also be elaborated. The results in Figure 27 are for non-functionalized CNT fiber (Electrolyte I, Publication I) and yarn (Electrolyte II, Publication II)
samples after electrodeposition with copper. In addition, the figure presents also some results from literature of electrodeposited CNT-Cu. Literature results by powder metallurgy
methods have mostly been omitted as they consistently show values lower than pure Cu
even at very low CNT loading. The difference in the change in specific conductivity between
fiber and yarn based CNT-Cu composites is obvious. This is attributed to the fact that the
morphology of copper deposits on CNT yarns and fibers are vastly different. On fibers (deposited from Electrolyte I) the penetration of copper on the inside of the fiber network is
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high as shown in Figure 18. Conversely, from a similar electrolyte without additives (Electrolyte II), the majority of the copper was deposited as a cladding on the surface of the yarns
and did not penetrate inside the yarn, as shown in Figure 22a.
Based on the results shown in Figure 27, the deposition of copper to the inside of the employed CNT material, or as a separate cladding did not enhance the specific electrical conductivity of the material beyond pure copper. However, some differences in specific conductivity of the various CNT-Cu composite samples can be discerned. The higher specific
conductivity of CNT-Cu yarns at a given CNT wt% is attributed to their structure. In these
samples the copper mostly existed as a cladding on the surface of CNT yarns (shown in Figure 22a). Therefore, the conductivity of CNT-Cu yarns was dominated by the pure copper
cladding with minimal contribution from the small amount of Cu from inside the electrically
resistive CNT network. Conversely, for the CNT-Cu fibers, a contribution to the electrical
resistance also comes from the electron scattering inside the CNT-Cu network. Inside the
CNT fiber the Cu exists as small grains that are not continuous similarly as in the Cu cladding. Furthermore, the CNT-CNT junctions and CNT-Cu junctions are also likely to increase
the electron scattering. The amorphous carbon impurities on the employed CNT material
also negatively affect the electrical conductivity of the composite (Lekawa-Raus et al., 2014).
As the CNT material in fibers and yarns consists of the same type of nanotubes, these results
further elaborate the effect of the CNT macrostructure on the produced CNT-Cu structure
and the resulting specific conductivity, when the CNTs are either embedded in a Cu matrix
or covered with a Cu cladding. A vast majority of the research on Cu deposition onto comparable CNT macrostructures has yielded specific conductivity lower than Cu (Randeniya
et al., 2010, Xu et al., 2011; Shuai et al., 2016; Sun et al., 2016; Sundaram et al., 2017a,
2017b, 2018, Chen et al., 2018a; Han et al., 2018; Tao et al., 2018; Zou et al., 2018), no
matter the degree of penetration to the inside of the CNT network.
The most impressive results published by Subramaniam et al. (2013) and Yang et al.
(2008), have shown increased specific conductivity (up to 26 % higher than pure Cu) of
CNT-Cu films. The critical differences between the CNT-Cu produced in this work and in
the above mentioned studies is in the type of CNTs and the structure of the produced CNTCu. Firstly, the CNT material before deposition by Yang et al. (2008) and Subramaniam et
al. (2013) consist of high purity (99%) SWNTs that are embedded in the Cu matrix with a
minimal amount of contacts between nanotubes, i.e., the nanotubes exist mostly separate
inside the Cu matrix and are not bundled considerably. The alignment of nanotubes in the
employed mostly MWNT networks and their curved nature in this work is another critical
difference. This reasoning is further supported by results from the same group of Subramaniam et al. (2013), who produced CNT-Cu fibers by electrodeposition (Sundaram et al.,
2018) onto MWNT fibers of similar dimensions than the samples employed in this work.
The reported structure of their composite was similar to the CNT-Cu fibers produced in this
work. In this case, the reported specific electrical conductivity of their CNT-Cu follows the
same trend as the CNT-Cu fiber results of this work as shown in Figure 27. Thus, it can be
concluded that to improve the specific electrical conductivity of CNT-Cu materials, some
criteria have to be met; the nanotubes need to be straight, highly conductive SWNT that are
aligned in the axial direction of the composite with minimal bundling between individual
CNTs.
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Figure 27. Specific conductivity of produced CNT-Cu composites by electrodeposition on CNT fibers and yarns. The
Ծ) represents a CNT-Cu composite with CNTs embedded in Cu matrix, while the symbol (▲) represents a
symbol (Ծ
CNT-Cu composite with CNT structure coated with Cu. Modified from Publications I and II.

4.5

Corrosion properties of CNT-Cu composites by casting and drawing

The corrosion properties of Cu, CNTs and CNT-Cu composite wires with 0.05 wt% CNTs
were studied in Publication IV. The composite wires were produced by casting and drawing
and the resulting cross-sectional microstructure is shown in Figure 28. The CNTs can
mostly be observed at the grain boundaries of copper, Figure 28a. The grain boundaries
show appreciable agglomeration of CNTs, typical of CNT-metal composite prepared by casting, Figure 28b. All produced wire samples, including oxygen free reference wire (CuOF),
show similar grain sizes in the range of 5 to 9 μm.

Figure 28. (a) The composite wire cross-section microstructure, where (b) CNTs can be mostly observed as agglomerated at the grain boundaries as shown in Publication IV.

Figure 29 shows the polarization curves of a pristine CNT film and oxygen free copper,
which was also used as reference in following experiments. The corrosion potential of the
CNT film was ca. -55 mV vs. SCE and oxygen free copper ca. –245 mV vs. SCE. The difference (ca. 190 mV) in the recorded corrosion potentials of these two materials is due to the
inert nature of carbon based material compared with copper (Raman et al., 2012; Singh et
al., 2013). From mixed potential theory an estimate of the severity of galvanic corrosion can
be inferred from the intersection of the cathodic part of CNT film and anodic part of CuOF
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at ca. 4 μA/cm2. It has to be noted that due to the observed hydrophobicity of the CNT material and the porous nature of the CNT film, the actual CNT surface area that was in contact
with the electrolyte is not the geometrical surface area that was used in the approximation
of the current density. Therefore this value is only an estimation, however, this has no effect
on the observed corrosion potentials of the two dinstinctly different materials. It should also
be noted that the CNT film also has some impurities, such as Fe and amorphous carbon that
can influence the polarization behaviour. The removal of impurities was not attempted as
this would also functionalize the CNT film as shown in Figure 24.

Figure 29. Polarization curves of oxygen free copper (CuOF) and carbon nanotube (CNT) film in 3.5 wt% NaCl for galvanic
current density estimation (Publication IV).

Figure 30 shows the polarization curves of CuOF reference and four different composite
wires (A, B, C and D). Sample D showed the highest corrosion potential (- 209 mV vs. SCE),
while CuOF and other samples had values close to each other (-236 to -251 mV vs. SCE). In
all of the composite samples, the cathodic current density was lower than that of pure copper, while the anodic behaviour of the samples did not show any appreciable differences.
This is in contrast to the results by Raman et al. (2012), who showed an increase in the
corrosion potential and a decrease in both the anodic and cathodic reactions on graphene
coated Cu. This is perhaps not surprising, as in our case the solution is in contact with both
CNTs and Cu, while in their case it is expected that the graphene effectively insulates the
copper underneath by acting as an ionic barrier.
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Figure 30. Polarization curves of CuOF and CNT-Cu samples A-D in solution II (3.5 wt% NaCl), inset of cathodic slope.
(Publication IV)

The long-term corrosion measurement data from linear polarization measurements (LPR)
are shown in Figure 31. Here, the samples were tested by LPR for atleast ca. 37 h, when the
samples exhibited stable performance. The corrosion current density was then calculated
with equation (4) from the recorded corrosion resistance. All composite samples showed
lower corrosion current density (up to 50 % less than the CuOF reference material) after a
period of ca. 20 h. While indicative of the positive role of the nanotubes in this composite
structure in terms of corrosion, these differences in corrosion current density are quite
small compared with carbon based coatings on Cu (Kirkland et al., 2012; Raman et al., 2012;
Singh et al., 2013). A similar result was reported by Kamboj et al. (2017) who produced a
graphene-Cu coating on steel that showed a decrease of corrosion current by 56 % compared
with the pure Cu coating. Considering the small amount of CNTs (0.05 wt%) embedded in
the copper matrix, a study on the same type of CNT-Cu wire with embedded nanotubes at a
higher concentration should clarify the effect of CNTs further.

Figure 31. Corrosion current density recorded every 30 minutes in solution II (3.5 wt% NaCl) for CuOF and CNT-Cu
samples A-D (Publication IV).
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5. Conclusions

This thesis reports the factors affecting the electrochemical deposition of copper onto carbon nanotube (CNT) macrostructures from aqueous copper sulphate electrolytes. The structure of the CNT macrostructure affected both the deposition process and the penetration of
copper to the inside of the CNT network. Based on the characteristics of pristine CNT
macrostructures, different oxidative pre-treatment methods were also studied and their effect on the electrochemical deposition process reported. The microstructure of the produced
carbon nanotube-copper composite structures was characterized and their specific electrical conductivity values were compared with the literature. To assess the practical applicability of the CNT-Cu composite conductors, the corrosion behaviour of cast and drawn carbon nanotube-copper composite wires was also studied among one of the first reports in
literature. The following conclusions can be made based on the presented results:
x

x

x

x

The electrochemical deposition process of copper on CNT macrostructures from
copper sulphate electrolytes is found to be affected to a large degree by the inherent properties of the employed CNT material, such as volumetric density, electrical
conductivity, hydrophobicity and presence of impurities. The effect of the low electrical conductivity of the CNT material (~300 S/cm) is reported to cause drastic
losses in polarization as the distance from the electrical contact increases. However, at long enough deposition times copper can be deposited evenly on the CNT
material as polarization becomes homogeneous.
The electrochemical response of planar CNT film can be improved by oxidative
pre-treatments, which reduce the amount of impurities on the material, while
grafting oxygen containing functional groups at the nanotube surfaces. These oxygen containing groups are found to increase the electrochemical activity of the
CNT material, while also making the material hydrophilic. However, it was found
that for drastic levels of functionalization the film begins to degrade and polarization decreases. Thus, the effect of different degrees of functionalization was reported to have a direct effect on the electrodeposition process of copper.
Increasing the CNT macrostructure density from ca. 0.7 g cm-3 to ca. 1 g cm-3 decreased the copper penetration inside the dense CNT yarns, which caused copper
to deposit mostly as a cladding on top of the CNT macrostructure. However, the
deposition inside the dense CNT macrostructure could be enhanced considerably
by the use of additives in the electrolyte, utilizing a minimal deposition current
and applying stirring during deposition.
While functionalization up to a certain degree improves the electrochemical deposition of Cu onto CNT macrostructures, its effect on the properties of CNT-Cu

61

x

x

x

62

needs to be elaborated due to its wide ranging effects on the properties of individual CNTs and the CNT/Cu interface. At the minimum, a mild functionalization
treatment by, e.g., heat treatment, is suggested for purification of CNT material
from carbonaceous impurities before deposition of Cu.
The specific electrical conductivity of the produced CNT-Cu composites is found
to be dependent on the penetration of copper to the inside of the CNT macrostructure. For samples with only a copper cladding, the specific electrical conductivity
is higher than for samples at the same CNT wt%, where the copper has deposited
inside the CNT macrostructure. When copper deposits inside the CNT macrostructure the deterioration in electrical conductivity is attributed to the small grain Cu
deposit and scattering of electrons at the CNT/CNT and CNT/Cu interfaces.
Based on the results, to produce a CNT-Cu with specific conductivity higher than
pure copper, some pre-requisites are needed. The use of low density CNT macrostructures (< 0.7 g cm-3) is required as they can be easily deposited with copper to
fully cover the nanotube surfaces to form a continuous mixture of CNTs and Cu.
The CNT macrostructure needs to be formed of long metallic single wall nanotubes
aligned in the parallel direction with minimal amount of CNT to CNT contacts, i.e.,
bundling, so that a CNT-Cu composite of high electrical conductivity can be
formed. Furthermore, in order to produce a continuous and uniform CNT-Cu composite by electrodeposition, the porosity of the CNT macrostructure needs to be
uniform, so that the deposition inside the CNT network can achieve a homogeneous mixture of CNTs and Cu. These requirements are at odds with the current development trends in CNT macrostructures, which are typically not tailored for
composite production and are rather focused on the production of highly dense
CNT materials.
The corrosion performance of copper embedded with 0.05 wt% multiwall nanotubes at the grain boundaries was similar or slightly improved over pure copper.
Promisingly, no galvanic corrosion could be detected between the Cu matrix and
CNTs. To further probe these novel findings, the effect of embedded CNTs on the
corrosion of copper, the corrosion behaviour of a CNT-Cu wire with an order of
magnitude higher amount of CNTs should be studied.

References

Alkire, R. & Varjian, R. 1974, "Resistive wire electrodes", Journal of the Electrochemical
Society, vol. 121, no. 5, pp. 622-631.
Alvarenga, J., Jarosz, P.R., Schauerman, C.M., Moses, B.T., Landi, B.J., Cress, C.D. & Raffaelle, R.P. 2010, "High conductivity carbon nanotube wires from radial densification
and ionic doping", Applied Physics Letters, vol. 97, no. 18, pp. 182106-1-182106-3.
Arora, N. & Sharma, N.N. 2014, “Arc discharge synthesis of carbon nanotubes: Comprehensive review”, Diamond and Related Materials, vol 50. pp. 135-150.
Aryasomayajula, L. & Wolter, K. 2013, "Carbon nanotube composites for electronic packaging applications: A Review", Journal of Nanotechnology, vol. 2013.
Balasubramanian, K. & Burghard, M. 2005, "Chemically functionalized carbon nanotubes", Small, vol. 1, no. 2, pp. 180-192.
Bard, A., Stratmann, M., McDonald, D. & Schmuki, P. 2007, "Encyclopedia of Electrochemistry, Electrochemical Engineering" vol. 5.
Behabtu, N., Young, C.C., Tsentalovich, D.E., Kleinerman, O., Wang, X., Ma, A.W., Bengio,
E.A., ter Waarbeek, R.F., de Jong, J.J., Hoogerwerf, R.E., Fairchild, S.B., Ferguson,
J.B., Maruyama, B., Kono, J., Talmon, Y., Cohen, Y., Otto, M.J. & Pasquali, M. 2013,
"Strong, light, multifunctional fibers of carbon nanotubes with ultrahigh conductivity", Science, vol. 339, no. 6116, pp. 182-186.
Birch, M.E., Ruda-Eberenz, T.A., Chai, M., Andrews, R. & Hatfield, R.L. 2013, "Properties
that influence the specific surface areas of carbon nanotubes and nanofibers", Annals
of occupational hygiene, vol. 57, no. 9, pp. 1148-1166.
Blech, I.A. 1976, "Electromigration in thin aluminum films on titanium nitride", Journal
of Applied Physics, vol. 47, no. 4, pp. 1203-1208.
Budevski, E., Staikov, G. & Lorenz, W. 2000, "Electrocrystallization: nucleation and
growth phenomena", Electrochimica Acta, vol. 45, no. 15-16, pp. 2559-2574.
CES EduPack software, Granta Design Limited, Cambridge, UK, 2018. www.grantadesign.com.
Cha, S.I., Kim, K.T., Arshad, S.N., Mo, C.B. & Hong, S.H. 2005, "Extraordinary strengthening effect of carbon nanotubes in metalǦmatrix nanocomposites processed by molecularǦlevel mixing", Advanced Materials, vol. 17, no. 11, pp. 1377-1381.
Chai, G., Sun, Y. & Chen, Q. 2008a, "Mechanical properties of carbon nanotube–copper
nanocomposites", Journal of Micromechanics and Microengineering, vol. 18, no. 3,
pp. 035013.
Chai, Y., Chan, P.C., Fu, Y., Chuang, Y. & Liu, C. 2008b, "Copper/carbon nanotube composite interconnect for enhanced electromigration resistance", Electronic Components
and Technology Conference, 2008. ECTC 2008. 58th IEEE, pp. 412.
63

Che, J., Cagin, T. & Goddard III, W.A. 2000, "Thermal conductivity of carbon nanotubes",
Nanotechnology, vol. 11, no. 2, pp. 65.
Cheaptubes, 2018. Available at: www.cheaptubes.com, accessed 10.11.2018.
Chen, X., Tao, J., Yi, J., Liu, Y., Bao, R. & Li, C. 2018a, “Electrodeposited Cu/buckypaper
composites with high electrical conductivity and ampacity”, Journal of Alloys and
Compounds, vol. 735, pp. 163-171.
Chen, X., Tao, J., Yi, J., Liu, Y., Bao, R., Li, C., Tan, S. & You, X. 2018b, “Enhancing the
strength of carbon nanotubes reinforced copper matrix composites by optimizing the
interface structure and dispersion uniformity”, Diamond and Related Materials, vol.
88, pp. 74-84.
Chen, W., Tu, J., Wang, L., Gan, H., Xu, Z. & Zhang, X. 2003, "Tribological application of
carbon nanotubes in a metal-based composite coating and composites", Carbon, vol.
41, no. 2, pp. 215-222.
Cheng, B., Bao, R., Yi, J., Li, C., Tao, J., Liu, Y., Tan, S. & You, X. 2017, “Interface optimization of CNT/Cu composite by forming TiC nanoprecipitation and low interface energy structure via spark plasma sintering”, Journal of Alloys and Compounds, vol.
722, pp. 852-858.
Cho, S., Kikuchi, K. & Kawasaki, A. 2012, "On the role of amorphous intergranular and interfacial layers in the thermal conductivity of a multi-walled carbon nanotube–copper
matrix composite", Acta Materialia, vol. 60, no. 2, pp. 726-736.
Cho, S., Kikuchi, K., Lee, E., Choi, M., Jo, I., Lee, S., Lee, S. & Kawasaki, A. 2017, "Chromium carbide/Carbon Nanotube Hybrid Structure Assisted Copper Composites with
Low Temperature Coefficient of Resistance", Scientific reports, vol. 7, no. 1, pp.
14943.
Cho, S., Kikuchi, K., Miyazaki, T., Takagi, K., Kawasaki, A. & Tsukada, T. 2010, "Multiwalled carbon nanotubes as a contributing reinforcement phase for the improvement
of thermal conductivity in copper matrix composites", Scripta Materialia, vol. 63, no.
4, pp. 375-378.
Chu, K., Jia, C., Jiang, L. & Li, W. 2013, "Improvement of interface and mechanical properties in carbon nanotube reinforced Cu–Cr matrix composites", Materials & Design,
vol. 45, pp. 407-411.
Chu, K., Wu, Q., Jia, C., Liang, X., Nie, J., Tian, W., Gai, G. & Guo, H. 2010, "Fabrication
and effective thermal conductivity of multi-walled carbon nanotubes reinforced Cu
matrix composites for heat sink applications", Composites Science and Technology,
vol. 70, no. 2, pp. 298-304.
Colomer, J., Henrard, L., Van Tendeloo, G., Lucas, A. & Lambin, P. 2004, "Study of the
packing of double-walled carbon nanotubes into bundles by transmission electron microscopy and electron diffraction", Journal of Materials Chemistry, vol. 14, no. 4, pp.
603-606.
Copper Development Association Inc., 2018a, Copper Drives Electric Vehicles, Copper Alliance. Available at: https://www.copper.org/publications/pub_list/pdf/A6191-ElectricVehicles-Factsheet.pdf, accessed 3.12. 2018.

64

Copper Development Association Inc., 2018b. Chromium Copper Overview. Available at:
https://www.copper.org/resources/properties/microstructure/chrom_cu.html, accessed 25.10.2018.
Dai, H., Wong, E.W. & Lieber, C.M. 1996, "Probing electrical transport in nanomaterials:
conductivity of individual carbon nanotubes", Science, vol. 272, no. 5261, pp. 523526.
Daoush, W.M., Lim, B.K., Mo, C.B., Nam, D.H. & Hong, S.H. 2009, "Electrical and mechanical properties of carbon nanotube reinforced copper nanocomposites fabricated
by electroless deposition process", Materials Science and Engineering: A, vol. 513,
pp. 247-253.
Datsyuk, V., Kalyva, M., Papagelis, K., Parthenios, J., Tasis, D., Siokou, A., Kallitsis, I. &
Galiotis, C. 2008, "Chemical oxidation of multiwalled carbon nanotubes", Carbon,
vol. 46, no. 6, pp. 833-840.
Deng, H., Yi, J., Xia, C. & Yi, Y. 2017, "Mechanical properties and microstructure characterization of well-dispersed carbon nanotubes reinforced copper matrix composites",
Journal of Alloys and Compounds, vol. 727, pp. 260-268.
Dichiara, A.B., Webber, M.R., Gorman, W.R. & Rogers, R.E. 2015, "Removal of copper
ions from aqueous solutions via adsorption on carbon nanocomposites", ACS Applied
Materials & Interfaces, vol. 7, no. 28, pp. 15674-15680.
Dong, S., Tu, J. & Zhang, X. 2001, "An investigation of the sliding wear behavior of Cumatrix composite reinforced by carbon nanotubes", Materials Science and Engineering: A, vol. 313, no. 1-2, pp. 83-87.
Duan, Z., Liu, D., Zhang, G., Li, Q., Liu, C. & Fan, S. 2017, "Interfacial thermal resistance
and thermal rectification in carbon nanotube film-copper systems", Nanoscale, vol. 9,
no. 9, pp. 3133-3139.
Ebbesen, T., Lezec, H., Hiura, H., Bennett, J., Ghaemi, H. & Thio, T. 1996, "Electrical conductivity of individual carbon nanotubes", Nature, vol. 382, no. 6586, pp. 54.
Felten, A., Bittencourt, C. & Pireaux, J. 2006, "Gold clusters on oxygen plasma functionalized carbon nanotubes: XPS and TEM studies", Nanotechnology, vol. 17, no. 8, pp.
1954.
Firkowska, I., Boden, A., Vogt, A. & Reich, S. 2011, "Effect of carbon nanotube surface
modification on thermal properties of copper–CNT composites", Journal of Materials Chemistry, vol. 21, no. 43, pp. 17541-17546.
Ghanbari, S. & Darabi, J. 2015, "Fabrication and material characterization of copper and
copper–CNT micropillars", Materials Research Express, vol. 2, no. 7, pp. 075501.
Gopee, V., Thomas, O., Hunt, C., Stolojan, V., Allam, J. & Silva, S. 2016, "Carbon nanotube
interconnects realized through functionalization and sintered silver attachment", ACS
Applied Materials & Interfaces, vol. 8, no. 8, pp. 5563-5570.
Grujicic, D. & Pesic, B. 2002, "Electrodeposition of copper: the nucleation mechanisms",
Electrochimica Acta, vol. 47, no. 18, pp. 2901-2912.

65

Gspann, T.S., Juckes, S.M., Niven, J.F., Johnson, M.B., Elliott, J.A., White, M.A. & Windle,
A.H. 2017, "High thermal conductivities of carbon nanotube films and micro-fibres
and their dependence on morphology", Carbon, vol. 114, pp. 160-168.
Guiderdoni, C., Pavlenko, E., Turq, V., Weibel, A., Puech, P., Estournès, C., Peigney, A.,
Bacsa, W. & Laurent, C. 2013, “The preparation of carbon nanotube (CNT)/copper
composites and the effect of the number of CNT walls on their hardness, friction and
wear properties”, Carbon, vol. 58, pp. 185-197.
Han, B., Guo, E., Xue, X., Zhao, Z., Li, T., Xu, Y., Luo, L. & Hou, H. 2018, “Fabricating and
strengthening the carbon nanotube/copper composite fibers with high strength and
high electrical conductivity”, Applied Surface Science, vol. 441. pp. 984-992.
Harper, J., Cabral Jr, C., Andricacos, P., Gignac, L., Noyan, I., Rodbell, K. & Hu, C. 1999,
"Mechanisms for microstructure evolution in electroplated copper thin films near
room temperature", Journal of Applied Physics, vol. 86, no. 5, pp. 2516-2525.
Hasegawa, M., Negishi, Y., Nakanishi, T. & Osaka, T. 2005, "Effects of additives on copper
electrodeposition in submicrometer trenches", Journal of the Electrochemical Society, vol. 152, no. 4, pp. C221-C228.
Hjortstam, O., Isberg, P., Söderholm, S. & Dai, H. 2004, "Can we achieve ultra-low resistivity in carbon nanotube-based metal composites?", Applied Physics A, vol. 78, no. 8,
pp. 1175-1179.
Hone, J., Llaguno, M., Nemes, N., Johnson, A., Fischer, J., Walters, D., Casavant, M.,
Schmidt, J. & Smalley, R. 2000, "Electrical and thermal transport properties of magnetically aligned single wall carbon nanotube films", Applied Physics Letters, vol. 77,
no. 5, pp. 666-668.
Huang, J., Chen, S., Wang, Z., Kempa, K., Wang, Y., Jo, S., Chen, G., Dresselhaus, M. &
Ren, Z. 2006, "Superplastic carbon nanotubes", Nature, vol. 439, no. 7074, pp. 281.
Huang, Z., Zheng, Z., Zhao, S., Dong, S., Luo, P. & Chen, L. 2017, "Copper matrix composites reinforced by aligned carbon nanotubes: Mechanical and tribological properties", Materials & Design, vol. 133, pp. 570-578.
ITRS, International Technology Working Groups, International Technology Roadmap for
Semiconductors: 2015, http://www.itrs.net, accessed 25.5.2015.
Jakubinek, M.B., White, M.A., Li, G., Jayasinghe, C., Cho, W., Schulz, M.J. & Shanov, V.
2010, “Thermal and electrical conductivity of tall, vertically aligned carbon nanotube
arrays”, Carbon, vol. 48. pp. 3947-3952.
Janas, D. & Koziol, K.K. 2016, "Carbon nanotube fibers and films: synthesis, applications
and perspectives of the direct-spinning method", Nanoscale, vol. 8, no. 47, pp. 1947519490.
Janas, D., Kreft, S.K. & Koziol, K.K.K. 2017, “Printing of highly conductive carbon nanotubes fibres from aqueous dispersion”, Materials & Design, vol. 116. pp. 16-20.
Jiang, H., Liu, B., Huang, Y. & Hwang, K. 2004, "Thermal expansion of single wall carbon
nanotubes", Journal of engineering materials and technology, vol. 126, no. 3, pp.
265-270.

66

Josell, D., Wheeler, D., Witt, C. & Moffat, T.P. 2003, "Seedless superfill: copper electrodeposition in trenches with ruthenium barriers", Electrochemical and Solid-State
Letters, vol. 6, no. 10, pp. C143-C145.
Kamboj, A., Raghupathy, Y., Rekha, M. & Srivastava, C. 2017, "Morphology, texture and
corrosion behavior of nanocrystalline copper–graphene composite coatings", JOM,
vol. 69, no. 7, pp. 1149-1154.
Kim, B. & Sigmund, W.M. 2004, "Functionalized multiwall carbon nanotube/gold nanoparticle composites", Langmuir, vol. 20, no. 19, pp. 8239-8242.
Kim, K.T., Cha, S.I., Gemming, T., Eckert, J. & Hong, S.H. 2008, "The Role of Interfacial
Oxygen Atoms in the Enhanced Mechanical Properties of CarbonǦNanotubeǦReinforced Metal Matrix Nanocomposites", Small, vol. 4, no. 11, pp. 1936-1940.
Kim, K.T., Cha, S.I. & Hong, S.H. 2007, "Hardness and wear resistance of carbon nanotube reinforced Cu matrix nanocomposites", Materials Science and Engineering: A,
vol. 449, pp. 46-50.
Kim, S.J., Shin, D.H., Choi, Y.S., Rho, H., Park, M., Moon, B.J., Kim, Y., Lee, S., Lee, D.S.
& Kim, T. 2018, "Ultra-Strong Graphene-Copper Core-Shell Wires for High Performance Electrical Cables", ACS nano, vol. 12. pp. 2803-2808.
Kim, Y.J., Shin, T.S., Do Choi, H., Kwon, J.H., Chung, Y. & Yoon, H.G. 2005, "Electrical
conductivity of chemically modified multiwalled carbon nanotube/epoxy composites",
Carbon, vol. 43, no. 1, pp. 23-30.
Kim, K.T., Cha, S.I., Hong, S.H. & Hong, S.H. 2006, “Microstructures and tensile behavior
of carbon nanotube reinforced Cu matrix nanocomposites”, Materials Science and
Engineering: A, vol. 430, pp. 27-33.
Kim, K.T., Eckert, J., Liu, G., Park, J.M., Lim, B.K. & Hong, S.H. 2011, “Influence of embedded-carbon nanotubes on the thermal properties of copper matrix nanocomposites processed by molecular-level mixing”, Scripta Materialia, vol. 64, pp. 181-184.
Kirkland, N., Schiller, T., Medhekar, N. & Birbilis, N. 2012, "Exploring graphene as a corrosion protection barrier", Corrosion Science, vol. 56, pp. 1-4.
Koziol, K., Vilatela, J., Moisala, A., Motta, M., Cunniff, P., Sennett, M. & Windle, A. 2007,
"High-performance carbon nanotube fiber", Science, vol. 318, no. 5858, pp. 18921895.
Kwaśniewski, P. & Kiesiewicz, G. 2014, "Studies on obtaining Cu-CNT composites by continuous casting method", Metallurgy and Foundry Engineering, vol. 40, no. 2, pp.
83-92.
Laha, T., Agarwal, A., McKechnie, T. & Seal, S. 2004, "Synthesis and characterization of
plasma spray formed carbon nanotube reinforced aluminum composite", Materials
Science and Engineering: A, vol. 381, no. 1-2, pp. 249-258.
Lee, J., Berrada, S., Adamu-Lema, F., Nagy, N., Georgiev, V.P., Sadi, T., Liang, J., Ramos,
R., Carrillo-Nunez, H. & Kalita, D. 2018, "Understanding Electromigration in Cu-CNT
Composite Interconnects: A Multiscale Electrothermal Simulation Study", IEEE
Transactions on Electron Devices, vol. 65, no. 9, pp. 3884-3892.

67

Lehman, J.H., Terrones, M., Mansfield, E., Hurst, K.E. & Meunier, V. 2011, “Evaluating
the characteristics of multiwall carbon nanotubes”, vol. 49, pp. 2581-2602.
LekawaǦRaus, A., Patmore, J., Kurzepa, L., Bulmer, J. & Koziol, K. 2014, "Electrical properties of carbon nanotube based fibers and their future use in electrical wiring", Advanced Functional Materials, vol. 24, no. 24, pp. 3661-3682.
Li, W., Liu, L., Zhong, C., Shen, B. & Hu, W. 2011, "Effect of carbon fiber surface treatment
on Cu electrodeposition: The electrochemical behavior and the morphology of Cu deposits", Journal of Alloys and Compounds, vol. 509, no. 8, pp. 3532-3536.
Li, C., Thostenson, E.T. & Chou, T. 2008, “Effect of nanotube waviness on the electrical
conductivity of carbon nanotube-based composites”, Composites Science and Technology, vol. 68, pp. 1445-1452.
Li, Y., Zhang, X.B., Tao, X.Y., Xu, J.M., Huang, W.Z., Luo, J.H., Luo, Z.Q., Li, T., Liu, F.,
Bao, Y. & Geise, H.J. 2005, “Mass production of high-quality multi-walled carbon
nanotube bundles on a Ni/Mo/MgO catalyst”, Carbon, vol. 43, pp. 295-301.
Lienig, J. 2006, "Introduction to electromigration-aware physical design", Proceedings of
the 2006 international symposium on Physical design, ACM, pp. 39.
Lin, Q., Wu, H. & Jia, G. 2018, "Review of the Global Trend of Interconnect Reliability for
Integrated Circuit", Circuits and Systems, vol. 9, no. 02, pp. 9.
Liu, L., Liu, F. & Zhao, J. 2014, "Curved carbon nanotubes: From unique geometries to
novel properties and peculiar applications", Nano Research, vol. 7, no. 5, pp. 626657.
Lloyd, J. & Clement, J. 1995, "Electromigration in copper conductors", Thin Solid Films,
vol. 262, no. 1-2, pp. 135-141.
Matlosz, M., Vallotton, P., West, A. & Landolt, D. 1992, "Nonuniform current distribution
and thickness during electrodeposition onto resistive substrates", Journal of the Electrochemical Society, vol. 139, no. 3, pp. 752-761.
McEuen, P.L. & Park, J. 2004, "Electron transport in single-walled carbon nanotubes",
MRS Bulletin, vol. 29, no. 4, pp. 272-275.
Milchev, A. 2002, ”Electrocrystallization: fundamentals of nucleation and growth”,
Springer Science & Business Media.
Mortimer, D. & Nicholas, M. 1970, "The wetting of carbon by copper and copper alloys",
Journal of Materials Science, vol. 5, no. 2, pp. 149-155.
Nayan, N., Shukla, A.K., Chandran, P., Bakshi, S.R., Murty, S., Pant, B. & Venkitakrishnan,
P. 2017, "Processing and characterization of spark plasma sintered copper/carbon
nanotube composites", Materials Science and Engineering: A, vol. 682, pp. 229-237.
Orth, J. & Wheat, H. 1997, "Corrosion behavior of high energy-high rate consolidated
graphite/copper metal matrix composites in chloride media", Applied Composite Materials, vol. 4, no. 5, pp. 305-320.
Park, M., Kim, B., Kim, S., Han, D., Kim, G. & Lee, K. 2011, "Improved binding between
copper and carbon nanotubes in a composite using oxygen-containing functional
groups", Carbon, vol. 49, no. 3, pp. 811-818.
68

Paunovic, M. & Schlesinger, M. 2006, “Fundamentals of electrochemical deposition”,
John Wiley & Sons, pp. 1-362.
Pavese, M., Musso, S., Bianco, S., Giorcelli, M. & Pugno, N. 2008, "An analysis of carbon
nanotube structure wettability before and after oxidation treatment", Journal of
Physics: Condensed Matter, vol. 20, no. 47, pp. 474206.
Pop, E., Mann, D., Wang, Q., Goodson, K. & Dai, H. 2006, "Thermal conductance of an individual single-wall carbon nanotube above room temperature", Nano letters, vol. 6,
no. 1, pp. 96-100.
Praveen, B.M., Venkatesha, T.V., Arthoba Naik, Y. & Prashantha, K. 2007, “Corrosion
studies of carbon nanotubes–Zn composite coating” Surface and Coatings Technology, vol. 201, pp. 5836-5842.
Purewal, M.S., Hong, B.H., Ravi, A., Chandra, B., Hone, J. & Kim, P. 2007, "Scaling of resistance and electron mean free path of single-walled carbon nanotubes", Physical
Review Letters, vol. 98, no. 18, pp. 186808.
Raghupathy, Y., Kamboj, A., Rekha, M., Rao, N.N. & Srivastava, C. 2017, "Copper-graphene oxide composite coatings for corrosion protection of mild steel in 3.5% NaCl",
Thin Solid Films, vol. 636, pp. 107-115.
Raman, R.S., Banerjee, P.C., Lobo, D.E., Gullapalli, H., Sumandasa, M., Kumar, A.,
Choudhary, L., Tkacz, R., Ajayan, P.M. & Majumder, M. 2012, "Protecting copper
from electrochemical degradation by graphene coating", Carbon, vol. 50, no. 11, pp.
4040-4045.
Randeniya, L.K., Bendavid, A., Martin, P.J. & Tran, C. 2010, "Composite yarns of multiwalled carbon nanotubes with metallic electrical conductivity", Small, vol. 6, no. 16,
pp. 1806-1811.
Razanousky, M., T. Short, T. Swayne, 2012, Assessment of Transmission and Distribution
Losses in New York. EPRI, Palo Alto, CA: 2012. PID071178 (NYSERDA 15464).
Rho, H., Park, M., Park, M., Park, J., Han, J., Lee, A., Bae, S., Kim, T., Ha, J. & Kim, S.M.
2018, "Metal nanofibrils embedded in long free-standing carbon nanotube fibers with
a high critical current density", NPG Asia Materials, pp. 146-155.
Saifuddin, N., Raziah, A. & Junizah, A. 2012, "Carbon nanotubes: a review on structure
and their interaction with proteins", Journal of Chemistry, vol. 2013.
Seah, C.H., Mridha, S. & Chan, L.H. 2001, “DC/pulse plating of copper for trench/via filling”, Journal of Materials Processing Technology, vol. 114, pp. 233-239.
Shi, D., Feng, X., Huang, Y.Y., Hwang, K. & Gao, H. 2004, "The effect of nanotube waviness and agglomeration on the elastic property of carbon nanotube-reinforced composites", Journal of Engineering Materials and Technology, vol. 126, no. 3, pp. 250257.
Shuai, J., Xiong, L., Zhu, L. & Li, W. 2016, “Enhanced strength and excellent transport
properties of a superaligned carbon nanotubes reinforced copper matrix laminar
composite”, Composites Part A: Applied Science and Manufacturing, vol. 88, pp.
148-155.
69

Singh Raman, R.K., Chakraborty Banerjee, P., Lobo, D.E., Gullapalli, H., Sumandasa, M.,
Kumar, A., Choudhary, L., Tkacz, R., Ajayan, P.M. & Majumder, M. 2012, “Protecting
copper from electrochemical degradation by graphene coating”, Carbon, vol. 50, pp.
4040-4045.
Singh, B.P., Nayak, S., Nanda, K.K., Jena, B.K., Bhattacharjee, S. & Besra, L. 2013, “The
production of a corrosion resistant graphene reinforced composite coating on copper
by electrophoretic deposition”, Carbon, vol. 61, pp. 47-56.
Standing, R. & Nicholas, M. 1978, "The wetting of alumina and vitreous carbon by coppertin-titanium alloys", Journal of Materials Science, vol. 13, no. 7, pp. 1509-1514.
Stern, M. & Geary, A.L. 1957, "Electrochemical polarization I. A theoretical analysis of the
shape of polarization curves", Journal of the Electrochemical Society, vol. 104, no. 1,
pp. 56-63.
Subramaniam, C., Sekiguchi, A., Yamada, T., Futaba, D.N. & Hata, K. 2016, "Nano-scale,
planar and multi-tiered current pathways from a carbon nanotube–copper composite
with high conductivity, ampacity and stability", Nanoscale, vol. 8, no. 7, pp. 38883894.
Subramaniam, C., Yamada, T., Kobashi, K., Sekiguchi, A., Futaba, D.N., Yumura, M. &
Hata, K. 2013, "One hundred fold increase in current carrying capacity in a carbon
nanotube-copper composite", Nature communications, vol. 4.
Subramaniam, C., Yasuda, Y., Takeya, S., Ata, S., Nishizawa, A., Futaba, D., Yamada, T. &
Hata, K. 2014, "Carbon nanotube-copper exhibiting metal-like thermal conductivity
and silicon-like thermal expansion for efficient cooling of electronics", Nanoscale, vol.
6, no. 5, pp. 2669-2674.
Sun, S., Mu, W., Edwards, M., Mencarelli, D., Pierantoni, L., Fu, Y., Jeppson, K. & Liu, J.
2016, "Vertically aligned CNT-Cu nano-composite material for stacked through-silicon-via interconnects", Nanotechnology, vol. 27, no. 33, pp. 335705.
Sundaram, R.M., Koziol, K.K. & Windle, A.H. 2011, "Continuous direct spinning of fibers
of singleǦwalled carbon nanotubes with metallic chirality", Advanced Materials, vol.
23, no. 43, pp. 5064-5068.
Sundaram, R., Yamada, T., Hata, K. & Sekiguchi, A. 2018, "The importance of carbon
nanotube wire density, structural uniformity, and purity for fabricating homogeneous
carbon nanotube–copper wire composites by copper electrodeposition", Japanese
Journal of Applied Physics, vol. 57, no. 4S, pp. 1-7.
Sundaram, R., Yamada, T., Hata, K. & Sekiguchi, A. 2017a, "Electrical performance of
lightweight CNT-Cu composite wires impacted by surface and internal Cu spatial distribution", Scientific Reports, vol. 7, no. 1, pp. 9267.
Sundaram, R., Yamada, T., Hata, K. & Sekiguchi, A. 2017b, "The influence of Cu electrodeposition parameters on fabricating structurally uniform CNT-Cu composite wires",
Materials Today Communications, vol. 13, pp. 119-125.
Tao, J.M., Chen, X.F., Hong, P. & Yi, J.H. 2017, “Microstructure and electrical conductivity
of laminated Cu/CNT/Cu composites prepared by electrodeposition”, Journal of Alloys and Compounds, vol. 717, pp. 232-239.

70

Tan, J., Yu, T., Xu, B. & Yao, Q. 2006, "Microstructure and wear resistance of nickel–carbon nanotube composite coating from brush plating technique", Tribology Letters,
vol. 21, no. 2, pp. 107-111.
Tawfick, S., Zhao, Z., Maschmann, M., Brieland-Shoultz, A., De Volder, M., Baur, J.W., Lu,
W. & Hart, A.J. 2013, "Mechanics of capillary forming of aligned carbon nanotube assemblies", Langmuir, vol. 29, no. 17, pp. 5190-5198.
Thess, A., Lee, R., Nikolaev, P., Dai, H., Petit, P., Robert, J., Xu, C., Lee, Y.H., Kim, S.G.,
Rinzler, A.G., Colbert, D.T., Scuseria, G.E., Tomanek, D., Fischer, J.E. & Smalley, R.E.
1996, "Crystalline Ropes of Metallic Carbon Nanotubes", Science, vol. 273, no. 5274,
pp. 483-487.
Tu, J., Yang, Y., Wang, L., Ma, X. & Zhang, X. 2001, "Tribological properties of carbonnanotube-reinforced copper composites", Tribology Letters, vol. 10, no. 4, pp. 225228.
Vollebregt, S., Banerjee, S., Beenakker, K. & Ishihara, R. 2013, "Size-dependent effects on
the temperature coefficient of resistance of carbon nanotube vias", IEEE Transactions on Electron Devices, vol. 60, no. 12, pp. 4085-4089.
Walsh, F.C. & Herron, M.E. 1991, "Electrocrystallization and electrochemical control of
crystal growth: fundamental considerations and electrodeposition of metals", Journal
of Physics D: Applied Physics, vol. 24, no. 2, pp. 217.
Wang, X., Liu, Y., Yu, G., Xu, C., Zhang, J. & Zhu, D. 2001, "Anisotropic electrical
transport properties of aligned carbon nanotube films", The Journal of Physical
Chemistry B, vol. 105, no. 39, pp. 9422-9425.
Wang, X., Li, Q., Xie, J., Jin, Z., Wang, J., Li, Y., Jiang, K. & Fan, S. 2009, "Fabrication of
ultralong and electrically uniform single-walled carbon nanotubes on clean substrates", Nano letters, vol. 9, no. 9, pp. 3137-3141.
Wang, H., Zhang, Z., Zhang, H., Hu, Z., Li, S. & Cheng, X. 2017, “Novel synthesizing and
characterization of copper matrix composites reinforced with carbon nanotubes”, Materials Science and Engineering: A, vol. 696, pp. 80-89.
Wang, Z., Cai, X., Yang, C. & Zhou, L. 2018, “Improving strength and high electrical conductivity of multi-walled carbon nanotubes/copper composites fabricated by electrodeposition and powder metallurgy”, Journal of Alloys and Compounds, vol. 735, pp.
905-913.
Wei, B., Vajtai, R. & Ajayan, P. 2001, "Reliability and current carrying capacity of carbon
nanotubes", Applied Physics Letters, vol. 79, no. 8, pp. 1172-1174.
Wilder, J.W., Venema, L.C., Rinzler, A.G., Smalley, R.E. & Dekker, C. 1998, "Electronic
structure of atomically resolved carbon nanotubes", Nature, vol. 391, no. 6662, pp.
59-62.
Wildgoose, G.G., Banks, C.E. & Compton, R.G. 2006, "Metal nanoparticles and related
materials supported on carbon nanotubes: methods and applications", Small, vol. 2,
no. 2, pp. 182-193.
Willey, M.J. & West, A.C. 2007, "Nucleation on resistive substrates: Analysis of effect on
film uniformity", Electrochimica Acta, vol. 52, no. 23, pp. 6484-6489.
71

Xu, F., Sadrzadeh, A., Xu, Z. & Yakobson, B.I. 2013, "Can carbon nanotube fibers achieve
the ultimate conductivity?—Coupled-mode analysis for electron transport through the
carbon nanotube contact", Journal of Applied Physics, vol. 114, no. 6, pp. 063714.
Xu, G., Zhao, J., Li, S., Zhang, X., Yong, Z. & Li, Q. 2011, "Continuous electrodeposition for
lightweight, highly conducting and strong carbon nanotube-copper composite fibers",
Nanoscale, vol. 3, no. 10, pp. 4215-4219.
Yang, G., Ying, L. & Haichao, L. 2001, “Experimental studies on the local corrosion of low
alloy steels in 3.5% NaCl”, Corrosion Science, vol. 43, pp. 397-411.
Yang, Y.L., Wang, Y.D., Ren, Y., He, C.S., Deng, J.N., Nan, J., Chen, J.G. & Zuo, L. 2008,
“Single-walled carbon nanotube-reinforced copper composite coatings prepared by
electrodeposition under ultrasonic field”, Materials Letters, vol. 62, pp. 47-50.
Ye, X., Li, M., Li, D., Li, B. & Zhang, Y. 2018, "Meaningful improvements on structuralthermal-electronic properties of copper based on 3D nitrogen (N) doped-carbon
nanotubes (CNTs) interface fabricated by nano-self-assembly-sintering-modification", Journal of Applied Physics, vol. 124, no. 17, pp. 175105.
Yoo, S.J., Han, S.H. & Kim, W.J. 2013, “A combination of ball milling and high-ratio differential speed rolling for synthesizing carbon nanotube/copper composites”, Carbon,
vol. 61, pp. 487-500.
Yu, M.F., Lourie, O., Dyer, M.J., Moloni, K., Kelly, T.F. & Ruoff, R.S. 2000, "Strength and
breaking mechanism of multiwalled carbon nanotubes under tensile load", Science,
vol. 287, no. 5453, pp. 637-640.
Zangari, G. 2015, "Electrodeposition of Alloys and Compounds in the Era of Microelectronics and Energy Conversion Technology", Coatings, vol. 5, no. 2, pp. 195-218.
Zhang, R., Zhang, Y., Zhang, Q., Xie, H., Qian, W. & Wei, F. 2013, "Growth of half-meter
long carbon nanotubes based on Schulz–Flory distribution", ACS Nano, vol. 7, no. 7,
pp. 6156-6161.
Zhang, X., Li, Q., Tu, Y., Li, Y., Coulter, J.Y., Zheng, L., Zhao, Y., Jia, Q., Peterson, D.E. &
Zhu, Y. 2007, "Strong carbonǦnanotube fibers spun from long carbonǦnanotube arrays", Small, vol. 3, no. 2, pp. 244-248.
Zhao, Y., Wei, J., Vajtai, R., Ajayan, P.M. & Barrera, E.V. 2011, "Iodine doped carbon
nanotube cables exceeding specific electrical conductivity of metals", Scientific reports, vol. 1, pp. 83.
Zhao, H., Liu, L., Wu, Y. & Hu, W. 2007, “Investigation on wear and corrosion behavior of
Cu–graphite composites prepared by electroforming”, Composites Science and Technology, vol. 67, pp. 1210-1217.
Zhao, S., Zheng, Z., Huang, Z., Dong, S., Luo, P., Zhang, Z. & Wang, Y. 2016, ”Cu matrix
composites reinforced with aligned carbon nanotubes: Mechanical, electrical and
thermal properties”, Materials Science and Engineering: A, vol. 675, pp. 82-91.
Zou, J., Liu, D., Zhao, J., Hou, L., Liu, T., Zhang, X., Zhao, Y., Zhu, Y.T. & Li, Q. 2018, "Ni
Nanobuffer Layer Provides Light-Weight CNT/Cu Fibers with Superior Robustness,
Conductivity, and Ampacity", ACS Applied Materials & Interfaces, vol. 10, no. 9, pp.
8197-8204.
72

Aalto-DD 31/2019

9HSTFMG*aiecfb+

ISBN
ISBN
ISSN
ISSN

978-952-60-8425-1 (printed)
978-952-60-8426-8 (pdf)
1799-4934 (printed)
1799-4942 (pdf)

Aalto Universit y
Sc hool of Chemical Engineering
Depar tment of Chemical and Metallurgical Engineering
www.aalto.fi

BUSINESS +
ECON OMY
AR T +
DESIGN +
ARC HITECTURE
SCIEN CE +
TECHNOLOGY
CROSSOVER
D O C TO R A L
DISSERTATIONS

