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ABSTRACT 

Carbon nanotubes (CNTs) have captured a great deal of attention worldwide since their 

discovery in 1991. CNTs are considered to be the stiffest and strongest material due to their 

perfect atomic arrangement and intrinsic strong in-plane sp
2—sp

2
 covalent bonds between carbon 

atoms. In addition to mechanical properties, CNTs have also shown exceptional chemical, 

electrical and thermal properties. All these aspects make CNTs promising candidates in the 

development of novel multi-functional nanocomposites.  

Utilizing CNTs as fillers to develop advanced nanocomposites still remains a challenge, due to 

the lack of fundamental understanding of both material processing at the nanometer scale and the 

resultant material properties. In this work, a new model was developed to investigate the amount 

of control specific parameters have on the mechanical properties of CNT composites. The new 

theory can be used to guide the development of advanced composites using carbon nanotubes, as 

well as other nano-fibers, with any matrices (ceramic, metal, or polymer). Our study has shown 

that the varying effect based on changes in CNT dimensions and concentration fit the model 

predictions very well.  

Metallic CNT composites using both single-walled carbon nanotubes (SWNT) and multi-walled 

carbon nanotubes (MWNT), have been developed through a novel electrochemical co-deposition 

process. Copper and nickel matrix composites were developed by using pulse-reverse 

electrochemical co-deposition. Uniaxial tensile test results showed that a more than 300% 

increase in strength compared to that of the pure metal had been achieved.  For example, the 

ultimate tensile strength of Ni/CNTs composites reached as high as about 2GPa. These are best 

experimental results ever reported within this field. The mechanical results are mainly attributed 
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to the good interfacial bonding between the CNTs and the metal matrices and good dispersion of 

carbon nanotubes within the matrices. Experimental results have also shown that the strength is 

inversely dependent on the diameter of carbon nanotubes. 

In addition to the mechanical strength, carbon nanotube reinforced metallic composites are 

excellent multifunctional materials in terms of electrical and thermal conduction.  The electrical 

resistivity of carbon nanotube/copper composites produces electrical resistivity of about 1.0~1.2 

x10
-6

ohm-cm, which is about 40% less than the pure copper. The reduced electrical resistivity is 

also attributed to the good interfacial bonding between carbon nanotubes and metal matrices, 

realized by the electrochemical co-deposition.  
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CHAPTER 1. INTRODUCTION 
 

1.1 Background  

Besides diamond, graphite and C60, the quasi-one-dimensional nanotube is another form of 

carbons. Since their discovery in 1991 by Iijima
1
, carbon nanotubes (CNTs) have captured the 

attention of researchers worldwide. Due to the perfect atomic arrangement and high intrinsic 

strength of the sp2—sp2 covalent bonding between carbon atoms, carbon nanotubes possess 

exceptionally high mechanical properties such as a high Young‘s modulus (1 TPa), a high tensile 

strength (200 GPa) and a high fracture strain (10-30%)
2,3,4

. In addition, CNTs have an extremely 

small size, high aspect ratio, high structural and chemical stability, and remarkable electrical, 

thermal, and optical properties
5
. A significant amount of work has been done to exploit these 

properties by incorporating carbon nanotubes into some form of matrix. 

Most research has focused on the development of nanotube reinforced polymer composites, 

including PMMA
6
 and various types of epoxy resin,

7,8
 and about 20-50% reinforcement has been 

achieved. These achievements are much lower than the predicated results of most theoretical 

models. In addition, attempts have also been made to incorporate CNT into ceramic matrices
9,10

, 

but only a slight improvement of mechanical properties has been achieved, or in some cases, 

even worse properties than those of monolithic ceramic materials resulted. It has been pointed 

out that the weak bonding between CNTs‘ and ceramic matrices, and the poor dispersion of 

CNTs within the matrix are critical issues in the processing of these nanocomposites.  

CNT reinforced metallic composites is still a new subject
11 , 12

. The methods to prepare 

nanotubes/metal composites include powder sintering and electro and electroless deposition. 
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Improved anti-wear properties and thermal/ electrical conductivity have been identified with a 

small addition of CNTs in the matrix. In this research, we report on a simple yet general 

approach to form Nickel/CNT nanocomposites by electrochemical co-deposition in an attempt to 

obtain excellent mechanical properties.  

Our approach is based on two concepts. First, in the electroplating co-deposition, metallic ions 

and nano/micro particles are deposited together. This atom/molecular level co-deposition process 

can lead to strong interfacial strength and homogeneous dispersion.  The second key aspect is the 

fact that Ni particles have been used as catalysts to grow carbon nanotubes. Therefore, good 

wetting between nickel and CNTs can be expected. These two aspects then present an interesting 

opportunity to create nickel/CNT nano-composites by electro-deposition. In this project, we will 

study the physical properties of different metals electrochemically co-deposited with a small 

amount of carbon nanotubes. 

1.2 Problem Statement and Research Objectives 

Because of their small size and large surface area, carbon nanotubes tend to aggregate to reduce 

energy. For carbon nanotube reinforced nano composites, the uniform distribution of carbon 

nanotubes in the matrix is always a critical problem. In order to realize the uniform distribution 

of carbon nanotubes in metal matrices, carbon nanotubes must be uniformly suspended in 

electrolyte solution. In some cases, special additives can be added into the solution working as 

surfactant to get stable suspension. But the introduced additives will also work as impurities and 

can greatly affect the properties of the resultant composites. The object of our project is to 

produce carbon nanotube reinforced metal composites with improved mechanical property. 
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The theoretical investigation of carbon nanotube reinforced nano composites is also a main 

purpose of our research. Because of the extremely small size and amazing properties of CNTs, 

carbon nanotube reinforced composites cannot be evaluated using conventional law of mixtures. 

In order to understand the relationship between the tensile strength of the composites and main 

parameters, more sophisticated governing equations need to be developed to account for unique 

features of nanocomposites. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Structure and properties of carbon nanotube 

Carbon nanotubes are perfectly quasi-one-dimensional straight tubes with diameters on the 

nanometer scale. A SWNT can be considered as a flat grapheme sheet cylindrically rolled into a 

seamless tube with a constant radius (Figure1)
13

.  

 

Figure 1. Schematic diagram showing how the sheet of graphite is rolled to form a carbon 

nanotube
13

 

In this case, each carbon atom has three nearest neighbors. Two atoms in the sheet are selected as 

the origin, and when the sheet is rolled, the two atoms coincide with one another. The vector OA is 

known as the ―rollup‖ vector, whose length is equal to that of the circumference of the nanotube. 

The tube is created so that point O touches point A. The tube axis is perpendicular to the rollup 

vector. The chiral vector of the nanotube, OA, can be defined by  

21 amanOA


  

O

A

O

A
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where 1a


 and 2a


 are unit vectors in the two-dimensional hexagonal lattice, and n and m are 

integers, which are referred to as chiral indices. The angle (θ) between OA and 1a


is called the 

chiral angle and is always less than 30 degree. 

As chiral vectors change, nanotube properties change from metallic to semi-conducting. The (n, 

0) direction is known as the zigzag structure, while the (n, n) is denoted as the armchair structure 

(Figure2)
14

. The roll-up vector of the nanotube also defines the nanotube diameter since the 

inter-atomic spacing of the carbon atoms is known. 

 

Figure 2.  Illustration of the atomic structure of nanotube with different chiralities
14

.  

It should be noted that all armchair chiralities of CNT display metallic properties. In addition, 

chiral vectors with n-m=3i where i is an integer, yield metallic properties. All other arrangements 

of (n, m) in CNT display semiconductor properties. Chirality has a profound impact on the 

electrical properties of nanotubes, as well as optical activity, and various other properties. The 

influence of chirality on the mechanical properties has also been reported. The analytical work 

examined the instability of carbon nanotubes beyond linear response. Their simulations show that 

carbon nanotubes are remarkably resilient, sustaining extreme strain with no sign of brittleness or 

plasticity. The chirality has a relatively small influence on the elastic stiffness. According to 

zig-zag: (n, 0)

armchair: (n, n)

chiral: (n, m) m≠n

zig-zag: (n, 0)

armchair: (n, n)

chiral: (n, m) m≠n
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Nardelli et al.,
15

 the Stone-Wales transformation results in ductile fracture for armchair nanotubes. 

When a nanotube is stressed in the axial direction, a reversible diatomic interchange happens and 

the resulting structure is two pentagons and two heptagons in pairs. (Figure 3) 

 

Figure 3. The Stone-Wales transformation in nanotube under axial tension
15

 

  

Figure 4. Schematic diagram and TEM micrograph of multi-walled carbon nanotube16
 

Multi-walled carbon nanotubes (MWCNTs) are simply composed of concentric single walled 

carbon nanotubes. (Figure 4) At high resolution, the individual layers making up the concentric 
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tubes can be clearly imaged. Multiwall carbon nanotubes can range in length from tens of 

nanometers to several micrometers, with outer diameter range from 2.5 to 30nm.  

The end caps of carbon nanotubes are more often asymmetric conical structures as shown in 

Figure 5.  

 

Figure 5. Image of the cap of multiwall carbon nanotube 

As a result of their larger diameter compared with single wall nanotubes, multiwall nanotubes 

are much more inflexible than single wall nanotubes, and therefore can be observed to be straight 

instead of curled. Single wall nanotubes tend to cluster together to form ‗ropes‘. 

Recently, carbon nanotubes, due to their small dimensions, remarkable strength and physical 

properties, were proven to be a very unique material for a whole range of promising applications, 

such as nanotube based field emitters, nano-probes in metrology and biological and chemical 

investigations, and mechanical reinforcements in high performance composites. 

Carbon nanotubes display unique mechanical and electronic properties, which have initiated 

intensive research on these quasi-one-dimensional structures. There are varying reports in the 

literature on the exact properties of carbon nanotubes. Theoretical studies have suggested that 

single walled carbon nanotubes (SWNTs) could have a Young‘s modulus greater than 1TPa. The 
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theoretical estimate for the tensile strength of individual SWNTs is up to 200 GPa, or over 

hundreds of times stronger than steel, which has a tensile strength of 400 MPa.  

The experimental study of single nanotubes is still in progress. Measurements were made using a 

scanning electron microscope (SEM)
17. The results indicated that the Young‘s modulus of the 

outermost layer of MWNTs varies from 270 to 950 GPa and the values of tensile strengths range 

from 11 to 63 GPa. Measurements of Young‘s modulus can also be carried out using atomic force 

microscope (AFM)
18

 and the results implied a value of 1280 GPa for the Young‘s modulus for 

MWNTs. Determining the mechanical properties of SWNTs presents an even greater challenge. 

Results showed an average 1TPa for the value of Young‘s modulus and an average breaking 

strength of 30 GPa
2
. 

SWNTs show either a metallic or semiconducting electrical conductivity depending on their 

chirality. The electric-current-carrying capacity is 1000 times higher than copper wires.
19

 The 

thermal conductivity of CNTs depends on the temperature and their structure
20,21

 and they are 

thermally stable up to 2800℃ . Simulation results predicted that (10, 10) SWNTs have thermal 

conductivity around 30,000W/m·K at temperature of 100K.
22

 At room temperature, the thermal 

conductivity of SWNTs is in the range of 1,750 to 5,850W/m·K.
23

  

The potential applications of CNT so far include the use of nanotubes as electron field emitters for 

vacuum microelectronic devices
24

, individual MWNTs and SWNTs attached to the end of an 

atomic force microscope (AFM) tip for use as a nano-probe
25

, MWNTs as efficient supports in 

heterogeneous catalysis
26

 and as microelectrodes in electrochemical reactions, and use of SWNTs 

as media for lithium and hydrogen storage.
27

 Because of their high mechanical strength, CNTs are 

used as excellent load bearing reinforcement in composites.  
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2.2 Preparation and Property of Carbon Nanotube/Polymer Composites  

The reported exceptional properties of nanotubes have motivated others to investigate the 

mechanics of nanotube/polymer composite films. Uniform dispersion within the polymer matrix 

and improved nanotube/matrix wetting and adhesion are critical issues in the processing of these 

nanocomposites. A commonly used method for preparing nanotube/polymer composites has 

involved mixing nanotube dispersions with solutions of the polymer and then evaporating the 

solvents in a controlled way. The nanotubes are often pretreated chemically to facilitate 

solubilization. Normally, acid treatments enable a stable aqueous solution of carbon nanotubes to 

be prepared.
28

 A nanotube/PVA (polyvinyl alcohol) composite could be prepared simply by 

mixing one of these aqueous nanotube dispersions with an aqueous solution of the polymer and 

then casting the mixtures as films and evaporating the water.
29

 The Young‘s modulus of the 

composite films was characterized in a dynamic mechanical thermal analyzer. The stiffness of 

the composites at room temperature was relatively low. Using short-fiber composite theory, the 

calculated nanotube elastic modulus was 150 MPa from the experimental data. This value is well 

below the values reported for isolated nanotubes. This low value may result from poor stress 

transfer. Above the glass transition temperature of the polymer (~85°C), the nanotubes had a 

more significant effect on the properties of the composite. Better results were achieved by Cadek 

et al. from a PVA/MWNT composite
30

. The addition of 1wt% nanotubes increased the Young‘s 

modulus of PVA by factor of 1.8. TEM studies showed evidence of stronger interfacial bonding. 

These solution based methods have also been used to produce nanotube/polystyrene 

composites.
31

 This process includes two steps: first nanotubes are treated with acid and then 

followed by esterification of the surface-bound carboxylic acids. The surface-modified carbon 
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nanotubes were shown to be soluble in common organic solvents. To prepare composites, 

polystyrene was dissolved in the nanotube solution, and the wet casting method was used to 

prepare nanotube/polystyrene composite films. Instead of functionalization of the nanotubes at 

the first step, Qian et al. used a high energy ultrasonic probe to help the dispersion of MWNTs in 

toluene.
32

 The low viscosity of the polymer solution allowed the nanotubes to move through the 

matrix, and excellent dispersion would be achieved. The mixture was cast on substrate and after 

solvent evaporation, MWNT-doped films formed. The solution mixing method can only be used 

with polymers that can dissolve in common solvents. With only the addition of 1wt% nanotubes, 

they achieved 36-42% increase in the elastic stiffness and a 25% increase in the tensile strength. 

Figure 6 is a TEM picture of the film showing the mechanisms of fracture
32

.  

 

Figure 6. Fracture mechanisms in nanotube/polystyrene composites
32

 

As we can see, nanotube pull-out (site B and C), nanotube fracture (site A) and crack bridging 

(site D) by the nanotubes all happened at the same time. In order to take full advantage of the 

exceptional stiffness, strength and resilience of carbon nanotubes, strong interfacial bonding is 

critical. 
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For thermoplastic polymers, polymers were softened and melted at higher temperatures, and then 

shear mixing was used to get a homogeneous dispersion of nanotubes. After extrusion or 

injection moulding, nanotube/polymer composites formed. This method can be used for a range 

of polymers including high impact polystyrene,
33

 acrylonitrile butadiene styrene, 

polypropylene
34

 and polymethylmethacrylate (PMMA).
35,36

 For MWNT/polystyrene composites 

containing from 2.5 to 25 vol% nanotubes, Young‘s modulus increased progressively from 1.9 to 

4.5 GPa, with the major increases occurring when the MWNT content was at or above about 10 

vol%. Composite fibers with a high degree of nanotube orientation were produced by melt 

spinning. Sennet et al. have used melt processing techniques to disperse and align carbon 

nanotubes in polycarbonate.
37

 Dispersion was achieved by mixing the catalytically produced 

MWNTs and SWNTs with polycarbonate resin in a conical twin-screw extruder and alignment 

was carried out using a fiber spinning apparatus. By optimizing mixing time and fiber draw rates, 

excellent dispersion and alignment were accomplished. 

Nanotube/epoxy composites have also been prepared by a number of groups and their 

mechanical behaviors were studied. The results from epoxy/MWNTs showed that the 

compression modulus was higher than the tensile modulus
38

. This indicated that load transfer to 

the nanotubes in the composite was much higher in compression. A possible reason is during the 

load transfer process for MWNT, only the outer layers are stressed in tension, whereas all the 

layers respond in compression. Nanotube/epoxy composites prepared by Xu et al. showed good 

mechanical properties.
39
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A 20% increase in Young‘s modulus was seen when 0.1 wt% MWNTs were added. Fracture 

behavior of the films was investigated by SEM, and the results showed that pulled-out tubes 

were often covered with polymer, suggesting strong interfacial adhesion. (Figure 7) 

 

Figure 7. Pull-out nanotube covered with epoxy
39

 

Single-walled nanotube/epoxy composites have also been prepared by Biercuk et al.
40

 The 

Vickers hardness of the polymer composite was found to increase monotonically with addition of 

SWNTs, up to a factor of 3.5 at 2 wt% nanotubes loading. Greatly enhanced thermal 

conductivities were also observed. Thus, samples loaded with 1 wt% unpurified SWNT material 

showed a 70% increase in thermal conductivity at 40 K, rising to 125% at room temperature.
32 

Another approach called in situ polymerization has also been used to prepare nanotube /polymer 

composites. Here monomers instead of the polymer are used as a starting material. Cochet et al. 

were among the first to use this method, to prepare a MWNT/polyaniline composite.
41

 

Nanotubes prepared by arc evaporation were used, and were sonicated in a solution of HCl to 

achieve dispersion. The aniline monomer, again in HCl, was added to the suspension and a 

solution of an oxidant was slowly added with constant sonication and cooling. Sonication was 

continued in an ice bath for 2 h, and the composite was then obtained by filtering, rinsing, and 
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drying. In this way, it was possible to prepare composites with high MWNT loadings (up to 50 

wt %). Transport measurements on the composite revealed major changes in the electronic 

behavior, confirming strong interaction between nanotubes and polymer. A number of other 

nanotube/polymer composites have been prepared using in situ polymerisation, including 

MWNT/polystyrene
42

 and SWNT/ polyimide.
43

 Several groups have used electrochemical 

polymerisation to grow porous composite films of MWNT and polypyrrole for use as super-

capacitors.
44,45 

For some special applications, such as photo-voltaic devices, multilayer SWNT/polymer 

composites are required. The method involved the layer-by-layer deposition of SWNTs and 

polymer onto a substrate, followed by cross-linking. In this way, composites with SWNT 

loadings as high as 50 wt% could be obtained. The coating was carried out by the alternate 

dipping of a glass slide or silicon wafer into dispersions of SWNTs (stabilized by acid treatment) 

and polymer solutions. The layers were held together by van der Waals forces and by 

electrostatic attraction between the negatively charged SWNTs and a positively charged 

polyelectrolyte, such as branched polyethyleneimine (PEI). Coatings containing up to 50 

SWNT/PEI bilayers could be built up in this way. When the procedure was complete, the 

multilayer films were heated to 120°C to promote crosslinking. The films could then be lifted off 

the substrate to obtain uniform free-standing membranes. The films produced in this way were 

shown to have exceptional mechanical properties. Thus, the average ultimate tensile strength of 

the films was found to be 220 MPa, with some measurements as high as 325 MPa.
46

 

Fig. 8 shows the exceptional flexibility of the as-spun nanotube composite fiber produced by 

Vigolo and coworkers.
47

 Their technique for spinning nanotubebased fibers involves dispersing 
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the nanotubes in surfactant solutions followed by re-condensing the nanotubes in the stream of a 

polymer solution to form macroscopic fibers and ribbons. Although the elastic modulus of the 

nanotube fibers (9–15 GPa) is far below the values for individual nanotubes or conventional 

carbon fibers, the demonstrated resilience of the fibers gives hope for future improvements.  

 

Figure 8. Micrographs showing the exceptional flexibility of carbon nanotube/ fiber
47

 

Strong and versatile carbon nanotubes are finding new applications in improving conventional 

polymer-based fibers and films. For example, composite fibers made from single-walled carbon 

nanotubes (SWNTs) and polyacrylonitrile – a carbon fiber precursor – are stronger, stiffer and 

shrink less than standard fibers. Nanotube-reinforced composites could ultimately provide the 

foundation for a new class of strong and lightweight fibers with properties such as electrical and 

thermal conductivity unavailable in current textile fibers. 

2.3 Preparation and Property of Carbon Nanotube/Ceramic Composites 

Although ceramics have high stiffness and excellent thermal stability with relatively low density, 

their brittleness impedes their use as structural materials. Because of their exceptional resilience, 

carbon nanotubes might be particularly desirable as reinforcement for ceramics. Incorporation of 

nanotubes into a ceramic matrix could potentially create composites that have high temperature 
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stability as well as exceptional toughness and creep resistance. However, achieving a 

homogeneous dispersion of nanotubes in ceramics, with strong bonding between nanotubes and 

matrix presents greater challenges than incorporating tubes into a polymer. 

Ma et al. formed MWNT/silicon-carbide (SiC) composites via mixing nano-particles of SiC with 

10 wt% carbon nanotubes and hot pressing at 2000°C.
48

 They reported a 10% improvement in 

the both bending strength and fracture toughness as compared to the monolithic ceramic. These 

modest improvements were attributed to nanotube/matrix debonding and crack deflection.  

Other researchers have developed techniques to synthesize carbon nanotubes in situ to form 

carbon-nanotube/metal-oxide composite powders. Peigney et al.
49

 used iron-containing α-

alumina as catalysts and CH4 as the carbon source for in situ growth of carbon nanotubes on iron 

particles. These powders were then hot pressed to form macroscopic composites. But despite the 

high homogeneity of this dispersion, which provides high electrical conductivity, the toughness 

is lower than that of carbon free Fe-Al2O3 nanocomposites. There are two main reasons for this. 

The carbon nanotubes greatly inhibit the matrix grain growth during hot pressing, preventing full 

densification of the material. And hot pressing at higher temperatures does not increase the 

densification, but damages the nanotubes. This work was expanded by using different catalyst 

such as Mg- containing alumina and different carbon source such as C2H2. Some of them showed 

reinforcement effect. 

Zhan et al. reported a very large toughness gain in a SWNT/Al2O3 composite.
50

 The fracture 

toughness of the composite was increased from 3.7 to 9.7 MPa m
½
 by adding 10 vol.-% SWNTs 

into Al2O3 power. In this research, high quality SWCN bundles were used, and the alumina 

powder particles are very small (50 nm). The powders were mixed first by ball-milling, which 
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produced a reasonably homogeneous dispersion without damaging the nanotubes. A new 

technique of spark plasma sintering (SPS) was used to prepare the composites. The advantage of 

spark plasma sintering is that it allows ceramic powders to be annealed at lower temperatures 

and for much shorter times than other sintering processes, leading to the fabrication of fully 

dense ceramics or composites with nanocrystalline microstructures under mild conditions. 

Unlike other sintering processes, spark plasma sintering does not damage the nanotubes and the 

nanotube bundles could be seen to be located mainly at the boundaries of the Al2O3 grains, in 

good contact with the Al2O3 matrix (figure 9). 

     

Figure 9. TEM images show that the nanotube bundles are well distributed at the matrix 

grain boundaries, and have good contact with the matrix grains
36

 

 

In contrast to previous work on nanotube/ceramic composites, the fracture toughness was found 

to increase with nanotube density. This is thought to be due to the formation of entangled 

networks of single-walled carbon nanotubes, which may inhibit crack propagation.  
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Various techniques have been used to prepare carbon nanotube/silica composites. Seeger et al. 

described a method which involved preparing a composite gel of MWNTs with tetraethoxysilane 

(TEOS) and then sintering this at 1150°C in argon. In order to prevent the partial crystallization 

of the SiO2 during the sintering, an alternative Nd :YAG laser method can be used to rapidly heat 

the TEOS/nanotube mixture. This produced an amorphous silica matrix, with no crystallization.
51

 

There have been a few studies on preparing nanotube composites using oxides other than 

alumina and silica. Vincent et al. reported the production of nanotube/TiO2 composites using 

sol–gel methods.
52

 Possible applications of the composites included optical non-linear wave 

guides and unidimensional conductive films. Sol–gel methods were also used by Sakamoto and 

Dunn to prepare SWNT/V2O5 composites for use as electrodes in secondary lithium batteries.
53

 

2.4 Preparation and Property of Carbon Nanotube/Metal Composites 

There is growing interest in the addition of carbon nanotubes to metal matrices. Materials 

fabrication difficulties have limited research on nanotube-reinforced metal composites. One of 

the key issues is obtaining a uniform dispersion of nanotubes in the matrix. Damage or 

destruction of the nanotubes is often a problem because of the high temperatures and highly 

reactive environments associated with many methods of forming metal matrices.
54

 

Kuzumaki et al. described the preparation of a nanotube/aluminum composite in 1998.
55

 In their 

experiment, nanotube were mixed with a fine aluminum powder, followed by a hot-press and a 

hot-extrusion process at 700°C in a vacuum furnace. The result was a composite wire in which 

the nanotubes were partially aligned along the axial direction. The tensile strengths of the 

composite wires were comparable to that of pure aluminum, but the composite wires retained 
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this strength after prolonged annealing at 600°C, while that of the pure Al produced in a similar 

powder metallurgy process significantly decreases with time. They also prepared 

nanotube/titanium composites which showed a large increase in hardness and modulus compared 

to pure titanium.
56

  

Because of the difficulty of using traditional powder-metallurgy processes to achieve 

homogeneous dispersion of nanotubes in the matrix, a novel fabrication process called 

―molecular-level mixing‖ was introduced.
57

 After mixing a Cu ion solution with a well dispersed 

CNT suspension, the admixture was dried, calcined and then reduced. Then the resulting 

composite powder was consolidated by spark plasma sintering. This process provided a relative 

high interfacial strength between the CNTs and Cu and the CNTs were located within the 

powders rather than on the powder surface. (Figure 10)  

 

Figure 10. SEM micrographs of CNT/Cu composite powder
57

 

The resulted nanocomposite is shown to possess three times the strength of the Cu matrix and to 

have twice the Young‘s modulus. As shown in figure 11, a 5 vol% CNT reinforced composite 

aa
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showed yield strength of 360MPa, which is 2.3 times higher than that of Cu. When the addition 

of CNTs was increased to 10 vol%, the yield strength was 455 MPa, which is more than 3 times 

higher than that of Cu. 

 

Figure 11. Stress-strain curves of CNT/Cu nanocomposites obtained by compressive 

testing
57

 

Several other efforts were made to obtain ―atomic-level mixing‖ of nanotubes and metal.58
 Chen 

et al.
59

 fabricated CNT-Ni/P materials and tested them under lubricated wear conditions. 

Decreased friction coefficient and wear rates were measured, relative to similar materials with 

SiC or graphite additions and to virgin Ni/P itself. The potential for CNT-enhanced lubricity 

and/or the potential enhancement of hardness or damage tolerance make these types of systems 

attractive for further investigation
60

. CNT-Mg materials have been fabricated and their damping 

characteristics have been investigated but with little notable effects over other metal matrix 

aa
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materials.
61

 Xu et al.
62

 also deposited copper nano-particles on the acid pretreated CNT surface 

using electroless plating. (Figure 12)  

 

Figure 12. TEM images of copper nanoparticles deposited on the carbon nanotubes
62

 

 

Figure 13. SEM image of the Ag nanoparticles/MWNTs composite
63
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A new solution phase method was described to prepare carbon nanotubes/metal composites. By 

injection of CNT solution into a diethyl ether/aqueous solution of metal salt biphasic mixture, 

metal (Ag, Au, Pd, and Pt) nanoparticles decorated CNTs composite materials can be prepared 

by spontaneous reduction of metal ions on the sidewalls of multiwall carbon nanotubes.
63

 (Figure 

13)  

The driving force of this reaction is the difference in reduction potential between metal cations 

and CNTs. The deposition of particles proceeds without the aid of reducing agents or catalysts. 

Because no substrate was required in this process, non-specific formation of nanoparticles can be 

avoided. Based on the resulting composite, further bulk synthesis can be processed. Using 

similar process, Hu et al. fabricated a multilayered film of carbon nanotube/metal nanoparticle 

composite recently.
64

 Additionally, the brush plating
65

 and the sol-gel
66

 method has been also 

used to prepare CNT/metal composites. 

Electroplated microstructures of several different element metals and metal alloys have been 

demonstrated, including gold, silver, copper, nickel, and nickel alloys. (As shown in figure14) 

The films can be made in any thickness from ~1um to 1cm. Electroplating co-deposition, in 

which both metallic ions and nano/micro particles are deposited together on to the cathode, has 

been successfully used to fabricate metallic composites reinforced with nano-particles of 

materials such as SiC, Al2O3, graphite and ZrO2. Electroplating has been proved to be a low cost 

and easy to apply method for fabrication of CNT reinforced composites. Better interfacial 

bonding between CNTs and the matrix could be achieved via electroplating because the solution 

phase allowed ―atomic/molecular level of mixing‖ of metal and CNTs. Chen et al. prepared 
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nickel/CNT composite on carbon steel substrate by means of an electrodeposition process and 

studied several parameters influencing the content of CNTs in the deposit.
67

  

 

Figure 14. Schematic figure for electrodeposition of copper on silicon wafer 

The electrodeposition process was also used to fabricate a carbon nanotube field emission 

structure.
68

 The emitter structure is a composite of single-wall carbon
 
nanotubes (SWNTs) and 

Ni. The carbon nanotubes distributed
 
in the Ni matrix showed a strong contact with the

 
substrate. 

To enable good dispersion of the SWNTs in the
 
conventional Ni Watt bath solution which is 

required for uniform
 
codeposition, several techniques are successfully employed, i.e., oxidation 

and heat-treatment
 
of the carbon nanotubes, surfactant coating, ultrasonic agitation, etc.  

Arai et al. obtained the powders of CNT/copper
69

 and CNT/nickel
70

 composite by 

electrodeposition techniques. These powders can be used as promising precursors for further 

development. A homogeneous dispersion of MWNTs was achieved by the addition of 

Copper 

Foil

Cu2+
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polyacrylic acid to the basic bath with stirring. Their study showed that because the MWNTs 

possess high electrical conductivity, Ni is electrodeposited both on the substrate and on the 

MWNTs when they are incorporated into the deposited Ni film, and resulting in a ―skewered 

dumpling‖ structure as shown in figure 15a. Ni did not deposit uniformly on the MWNTs, but 

selectively electrodeposited on the end and locally on the outer MWNT surfaces. (Figure 15b)  

 

Figure 15. Skewered dumpling structure of nickel on MWNTs
70

 

The selective deposition is because MWNTs possess high electrical conductivity in the axis 

direction due to their structure, the protruding ends of the MWNTs incorporated into 

electrodeposited Ni have lower resistance than other sites. Therefore, nickel ions easily accept 

electrons on the ends. However, it is also well known that CNTs contain defects, such as 

vacancies, on the outer surface. The defect sites on the outer surface are active and may also 

have lower resistance than other sites. 

Carbon nanotubes were also used to improve the mechanical and tribological properties of 

electrodeposited Ni-Co magnetic alloy coatings.
71

 In this case, nanotubes are introduced because 

of their high strength, good flexibility and unique conductivity. Shi‘s experimental results 

showed that the introduction of the carbon nanotubes in the electrolyte has caused a negative 

a ba b
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shift towards of the reduction potential of the Ni–Co alloy coating, and the co-deposited CNTs 

had no significant effect on the electrodeposition process of the Ni–Co alloy coating. Their AFM 

study showed that the Ni-Co-CNTs composite coating has smaller particle size than Ni-Co 

coating. (Figure 16)  

 

Figure 16. AFM images of (a) Ni-Co and (b) Ni-Co-CNTs composite coating
71

  

X-ray diffraction (XRD) pattern of the composite revealed lower and broaden peaks for Ni-Co 

solid solution which was also attributed to the decrease in the grain size. Mechanical properties 

of the film were studied using nano-indentation measurement. Its nano-indentation hardness 

increased from 4.41 GPa to 5.87 GPa and elastic modulus increased from 202 GPa to 236 GPa. 

2.5 Some Applications 

Carbon Nanotube sheets can be made so thin that they will be transparent and you can see 

through them. Base on this property, carbon nanotube windshields can be produced. (Figure 17) 

They will be somewhat flexible allowing for impact without major injury. These windshields 

will be 50 times stronger than steel and harder than glass, but they will not be brittle and will not 

break. 
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Additionally, carbon nanotube windshields will be light-weight and the average car has up to 400 

pounds of glass on it. By lowering the cars weight you increase its performance and gas mileage 

and can even put a smaller motor in the car and thus use even less fuel still.  

 

Figure 17. Carbon nanotube windshields 

Nanotube sheets are light, flexible, strong and transparent. They can also be electrical 

conductive. All these properties are ideal for use in pipelines. Carbon nanotubes are proposed to 

be looked at for such applications as military cockpit canopies, bulletproof glass, et al. The 

nanotubes sare good conductors of electricity and will work well as flat panel displays. 
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CHAPTER 3. THEORETIC BASE OF CARBON NANOTUBE/METAL 

COMPOSITES 
 

3.1 Introduction 

The subject of carbon nanotube composites has grown rapidly over the past 8 years. A lot of 

outstanding properties can be exploited by incorporating the nanotubes into some form of matrix, 

and the preparation of CNT composite materials is now a rapidly growing subject. In most cases, 

these composites have employed polymer matrices. Limited efforts have been made to utilize 

metal/carbon nanotube composites. Besides their mechanical properties, the electrical and 

thermal properties of the CNT-composite system are also studied. Further research will certainly 

lead to better materials, but significant challenges to real success still remain. 

Given the amazing properties of carbon nanotubes, the improvements in the properties of 

nanotube reinforced polymer composite are not sufficient, although significant efforts have been 

made. For example, it has been indicated that carbon nanotubes have a mechanical strength of 

about 60GPa. If 1% of such carbon nanotubes are added into a polymer matrix which has a 

strength of 50MPa, the resultant mechanical strength of the nanocomposite should be about 

680MPa, or more than 13 times stronger than the matrix, based on the law of mixture: c=Vff 

+(1-Vf)M,  where Vf is the fiber‘s volume fraction in percentage,  f and M are strength of fiber 

and matrix, respectively. However, so far the strengthening achieved is much smaller, in a range 

of 30~60%, as described in previous sections.
72, 73, 74 

It has also been indicated that although a 

much higher volume fraction of nanotubes has been tried, the strength increase is much lower 

than that predicted by the law of mixture. These discrepancies imply that the law of mixture, 

which has been widely used in conventional fiber composites, may not be valid for 
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nanocomposites. New and more sophisticated governing equations (formula) need to be 

developed to account for unique features of nanocomposites. 

3.2 Theoretical Basis 

In comparison to conventional fibers, the primary differences in nanofibers are their dimensions. 

First, conventional carbon fibers have a larger diameter, in the range of a few micrometers to a 

few tens micrometers. In contrast, nanofibers have a much smaller diameter, in the range of one 

to tens of nanometers. Second, conventional carbon fibers can be made infinitely long, while 

nanofibers are normally much shorter, in the range of a few micrometers or even down to sub-

micrometers.  

 

Figure 18. Sketch of long carbon fiber reinforced composite (A) and initial state of short 

nanofiber reinforced composite under tensile pressure (B), (C) shows potential outcomes, (D) 

sketches a cross section of a fiber contained in a matrix (not in scale) 
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As a result, conventional carbon fibers are normally continuous within a matrix meaning that 

each fiber can fully support the load applied (Fig. 18A). In other words, conventional fibers can 

be used to bear most portion of the applied load. In addition, due to the fact that large volume 

fraction of fibers is normally used in conventional composites
75

, the matrix behaves more like an 

adhesive that binds fibers together, or the requirement of interfacial bonding is not very critical. 

Therefore, the deformation of the matrix is constrained within the deformation limit of fibers. In 

contrary, nanotubes are kind of tiny short fibers (about one to a few micrometers in length) that 

are trapped discontinuously within a matrix (Fig. 18B), and the applied load is normally 

transferred indirectly to the nanofibers via the matrix, as sketched in Fig.18B.  

For simplicity, a small cylinder shaped cell that consists of only one nanofiber and a portion of 

matrix around it is selected for analysis. The averaged stress applied in the axial direction to the 

cell is denoted as  (Fig. 18B). The resultant displacements between nanofiber and the matrix 

within the same length of LNF (Fig. 18B) can be expressed as  
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Therefore, the relative displacement ratio between the matrix and the nanofiber is  
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Since Young‘s modulus of polymer matrix is much smaller (about a few GPa or less) than that of 

the nanofiber‘s Young‘s modulus (up to 1TPa, carbon nanotube, e.g.), the deformation 

difference between a matrix and a nanotube from equation 2 could be up to a few hundred to a 

thousand times. For example, if the EM is 1.2 GPa (polystyrene
32

) and ECNT is 1,000 GPa, then 

the deformation difference between CNT and polystyrene is about 833 times larger! The 
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consequence of this large deformation difference is that the matrix surrounding the nanotube 

may experience extremely large distortion thus large strain energy would be produced within the 

matrix. If this distortion is larger than that of the elongation at the break of the matrix material, 

then a fracture is likely to occur within the matrix (Fig. 18C). On the other hand, if the relative 

distortion associated strain energy is larger than the interfacial bonding energy between the 

nanotube and the matrix then the nanotube will be partially separated from the matrix. The 

separation of the nanotube from the matrix will largely reduce the load support capability which 

is proportional to the bonded nanotube length, and the nanotube withdrawing out of the matrix is 

inevitable. At this point, adding more nanotubes may not produce expected proportional 

reinforcement, since both the interfacial bonding of nanotube/matrix and matrix‘s mechanical 

properties are accountable for the reinforcement efficiency. Therefore, it is important to identify 

the main factors which will affect mechanical properties of nanofiber reinforced 

nanocomposites.  

From Fig. 18B, the strain energy of a nanofiber within a composite under stress  can be 

expressed as stress x strain x half volume:  
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Similarly, the strain energy of a matrix cylinder surrounding the nanofiber within the same 

length LNF is 
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As indicated in Fig 18B, when counts the strain energy associated with the matrix portion where 

no nanofiber is trapped inside (length LM in which no nanofiber is trapped), then the total strain 

energy of the matrix is   
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Since the interfacial-bonding energy between nanofiber and the matrix has to bear the strain 

energy difference produced between the matrix (UM) and the trapped nanofiber (UNF), thus at 

equilibrium 

    SUU NFM
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where S stands for the total bonding energy associated with the interface formed between the 

nanofiber and the matrix, then equation 6 can be expressed as  
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From Fig. 16B and Fig. 16D, the volume fraction of nanofiber is  
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Then eq.7 can be expressed as  
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If the bonding energy density is denoted as s*:    NFNF Ld

S
s


*

     (10) 

then the strength  of a nanofiber reinforced composite can be described as  
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Strength from continuous matrix portion can be expressed as 
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So the total strength of nano-fiber/nano-tube reinforced nano-composite is: 
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Therefore the resultant mechanical strength of a nano-fiber filled nano-composite is mainly 

determined by the following factors: 1) the Young‘s modulus of the matrix (EM), or the stiffness  

ratio between matrix and nano-fiber (EM/ENF), 2) the volume fraction of nano-fiber (Vf), 3) the 

interfacial bonding energy density (s*) and 4) the dimension of nano-fiber (dNF).  

Following are expanded discussions on relationships between these factors and the resultant 

mechanical strength of nano-fiber reinforced nano-composites. 
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3.3 Effect of carbon nanotube dimension 

Equation 13 suggests that under the same bonding energy density s*, the tensile strength of 

nanotubes reinforced nano-composites largely depends on nanotube diameter, i.e. the smaller the 

diameter the greater the tensile strength. Fig. 19 indicates that when a nanotube‘s diameter is 

smaller than about 5nm, a reduction in diameter would result in a rapidly increased strength. For 

example, if carbon nanotube can be made with 1nm in diameter that is about 10,000 times 

smaller than the diameter of conventional fibers, the resultant strength of nanocomposites could 

be 100 times stronger than the conventional composites, if the volume fraction and Young‘s 

modulus are the same. For nanotubes with diameters between 5nm to 20nm, the change in 

diameter produces much less effects on resultant strength.   

 

Figure 19. Strength of carbon nanotube reinforced nanocomposites versus diameter, based on 

equation 13. Conditions: stiffness of matrix is 200GPa, bonding energy density (s*) is 0.7J/m
2
, 

and stiffness of nanofiber is 1,000GPa.   
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Fig. 19 also indicates that the manipulation of the nanotubes‘ diameter produces much greater 

effect than volume fractions in achieving a desired mechanical strength. For example, only 3% of 

nanotubes with 1nm in diameter would produce the same resultant strength as that produced by 

90% (volume fraction) nanotubes with 10nm in diameter. This means that much stronger 

nanocomposites can be produced by the addition of a few percentages of nanotubes addition, if 

their diameter can be produced small enough. The largely reduced need on volume fraction 

means more cost effective. Therefore, stronger and cheaper nanocomposites can be developed. 

3.4 Effect of Matrices’ Young’s Modulus 

Equation 13 suggests that the stiffness of the matrix is also important in determining the 

mechanical strength of nanocomposites. Fig. 20 is a sketch showing that the higher the matrix 

stiffness the greater the mechanical strength of the nanocomposite. For example, when the 

Young‘s modulus of a matrix is less than 200GPa, any increase in the matrix‘s stiffness would 

result in a significant increase in the resultant strength. For typical polymers the Young‘s 

modulus is about 50GPa or less. Therefore, a stiffer polymer matrix would produce greater 

mechanical strength if other factors remained the same. However, when the matrix stiffness is 

greater than about 200GPa, the resultant strength is almost linearly proportional to the stiffness 

(Fig. 20). The trend is similar for different volume fractions.  Stiffer matrices such as some 

polymers, most metals and ceramics are capable as matrices in developing stronger 

nanocomposites. 
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Figure 20. Sketch of nanocomposite‘s strength versus stiffness of matrices, based on 

equation 13. Conditions: diameter of carbon nanotube is 1.5nm, volume fraction (Vf) of CNT is 

1%~30%, bonding energy density (s*) is 7J/m
2
, and stiffness of CNT is 1000GPa.  

 

3.5 Interfacial Bonding Between Nanotubes and Matrix  

The dependence of resultant strength on interfacial bonding energy (strength) is plotted in Fig. 

21. It indicates that the interfacial bonding between nanotubes and a matrix is very critical. For 

example, any increase in the interfacial bonding would result in a rapidly increase in strength, 

especially when the interfacial bonding energy is less than about 0.2J/m
2
. After that, the resultant 

strength is almost linear proportional to the interfacial bonding strength. Therefore, it is 

important to enhance the bonding between nanotubes and matrix.  

Stiffness of matrix 

S
tr

en
g
th

  



35 

 

 

 

Figure 21. Strength of nanofiber reinforced nanocomposites versus binding energy density 

s*, based on equation 13. Conditions: diameter of nanofiber is 1.5nm, stiffness of matrix is 

200GPa, and stiffness of nanofiber is 1000GPa.  
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CHAPTER 4. DISPERSION OF CARBON NANOTUBES 

Uniform distribution of carbon nanotubes in matrix is one of the most important parameters in 

determining the properties of carbon nanotubes and metal nanocomposites. 

Carbon nanotubes tend to bundle together because of their large specific surface areas which 

create strong inter-tube non-covalent interactions and make them intractable and insoluble in 

common solvents. This has lead much of the recent research to focus on the preparation of 

processible carbon nanotubes. 
76 , 77

 The dispersion of CNTs in solution can be studied by 

cryogenic transmission electron microscopy (cryo-TEM)
78

, atomic force microscopy (AFM)
79

, 

scanning electron microscopy
80

, Raman spectroscopy
81

, and optical microscopy
82

. Moreover, the 

discovery of nanotube fluorescence
93

 offers a more precise method for detecting the dispersion 

of individual nanotubes, and UV–visible spectroscopy has been successfully used to monitor the 

exfoliation dynamics of SWCNTs in aqueous solution
83

. That being said, systematic 

investigations on parameters determining the dispersion behavior of CNTs, such as sonication 

energy, applied concentration of CNTs, ratio of CNTs to surfactant and so on have not yet been 

performed.
84

 

4.1 Surfactant assisted carbon nanotube dispersion 

Several methods have been developed for carbon nanotube dispersion. One of the common 

methods for improving processibility is the covalent attachment of organic groups onto the 

graphene surface. 

Because the as-produced CNTs exist as aggregates or bundles that are tightly bound by an 

estimated interaction of 500 eV/um of tube length for SWCNT, 
85,86

 one of the key challenges is 

processing or engineering CNTs for further potential applications. Significant efforts have 
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already been devoted over the last couple of years to achieve this goal. 
87, 88, 89, 90

 The most used 

technique available for processing CNTs is solution based processing
91

. In particular, surfactants 

such as sodium dodecyl sulphate (SDS) have been studied for their excellent nanotube 

stabilization and separation capabilities. 
92, 93, 94

 The SDS molecules can be adsorbed on the 

surface of SWCNTs and MWCNTs, and prevent re-aggregation after sonication-driven 

dispersion. The colloidal stability of aqueous MWCNT dispersions can be maintained for several 

months. 

SDS covered carbon nanotubes are negatively charged. In our study, we need the carbon 

nanotube to be co-deposited onto cathode with metal ions. So we used Octadecyl Trimethyl 

Ammonium Bromide (OTAB) and Hexadecyl Trimethyl Ammonium Bromide (CTAB) instead 

as surfactant to help the dispersion of carbon nanotubes in the electrolyte. The chemical formulas 

of SDS and CTAB are showed below. 

SDS: 𝐶𝐻3 𝐶𝐻2 11𝑆𝑂3
−

    𝑁𝑎+ 

CTAB: 𝐶𝐻3 𝐶𝐻2 14𝐶𝐻2𝑁+ 𝐶𝐻3 3    𝐵𝑟− 

 

Carbon nanotubes covered with CTAB or OTAB will be positively charged. During the electro-

deposition process, positively charged carbon will migrate towards the cathode under electrical 

field. This process has been verified by our results. As shown in figure 22. 10mg purified 

MWCNTs (with OD about 20~30 nanometer) were added into 200ml DI water. An ultrasonic 

bath was then used to disperse carbon nanotubes. In the mean time, 5 grams of OTAB was 

dissolved into 100ml DI water. The surfactant solution was slowly added into the carbon 

nanotube solution until we achieved a stable carbon nanotube suspension. Copper foil was used 

for both the cathode and the anode, and the applied current was 5mA. After applying DC current 
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for 10min, the cathode was covered with carbon nanotubes. Using SEM, we can observe CNTs 

clearly. 

  

Figure 22. SEM image of CTAB covered CNT 

Adding a well dispersed CNT solution into either copper or nickel electrolyte, the carbon 

nanotubes and the metal ions will be co-deposited on to the substrates. Figure 23 shows the SEM 

image of the co-deposited carbon nanotube and metal composites. Here, OTAB was used as 

surfactant.   

     

a b 
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Figure 23. SEM pictures of a) CNT/Copper and b) CNT/Nickel nanocomposites when using 

OTAB as CNT dispersion agent. 

 

The images indicated that the sample surfaces were not as dense as the normal electroplated 

copper or nickel surface. High porosity was observed. 

In our project, we mainly focus on the mechanical properties of carbon nanotube/metal 

nanocomposites. Preparing samples with high purity, low porosity is the first step in producing 

nanocomposites with optimized mechanical properties. Also, when the surfactant was applied, 

the carbon nanotube surface was covered with organic molecule chains first. The bonding 

between carbon nanotubes and metal ions are indirect which will lead to the weak bonding 

between them. In order to realize the reinforcement proposed by adding carbon nanotubes into 

metal matrices, we need find other methods of dispersing carbon nanotubes.  

4.2 Effect of different acid treatment on carbon nanotube dispersion 

Covalent functionalization represents an efficient way to render the CNTs soluble either in 

aqueous or organic phase, by attaching different functional groups directly to the CNTs.
95

 Nitric 

acid is extensively used to oxidize CNTs. Acid washed CNTs showed better dispersibility. This 

may be due to the OH groups formed in the acid washed case that make hydrogen bonding with 

water molecules. Nitric acid treatment produces mainly carboxylic groups
96 , 97 ,

 
98

 which 

contribute to the solubilization of the nanotubes.
99, 100 

C-O, C=O and O=H bonds are identified in 

chemically modified nanotubes. Acidic groups like carboxyl, phenol and lactol were formed on 

the carbon nanotube surface. The acid concentration varies in the range of 15–70 wt%, the initial 

concentration of the CNTs varies from 0.1 to 10 mg/ml, and the treatment duration from 1 to 

48 h. 
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In our study, besides nitric acid, hydrochloric acid and sulfuric acid are also used to do the 

surface treatment of carbon nanotubes. The solubility of the CNTs is assessed qualitatively, 

based on visual appearance. Predetermined quantities of MWNTs (10 mg) and various acids 

(20 ml) were added into centrifuge tubes, and the MWNTs were dispersed for 60 min in an 

ultrasonic bath. After ultrasonic treatment, carbon nanotubes were separated from the acids using 

a centrifuge. The carbon nanotubes were rinsed 3~5 times using DI water. Then, the carbon 

nanotubes were dispersed in DI water through the use of an ultrasonic bath. Figure 24 shows our 

experimental results. The suspensions in tubes No. 8, 9 and 10 are carbon nanotubes treated with 

HCl, HNO3 and HSO4 respectively. From the results we can see that carbon nanotubes treated 

with both HCl and HNO3 can achieve stable dispersion for more than 1 day. In our following 

experiments, HNO3 acid was used to do the surface treatment for carbon nanotubes. 
 

 

Figure 24. CNT dispersion after treated with HCl, HNO3 and HSO4. (a) 1h after ultrasonic 

bath; (b) 1day after ultrasonic bath 

a b 
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4.3 Ultrasound assisted carbon nanotube dispersion 

Carbon nanotubes are strong and flexible but very cohesive. They are difficult to disperse into 

liquids, such as water, ethanol, oil, polymer or epoxy resin. Ultrasound is an effective method to 

obtain discrete - single-dispersed carbon nanotubes. 

Carbon nanotubes are generally available as dry material. A simple, reliable and scalable process 

for de-agglomeration is needed, in order to utilize the nanotubes to their maximum potential. For 

liquids up to 100,000cP, ultrasound is a very effective technology for the dispersing of nanotubes 

in water, oil or polymers at low or high concentrations. The liquid jet streams resulting from 

ultrasonic cavitations, overcome the bonding forces between the nanotubes, and separate the 

tubes. Because of the ultrasonically generated shear forces and micro turbulences ultrasound can 

assist in the surface coating and chemical reaction of nanotubes with other materials, too. 

Ultrasound machine was used in our research to help the dispersion of pre-treated carbon 

nanotubes in the electrolyte. The pre treated carbon nanotubes can form a stable suspension in DI 

water for several days. But once the electrolyte was added, carbon nanotubes tend to precipitate 

from the suspension. This was due to the bonding between the functional groups on the carbon 

nanotube surface and the metal ions in the electrolyte. As shown in the TEM image below. After 

the ultrasonic dispersion of carbon nanotubes, we observed the CNTs using TEM (figure 25). 

Several particles were found attached to the surface of MWNT. (Figure 25 a) Using the tools in 

TEM, we can calculate the lattice parameter of these two particles (figure 25b and 25c). The 

calculation results showed that the lattice parameter of particle 1 was 0.348nm which was similar 

to the inter-layer spacing of zigzag carbon nanotubes (0.341nm). And the lattice parameter of 

particle 2 was 0.384nm which was comparable with the publication date of copper (0.3615nm). 
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We can conclude that even before the electrodeposition process, some of the metal ions will form 

bonds with the pretreated carbon nanotubes or deposit onto the surface of carbon nanotubes in 

electrolyte. The defects formed during acid treatment will create some active sites for this 

automatic deposition.   

 

     

Figure 25. TEM images of carbon nanotube after ultrasonic dispersed in copper electrolyte 

Because of the addition of the electrolyte, the suspension of carbon nanotubes was unstable. As 

shown in figure 26, precipitation happened after 1 hour of the electrodeposition process. When 

the ion concentration of the electrolyte increased, a shorter stable time was observed. 

a 

b c 
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Figure 26. Precipitation of CNT in diluted copper electrolyte. (a) after sonication; (b) after 

1h and (c) after 2h 

4.4 Temperature effect on carbon nanotube dispersion 

In the electrolyte, particles randomly collide with each other at a rate determined by their 

Brownian motion. The rate of particle collision in a suspension is diffusion limited and is 

proportional to the suspension concentration and temperature. In order to study the effect of 

temperature, three temperature points were selected: 1) 63 Celsius, controlled using a hotplate; 2) 

40 Celsius, also hotplate controlled; and 3) 0 Celsius, controlled by a mixture of water and ice. 

10mg MWNTs (with OD 20~30nm) and 20ml of nitric acid were added into centrifuge tubes, 

and put into an ultrasonic bath for 1h. After the ultrasonic treatment, carbon nanotubes were 

separated from the acids using a centrifuge and rinsed 3~5 times using DI water. Carbon 

nanotubes were then dispersed into the diluted copper electrolyte using an ultrasonic bath under 

different temperatures. See figure 27. 
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Figure 27. Study the dispersion of carbon nanotubes under different temperature 

The temperature was controlled during sonication by adding ice into the bath or heating up the 

bath. Because of the low ion concentration, these suspensions can be stable for at least 1 hour.   

 

Figure 28. Dispersion of carbon nanotubes under different temperature 2 hours after 

ultrasonic bath  
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When the suspension was kept at zero degrees, no visible precipitation was observed 2 hours 

after the ultrasonic bath. When the temperature increased, nanotubes tended to aggregate. This 

was because that temperature provided the energy to enhance the Brownian motion of the carbon 

nanotube particles and overcome the repulsion between particles. 
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CHAPTER 5. MECHANICAL PROPERTY OF CARBON NANOTUBE / 

METAL COMPOSITES 
 

5.1 Electrochemical Co-deposition 

The pulsed electrodeposition technique (PED) is a versatile method for the preparation of 

nanocrystallized and nanostructured metals/alloys using pulsed current electrolysis. In the past 

three decades, PED has found much attention worldwide
101, 102

. Electroplating is an important 

technique for the production of micro-systems due to its advantages, such as high rate of 

deposition, high resolution, high shape fidelity, simple scalability and good compatibility with 

existing processes in microelectronics. This is a technique that allows the preparation of large 

bulk samples with high purity, low porosity
103

 and enhanced thermal stability. Furthermore, like 

other electrochemical procedures, the PED technique enables us to control the microstructure 

such as grain size, grain size distribution, and micro-stress and crystallite shape. The 

microstructure of the resultant materials determines the physical and chemical properties, e.g., 

hardness
104

, conductivity, or chemical stability
105

.  Also, atomic level co-deposition of CNTs and 

metal in the aqueous electrolyte can provide better interfacial bonding between the CNTs and the 

metal matrix. 

The parameters of PED are the pulse length (ton), the time between two pulses (toff), the peak 

height (Ipulse), and the average current density (Ia). 

𝐼𝑎 =
𝐼𝑝𝑢𝑙𝑠𝑒 𝑡𝑜𝑛𝑡𝑜𝑛 +𝑡𝑜𝑓𝑓                                  (14) 

The change of these parameters primarily modifies the cathodic over-potential, which influences 

the nucleation rate and activation energy of the nucleation. 
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In electrodeposition processes, the surface profile of a deposit will be rougher than the original 

surface profile of the cathode. Protrusions on a surface grow more rapidly than the surrounding 

surfaces because their current density is higher. During the nickel/copper and CNT co-deposition 

process, CNT became embedded in the substrate creating numerous protrusions which caused 

the surface roughness. During the electrodeposition process, the surface roughness could be 

amplified. When the thickness of the deposited layer increases, the surface becomes rougher. In 

electrodeposition, pulse current is one of the commonly used methods for the improvement of 

the surface finish of a deposit. 

In our project, pulse-reverse electrodeposition technique was used to produce Ni/CNTs and 

Cu/CNTs composites from electrolyte baths. The recipe for the nickel electrolyte bath and 

copper electrolyte bath are shown in Table 1 and Table 2 respectively. Purified single-walled, 

double-walled and multi-walled carbon nanotubes were obtained commercially from different 

sources. The diameters of carbon nanotubes varied from less than 1nm to up to 60nm, and the 

length of carbon nanotubes also varied from ~500nm to around 50μm. All carbon nanotubes 

were treated with nitric acid and then dispersed in DI water first; ultrasonic agitation is used to 

break up nanotube aggregates. Then the uniformly dispersed solutions were added into the 

electrolyte. The solution is stable for at least 1 hour without visible aggregation. 

Table1. Receipt of nickel electrolyte bath 

Nickel Sulfate Boric Acid Nickel Chloride SDS CNTs Saccharine 

315g/L 35g/L 25g/L 0.1g/L 30~150mg/L 0.1g/L 

   

Table2. Receipt of copper electrolyte bath 
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Copper Sulfate  Sulfuric Acid (98%) Hydrochloric acid CNTs 

150g/L 100ml/L 0.13ml/L 150mg/L 

  

The pulse-reverse plating was carried out using cathodic square wave pulses by reversing the 

current periodically (switched from cathodic to anodic polarization). The current density of 

electro-deposition was determined by evaluating the resistivity of the as-prepared nickel/carbon 

nanotubes composite samples. A high cathodic current density is responsible for low activation 

energy for nucleation, resulting in an increased formation of nuclei. High current density will 

also strongly decrease the ion concentration near the cathode and will not leave enough time for 

Ni
2+

 ions to migrate toward the electrode. As a result, higher current density led to poor quality 

of the produced composite samples. Figure 29 shows the relation between current density and 

resistivity of produced samples. Each point was the average value of 8~10 samples. We can see 

that when current density was increased, the resistivity of the as-prepared samples increased as 

well. During our study, we chose a current density of 10~20mA/cm
2
 for the electro-deposition of 

nickel/carbon nanotube composites. 
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Figure 29. Relation between current density and resistivity of produced Ni/CNT composites  

The frequency of pulse and pulse-reverse current was studied by adjusting the on, off and reverse 

time. The results were evaluated using resistivity and SEM observation. The current densities 

used here were 10mA/cm
2
 and 20mA/cm

2
. We need to balance the deposition efficiency and 

finishing quality. Table 3 shows the size of the substrate, electrolyte, electro-deposition setting, 

measured sheet resistance, samples thickness and calculation results of resistivity after sample 

size correction. By adjusting the forward and reverse current on time, we chose different 

forward/reverse current ratio. The ratios we used were 2:1, 4:1, 5:1, 8:1 and 10:1. Figure 30 

shows the surface morphology of samples under different current ratios. When there was no 

reverse current (figure 30a), the sample surface was rougher even though a relatively longer 

pulse was applied. The best surface finishing was found when the current ratio was 4:1 (figure 

30b) or 5:1(figure 30c). No obvious differences were observed between them. The surface 
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roughness was clearly observed when the current ratio was increased to 8:1 (figure 30d). Figure 

30e shows the surface of the prepared sample when current density was 20mA/cm
2
. The current 

ratio here was 5:1. A relatively rough surface was found. 

The sheet resistance was tested using a four point probe. And the thickness of the samples was 

measured using SEM observation. A correcting factor was applied according to the sample size. 

Table3. Study the effect of different forward and reverse current ratio 

Size Solution Setting 
Sheet 

resistivity(Ω) 
Thickness 

(µm) 
Resistivity after 

Correction(Ω·µm) 

10*20mm Nickel+SWNT 

Fwd Amp: 20mA 
Time: 60ms 

On Time: 40ms 

Off Time: 20ms 

0.0333 3.08 0.0851 

10*20mm Nickel+SWNT 

Fwd Amp: 20mA 
Time: 40ms 

Rev Amp: 20mA 

Time: 10ms 

0.0401 2.67 0.0889 

10*20mm Nickel+SWNT 

Fwd Amp: 20mA 

Time: 50ms 

Rev Amp: 20mA 

Time: 10ms 

0.0271 3.08 0.0693 

10*20mm Nickel+SWNT 

Fwd Amp: 20mA 
Time: 40ms 

Rev Amp: 10mA 

Time: 10ms 

0.0431 2.33 0.0834 

10*20mm Nickel+SWNT 

Fwd Amp: 40mA 

Time: 50ms 

Rev Amp: 20mA 

Time: 10ms 

0.0441 2.39 0.0875 
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Figure 30. SEM images of samples under different current ratio. a) no reverse current; b) 

1:4; c) 1:5, current density 10mA/cm
2
 ; d) 1:8 and e) 1:5, current density 20mA/cm

2
 

a 

b c 

e d 
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According to the above results, the best forward/reverse current ratio was 5:1 considering both 

the electro-chemical-deposition efficiency and the quality of the sample‘s finish. High current 

frequency assisted the electrophoretic deposition of charged carbon nanotubes in the electrolyte. 

So, in the following study regarding nickel/carbon nanotubes deposition, a forward time period 

of 5ms and a reverse time of 1ms were applied. Both the forward and reverse peak current 

density is about 10~15mA/cm
2
. 

The same investigation was performed on electro-deposition of copper/carbon nanotubes 

nanocomposites by Dr. Guangyu Chai. A similar conclusion was reached, that the optimized 

current ratio should be 5:1. Both the forward and reverse peak current density is around 

30mA/cm
2
 for copper.  

For comparison purposes, pure nickel and copper without CNT were also deposited under the 

same condition. 

In the solution phase, the nickel and copper was in the form of ions. Then, these metal ions 

started to nucleate on or around the nanotubes. The nanotubes fell down on the substrate through 

gravity and flows caused by the potential, and increased the local resistance which increased the 

current density in/around nanotubes, thereby promoting the deposition of nickel on the 

nanotubes. Figure 31 shows the SEM image of the as-deposited Ni/CNTs surfaces after an hour 

of electrodeposition. It is clear that the nanotubes co-deposited with the nickel. Most CNTs have 

one end embedded deeply in the nickel matrix. Some nanotubes not in the matrix have already 

been coated by nickel. We can clearly see the nucleation and growth of nickel on the surface of 

CNTs. It also seems that the CNTs tend to attach end to end through nucleation and growth of 

nickel. This phenomenon has also been verified by S. Arai, et al.,
51

 who found that, during 
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deposition, the nickel prefers to nucleate on the end of nanotubes or defects sites on the outer 

surface, where a low resistivity is expected and Ni (II) ions easily accept electrons.  

    

Figure 31. SEM image of the Ni/CNTs surfaces after electrodeposition for an hour. 

    

Figure 32. SEM image of the as-deposited pure nickel and composite 

Figure 32 shows the SEM image of the pure nickel and composite. The surface of the nickel is 

smooth and dense, while on the surface of the composite, dispersed bulges, which show the ends 

of nanotubes covered by nickel, can also be seen. 



54 

 

5.2 Test Sample Preparation 

In order to test the tensile strength of the composite, Dog-bone shape micro-samples were used. 

The samples were prepared using the standard LIGA process as shown in figure 33. Here we use 

SU8 (MicroChem inc.) to fabricate molds for the test sample. SU8 is a negative thick photoresist, 

good for fabricating fine and stable patterns because of its good physical and optical properties 

as well as its stability in most chemicals. After evaporating a thin layer of copper onto silicon 

wafer as a seed layer, SU8 molds were fabricated on the surface using surface micro-fabrication. 

The thickness of the SU8 molds are 50~100um. Then nickel/copper and carbon nanotubes were 

co-deposited into SU8 molds using a pulse-reverse electrodeposition technique in an electrolyte 

bath, following the process described in the above section.  After deposition, the SU8 molds 

were removed using SU8 remover. The samples were then released from the substrate and ready 

for testing. 

    

Figure 33. Schematic flows chat of LIGA process and the shape of the tensile test sample 

The microsamples used in the present study were 25~50 micrometers thick and 200, 400, 600 

micrometers wide in the gauge section. The length of the gauge (L) is 4mm. The sample 

thickness was determined by using scanning electron microscopy observations.  
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5.3 Micro Tensile Test of Composite Samples 

Uniaxial tensile tests were performed in a Tytron 250 Microforce Testing System (MTS, USA) 

at a force loading rate of 10 N/min. 

When testing, the specimen is held on the tester with gripers (figure 34), which are aligned using 

the alignment guider. An axial force is used to stretch the specimen which is controlled by 

software. The deformations and the axial forces are recorded automatically in a data file. 

         

Figure 34. Testing system 

Figure 35 shows the tensile stress-strain response of the as-deposited pure nickel and 

Nickel/CNTs composite samples which were deposited under the same conditions. Obviously, 

the composite exhibits significantly higher strengths than that of pure nickel. The 2% yield 

strength and ultimate strength of the as-deposited pure nickel were found to be 506MPa and 

625MPa respectively, which are comparable to the values that have been reported previously. 

The yield strength and ultimate strength of Ni/CNTs composites reaches as high as 1290MPa 
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and 1715MPa in Ni/MWNT, 1692MPa and 1997MPa in Ni/SWNT. These values were at least 

2.5 times larger than those of pure nickel. More interestingly, as shown in the figure, the 

Ni/MWNT composite has a larger elongation than that of pure nickel, while the Ni/SWNT has a 

smaller one. 

 

Figure 35. Tensile stress-strain response of the pure nickel and Nickel/CNTs composite 

samples 

As in the case of copper, the yield tensile strength reaches 422 MPa, and the ultimate tensile 

strength is as high as 714 MPa (Figure 36). These values are at least three times larger than those 

of the pure copper samples (75 MPa and 230 MPa respectively) prepared under the same 

condition. The CNT-Cu nanocomposite samples also show considerable tensile ductility, with an 

elongation-to-failure value up to 5%. 
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Figure 36. Tensile stress-strain curve of the CNT-Cu sample in comparison with that for a 

pure Cu sample  

Such remarkable strengthening by CNT reinforcement was due to the strong interface bonding 

between carbon nanotubes and the metal matrix.  

In addition, the metallic matrices are stiff enough to prevent an enlarging deformation from 

occurring when nanotubes are withdrawn, which can often be seen in the CNT/polymer 

composite. Consequently high load transfer efficiency can be obtained. This is further proved by 

the SEM characterization of the sample fracture after the tensile test. As for the CNT-Cu 

nanocomposite, after separation, the copper at the fracture is stretched and forms a ―horn‖ shape 

surrounding the CNTs (Figure 37). Yet the ―horn‖ structures are not observed from the pure 

copper tensile test samples. More interestingly, the maximum tensile strain obtained from the 

CNT-Cu nanocomposite is around 5%, which is close to the limitation of previous theoretical 

prediction and experimental results for the elongation of CNTs themselves. 
106 ,107

 It clearly 
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clarifies that the remarkable strengthening of the CNT-Cu nanocomposite is due to the 

reinforcement of the CNTs. 

 

Figure 37. SEM characterization of the tensile test fractures for the CNT-Cu nanocomposite 

and the pure Cu sample prepared under the same condition. 

In a CNT-reinforced material, interface behavior is expected to be significantly different from 

conventional carbon fibers because of the unique chemical bonding inherent in CNTs. 

Experiments have shown that high-quality, multiwall CNTs exhibit very easy interwall sliding, 

with inner graphitic walls able to be extracted from outer walls in a ‗sword and sheath‘ 

mechanism at low applied forces.
108

 Our experimental results also show that Ni/SWNT has much 

higher strength but slightly lower elongation, while the MWNT have a slightly lower strength 

but higher elongation. Molecular dynamics simulations have shown that the pull-out forces in 

MWNT are increased when the inner walls have a fractured end.
109

 The fractured end of the 

inner wall(s) would naturally deform outward but is constrained by the outer wall(s), generating 

high local stress (Fig. 38). 
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Figure 38. Forces in a double-walled nanotube during pull-out of the inner tube (red=high; 

blue=low). Forces are highly concentrated in the region where the inner, fractured nanotube 

interacts with the outer nanotube. 

Figure 39 is a TEM image of the fracture surface of Ni/CNT composite. At the fracture surface 

of the composites, fractured ends of nanotubes can be seen. From the element maps of carbon 

and nickel, we can see the carbon nanotube is covered by nickel. 

A high-resolution TEM image of a protrusion is shown infigure 39(B). About ten layers of 

graphene can clearly be seen in the lower portion of the protrusion. The upper portion of the 

covered crystal material is nickel. The carbon map indicated in figure 39(C) shows clearly that 

the carbon distribution coincided with the distribution of MWCNTs (figure 39(B)). Figure 39(D) 

is a nickel map, which indicates that nickel atoms are not present on the exposed MWCNTs 

portion (figure 39(B)). Therefore, an MWCNT was pulled out partially from the nickel matrix. 

However, figure 39(D) does show a gradually changed nickel distribution on a MWCNT, the 

‗sticky‘ nature of nickel bonded on CNTs. These are different from what was reported for 

polymer-based composites, as well as metallic composites fabricated with powder metallurgy 

sintering, where a clearly separated boundary between the CNTs and the matrix was identified. 

Since a MWCNT has multiple layers of graphene and the inter-layer bonding is weak (van der 

Waals force), it is possible that the exterior layer may separate from the inner layers if the 
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exterior layers bind well with the nickel matrix. However, this is not the case for Ni/SWCNT. As 

a result, Ni/MWCNT behaves with a relatively low strength compared to that of Ni/SWCNT but 

with greater strain at fracture, due to the inter-layer deformation-induced resilience. 

 

Figure 39. TEM images of the fracture surface of composite 

 

Carbon map Nickel mapCarbon map Nickel map
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5.3.1 Effect of Carbon Nanotube Concentration 

A series of experiments have been done by adjusting the concentration of multi-walled carbon 

nanotube in the bath. The influence of CNT addition to Ni/CNTs nanocomposites was examined 

and the results are plotted in figure 40.  

The concentration of nanotubes in the electrolyte bath is 30, 90, 150mg/L respectively. When the 

amount of carbon nanotubes is increased, the tensile stress of the composite increased at the 

same time. As the addition of CNTs in electrolyte increases, the resultant tensile strength is 

increased in a polynomial pattern. On the other hand, fracture strain versus CNT addition in the 

electrolyte behaves differently (Fig.40 B). This indicates that, for small CNT addition in 

electrolyte, the fracture strain decreases in comparison to that of pure nickel. When CNT 

addition is larger than 90mg/L, the fracture strain is similar or slightly greater than that of pure 

nickel. The average tensile stress is about 1,374 MPa when 150mg/L of nanotubes were added. 
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Figure 40. Experimental data of (A) tensile stress and (B) Fracture strain of composite vs. 

CNT addition 

Various amounts of MWCNTs were also added into copper matrix using electro-chemical 

deposition and micro-tensile tests were conducted to determine the concentration influence on 

the copper/CNT nano-composites. The testing results were plotted in figure 41. It shows that as 
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the addition of the MWCNT in the electrolyte increases, the resultant tensile strength is increased 

in a polynomial pattern. This is due to the fact that more MWCNT added to the electrolyte would 

result in more trapped MWCNT in the deposited nano-composite. The more CNTs in the copper 

matrix, the greater the load bearing ability is. 

 

Figure 41. Tensile strength of the Cu/CNT nanocomposite versus CNT additions in a Cu 

electrolyte (mg/L) 

 

5.3.2 Effect of Carbon Nanotube Dimension 

According to Equation 13 derived in chapter 3, the dimension of nanotube is one of the main 

factors in determining the resultant mechanical strength of the nano-composites. Therefore, it is 

important to understand this issue. In this project, CNTs with different diameters were added into 

copper matrix to form CNT/Cu nanocomposites by electrochemical co-deposition.  

Purified multi-walled carbon nanotubes were obtained commercially and CNTs with different 

diameters are shown as in Table 4. Figure 42 shows TEM images of MWCNTs that verify the 
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diameter range and the length. The surface morphology of these nanotubes shows some damages 

on the outmost layer but there are no obvious differences among them.   

Table4. Different CNTs used in the experiments 

 Outer Diameter Length Source 

DWNT 1.5~3.0nm          ~2 µm Carbon Nanotechnologies Inc. 

MWNT <8nm         10~30 µm Cheap Tubes Inc. 

MWNT 8~15nm         10~50 µm Cheap Tubes Inc. 

MWNT 20~30nm         10~30 µm Cheap Tubes Inc. 

MWNT 30~50nm         10~20 µm Cheap Tubes Inc. 

 

The received Carbon nanotubes were treated with nitric acid first and then rinsed 3~5 times 

using de-ionized water. After this, carbon nanotubes will be dispersed in de-ionized water. 

Ultrasonic agitation (one hour) was used to break up potential nanotube aggregates. The 

dispersed CNT solutions were added into copper electrolyte (same electrolyte as shown in Table 

2) and continue ultrasonic dispersion was applied again for one hour. During the ultrasonic bath, 

a great amount of heat will be produced which will increase the temperature of electrolyte. 

Higher temperature will aggravate the aggregation of carbon nanotubes. Ice will be put into the 

ultrasonic bath to cool down the electrolyte. Same amount (150mg/L) of different CNTs was 

added to the copper electrolyte for comparison purpose. 
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Figure 42. TEM results of MWNTs (a) CNT <8 nm, (b) CNT 8~15 nm, (c) CNT 20~30 nm 

and (d) CNT 30~50 nm 

Pulse-reverse electrochemical deposition was carried out by using square pulse waveforms. A 

forward (deposition) time period of 5ms and a pulse of 1ms were used first, and then a reverse 

time of 1ms was applied for trimming purpose. A peak current density of 20mA/cm
2
 was chosen 

for both forward and reverse waveform. For comparison purposes, both pure copper and 

CNT/Cu composite were deposited under the same condition. 

a b 

c d 
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Tensile test samples were prepared following the same procedure as described in previous 

section (4.2).  

The thickness of the samples used in the present study was about 40 micrometers. The sample‘s 

actual thickness was determined by using scanning electron microscopy (SEM). Uniaxial tensile 

tests were performed on a MTS Tytron 250 Microforce Testing System and a force loading rate 

of 50mN/sec was used during the test. At least five samples of each group (pure Cu and Cu/CNT 

composites with different diameters) were tested. After test, both SEM (JOEL 6400F) and TEM 

were used to study the as deposited and the fractured surface morphology as well as texture of 

samples. 

Figure 43 shows SEM images of surface morphologies of the as-deposited pure copper (Fig 43a) 

and Cu/CNTs composites (Fig 43b~Fig 43f). The surface morphology of the pure copper is 

smoother than that of the Cu/CNT composites fabricated with different diameters. For Cu/CNT 

composites, dispersed bulges can be seen on surfaces. It indicates that the addition of CNTs into 

copper introduces additional nucleation sites that cause the rougher surfaces. It shows also that 

when the outer diameter (OD) of carbon nanotubes increases the resultant surface roughness of 

Cu/CNT composites increases too.  
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Figure 43. SEM images of the deposited pure copper (a) and Cu/CNT composite samples 

(after using alcohol to reveal grain boundaries) with different CNT diameters: (b) CNT 1.5~3 

nm, (c)CNT  <8 nm, (d)CNT 8~15 nm, (e) CNT 20~30 nm and (f) CNT 30~50 nm 

Figure 44a shows typical results of tensile stress-strain responses of the fabricated pure Cu and 

Cu/CNT composites with different CNT diameters.  

a  Pure copper 

c  Cu/CNT (<8nm) 

b  Cu/CNT (1.5~3nm) 

d  Cu/CNT (8~15nm) 

f  Cu/CNT (30~50nm) e  Cu/CNT (20~30nm) 
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Figure 44. Tensile stress-strain curve of pure Cu and Cu/CNT composites with different 

diameters (a) and averaged tensile strengths versus CNT diameters of Cu/CNT composites (b) 

The ultimate strength of pure copper is about 230MPa, which is the similar as published data
110

. 

When CNTs with diameter of 30nm-50nm was added to form Cu/CNT composite, the resultant 

tensile strength is increased to about 350MPa, or about 52% greater than that of pure copper in 

tensile strength. Under the same condition, if the same CNTs smaller diameters (20nm~30nm) 
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were used, the resultant tensile strength is increased to  about 400MPa, or about 74% greater 

than that of pure copper.  When CNT diameter of <8nm was used the resultant tensile strength is 

increased to about 500MPa, or about 117% higher than that of pure copper. Similarly, if Cu/CNT 

nanocomposites were fabricated with diameter of 1.5nm~3nm the resultant tensile strength is 

increased to about 670MPa (Cu/DWNT, Figure 44a). This value is about 191% greater than that 

of pure copper, or almost about three times of that of the pure copper fabricated under the same 

condition. These data show that the smaller the CNT diameters the greater tensile strength will 

be resulted (thicker line, Figure 44b). However, Cu/CNT composites with larger CNT diameters 

produce greater ductility than that of CNTs with smaller diameter (Figure 44). 

In order to understand if other effects such as grain size and density are issues to the resultant 

strength, during this study following characterizations were made. First, alcohol was used as 

etchant to reveal grain boundaries on the composites‘ surfaces (Fig. 43). SEM results show that 

the grain size of all composites are similar, in a range of 2~5 microns. This makes sense since 

copper‘s grain size is dependent on the deposition condition including the electrolyte 

composition, the deposition temperature and the current density used for deposition. Since these 

conditions were all kept the same during the deposition of composites, the resultant grain size 

should be similar. For example, the grain size and of smallest CNT (1.5nm~3nm, Fig. 43b) used 

and the largest CNT (Fig. 43f) used are similar but the resultant strengths are about 2 times 

different. Therefore, effects of grain size on the resultant strength among all composites tested 

are considered negligible. As for the density effects, since a deliberated purse-reverse deposition 

waveform was developed to trim the front surface that as Figure 43 shows that the as deposited 

composites are dense. Therefore, no dependence of resultant strength on density can be 

identified.     
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SEM images of fractured morphologies are shown in Figure 34.  

 

Figure 45.  SEM images of fractured morphologies of pure copper (a) and Cu/CNT (20-

30nm) composite (b). A TEM image of the fractured Cu/CNT (c) shows trapped CNTs in Cu 

matrix. 

The image indicates that for pure copper (Fig. 45a), the fractured surface is relatively flat. 

However, the fractured surface of Cu/CNT composite (Fig. 45b) shows textured feature. A TEM 

image is shown in Fig. 45c that individual CNTs are clearly seen trapped in the copper matrix.  

Fig. 45c shows that CNTs are well dispersed and are still trapped in the Cu matrix after the 
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fracture test. No CNTs are pulled out from the Cu. Therefore, good interfacial bonding between 

CNTs and copper is formed.   

CNTd

A
2  here A is a constant.                                (15) 

Experimental results of tensile strength versus CNT diameters (thicker line, Fig. 44b) show a 

parabolic relationship. If we assume this parabolic relationship as denoted in eq.15, where  is 

the tensile strength, dCNT stands for CNT's diameter, and A is a constant that needs to be 

determined.  If tensile strength data of Cu/CNT with diameter of 1.5nm~3nm is used in eq.15, 

the analytical results tensile strength of Cu/CNT composites versus CNT diameters as denoted in 

eq.15 can be plotted (thinner line, Fig. 44b). Fig. 44b indicates that the experimental results agree 

well (<5%) with the predications made by eq.15. The parabolic relationship between the 

resultant strength and CNT diameters can be attributed to the interfaces between CNT and the 

matrix. Smaller CNTs result in large total interfacial bonding areas if CNTs are well dispersed in 

the matrix. Analytical results have shown that the resultant tensile strength of CNT reinforced 

nano-composite has a parabolic relationship with the CNT diameter
111

 that is similar as shown in 

the Fig. 44b.       

5.4 Summary and Conclusions 

Carbon nanotubes have been considered as ideal fillers to develop advanced nanocomposites 

with enhanced material properties resemble to that of CNTs. In our study, CNT was incorporated 

into metal (copper and nickel) matrix in order to get improvement on mechanical properties of 

resulting nanocomposites. An innovative electrochemical co-deposition method has been 

developed for fabricating uniform and dense CNT/metal nanocomposites. A test method that 
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combines a micro-fabrication process and a micro-force test frame has been developed for 

characterizing the mechanical strength of CNT/metal nanocomposites. Our promising results 

showed that in both copper and nickel matrix, the addition of a small amount of CNT (single 

walled or multi walled) can increase the ultimate tensile stress up to three times compared with 

that of pure metals. The good reinforcement of CNTs in metal matrices is attributed to the good 

interfacial bonding as well as to the stiffer nature of the matrices.  

A theoretic equation had been derived to investigate several main parameters in determining the 

strength of carbon nanotube reinforced nanocomposites. According to the equation, the effect of 

nanotube concentration and dimension was investigated in detail using experimental results. 

The strength of CNT/Cu and CNT/Ni nanocomposites are proportional to the CNT addition. 

When the addition of CNTs in electrolyte increases, the resultant tensile strength is increased as 

well.  

Various CNTs have been tried so far. Experimental results of CNT/Cu and CNT Ni composites 

have both shown that the resultant tensile strength of nanocomposites is CNT diameter 

dependent. The smaller the CNT diameters the greater the resultant strengths of Cu/CNT 

composites will result. A parabolic relationship between CNT diameters and the resultant tensile 

strength has been established which has been verified by the experimental results. The largely 

increased strength is attributed to the good CNT dispersion in the electrolyte and the good CNT 

dispersion in Cu after deposition as well as to the good interfacial bonding formed by the 

electrochemical deposition process.   
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CHAPTER 6. STUDY THE BONDING BETWEEN CARBON NANOTUBES 

AND COPPER MATRIX USING ELECTRICAL PROPERTY 
 

6.1 Introduction 

Besides the amazing mechanical property of carbon nanotubes we discussed in the previous 

chapters, carbon nanotubes (CNTs) are excellent multifunctional materials in terms of electrical 

and thermal conductivity. Due to the perfect atomic arrangement and strong sp
2-

 bonding 

between the carbon atoms, CNTs have also demonstrated amazing thermal properties. The 

thermal conductivity (K) of a SWCNT at room temperature is predicted to be about 6,600 W/m-

K
112

 to 11,000 W/m-K
113

. The measured thermal conductivity at room temperature is about 

7,000 W/m-K
114

 for a SWCNT and about 3000 W/m-k for a MWCNT
115

. These thermal 

conductivity values are essentially higher than that of diamond, largely due to the large mean 

free path which is about 140 nm for SWCNT. Therefore, these remarkable thermal properties of 

carbon nanotubes make them excellent candidates for developing advanced materials for heat 

dissipation applications in high dense thermal generation devices. 

Copper has received broad attention as an electrode material due to its high (second only to 

silver) electric conductivity at room temperature and abundant nature. Recently, the 

interconnecting material in integrated circuits (ICs) has shifted from aluminum to copper mainly 

due to its lower electric resistivity. However, the continuous down scaling of CMOS devices puts 

key challenges on interconnecting and packing materials. For example, the down scaling of 

supply voltage requires an accelerated shrink of the gate length in order to keep up with the 

demands for drive currents and speeds. The scaling of the gate length in turn results in an 

increase of the gate resistance thus novel low resistive metal gates is needed. Another result of 
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down scaling is the thickness reduction of the source/drain region that results in high series 

resistance. Since interconnects have replaced transistors as the dominant determiner of chip 

performance in last decade and the total interconnect length with active wiring excluding globe 

levels amounts up to more than 10,000m/cm
2
 of an advanced chip, the continuous down scaling 

of CMOS (complementary metal-oxide semiconductor) device produces key challenges on 

interconnects and copper maybe no longer acceptable for future giga-scale interconnects. For 

example, for a 35 nm device, the RC (resistor-capacitor) response time of a 1 mm benchmark 

length of copper interconnect is about 100 times greater than that of the MOSFET‘s (metal–

oxide–semiconductor field-effect transistor) switching delay time; and this difference will 

exceed 1,000 times greater for a 10 nm device. On the other hand, copper‘s resistance is enlarged 

when the dimension shrinks to less than the free electron‘s mean free path (about 40 nm at room 

temperature), due to the effects of surface scattering as well as grain boundary scattering. For 

example, the resistivity of copper‘s bulk material is about 1.7x10-6
 ohm-cm at room temperature. 

However, the resistivity will be increased to between 2x10
-6

 ohm-cm to 3x10
-6

 ohm-cm for a 

film thickness of less than 45 nm. The enlarged resistivity and the longer response time as well 

as the increased density of the MOSFET on the chip will inevitably cause large energy 

consumption and heat dissipation will be a severe problem. Therefore, the International 

Technology Roadmap for Semiconductors (ITRS) has pointed out that, on the longer term, the 

key challenge for interconnects will be the limited conductivity of the present conductor 

material, copper. Unfortunately, there is no better material available (silver is the only other 

material with marginally better electric conductivity).   

The resistance of metallic materials can be expressed as R = Rl + Ri, in which Rl stands for the 

lattice resistance and Ri is for the impurity induced resistance. Lattice resistance (Rl) depends 
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mainly on temperature and inter-atomic bonding.  It will become zero when the temperature 

reaches absolute zero. On the other hand, the impurity induced resistance (Ri) is caused by 

impurity atom inclusions or defects formed within the crystal lattice. Since copper is one of the 

best electric conductive metals, it is not possible to achieve largely improved electric 

conductivity by alloying copper with other elements. For example, CuMo has a resistivity of 

2.16x10
-6

 ohm-cm, which is larger than copper‘s (1.72x10-6
 ohm-cm at room temperature) since 

the addition of Mo atoms into copper behaves as inclusions and thus increases Ri.  

The focus of increasing copper‘s conductivity is now shifted to how to reduce the resistivity 

from lattice scattering, or how to reduce phonon (lattice)-electron scattering under an electrical 

potential. Reducing the working temperature is not practical and is not applicable for room 

temperature applications. The question arises that if less scattered conduction tunnels can be 

established within the copper matrix, can electrons bypass through them thus undergoing less 

electron-lattice scattering?  

Carbon nanotubes (CNTs), including single walled carbon nanotubes (SWCNTs) and multi-

walled carbon nanotubes (MWCNTs), are tiny single atomic layered cylinders with diameters as 

small as 0.4nm to tens of nanometers. SWCNTs have proven either metallic or semiconductor 

(with small energy gap) type based on the charity. Armchair (n, n) nanotubes are metallic since 

they have a zero energy gap in axial directions. Those zigzag nanotubes (n, m) with n-m a 

multiple of 3 are tiny-gap semiconductors. Other SWCNTs are belonged to semiconductor type 

with an energy gap predicted to be Eg=0.9eV/d, where d is the diameter of the nanotube in 

nanometers
116

. The Fermi velocity of metallic carbon nanotube is about 8x10
5
m/s; this is 

comparable to copper‘s Fermi velocity (15.7x10
5
m/s). The electrical conductance of SWCNT 
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has been proven a ballistic nature with a multiple of e
2
/h, or G=Ne

2
/h, where e is the electron 

charge and h is the Plank‘s constant and N is the number of conductional channel. It has 

demonstrated that N=4 has been found for short tubes
86, 117, 118, 119

. The resultant resistivity of 

carbon nanotube is in an order of 10
-4

 to 10
-6

 ohm-cm at room temperature, which is close to 

copper‘s resistivity (1.7x10-6
ohm-cm at room temperature). The mean free path of carbon 

nanotubes at room temperature is about 1µm to 30µm
120-121, which is much larger than copper‘s 

(about 40 nm at room temperature
122

). The large mean free path of carbon nanotube is attributed 

to its 1D character and phonon electron scattering is very small at room temperature, since the 

acoustic phonons have much less momentum than electrons at the Fermi energy. However, in a 

metal such as copper, electrons with large momentum is allowed to travel in 3D. Even though the 

phonon-electron scattering is small, the series small angled scattering eventually reverse the 

motion direction. That is the main reason of reducing the mean free path of copper at room 

temperature. This is not the case in carbon nanotubes, since only forward and backward motion 

is allowed in the axial direction. However, much large mean free path of carbon nanotube does 

not turn into greater electrical conductivity (worse than copper‘s).  

From free electron gas theory, the electrical conductivity of metals is described as
123

:  

 

where n is the electron density of state, τ is the mean free path related traveling time, m is the 

electron‘s mass.                                        

From this equation it is clear that both large effective electron density and large mean free path 

are necessary to achieve high electrical conductivity. For metals such as copper have much 

  

2
ne

m

  (16) 



77 

 

higher effective density of stats than that of carbon nanotubes. In order to increase carbon 

nanotube‘s density of states, efforts have been made on doping SWCNT. It has been proven that 

doping SWCNT can increase its electrical conductivity, since electron-donor reagents (K, Rb) 

transfer electrons to intinerant electron π* states in the SWCNTs124, 125
. However, the doped 

CNT‘s electrical conductivity is still not as good as copper‘s.  

6.2 Object and Experimental Detail 

Our object is to develop a novel approach that combines copper‘s high density of states together 

with carbon nanotubes‘ large mean free path nature to achieve electrical conductivity better than 

both carbon nanotube and copper at room temperature. Electrochemical deposition has been 

utilized to build connections between carbon nanotube and copper. In our study, different carbon 

nanotubes will be used similar as describe in our previous study. 

Carbon nanotube was first purified with acid, and then rinsed and well dispersed with DI water. 

After that, the carbon nanotube solution will be mixed with copper electrolyte. The 

electrochemical deposition was carried out at room temperature. The advantages of 

electrochemical deposition of Cu/CNT, in comparing to other fabrication methods of metallic 

composite including power metallurgy are: 1) the deposition is at room temperature that there 

will be no diffusion between Cu and CNT. The diffusion occurred at elevated temperature 

(powder metallurgy, e.g.) may introduce additional phonon electron scattering that will increase 

the resistance of Ri. 2) There is no alloying reaction occurred between CNT and copper, thus the 

nature of copper and CNT is conserved; 3) Good electron transfer between copper and CNT is 

achieved, since the electrochemical deposition is a redox in which electrons transfer to copper 

ions through CNT (copper deposits on CNT surface).   
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The same copper electrolyte will be used here as described before (table 2, chapter 4). Carbon 

nanotubes were dispersed in the copper electrolyte. Ultrasonic stirring was employed to break up 

nanotubes aggregates. Uniform dispersed solutions were obtained after 2 hours of enforced 

dispersion. The solutions can keep for several hours without visible aggregation.   

The electrochemical co-deposited Cu/SWCNT nanocomposites were characterized with SEM, 

TEM and Raman scattering spectra.  

SEM results show that attention need to be paid to ensure the distribution and concentration of 

SWCNT buried within the copper matrix. Long SWCNTs are easily aggregated and thus form 

clusters.  

       

Figure 46. SEM picture of Cu/SWCNT where long SWCNT appears aggregated and form 

clusters. (b) shorter SWCNT forms uniform distribution within the  copper matrix 

The fabricated composite with long SWCNTs does not have the desired uniformity (Figure 46a). 

Uniform distribution of SWCNTs can be achieved if shorter SWCNT is used (Figure 46b). 

Therefore, the length of SWCNT is important in achieving the uniformity of the Cu/SWCNT 

composite. 



79 

 

6.3 Electrical Property Test and Discuss 

Electrical resistivity was measured with Magnetron four points probe. Both electrochemical 

deposited pure copper and SWCNT/Cu composite were characterized under same conditions. 

Test results shown that the pure copper‘s electrical conductivity measured was 1.7x10-6
ohm-cm, 

which is similar to the published data. However, the measured electrical resistivity on 

Cu/SWCNT was 1.0~1.2 x10
-6

ohm-cm, which is about 40% less than pure copper. The 

Cu/SWCNT nanocomposites will have great potential for future interconnects and packaging due 

to its lower electrical resistivity.    

The reason of such better electrical conductivity of Cu/SWCNT can be analyzed in the 

following. First, there is not much to do with the copper matrix, since pure copper fabricated 

under the same condition has similar electrical resistivity as bulk copper. On the other hand, 

copper does not alloy with carbon during the fabrication process and there is no diffusion of 

carbon atoms into copper matrix either since the fabrication was accomplished at room 

temperature. As the result, the influence on copper matrix from impurities during fabrication is 

negligible. Second, the Cu/SWCNT has the similar electron density as pure copper since the 

volume fraction of SWCNT is very small. From quantum mechanics point of view, the electron 

conductivity is proportional to the electron density and the mean free path. Based on electrical 

conductivity value, the equivalent mean free path is about 66nm, which is larger than pure 

copper‘s (about 40nm at room temperature). The enlarged mean free path implies that less lattice 

electron scattering existed in this material. Therefore, there should be some easy passes formed 

for electron transportation under electrical potential during resistivity measurement. There are 

two possible electrons easy passes: 1) along SWCNT sheet and 2) the interface between copper 
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and SWCNT. Since SWCNT has large mean free path (up to 30 um, comparing to copper‘s 

40nm), electrons will experience less scattering along the carbon atomic sheet.  

In order to identify if SWCNT sheet is important for the electric conductivity, a series research 

have been conducted on Cu/MWCNT fabricated with the similar fabrication condition to that of 

Cu/SWCNT.  

6.3.1 Effect of Carbon Nanotube Dimension 

Different type of carbon nanotube was used in our study to investigate the electron transportation 

in this nano-composite.  

Carbon nanotube used here is similar as we used in previous study. (Shown in table 4) 

Table5. Nanotube used to investigate the dimension effect 

 Outer Diameter Length Source 

SWNT ~1nm 500nm Carbon Nanotechnologies Inc. 

DWNT 1.5~3.0nm          ~2 µm Carbon Nanotechnologies Inc. 

MWNT <8nm         10~30 µm Cheap Tubes Inc. 

MWNT 8~15nm         10~50 µm Cheap Tubes Inc. 

MWNT 20~30nm         10~30 µm Cheap Tubes Inc. 

MWNT 30~50nm         10~20 µm Cheap Tubes Inc. 

 

For each type of carbon nanotubes, 150mg nanotube was purified, rinsed and then dispersed in 

1000ml copper electrolyte. Electro-deposition process was carried under the same condition. In 

order to get smooth surface finishing, we use pulse-reverse current and the waveform setup was 
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same as in our previous study (chapter 4). The surface morphology and thickness of the samples 

were observed using SEM.  

Figure 47 show the surface and thickness of DWCNT/Cu composite. Using the SEM picture, the 

thickness of the samples can be precisely measured. 

   

Figure 47. Surface and thickness of DWCNT/Cu composite 

 Electrical resistivity of the samples was tested using 4-point probe. For each type of carbon 

nanotubes, at least 5 samples are tested and the results are shown in table 6 and figure 48. 

From the data in table 6, we can see that the data are very stable. Plotting these data into figure 

48 and we can see the trend much more clearly. Under the same deposition condition, when the 

dimension of the carbon nanotube increased, the corresponding resistivity of composite increased 

too. For single-walled carbon nanotube with a diameter less than 1nm, the resistivity of the 

composite can be as low as less than 1×10
-8

 Ω-m. But by using the largest multi-walled carbon 

nanotube (OD=30~50nm), the resulting resistivity is around 1.7×10
-8

 Ω-m, which is similar to 

that of pure copper. 

Table6. Testing results of CNT/Cu composite using 4-point probe 
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Figure 48. Electrical resistivity of CNT/Cu composite versus the dimension of CNT 

Compare to MWCNT/Cu composites, the resistivity of Cu/SWCNT/Cu is much lower (1.0-

1.2x10
-6

ohm-cm). If all the carbon nanotube used were short and with opened end, electroplated 

copper would contact each layer of MWCNT. Therefore, electrons from copper would be able to 
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pass through each layer of grapheme sheet in MWCNT and the electrical resistivity of 

Cu/MWCNT should be at least similar to that of Cu/SWCNT.  

In this case, there are three possible reasons. First, the multi-walled carbon nanotubes are much 

longer than single-walled carbon nanotubes. They will tangle together easily and consequently 

reduce the free pass of CNT. Second, the end caps of carbon nanotubes always exist. Third, it is 

the interface that owns copper‘s large electron density and SWCNT‘s large mean free path that 

causes the lower resistivity of the Cu/SWCNT. The interface is conductive since the 

electrochemical deposition of copper on SWCNT is a redox during which electron exchange is 

realized between SWCNT and copper deposited.  

 

Figure 49. Effect of annealing process to composite‘s resistivity 

Low temperature annealing process can help increase the interfacial bonding between carbon 

nanotube and copper matrix. Also annealing is a profitable process to release the residual stress 

created during electro-chemical co-deposition. The samples here are annealed at 600F under the 
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protection of hydrogen flow. Tube furnace was used. All samples showed a slightly decrease on 

their electrical resistivity. The result was shown in figure 49. 

6.3.2 Effect of Carbon Nanotube Concentration 

Besides dimension, the effect of carbon nanotubes‘ concentration was also been studied. 

MWCNT only was used in this study. The MWCNT used here has 5-10 layers of grapheme 

sheet. The measured electrical resistivity using the same four point probe is shown in Figure 41. 

When the 5 mg of MWCNT was added into 150 ml electrolyte, the resulted resistivity is 

decreased by a very small extent. When the addition of MWCNT was increased to 10 mg, the 

resistivity is reduced to 1.58x10
-6

 ohm-cm. As the addition of MWCNT increased to 20 mg, the 

electrical resistivity is reduced further to 1.4x10
-6

 ohm-cm. This is the similar amount that CNT 

was used in previous study (150mg/L). According to the above discussion, the more MWCNT 

added, the large portion of Cu and graphene interface formed, and the lower resistivity resulted 

(Figure 50). 

 

Figure 50. Resistivity versus carbon nanotube concentration 
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6.4 Theoretical analysis 

Carbon nanotubes‘ multifunctional properties make it promising candidates as reinforcements to 

develop robust multifunctional nanocomposites. However, although extensive efforts have been 

made, especially on developing polymer matrices composites, the scientific community has still 

been suffered with reinforcement efficiency problems. The main reason has been attributed to the 

poor interfacial bonding between CNT and polymer matrix materials, in addition to other factors 

associated with polymer based matrices, such as the soft nature. On the other hand, metals are 

naturally more robust and multifunctional than polymer matrices, in terms of mechanical 

strength, electric and thermal conductivities, etc. In other word, metallic matrices may match 

better with CNT in forming CNT reinforced composites.  

More important, although three electrons of a carbon atom in CNTs form three strong inplane sp
2 

bonds, the fourth electron in the Pz orbit forms a weaker  bond (Fig. 51), which is responsible 

for the electrical conductivity of CNT as well as other graphene material such as graphite.  

 

Figure 51. Sketch of bond in graphene and a conceptual sketch of bonding formed between CNT 

and a metal matrix 
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These electrons receive less restriction and it is possible for electrons to be redistributed. The 

interaction of electrons in  bond of CNT and metallic sea in metals may form an ad hoc metallic 

bonding between CNT and metal matrix via electron redistribution (Fig. 51). This theory agreed 

with the increase of electrical conductivity in carbon nanotube/copper composites as we got from 

previous electrical resistivity tests. In other words, CNT reinforced metal matrix composites can 

achieve better interfacial bonding between carbon nanotubes and matrix compared with polymer 

nanocomposites which was promising to form robust and multifunctional composites. 

Raman scattering has proven to be an efficient method in characterizing carbon nanotubes
126-127

 

as well as CNT/polymer composites.  The Raman scattering technique was used to characterize 

the Cu/SWCNT nanocomposites.  Also, pure SWCNTs were prepared on a copper seed layer and 

underwent a Raman scattering analysis as well. Ethanol dispersed SWCNTs were dispensed on a 

copper-seed/silicon wafer and dried. The Raman scattering for both samples was done with 

LabRam made by Jobin Yuon. The laser excitation wave length used was 532 nm. Raman 

scattering spectra showed that a clear radial breathing mode (RBM) resonance peak existed at 

wave numbers between 150 to 212 cm
-1

 on the pure SWCNT wafer (Figure 52a). Contrastingly, 

the Raman spectra on the Cu/SWCNT‘s did not have a visible RBM peak (Fig. 53a) in the 

frequency tested. This is not the same results found in the SWCNT/polymer composite where a 

visible RBM peak had been identified at the similar frequency of pure SWCNT. It has been 

proven that a RBM peak happens in SWCNTs but not in MWCNTs. The reason for this is that 

the radial vibration is confined by adjacent carbon layers in MWCNT where the inter layer gap is 

only 0.34nm. The RBM peak did appear in the SWCNT/polymer composite since there is no 

such tight confinement on vibration in the radial direction due to the poor interfacial bonding and 

the soft nature of the matrix
128-129

.  
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Figure 52. Raman scattering spectra of pure SWCNT coated on copper seed layer 
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Figure 53. Raman scattering spectra of Cu/SWCNT nanocomposites. Disappeared RBM and 

shifted and widened G-band is clearly visible 

Therefore, the disappearance of the RBM peak in the Cu/SWCNT nano-composite indicates that 

a strong interfacial bonding must have occurred, providing a tight confinement on vibration in 

the radial directions. 

Fig. 53a 

Fig. 53b 

Fig. 53c 
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The tangential mode or G-band of the pure SWCNT spectra is clear and peaked at a wave 

number of 1578 cm
-1

 (Figure 52c). The G-band also appeared on the spectra from the 

Cu/SWCNT nanocomposites (Figure 53c). However, the peak of the G-band was shifted to 1684 

cm
-1

 from 1578 cm
-1

 seen in the pure SWCNT spectra. Moreover, the G-band from the 

Cu/SWCNT nanocomposites was also widened (Fig. 53c).  

It has been pointed out that doping SWCNTs increases their conductivity thus creating a more 

metallic nature characterized by the Raman spectra G-band peak being shifted and overall 

widening of the G-band
130

. The shifted and widened G-band on Cu/SWCNT spectra implies that 

the electrochemical co-deposited Cu/SWCNT nanocomposites should have enhanced energy 

transport properties, better than other composites made with CNTs. Raman spectra tested in the 

frequencies between the RBM and the G-band, on both pure SWCNTs (Fig. 52b) and 

Cu/SWCNTs (Fig. 53b), were similar.        

6.5 Summary 

Carbon nanotubes are excellent multifunctional materials in terms of mechanical, thermal and 

electrical conduction. These multifunctional properties plus the tiny size nature make CNTs ideal 

building block as reinforcement element in developing nanocomposites. Metallic materials such 

as copper are good matrix material in developing multifunctional composites since these 

materials have higher intrinsic conductivities.  

Electrochemical co-deposition Cu/CNT composites has been proven in our study a better 

approach to achieve good interfacial bonding between SWCNT and copper matrix, thus lower 

resistivity has been achieved. The good interfacial bonding is realized by the electrochemical 
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deposition - a redox process in which electron exchange occurs between graphene and copper 

ions.  

The good interfacial bonding has been proven by changed Raman scattering spectra in which 

RBM is disappeared and the G-band is shifted and widened. The increased electric conductivity 

is attributed to the facts that interface between Cu and graphene possesses copper‘s high electron 

density and SWCNT‘s large mean free path.  
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CHAPTER 7. CONCLUSION AND FUTURE WORK 

7.1 Summary and Conclusions 

Carbon nanotubes (CNTs), including single walled CNT (SWCNT) and multi-walled CNT 

(MWCNT), are fibers with diameters ranging from 1 nm to about 100 nm and a large aspect ratio 

(>1,000). CNTs have been regarded as the stiffest and strongest material ever developed, mainly 

owing to their perfect atomic arrangement and intrinsic strong in-plane sp
2—sp

2
 covalent bonds 

between carbon atoms. For example, the Young‘s modulus is about 1.0~1.8Tpa and the ultimate 

tensile strength is about 30 to 200 GPa, together with an elongation at break of about 10-30%. In 

addition, CNTs are chemically stable and have remarkable properties in electrical and thermal 

conduction. All these attributes make CNTs ideal candidates as reinforcement fillers in the 

development of advanced nanocomposites. So far various efforts have been made to develop 

nanotube/nanofiber reinforced composites with different matrices.  

In our study, carbon nanotubes (both SWNTs and MWNTs) are added into copper and nickel 

matrices using pulse-reverse electro-chemical co-deposition method. Because of the ―atomic 

level‖ mixing in the electrolyte, relatively uniform composites have been achieved. Uniaxial 

tensile test results showed that the ultimate tensile strength of Ni/CNTs composites reach as high 

as 1997 MPa in Ni/SWNT. This value is 3 times larger than that of pure nickel. Similar results 

were obtained from Ni/MWNT and copper/CNT composites. 

In order to better understand this improvement of mechanical strength in carbon nanotube 

composite, a theoretical equation was developed to describe the relationship between the 

mechanical properties of the composites and several parameters.   
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The dimension of carbon nanotubes is a very important parameter in determining the resultant 

strength of composites. Therefore, it is important to understand issues regarding the effect of 

CNT diameter on the resultant strength of composites. CNTs with different diameters were 

added into a copper matrix to form CNT/Cu nanocomposites using an electrochemical co-

deposition method. Resultant tensile strength was measured which shows a good relationship 

between CNT diameter and the resultant strength.  

Besides the amazing mechanical properties, carbon nanotubes are excellent multifunctional 

materials in terms of electrical and thermal conductivity. The electrical resistivity of carbon 

nanotube/copper composites were also studied in this project. Both electrochemically deposited 

pure copper and SWCNT/Cu composite were characterized under the same conditions. Test 

results show that the electrical conductivity of pure copper was measured at 1.7x10
-6

ohm-cm, 

which is similar to the published data. However, the measured electrical resistivity on 

Cu/SWCNT was 1.0~1.2 x10
-6

ohm-cm, which is about 40% less than pure copper. This 

improvement showed that the good interfacial bonding provided a better electron transportation 

pass. Raman scattering spectra also indicates that a strong interfacial bond must have occurred in 

the Cu/SWCNT nano-composite.  

Particle size is a very important parameter in determining the properties of metals and 

composites, especially mechanical properties. In our project, nano-crystallized copper was 

produced using electro-chemical co-deposition. Samples showed increased tensile strength 

according to the decrease of particle size. When the particle size of copper samples was reduced 

to about 100 nm, their tensile strength increased to ~500MPa. This value is more than two times 

larger than that of coarse grain pure copper samples (~230MPa). 
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7.2 Future Work 

Recent studies have already shown that nanocrystalline copper possesses better mechanical 

properties than ordinary coarse grain copper. In order to further improve the mechanical 

properties of this material, we are trying to reduce the particle size of the copper sample and add 

carbon nanotubes (both single-walled and multi-walled) into the copper matrix. From our 

preliminary results, the crystal size has been reduced to around 100 nm and the tensile strength 

of pure copper had been increased to near 500 MPa.  

 

Figure 54. Tensile strength of nanocrystalline copper with grain size less than 100nm. As 

comparison, strength of normal coarse grain pure copper was also drawn 

So far, carbon nanotube behavior in this new electroplating system has not been clearly 

investigated. The presence of complex former complicated the status of carbon nanotubes. 

Further investigations are necessary.  
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Twin boundary is a special kind of micro-structure which can block the motion of dislocation, 

and in the mean time, minimize the scattering of conducting electrons. This characteristic can 

benefit both mechanical and electrical properties of pure copper. Our studies also show that the 

addition of carbon nanotubes in copper metal could increase the mechanical strength, and in the 

mean time, decrease the electrical resistivity of copper. Combining these two options is the goal 

of our future research. 
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