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Abstract 

   Since the beginning of the 21st-century, conductive polymer composites (CPCs) 

have been found a wide range of applications in electronic engineering fields and/or in 

automobile and aeronautical industries. To promote the rapid development of CPCs, it 

requires CPCs to have high conductive properties and good mechanical properties. The 

prospect of advanced CPCs with multifunctional features has attracted more attentions 

in both academia and industry. To attain excellent electrical and mechanical properties, 

the homogeneous dispersion of conductive filler in a polymer matrix and the strong 

interfacial interaction between the filler and the polymer are two major challenges in the 

preparation of CPC. In the present study, the different CPCs were produced by through 

extrusion molding and injection molding in industrial-scale, and achieved high electrical 

conductivity, as well as good mechanical properties. Moreover, to expand the 

application range of CPCs, the second stage processing (e.g., plastic processing) was 

performed by proposed approaches. 

   In Chapter 1, the research backgrounds, research significance, and the construction 

of this thesis were described.  

   In Chapter 2, the properties of experimental materials were presented. The 

experimental methods and characteristics were also presented in this chapter. 

   In Chapter 3, multi-walled carbon nanotube/polycarbonate (MWCNT/PC) 

composites with different MWCNT content (0ï10 wt.%) were prepared by a two-step 

dispersion strategy (the twin-screw extrusion followed by injection molding process). 

As a result, the MWCNT/PC composites specimens with well-dispersed MWCNTs 

were successfully obtained. The effects of the MWCNT content and injection conditions 

on thermal, mechanical, and dynamic mechanical properties of the prepared composites 

were investigated and compared. Thermogravimetric analysis showed that a small 

MWCNT content (i.e., 1 wt.%) was more propitious for improving thermal stability of 
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the composites. Analysis of the mechanical properties demonstrated that the tensile 

properties of the composites with low MWCNT content could be comparable to that of 

PC. The tensile strength of the composites with 2.5 wt.% raw MWCNTs exhibited an 

increase of ~5 MPa (~8.6%) at a particular injection condition. However, as the 

MWCNT content increased to 10 wt.%, the tensile strength and bending strength 

decreased by 35% and 47%, respectively, from the values of PC. The impact strength 

and microhardness were improved with the increase in MWCNT content. Results of 

dynamic mechanical analysis showed that the storage modulus of PC was increased 

after the incorporation of MWCNTs, particularly at high temperature. The results also 

indicated that, MWCNT content, injection temperature and injection speed were all 

major factors that influence the properties of the prepared composites, in which the 

MWCNT content presented most efforts.  

   In Chapter 4, the effects of the MWCNT content and injection conditions on the 

MWCNTs dispersion and the electrical resistivity of the prepared MWCNT/PC 

composites (in chapter 3) were investigated. The optical micrograph showed that the 

MWCNTs were homogeneously dispersed in the PC matrix with minor agglomeration, 

confirming that the two-step dispersion method was effective for improving the 

dispersibility of the MWCNTs in the host polymer. Moreover, the electrical resistivity 

of the 5 wt.% raw MWCNTs composites was considerably decreased to 10
2
 ɋ/sq, a 

value approximately 15 orders of magnitude lower than that of PC. Furthermore, the 

effects of injection conditions on composite electrical properties were emphatically 

discussed. It was found that the electrical resistivity was sensitive to injection 

temperature and injection speed. Low electrical resistivity was achieved at high 

injection temperature and low injection speed. As well, the mold temperature and the 

surface roughness would affect the electrical resistivity. More importantly, since the 

formation mechanism of the internal microstructures of the prepared composites during 

injection molding, the distributions of the electrical resistivity had three stages of a 

rising distribution, a declining distribution and a constant distribution. 
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   In Chapter 5, to expand the applications of composites, the second stage processing 

was performed to prepare a new-style CPC. The work demonstrated how rolling 

conditions during the rolling process as an industrially relevant plastic processing 

technique affected the microstructures, mechanical and electrical properties of PLA 

composites. Five different MWCNT/PLA composites were produced with variation of 

MWCNT contents. The crystal morphology, crystallinity, molecular orientation, 

mechanical properties and electrical properties of the rolled composites were 

investigated. The distribution and dispersion of MWCNTs in the PLA were observed by 

optical microscope. It was found that the size of MWCNT agglomeration was increased 

by the increase of MWCNT content. Besides, a proper incorporation of MWCNTs was a 

favorable method for maintaining good thermal properties of the PLA. The crystallinity 

of pure PLA was dropped as the rolling ratio increased, and whereas the crystallinity 

was greatly increased by the incorporation of MWCNTs. MWCNT played a role as a 

nucleating agent in PLA. Irrespective of the MWCNT content, the orientation was 

raised by the increase of rolling ratio, raised by approximately 1.5%ï1.9%. When the 

rolling ratio reached 60%, the tensile strength and fracture strain in the rolling direction 

increased from 51.1 MPa to 86.0 MPa and from 5.3% to 103.1%, respectively. The 

incorporation of MWCNT was conducive to improving the electrical conductivity of 

PLA. When the carbon content was 5 wt.%, the surface resistivity was dropped to 10
1
 

ɋ/sq. Moreover, the effect of rolling ratio on the electrical resistivity was not 

outstanding. Namely, the rolling process did almost not affect the improvement of the 

composite conductivity. 

   In chapter 6, general conclusions of the study were made. 
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Chapter 1 Introduction 

1.1 Background 

   The polymers become indispensable in modern society and their applications are 

more and more widespread due to their lightweight, outstanding mechanical properties, 

excellent chemical resistance and good forming property [1]. The growth in their use 

has continued in the last few decades or more, despite the effects of several recessions 

in industrial activity (Fig. 1-1). In the same period the demand for traditional materials 

like metals, ceramics and glasses has remained static or even fallen. Since 21st-century, 

the growth in use of polymers is forecast to continue into the next millennium, with 

consumption approaching 4 million tonnes in the UK. In one of the most active areas, 

that of thermoplastic polymers, consumption is divided into packaging, building, and a 

wide range of other applications [2].  

 

 

Fig. 1-1 The growth in demand for polymers in the UK (1980ï2000) [2]. 

 

Especially, in recent years, the plastic products have been used in many fields. Fig. 

1-2 shows the statistical report of plastic products from Japanese industry ministry in 

2011 [3]. In 2011, the output of plastic products is approximately 5.68 million tonnes. 
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Therein, the plastic film and plastic sheets are approximately 42.2%, the plastic 

containers are approximately 15.2%, and the plastic products for machine tools and 

parts are approximately 10.7%. Besides, the statistical report indicates that the 

applications of plastic products are multifarious. In fact, due to their lightweight, cost 

reduction and environment friendly, the polymer materials used to be instead of metal 

materials has become the main development trend in 21st-century. For example, for 

automotive components, if the plastic products replace the metal products, the weight of 

automotive can be reduced by approximately 8%, the volume can be decreased by 

approximately 27% [4-10]. Therefore, in the future, the demand for plastic products is 

becoming higher and higher in industrial applications. 
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Fig. 1-2 The statistical report of plastic products in 2011 [3]. 

 

However, poor conductive properties of polymers have limited their applications. 

Therefore, conductive polymer composites (CPCs) have been developed rapidly. The 

CPCs have found a wide range of applications in electronic engineering fields and/or in 

automobile and aeronautical industries. Examples of such applications include 

dust-proof antistatic materials, electrostatic recording paper, over-current and 

over-temperature protection devices, electrostatic painting, electromagnetic shielding 

and electronic components [11, 12] (as shown in Table 1-1 and Fig. 1-3), whereas there 

Unit: % 
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are still some problems to need solving in process and applications. The most prominent 

is the improvement of the dispersibility and compatibility of conductive filler, as well as 

the enhancement of the interfacial interaction between the polymer and filler [13-17]. 

Consequently, the type of polymers, the type and amount of conductive fillers, and 

processing methods are very important factors for CPCs. 

 

Table 1-1 The applications of conductive polymer composites 

 

 

Fig. 1-3 The applications of conductive polymer composites in industry [18]. 
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1.2 Polymers 

Polymers are materials composed of long molecular chains that are well-accepted 

for a wide variety of applications. Traditionally, two main types of synthetic polymer, 

i.e., plastics and rubbers, have been produced in industry. The distinction is that plastics 

are, by and large, rigid materials at service temperatures while rubbers are flexible, low 

modulus materials which exhibit long-range elasticity [19]. Plastics are further 

subdivided into thermosets and thermoplastics. Due to the property of repeatable 

processing, the applications of thermoplastics are more widespread. Moreover, all of 

them, irrespective of their properties, can be reinforced by a very wide range of fillers to 

produce composites. The commonly used thermoplastic will be introduced as follows, 

i.e., PC and PLA, which are chosen as the matrix materials in our study. 

1.2.1 Introduction  of polycarbonate 

Polycarbonate (PC) is a kind of engineering plastics, and is widely used in industry. 

It is a kind of non-crystalline thermoplastic polymer with excellent comprehensive 

properties, which has excellent electrical insulation, extension, size stability and 

chemical corrosion resistance, high strength, heat resistance, cold resistance and so on. 

The heat resistance temperature is from ï100 °C  to 135
 
°C . Besides, PC is a quite strong 

plastic, and is used to make many different products. It is so hard to break that it is 

frequently used to produce bulletproof windows. In addition to being strong, it is also 

very lightweight. It weighs less than both acrylic and glass.  

The most famous products of PC are CD and DVD. Another popular use for 

polycarbonate is making of eyeglass lenses. PC is showing up more often in the making 

of electronics. This material is a natural fit for mobile phone and computer shells, as it 

makes the products lighter, while at the same time providing stellar protection against 

damage. The original iMac case is just one example of this material being put to use in 

the computer world [20]. Though some toxic chemicals are used in the production of PC, 
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it is indeed recyclable. This fact makes this material preferable to polyvinyl chloride 

(PVC). It is not considered to be a completely ñgreenò product, it does have at least 

some practical applications in the world of green solutions.  

   Furthermore, as a matrix, PC has been attached more and more attention. Pötschke 

et al. [21] prepared two PC composites with 2 and 5 wt.% multi-walled carbon nanotube 

(MWCNT) content, and proved that both composites variations in electrical resistivity 

of the injection-molded plates were up to 6 orders of magnitude. Besides, they found 

that a network-like structure occurred in the skin area at low injection velocity and high 

melt temperature. Moreover, Grady et al. [22] successfully prepared the MWCNT/PC 

composites, and evaluated the electrical, mechanical, and thermal properties of the 

composites. 

1.2.2 Introduction  of polylactic acid 

In recent years, many biologically degradable polymers, e.g., polylactic acid (PLA), 

polybutylene succinate (PBS) and polycaprolactone (PCL), have been developed. Out 

of these polymers, PLA is considered as one of the most promising biodegradable, 

compostable, thermoplastic, and crystalline polymers. Additionally, PLA is a sustainable 

alternative to petrochemical-derived products and can be derived from renewable 

resources [23], such as corn starch (in the United States and Canada), tapioca roots, 

chips or starch (mostly in Asia), or sugarcane (in the rest of the world) [24]. In 2010, 

PLA had the second highest consumption volume of any bioplastic of the world [25]. As 

of June 2010, Nature Works was the primary producer of PLA (bioplastic) in the United 

States. Moreover, Galactic and Total Petrochemicals operate a joint venture, Futerro, 

which exclusively develops a second generation PLA product. This project includes the 

building of a PLA pilot plant in Belgium capable of producing 1500 tonnes/year [24]. 

PLA has a glass transition temperature of 60ï65 °C, a melting temperature of 

173ï178 °C and a tensile modulus of 2.7ï16 GPa [26, 27]. Heat-resistant PLA can 

withstand temperatures of 110 °C [28]. Because PLA has many advantages, PLA can be 

https://en.wikipedia.org/wiki/NatureWorks_LLC
https://en.wikipedia.org/wiki/Bioplastic
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processed by extrusion, injection molding, film and sheet casting, 3D printing and 

spinning, providing access to a wide range of materials. 

The applications of PLA are very wide in our daily life. PLA is used as medical 

implants in the form of anchors, screws, plates, pins, rods, and as a mesh. Besides, PLA 

can also be used as a decomposable packaging material, either cast, injection-molded, or 

spun [29], and used as a feedstock material in 3D printers [30, 31]. More importantly, 

PLA can be also filled with electrical conductive fillers to prepare new-style conductive 

polymer composites for solving environment friendly problem and replacing traditional 

polymers in potential industrial applications. 

Many researchers are committed to produce conductive PLA-based composites. 

Chow et al. [32] reported that the polylactic acid/organo-montmorillonite (PLA/OMMT) 

nanocomposites toughened with maleated styrene-ethylene/butylene-styrene (SEBS-g- 

MAH) were prepared by melt-compounding using co-rotating twin-screw extruder 

followed by injection molding. They found that impact strength and elongation at break 

of the PLA nanocomposites was enhanced significantly by the addition of 

SEBS-g-MAH, and thermal stability of the PLA/OMMT nanocomposites was improved 

in the presence of SEBS-g-MAH. Subsequently, they successfully prepared the 

polylactic acid/halloysite nanotubes (PLA/HNTs) nanocomposites using melt 

compounding followed by compression molding [33]. 

1.3 Electrical conductive filler 

   Electrical conductive fillers are multifarious, including metal materials and carbon 

materials, such as stainless-steel fibers [34, 35], metallic nanowires [36], carbon 

nanotubes (CNTs) [37-39], carbon black (CB) [40, 41], carbon fibers (CF) [42, 43], 

graphite [44, 45] and so on. Carbon materials have been attached more and more 

interests in recent years, due to their many advantages.  

   Since fullerenes have been discovered by Kroto in 1985 [46] and carbon nanotubes 

have been discovered by Iijima in 1991 [47], the carbon allotrope scope has been 
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enlarged, and the studies of carbon materials have been more and more profound 

understanding. The discovery of the two kinds of carbon nano-materials has led 

contribution on human in the field of science and technology. Moreover, Novoselov 

successfully prepared another allotrope of carbon-graphene in 2004 [48], it has an ideal 

two-dimensional structure and peculiar electronic properties, because of this, the studies 

of carbon materials entered a new round of high tide [49]. Especially, the study of 

carbon nanotubes has been opened a prelude. 

 

 

Fig. 1-4 Carbon nanotubes found by Iijima in 1991 [47]. 

 

1.3.1 Structure of carbon nanotube 

Carbon nanotubes exist as a macro-molecule of carbon, analogous to a sheet of 

graphite rolled into a cylinder. Carbon nanotubes are built from sp
2
 carbon units, with 

each atom joined to three neighbours as in graphite [50]. They are consist of honeycomb 

lattices and are a seamless structure. Carbon nanotubes divided into: multi-walled CNTs 

(MWCNTs) and single-walled CNTs (SWCNTs). This classification depends on the 

number of graphite walls: SWCNT is only one wall and MWCNT is several walls (as 

shown in Fig. 1-5) [51]. SWCNT is made of a single seamlessly rolled graphite sheet 

with a typical diameter of approximately 1.4 nm, and a length of 0.2ï5 ɛm [52, 53]. 

MWCNT is closed graphite tubules rolled like a graphite sheet. Usually, its diameters is 
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in the range of 2ï25 nm, and the distance between walls is approximately 0.34ï0.35 nm 

(as shown in Fig. 1-6) [53, 54]. Whether SWCNTs or MWCNTs, they both have a high 

aspect ratio, generally it is 100ï1000, even 1000ï10000. Thus carbon nanotube is 

considered as a new type of one-dimensional nano-material.  

However, due to large specific surface area, higher surface activation energy [55], 

and intrinsic Van der Waals attraction between CNTs, the CNTs agglomerate easily and 

the interfacial interaction between CNTs and polymers is weak, which hinder an 

efficient load transfer from the CNTs to the polymer matrix. Accordingly, a uniform 

dispersion of CNTs in a polymer matrix and a strong interfacial interaction [56, 57] 

between CNTs and polymers are necessary conditions to maximize the advantages of 

CNTs as effective reinforcing filler in polymer composites. 

 

 

 

Fig. 1-5 Graphene and carbon nanotubes as (A) single-walled carbon nanotube 

(SWCNT) structure and (B) multi-walled carbon nanotube (MWCNT) structure [51]. 
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Fig. 1-6 The sizes of (A) SWCNT and (B) MWCNT [53]. 

 

1.3.2 Properties of carbon nanotube 

Carbon nanotubes have generally been regarded as electrical conductive fillers with 

high potential to improve the polymers properties, owing to not only their unique 

nanostructure, but also excellent electrical, mechanical, thermal properties and so on 

[58-62].  

(a) Electrical properties  

   There has been considerable practical interest in the conductivity of CNTs. CNTs 

with particular combinations of N and M, the structural parameters indicating how 

much the nanotube is twisted, can be highly conducting, and hence can be said to be 

metallic [63]. Their conductive property has been shown to be a function of their 

chirality, the helicity of the arrangement of graphitic rings in their walls, the degree of 

twist as well as their diameter [64, 65]. CNTs can be either semi-conducting or metallic 

in their electrical behaviors. Besides, the electrical properties of carbon nanotubes 

depend on how the hexagons are orientated along the axis of the tube [66]. The 

following figure shows the three orientations that are possible: armchair, zigzag, and 

chiral (shown in Fig. 1-7). 
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   Researchers have developed the methods to explore and exploit the electrical 

properties of both SWCNTs and MWCNTs in many fields. Electrical properties of 

SWCNTs have been studied in a number of theoretical works [67, 68]. The 

intramolecular junctions of SWCNTs can be formed by interposing one or more 5ï7 

pairs in-between two nanotube sections with different (n, m) indices. Theoretical models 

have predicted that metal-semiconductor (M-S), metal-metal (M-M), or 

semi-conductor-semiconductor (S-S) junctions are possible in SWCNTs [69]. Fischer et 

al. found that the SWCNTs have outstanding electrical conductivity, and the electrical 

resistivity can be as low as 0.06 ɋĿcm [67]. MWCNTs are composed of coaxial 

nanotube cylinders, of different helicities. These adjacent layers are generally 

non-commensurate (different chiralities) with a negligible inter-layer electronic 

coupling and could alternate randomly between semi-conducting and metallic varieties 

[70]. Moreover, MWCNTs display characteristics ranging from localization to metallic 

behavior at low temperature resulting in either a small or large phase coherence length. 

The electrical resistivity of MWCNTs is approximately 0.08 ɋĿcm at room temperature 

[71]. The non-local interactions manifest in a disordered sample can cause difficulties in 

the interpretation of even four-terminal measurements [72]. 

 

 

Fig. 1-7 Electrical properties depend on the orientation of the hexagons [66]. 
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(b) Mechanical properties 

Carbon nanotubes are composed of the C-C covalent bonds along the axial direction, 

so it has extremely high strength and huge toughness [73, 74]. Carbon nanotube is one 

of the strongest materials in nature. Carbon nanotubes (CNTs) are basically long hollow 

cylinders of graphite sheets. Although a graphite sheet has a 2D symmetry, carbon 

nanotubes by geometry have different properties in axial and radial directions. It has 

been shown that CNTs are very strong in the axial direction. According to the study of 

the mechanical properties of CNTs, it is found that young's modulus of carbon 

nanotubes is 200ï950 GPa [75, 76], even 1ï5 TPa [77], which is higher than the 

average carbon fiber by 1 order of magnitude, as similar as the young's modulus of 

diamond, and is one of the most hard materials currently. Moreover, the tensile 

strength of CNTs can be up to 11ï150 GPa [75-77] (shown in Table 1-2). Carbon 

nanotubes demonstrate a high stiǟness to an axial load or a bending of small amplitude, 

which translates to the record-high eǣcient linear-elastic modulus [78]. Furthermore, 

the bending strength has been reported approximately 14.2 GPa, and the strain energy 

can reach 100 Kev, which is approximately two times than the micron whisker [77]. 

 

Table 1-2 Mechanical properties of carbon nanotubes [75] 

 

http://en.wikipedia.org/wiki/Carbon_nanotube
http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/Tensile_strength
http://en.wikipedia.org/wiki/Tensile_strength
http://en.wikipedia.org/wiki/Tensile_strength
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   For SWCNTs, youngôs module has been estimated in a range of 0.32ï1.47 TPa and 

strengths between 10 GPa and 52 GPa with a toughness of ~770 J/g by Yu et al. [79]. 

Moreover, for MWCNTs, the youngôs modulus is dependent upon the degree of order 

within the tube walls, and proved that the youngôs modulus is decreased as the increase 

of disorder [80]. Besides, Pan et al. have directly measured the youngôs modulus and 

tensile strength of MWCNTs by pulling very long (Ḑ2 mm) aligned nanotube ropes 

with a specially designed stress-strain puller. The average youngôs modulus and tensile 

strength obtained were 0.45Ñ0.23 TPa and 1.72Ñ0.64 GPa, respectively [81]. 

(c) Thermal properties 

Carbon nanotubes have a great aspect ratio, so a large amount of heat is transmitted 

along their length direction, and the rate of thermal energy transfer in one-dimensional 

direction can reach 10000 m/s [82]. The specific heat of individual nanotubes should be 

similar to that of 2D graphene at high temperatures, with the effects of phonon 

quantization becoming apparent at lower temperatures for SWCNTs of small diameter 

(less than 2 nm) [54]. The thermal conductivity, along with the specific heat, provides a 

sensitive tool for probing the interesting low-energy phonon structure of nanotubes, and 

also has the potential for practical applications that exploit the high thermal 

conductivity of these nanostructures [83]. Since the thermal conductivity along the tube 

axis is at least 2 orders of magnitude larger than that normal to the tube axis, the 

magnitude and temperature dependence of the thermal conductivity of a SWCNT 

bundle or an isolated MWCNT should be close to those of their constituent tubes, 

though some inter-tube thermal conduction could occur. The thermal conductivity of 

ómatô samples, however, is expected to be dominated by inter-tube thermal conduction 

processes [84]. 

(d) Others 

Carbon nanotubes have good nonlinear optical properties. Its three order nonlinear 

coefficient is 10
-7
ï10

-10 
esu. Besides, carbon nanotubes have a very good optical 

limiting property, and have gradually become a focus of the research of optical limiting 
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materials [85-88]. Moreover, because carbon nanotubes have a very high aspect ratio, it 

is required that the electric field applied on the carbon nanotube field is much lower 

than that of any conventional field emission material, when the same field current is 

generated [89, 90]. In 1997, Dillion found that the hydrogen storage capacity of 

SWCNTs was 5% at 0 °C . Besides, because of the hollow structure of CNTs and the 

large layer spacing (0.34 nm), how can have a more excellent hydrogen storage 

properties, has become a focus of scientists [80, 91]. 

1.3.3 Carbon nanotubesô application  

   As the carbon nanotubes have excellent mechanical, electrical, thermal and other 

properties, so it has caused a worldwide attention. Professor Zettl of the California 

University made a very interesting analogy: If the application of fullerene can be written 

a page paper, the application of carbon nanotubes will be a book.  

(a) Carbon nanotube reinforced composites 

The most important application of carbon nanotubes based on their mechanical and 

electrical properties will be as reinforcements in composites. A major problem is in 

ensuring a strong interfacial interaction between nanotubes and the polymer matrix and 

attaining an efficient load transfer between the nanotubes and the polymer, during 

loading. Moreover, CNTs have large specific surface area, higher surface activation 

energy [55], and intrinsic Van der Waals attraction between CNTs, they agglomerate 

easily, and the interfacial interaction between CNTs and polymers is weak, preventing 

an efficient load transfer from the CNTs to the matrix. Accordingly, a uniform 

dispersion of CNTs in a polymer matrix and a strong interfacial interaction [56, 57] 

between CNTs and polymers are necessary conditions to maximize the advantages of 

CNTs as effective reinforcing filler in polymer composites. Nanotube reinforcements 

will increase the toughness of the composites by absorbing energy during their highly 

flexible elastic behavior. This will be especially important for nanotube-based ceramic 

matrix composites [92]. Use of the non-linear optical and optical limiting properties of 
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nanotubes has been reported for designing nanotube-polymer systems for optical 

applications, including photo-voltaic applications [93].  

Moreover, since their high aspect ratio, only small amount of CNTs can introduce 

good level of conductivity in the composites. In the case of SWCNTs, the properties, 

especially the electrical properties, are highly related to the structure of the CNTs. The 

electron transport property of the MWCNTs is more complicated than SWCNTs. The 

network formation process in conductive polymer composites is very complicated. An 

ideal percolated network can be described by the percolation theory. However, actually, 

the conductivity of most conductive polymer composites is controlled by the tunnelling 

resistance, which can vary across many orders of magnitudes. This is defined as a 

continuum percolation network [94]. Carbon nanotube reinforced composites have been 

popular materials in the electric and electronic industries for a wide range of potential 

applications, such as nano-electronic devices, electrostatic recording paper, 

electromagnetic shielding, electromechanical actuators, electrochemical capacitors, 

nanowires, and superconductors [95-99].  

(b) Synthesizing new materials 

Due to its capillary properties, carbon nanotube was used to make certain elements 

integrate into the carbon nanotubes and prepare one-dimensional quantum wire with 

special properties (e.g., magnetic and superconducting properties). Besides, carbon 

nanotubes can be used as reaction media to transform into new-style one-dimensional 

nano-materials under certain conditions [100].  

(c) Hydrogen storage 

The area of hydrogen storage in carbon nanotubes remains active and controversial. 

Extraordinarily high and reversible hydrogen adsorption in SWCNTs-containing 

materials has been reported and has attracted considerable interest in both academia and 

industry [101, 102]. An even higher hydrogen uptake, up to 14ï20 wt.%, at 20ï400 °C  

under ambient pressure was reported [103] in alkali-metal intercalated carbon nanotubes. 

An electrochemical absorption and desorption of hydrogen experiment performed on 
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SWCNTs-containing materials reported a capacity of 110 mAh/g at low discharge 

currents [104]. 

(d) Others 

Field emission characteristics of carbon nanotubes have been intensively studied 

using various methods [105]. The use of CNTs in cold cathode devices allows for [72] (i) 

instantaneous turn-on; (ii) high power; (iii) low control voltage operation, along with 

long life-times and miniaturization. 

Besides, the small size and high sensitivity of carbon nanotubes makes them 

excellent sensors for biological and chemical systems. The ýrst nanotube sensing 

experiment was performed by Kong et al. in Hongjie Daiôs Stanford laboratory [106]. 

1.4 Conductive polymer composites 

In recent years, conductive polymer composites (CPCs) are widely used in the 

electric, electronic, automobile and aeronautical industries because they meet 

requirements for miniaturized and light-weight industrial products. For the CPCs with 

high electrical conductivity, the main purpose of employing conductive polymer 

composites, however, is for their ability to prevent static electricity and heat generation, 

and they are extensively used for electronic functional components, such as sensors, 

capacitors and so on [107-110]. Ritchie et al. [107] presented the design principles 

which are currently employed to access polyoxometalate (POM)/conductive polymer 

(CP) composites; the applications of POM/CP composites in technologically relevant 

areas such as electrochemical and photoelectrochemical energy storage, sensors with 

ppb-sensitivity and electrochemical catalysis have been described. Besides, Acznikῂs 

group [109] reported that the composite materials made of electrically conductive 

polymerïpolypyrrole (PPy) and carbon materials have been prepared by oxidative 

chemical polymerization. Capacitance of the materials varied in the range of 90ï135 F/g 

and has been retained during 5000 cycles of galvanostatic charging/ discharging, 

working in the acidic medium (i.e., 1 mol/L H2SO4 aqueous solutions). Moreover, the 
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measurements confirmed a very high electrochemical stability of polypyrrole supported 

by carbon materials with a current load of up to 50 A/g.  

   On the other hand, for the CPCs with low conductivity (e.g., the surface resistivity 

of 10
0
ï10

9
 ɋ/sq, shown in Table 1-1), the applications are more extensive in the 

industry, such as electromagnetic shielding agent, charge roll, electrostatic recording 

paper, computer shell, automobile components, etc. For these actual applications, the 

CPCs are needed to not only have a certain electrical conductivity, but also have a 

certain strength and toughness. In other words, it is necessary to prepare the CPCs as 

structural materials.  

   Most polymers have electrical conductivity values as low as 10
-7
ï10

-14 
S/cm

 
[111]. 

Therefore, CPCs have not been yet very successful in large scale actual applications, 

which is attributable to the high conductive filler loading to achieve a sufficient level of 

conductivity. Besides, CNTs have some disadvantages that they are easily agglomerated 

and their dispersion is difficult to control, so several groups prepared the CPCs by 

chemical modifications and functionalize CNTs, not only to improve the solubility and 

dispersibility of CNTs, but also to enhance the interfacial interaction [112-118]. 

However, the main drawbacks of this method are time consuming and environmentally 

unfriendly. Another group is to prepare CPCs by different molding processes, such as 

melt mixing, extrusion molding, and injection molding. Many studies reported that the 

melt processing conditions must be optimized to achieve homogeneous MWCNT 

dispersion in the composites [32, 119-123]. For example, Villmow et al. [123] indicated 

that the extrusion conditions influenced the dispersion of MWCNTs in polylactic acid 

(PLA) matrix while using twin-screw extrusion whereas MWCNTs were added together 

with the polymer when using an extruder. Besides, they also prepared 

MWCNT/polycarbonate (MWCNT/PC) composites by injection molding, found that the 

resistivity of injection-molded MWCNT/PC composites can be influenced by selective 

variation of injection molding parameters at a fixed MWCNT content [21]. Moreover, 

Potschke et al. [122] stated that the feeding conditions of two different grades of 
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commercial MWCNTs influenced the dispersion of MWCNTs in polypropylene (PP), 

and they found that the individual optimization of the melt-mixing method is crucial to 

achieving uniform dispersion of MWCNTs to attain higher mechanical properties and 

lower electrical resistivity of PP-based composites.  

   Although varied methods are available to impart electrical conductivity to polymers, 

the simplest and easiest way is to directly incorporate conductive fillers into the 

polymer matrices by industrialized production methods such as extrusion molding 

process and injection molding process. Overall, in the present stage, the research on the 

production of the CPCs in industrial-scale is scarce. 

1.5 Purpose of this research 

   As discussed above, currently, conductive polymer composites are mainly prepared 

in laboratory-scale. On the contrary, the industrialization of the production is very 

scarce. The overall aim of this thesis work is to produce conductive polymer composites 

in industrial-scale, through extrusion molding and injection molding, achieving high 

electrical conductivity, as well as good mechanical properties. On the other hand, since 

some properties have not achieved expected results, the application of the prepared 

CPCs has been limited. Thus, the second stage processing (e.g., plastic processing) was 

performed by proposed approaches to expand application range. Different matrix and 

different molding methods were chosen in this thesis work due to the following reasons: 

(1) As a commonly used engineering material, PC has high strength and good 

toughness. To expand its application and make it have electrical property, the most easy 

and economical method is to add electrical fillers (i.e., MWCNTs) directly into PC 

through the molding process. However, MWCNT agglomerates easily and the 

interfacial interaction between PC and MWCNT is weak, preventing an efficient load 

transfer from the MWCNT to the PC. Accordingly, to prepare a new composite with 

excellent electrical properties and good mechanical properties, a uniform dispersion of 

MWCNTs and a strong interfacial interaction between MWCNTs and PC become the 
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major problems, which we have to solve firstly. 

(2) Molding processing method is also a focus of our consideration. To realize the 

industrialized production of CPCs, the injection molding is preferred to prepare the 

MWCNT/PC composites. The dispersion and distribution of MWCNTs were controlled 

by through changing the injection conditions, resulting in controlling the electrical and 

mechanical properties. Finally, the preparation of the MWCNT/PC composites with 

excellent electrical conductivity and good mechanical property were achieved in 

industry-scale.  

(3) The MWCNT/PC composites prepared by injection molding had good electrical 

and mechanical properties. To further expand the application of CPCs, we attempt to 

carry out the second stage processing (i.e., rolling process) to prepare a new-style 

composite with outstanding mechanical property (especially the ductility). However, 

our previous studies indicated that the MWCNT/PC composites were not suitable for 

rolling processing, due to the strong hygroscopicity of the PC. Therefore, the PLA was 

selected as the matrix polymer exemplarily for the next study. PLA was considered as 

an environmentally friendly polymer and be replaced traditional polymers in potential 

industrial applications. Besides, PLA was a crystalline thermoplastic polymer, we can 

attempt to change the microstructures (including crystalline structure, molecular 

orientation and crystallinity) to improve the mechanical properties through the rolling 

process. 

The overall structure of the present study is presented in Fig. 1-8. 
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Fig. 1-8 The overall structure of the present study. 
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Chapter 2 Materials, Experiment and 

Evaluation Methods 

2.1 Materials 

2.1.1 Multi-walled carbon nanotube (MWCNT) 

MWCNTs were provided by Showa Denko Company (Tokyo, Japan), and they are 

special carbon nanotubes for polymer composites. MWCNTs, the Vapor Grown Carbon 

Fiber (VGCF®-X), were synthesized by the method of catalytic chemical vapor 

deposition. The average diameter of MWCNTs is approximately 10ï15 nm and the 

mean length of length is 3 ɛm (shown in Table 2-1), and the micro morphology is 

shown in Fig. 2-1. 

 

Table 2-1 Physical parameters of VGCF-X type 

Parameters Unit Value 

Diameter 
a
 nm 10ï15 

Average length 
a
 ɛm 3 

Bulk density 
b 

g/cm
3
 0.087 

Consolidation resistivity 
b 

ɋĀcm 0.015 

a: Catalog value 

b: Production shipping list 

 

Carbon nanotubes (CNTs) are regarded as a conductive filler having a high aspect 

ratio and excellent mechanical and electrical conductive properties, due to their tube 

diameter of a few dozens of nm and mean length of a few mm. If it can be ensured that 

the contact probability between the fillers is increased, a high effective conductivity can 



 

 33 

be obtained even by adding only a small amount of filler into insulation polymers [1-3]. 

MWCNTs have drawn much attention for their potential application as conductive filler 

into polymers to produce conductive polymer composites [4-8]. 

 

  

Fig. 2-1 SEM (a) and TEM (b) micrographs of MWCNTs. 

 

2.1.2 Polycarbonate (PC) 

Chemical structure of PC is shown in Fig. 2-2 [9]. PC has its own characteristics and 

many advantages. PC is a kind of non-crystalline thermoplastic polymer with excellent 

comprehensive properties, which has excellent electrical insulation, extension, 

size-stability and chemical corrosion resistance, high strength, heat resistance and cold 

resistance. Especially, its impact resistance is outstanding. The heat resistance 

temperature of PC is from ï100 °C  to 135
 
°C . Besides, it is well known that PC is a kind 

of engineering plastics in wide applications, such as optical disc substrate, optical 

instrument, communication apparatus, automobile parts, medical apparatus and 

instruments, and so on [9-12]. 

 

Fig. 2-2 Chemical structure of PC [9]. 
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In this research, PC (L-1225L, Teijin Chemicals Co., Japan) was used as matrix, 

with a melt flow index of 1.8 cm
3
/10min, and a density of 1.2 g/cm

3
. The physical 

parameters are shown in Table 2-2. 

 

Table 2-2 Physical parameters of PC 

Parameters Unit Value 

Density g/cm
3
 1.2 

Melt flow index cm
3
/10min 1.8 

Tensile strength
 

MPa 61 

Fracture strain
 

% >50 

Flexural strength MPa 93 

Surface resistivity ɋ/sq >1×10
15

 

Volume resistivity ɋהcm >1×10
13

 

 

2.1.3 Polylactic acid (PLA)  

Polylactic acid (PLA) is aliphatic biodegradable polyester made up of lactic acid 

(2-hydroxy propionic acid). PLA is a biodegradable thermoplastic aliphatic polyester 

derived from renewable resources [14], such as corn starch (in the United States), 

tapioca roots, chips or starch (mostly in Asia), or sugarcane (in the rest of the world). 

PLA can be produced by several techniques, including azeotropic dehydration 

condensation, direct condensation polymerization and polymerization through lactic 

acid formation which is pressed in Fig. 2-3. Owing to PLAôs biodegradation under 

certain conditions, such as the presence of oxygen, it has been considered as one of the 

solutions to alleviate white waste disposal problems and to lessen the dependence on 
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petroleum-based plastics for packaging materials. Besides, PLA has many advantages, 

such as high-strength, high-modulus [15] and good stiffness [14]. 

 

 

Fig. 2-3 Production process for PLA [13]. 

 

Table 2-3 Properties of PLA 

Properties Unit Value 

Specific gravity g/cm
3
 1.24 

MFR  g/10min (210 °C , 2.16 kg) 22 

Clarity  Transparent 

Tensile yield strength MPa 62 

Tensile elongation % 3.5 

Notched izod impact J/m 16 

Flexural strength MPa 108 

Flexural modulus MPa 3600 

Heat distortion temperature °C  55 

 

PLA used for our experiments was purchased from Nature Works LLC (Ingeo 
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3001D, America), having a density of 1.24 g/cm
3
 (ASTM D792) and a melt flow index 

of 22 g/10min (ASTM D1238). Its residual moisture content was less than 0.025% 

which was recommended to prevent viscosity degradation. The primary properties of 

PLA are shown in Table 2-3. 

2.2 Preparation and processing of composites 

2.2.1 Twin-screw extrusion 

Prior to the preparation of composite master batches, both polymer (i.e., PC and 

PLA) and MWCNTs were dried at 120 °C (for PC) or 80 °C (for PLA) for more than 5 

h. The compounding process of master batches began with preparation by a twin-screw 

extruder (KZX25TW-60MG-NH (-1200)-AKT, Technovel Co., Ltd, Osaka, Japan), 

which is shown in Fig. 2-4. For the complete compounding of master batches, polymer 

pellets and powdery MWCNTs with different contents were premixed, and then the 

mixed composite material was fed into the hopper of the extruder. Al l master batches 

were cooled in a water bath and pelletized after the extrusion process. The master 

batches of MWCNT/PC composites and MWCNT/PLA composites were prepared in 

this step. 

 

 

Fig. 2-4 Twin-screw extruder. 
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After that, the prepared composites mater batches were dried again for 8 h, to ready 

for the preparation of the specimens in the next step. 

On the other hand, the master batches of MWCNT/PLA composites were extruded 

to be the plates by using the same extruder, which was ready for the rolling process. 

2.2.2 Injection molding process 

The injection molding of extruded composites master batches was performed by 

using an injection molding machine (NP7-1F, Nissei Plastic industry Co., Ltd, Japan; 

shown in Fig. 2-5), subsequently obtaining the standard composite specimens. 

Dumbbell shaped specimens with dimensions of 75 mm × 10 mm × 2 mm (JIS K 7113 

1(1/2), Fig. 2-6) and rectangle shaped specimens with dimensions of 80 mm × 10 mm × 

4 mm (JIS K 7171 1(1/2), Fig. 2-7) were used for mechanical property tests and 

electrical property tests, respectively. Besides, the flat shaped specimens with a size of 

60 mm × 60 mm × 3 mm (Fig. 2-8) were also prepared by the injection molding 

machine (ROBOSHTO-100C, FANUC Co., Ltd., Japan) for electrical property tests. 

The mold temperature was set to required temperature for different composites. 

 

 

Fig. 2-5 Injection molding machine. 



 

 38 

 

Fig. 2-6 Dumbbell shaped specimen (JIS K 7113 1(1/2)). 

 

 

Fig. 2-7 Rectangle shaped specimen (JIS K 7171 1(1/2)). 

 

 

Fig. 2-8 Flat shaped specimen. 
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2.2.3 Rolling molding process 

The extruded MWCNT/PLA plates were used for the rolling process. The rolling 

process was performed with different rolling ratios (ɝ = 0%, 20%, 40%, 60, and 75%) to 

evaluate the effect of the rolling ratio on the properties and morphology of PLA. 2000 

mm (length) × 100 mm (width) × 1.2 mm (thickness; the maximum thickness was 1.6 

mm) extruded plates were machined into specimens with dimensions of 100 mm (length) 

× 80 mm (width) × 1.2 mm (thickness; the maximum thickness was 1.6 mm). The 

rolling processing was carried out by a rolling machine (TKE-0; Imoto Machinery Co., 

Ltd., Japan) at room temperature (23±2 °C) with a rotation speed of 3 m/min (shown in 

Fig. 2-9). The rolling direction was matched to the extrusion direction, and the effective 

width and diameter of each roller were 150 and 100 mm, respectively. The rolling ratio 

ɝ was calculated using the following equation: 

                    ɝ = [(H0 ï H1) / H0] × 100%            (2-1) 

where, H0 ï the initial thickness of the specimen (mm); 

H1 ï the thickness of the rolled specimen (mm), which was measured by a 

micrometer after the rolling process. 

 

 

Fig. 2-9 Schematic diagram of the rolling process. 

 

Finally, the rolled plates were cut using a dumbbell-shaped mold to obtain 
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specimens with dimensions of 75 mm (length) × 10 mm (width), but with different 

thicknesses based on the different rolling ratios. The different thicknesses of the rolled 

plates were achieved by adjusting the distance between the two rollers (Fig. 2-9). The 

specimens were used for evaluating the variations of crystallinity and molecular 

orientation of PLA, and the mechanical and electrical properties of the MWCNT/PLA 

composites were also investigated. 

2.3 Experiments and evaluation methods 

2.3.1 Dynamic mechanical analysis (DMA) 

DMA of the MWCNT/PC composites was carried out with a dynamic mechanical 

analyzer (RSA-G2, TA Instruments, Wilmington, USA, shown in Fig. 2-10), and the 

storage modulus Eǋ, loss modulus Eǋǋ, and tan ŭ (ŭ is defined as the phase lag between 

the stress and the strain) were determined by the average value of three measurement 

results. The clamping mode of the specimen was three-point bending and the span of the 

girder was 10 mm. The parallel part of the dumbbell shaped specimen was used for the 

measurements. The specimens were heated from 30 °C  to 180 °C , and each specimen 

was subjected to the temperature scan mode at a programmed heating rate of 3 °C /min 

and a frequency of 1.0 Hz; the amplitude of strain was 0.1%. 

Moreover, for the MWCNT/PLA composites, the dynamic mechanical analysis was 

also carried out with the same dynamic mechanical analyzer in tension mode, and the 

storage modulus Eǋ, loss modulus Eǋǋ, and tan ŭ were determined by the average value of 

three measurement results. The span of the girder was 20 mm. Strip test pieces were cut 

from the middle of the dumbbell shaped specimen with a size of 30 mm (length) × 5 

mm (width). The test was performed in the temperature scan mode, heating from 30 to 

120 °C  at a programmed heating rate of 2 °C/min . The amplitude of the strain was 0.1%, 

and the frequency was set at 1.0 Hz. 
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Fig. 2-10 Dynamic mechanical analyzer [16]. 

 

2.3.2 Tensile test 

The tensile properties involving the tensile strength and the fracture strain of the 

composites were measured using a universal testing machine (3360, INSTRON Co., Ltd, 

Kanagawa, Japan). The specimens used were the dumbbell-shaped specimen. The 

specimen is presented in Fig. 2-6 and the schematic of tensile test is presented in Fig. 

2-11. The specimens were placed for over 48 h before testing (similarly hereinafter). 

The measurements were carried out at a room temperature of 23±2 °C and a tensile 

speed of 10 mm/min (according to JIS for tensile properties testing method). Besides, 

the relative humidity of atmospheric was 50±5%. The outputs of the testing machine 

were the load [N] and the displacement [mm], and then the relationship of stressïstrain 

was calculated from the obtained load and displacement. The tensile strength and 

fracture strain were calculated by equation 2-2 and equation 2-3, respectively. Besides, 

at least five specimens were tested and the average value was determined as the tensile 


