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Abstract

Since the beginning of the 2istntury, conductive polymer composites (CPCs)
havebeenfound a wide range of applications in electronic engineering fields and/or in
automobile and aeronautical industriés. promote the rapid development of CP({s
requires CPCsto havehigh conductive propeds and god mechanical propertieshe
prospect of advanced CPCs with multifunctional features has attractedattentios
in both academia and industio attain excellent electrical and mechanical properties
the homogeneous dispersion of conductiMerfin a polymer matrix and the strong
interfacial interaction between the filler and the polymer are two major challenties
preparation of CPQn the present study, the different CPCs were prodbgedrough
extrusion molding and injection moldjmn industriatscale andachiewedhigh electrical
conductivity, as well as good mechanical properties. Moreover, to expand the
application range of CPCs, the second stage processingplagiic 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 materiaése presented. The
experimental methods and characteristiesealso presented inithchapter.

In Chapter 3, mulialled carbon nanotube/polycarbonate (MWCNT/PC)
composites with different MWCNT contenti(@ wt.%) were preparely a two-step
dispersion strategy (the twstrew extrusion followed by injection molding process).
As a result, the MWCNT/PC composites specimens with wi&bersed 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 investigatedand compared. Thermogravimetric analysis showed that a small
MWCNT content (i.e.1 wt.%) was more propitious for improving thermal stability of



the composites. Analysis of the mechanical properties demonstrated that the tensile
properties of the composgeavith low MWCNT content aald 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.%, thensile strength and bending strength
decreased by 35 and 47%, respectively, from the valugfsPC. The impact strength

and microhardness were improved with the increase in MWCNT content. Results of
dynamic mechanical analysis showed that the storagalo®df PC was increased
after the incorporation of MWCNTSs, grticularly at high temperatur@he results also
indicated that MWCNT content injection temperature and injection spesdre all
major factors that influencthe properties othe preparectonmposites,in which the
MWCNT contentpresented most efforts.

In Chapter 4, the effects of the MWCNT content and injection conditions on the
MWCNTs dispersion and the electrical resistivity of tipeepared MWCNT/PC
composites (in chapter 3)ere investigted. The optical micrograph showed that the
MWCNTs were homogeneously dispersed in the PC matrix with minor agglomeration,
confirming that the twestep dispersion method was effectif@ improving the
dispersibility of the MWCNTSs in the host polymer. Mower, the electrical resistivity
of the 5 wt.% raw MWCNTs composites was considerably decreased wp AG q , a
value approximately 15 orders of magnitude lower than that of PC. Furthermore, the
effects of injection conditions on composite electrical progperivere emphatically
discussed It was found that the electrical resistivity was sensitive to ioject
temperature andnjection 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 importasntige 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.



In Chapter 5, to expand the applications of composites, the second stage processing
was performed a prepare a newtyle CPC The work demonstraté how rolling
conditions during the rolling process aan industrially relevant plastic processing
techniqueaffeced the microstructures, mechanical and electrical properties of PLA
compositesFive different MWCNT/PLA composites were produceidh variation of
MWCNT contents. The crystal morphology, crystallinity, molecular orientation,
mechanical properties andleetrical properties of the rolleccomposites were
investigated The distribution and dispersion of MWCNTSs in the PLA were observed by
optical microscopdt wasfound that the size of MWCNT agglomeration was increased
by the increase of MWCNT content. Bass, 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, whereashe crystallinity
was greatly increased by the incorgoma 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, raisedapproximatelyl.5% 1.9%. When the
rolling ratio reached 60%, the tensile strengttl &tacture strain in the rolling direction
increased from 51.1 MPa to 86.0 MPa and from 5.3% to 103.1%, respectively. The
incorporation ® MWCNT was conducive to imprang the electrical conductivity of
PLA. When the carbon content was 5 wt.%, shefaceresistivity was dropped to 10
q/sq Moreover, the effect of rolling ratio on the electrical resistivity was not
outstanding Namely, the rolling process did almost not affectithprovementof the
composite conductivity.

In chapter 6, general conclass of the studyweremade.
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Chapter 1 Introduction

1.1 Background

The polymers become indispensable in modern society and #yplications are
more and more widgreaddue to their lightweightputstandingnechanical properties,
excellent chemical resence and good forming propeiy]. The growth in their use
has continued ithe lastfew 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. Sirmenfirgt
the growth in use of plymers 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 ppmers, consumption is dividedto packaging, building, and a

wide range of other applicatiofsy.

S+ — S ]
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Fig. 1-:1 The gowth in demand for polymers in the UK (192D00)[2].

Especially in recent yearsthe plastic products have been used in manysfi€l).
1-2 shows thestatistical report of plastic producteom Japanese industry ministip

2011[3]. In 2011, the output gblastic productss approximately5.68 million tonnes

1



Therein, the plastic film and plastic sheets apgproximately42.2%, the plastic
containers arepproximatelyl5.2%, and the plastic procks for machine tools and
parts areapproximately 10.7%. Besides, thetatistical reportindicates that the
applications of plastic products ameultifarious In fact, due to theilightweight, cost
reduction and environment friendly, the polymer matenisd to be instead of metal
materials has become timeain development trend in 2istntury. For example, dr
automotive componentd,the plastic products replatcke metal products, the weigbit
automotive can be reduced lapproximately8%, the volune can be deeased by
approximately27% [4-10]. Therefore,in the future the demand for plastic products is

becoming higher and higher industrial applicatios

Plastic foam Plastic ,
oducts, reinforced Other plastic

;

Plastic material ducts, 1.2 products, 4.7
1_ products, 1.

forbuilding > e

(construction) .

Plastic products

for daily Plastic plates

necessaries and Plastic 2.3
miscellaneous ;o cts fof 1aStic pipePlastic pipes, synthetic
goods, 4.9 achine fittings, 1.0 6.9 leathers
tools and (supported
parts, 10.7 sheets), 0.9 .
Unit: %

Fig. 1-2 The datistical report of plastic produats 2011[3].

However, poor conductve properties opolymes have limited their applications.
Therefore, onductive polymer compositd€PCs)have been developed rapidijhe
CPCshave found a wide range of applicationslactronicengineerindields andor in
automobile and aeronauticahdustries Examples of such applications include
dustproof antistatic materials, electrostatic recording paper, -oweent and
overtemperature protection devices, electrostatic painting, electromagnetic shielding

andelectronic componenfdl, 12] (asshown in Table 41 and Fig. 13), whereashere
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arestill someproblemsto needsolving in process and applicatisrThe most prominent

is theimprovemenbf the dispersibility andampatibility of conductive filler, as well as

the enhancement of the int&cial interaction between the polymer and filler {II3.

Consequentlythe type of plymers, the type and amount afonductive fillers and

processing methods are very important factorfe€Cs

Table 11 The applications afonductive polymer compdss

Surface purpose application
resistivity

(Q/sq)
10'2~10" Prevention of adverse effects Dust proof

in the static state
10'°~10" Prevention of adverse effects Manufacturing process of film
in the dynamic state and fiber
10°~10° Antistatic IC package
10'~10° Low electrical conductivity Electrostatic recording paper,
electrostatic painting
10*~10 electrical conductivity Charge roll and so on
10°~10" electrical conductivity Electromagnetic shielding
agent and so on

10°~10° High electrical conductivity Electronic components

conductluef é:amposmes

II.\"!-%
Fig. 1-3 The applications afonductive polymer composit@sindustry [18].
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1.2 Polymers

Polymers are materials composed of long molecular chains that araceefited
for a wide variety of applicationSraditionally, twomain types of synthetipolymet
i.e., plastics and rubberbave beemroducedn industry. The distinction is that plastics
are, by and large, rigid materials at service temperatures while rubbers are flexible, low
modulus materials which exhibit lofrgnge elasticity[19]. Plastics are further
subdivided into thermosets and thermoplastidse to the property ofepeatable
processing the applications othermoplasticeare morewidespread Moreover, allof
them irrespective of theipropertiescan be reinforced by a very wdange of fillers to
produce composite§.he commonly used thermoplastic whié introduced as follows,

i.e., PC and PLA, which are chosen as the matrix materials in our study.
1.2.1Introduction of polycarbonate

Polycarbonate (PC) is a kind of enginegrplastics, and is widely used in industry
It is a kind of norcrystalline thermoplastic polymer with excellent comprehensive
properties, which has excellent electrical insulation, extension, size stability and
chemical corrosion resistance, high streng#nat resistance, cold resistance and so on.
The heat resistance temperaturéasn i 100€C to 135€C . Besides, PC is quite strong
plastic, and is used to make many different products. It is so hard to break that it is
frequently used to produce bufebof 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 @bd DVD. Another popular use for
polycarbonate is making of eyeglass lenses. PC is showing up ftewanothe 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 ofrthterial being put to use in

the computer world [20]. Though some toxic chemicals are used in the production of PC,



it is indeed recyclable. This fact makes this material preferable to polyvinyl chloride
(PVC). It I's not consedéer@dotdacbe @t come s €
some practical applications in the world of green solutions.
Furthermore, as a matrix, PC has been attached more and more atfidicitke
et al. [21] prepared two PC composites with 2 and.%whult-walled carba nanotube
(MWCNT) content, and proved that both composites variatioreectricalresistivity
of the injectioamolded plates were up ®orders of magnitude. Besides, they found
that a networHlike structure occurred in the skin area at low injectieloeity and high
melt temperature. Moreover, Grady et al. [22] successfully prepareddWENT/PC
composites, and evaluated the electrical, mechanical, and thermal properties of the

composites.
1.2.2Introduction of polylactic acid

In recentyears many hologicaly degradale polymers, e.g., @ylactic acid(PLA),
polybutylene succinatéPBS) and plycaprolactone (PClL)have been develope@ut
of these polymersPLA is considered as one adhe mostpromising biodegradable,
compostable, thermoplast@andcrystallinepolymess. Additionally, PLAis a sustainable
alternative to petrochemicderived productsand can be derived from renewable
resourceq23], such as corn starch (in the United States and Canada), tapioca roots,
chips or starch (mostly in Asiadr sugarcane (in the rest of the worf@}]. In 2010,
PLA had the second highest consumption volume of any bioplastic of the[@Glrlds
of June 2010NatureWorkswas tre primary producer of PLAb{oplastiq in the United
States.Moreover, Galactic and Total Petrochemicals operate a joint venture, Futerro,
which exclusivelydevelos a second generatid?LA product. This project includes the
building of a PLA pilot plant in Belgium capable of producing 1500 tonnes[2éar

PLA has a glass transition temperatuwie60i 65 €, a melting temperaturef
173178 € and a tensile modulusf 2.7/ 16 GPa[26, 27. Heatresistant PLA can

withstand temperatures of 110 f28]. Becausd’LA has many advantage®LA can be


https://en.wikipedia.org/wiki/NatureWorks_LLC
https://en.wikipedia.org/wiki/Bioplastic

processed by extrusion, injection molding, film and sheet castidgpréting and
spinning, providing access to a wide range of materials.

The apftications of PLA are very wide in ourady life. PLA is used as medical
implants in the form of anchors, screws, plates, pins, rods, and as aBasslesPLA
can also be used as a decomposable packaging material, either cast, imjetttenh or
spun[29], andused as a feedstock material in 3D prin{@& 31]. More importanty,
PLA can be also filled with electrical conductive fillers to prepererstyle conductive
polymer composites for solvingnvironment friendlyproblem and replacing traditioha
polymers in potential industrial applications.

Many researchers are committed to prodeoeductive PLAbasedcomposites.
Chow et al. [32] reported that thelplactic acidorganemontmorillonite (PLA/OMMT)
nanocomposites toughened with maleated styetimgdendbutylenestyrene (SEBS)-
MAH) were prepared by metiompounding using cootating twinscrew extruder
followed by injection moldingThey found thatmpact strength and elongation at break
of the PLA nanocomposites was enhanced significantly bg #addition of
SEBSg-MAH, and hermal stability of the PLA/IOMMT nanocomposites was improved
in the presence of SEBSMAH. Subsequently they siccessfully prepared the
polylactic acidhalloysite nanotubes (PLA/HNTs) nanocomposites using melt

compoundingdllowed by compression moldifg3].

1.3 Electrical conductive filler

Electrical conductive fillers are multifariousicluding metal materials and carbon
materials, such as stainlessteel fibers[34, 35] metallic nanowires [36].carbon
nanotubegCNTs) [37-39], carbon black(CB) [40, 41] carbon fibers (CF) [42, 43],
graphte [44, 45]and so on.Carbon materials have been attached more and more
interests in recent years, due to their many advantages.

Since fullereneshave beenliscoveredoy Kroto in 1985 [46] anccarbon nanotubes

have beerdiscoveredby lijima in 1991 [47], the carbon allotrope scopbas been
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enlarged,and the studiesof carbon materialshave beenmore and moreprofound
understanding. The discovery tiie two kinds of carbon nanematerials has led
contribution onhumanin the field of science and technologyioreover, Novoselov
successfully prepared another allotrope of caifp@phae in 2004 |8, it has an ideal
two-dimensional structure and peculiar electronic properiesaus of this, the studies
of carbon materials entered a new round of high fit#. Especially the study of

carbon nanotubdsas beempened a prelude

Fig. 1-4 Carbon nanotubes found by lijima in 199Y].

1.3.1 Structure of carbon nanotube

Carbon nantubes exist as a maenoolecule of carbonanabgous to a sheet of
graphite rolled into a cylinde€arbon nanotubega built from sp carbon unitswith
each atom joined to three neighboassin graphit¢50]. They areconsist of honeycomb
lattices andare a seamless structu@arbon nanotubedivided irto: multi-walled CNTs
(MWCNTs) andsingle-walled CNTs (SWCNTs). This classification depends on the
number of graphite walls: SWCN§ only onewall andMWCNT is severalwalls (as
shown in Fig. 15) [51]. SWCNT is made of a single seamlessly rollgdaphite sheet
with a typical diameter opproximatelyl.4 nm and a length of 0i% ¢ m52, 53].

MWCNT is closed graphitéubules rolled like a graphite shebfsually, its dameterss



in therangeof 2i 25 CMm), and the distandeetweenwalls isapproximately0.34i 0.35nm
(as shown in Fig.-B) [53, 54]. WhetherSWCNTsor MWCNTSs, they both have high
aspectratio, generallyit is 100/ 1000, even 1000 100®. Thus carbon nanotubes
consideredisa rew type of oe-dimensional nanmnaterial.

However,due tolarge specific surface area, higher surface activation enBHy [
and intrinsicVan der Waals attraction between CNff&e CNTs agglomeratesasilyand
the interfacial interaction betwee@NTs and polymers isveak, which hinderan
efficient load transfer fronthe CNTsto the polymer matrix Accordingly, a uniform
dispersion of CNTs in a polymer matrix and a strong interfacial interacd@nS[/]
between CNTs and polymers are necessary conditions to maxireizgtantages of

CNTs as effective reinforcing filler in polymer composites.

graphene | MWCNT

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

(SWCNT)structureand (B) multiwalledcarbon nanotube (MWCNT) structufgl].



0.4 -2nm 2—100nm
Fig. 1-6 The szesof (A) SWCNT and (B) MWCNT53].

1.3.2 Properties of carbon nanotube

Carbon nanotubdsave generally been regardedegectrical conductivdillers with
high potential to improve the polymers propertiesjing to not only their unique
nanostructureput dso excellentelectrical, mechanical, theral propertiesand 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 parametersaiiaic how
much the nanotube is twisted, can be highly conducting, and hence can be said to be
metallic [63]. Their conductie propertyhas been shown to be a function of their
chirality, the helicity of the arrangement of graphitic rings in their wallg, tegree of
twist as well as their diametfs4, 65]. CNTs can be either sefoonductingor metallic
in their electrical behavier Besides, the electrical properties of carbon nanotubes
depend on how the hexagons are orientated along the axis of thg6@jb&he
following figure shows the three orientations that are possible: armchair, zigzag, and

chiral (shown in Fig. I7).



Researchersiave develogd the methods toexplore and exploit he electrical
properties of both SWNTs and MWCNTs in many fields Electical properties of
SWCNTs have been studied in a number of theoretical works 687. The
intramolecular junction®f SWCNTs can be formed by interposing one or maré 5
pairs inbetween two nanotube sections with differentr§) indices. Theorétal models
have predicted that metaémiconductor (M5), metalmetal (MM), or
semiconductorsemiconductor ($) junctions are possible in SWCNTs [69]. Fischer et
al. found that the SWCNTs hawaitstandingelectrical conductivity, and the electrical
regstivity can be as low a9.06 q L ¢ ®7. MWCNTs are composed of coaxial
nanotube cylinders, of different helieit These adjacent layers are generally
noncommensurate (different chiralities) with a negligible idéser electronic
coupling and could alternate randomly between ssmducting and metallic varieties
[70]. Moreover, MWCNTSs 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 MWCNTSs igpproxinately0.08q L catroom temperature
[71]. The nonlocal interactions manifest in a disordered sample can cause difficulties in

the interpretation of even foterminal measurements [72].

Armchair Chiral

Fig. 1-7 Electrical properties depend on the orientation of the hexd§6hs
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(b) Mechanical properties

Carbon nanotubes are composed of theé €valent bonds along the axial direction,
so it has extremely high strength and huge toughness [73Ca@djo nanotubeas one
of the strongest materials in nature. Carbon nanotubes (CNTs) are basically long hollow
cylinders ofgraphitesheets. 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 direcfiocording to the study of
the mechanical properties of CNTs, it is found that young's modulus of carbon
nanotibes is 200050 GPa [75, 76], evenid TPa [77], which is higher than the
average carbon fiber by order of magnitude, as similar as the young's modulus of
diamond, and is one of the most hard materials currently. Moreoveretisde
strengthof CNTs can be up to 1150 GPa [75/7] (shown in Table -R). Carbon
nanotubes demonstrate a higlastiss to an axial load or a bending of small amplitude,
which translates to the reathigh esecient linearelastic modulus [78]Furthermore,
the bending strength has been repodpdroximatelyl4.2 GPa, and the strain energy

can reach 108ev, which isapproximatelytwo times than the micron whisker [77].

Table1-2 Mechanical propess of carbon nanotubggs]

PROPERTIES

Mechanical

SWNTE ~1 (from 1 to 5) 13-53 16
Armchair 0.94 126.2 23.1
SWNTT

Zigzag SWNTT 0.94 94.5 15.6-17.5

Chiral SWNT 0.92

MWNTE 0.2-0.8-0.95 11-63-150

Stainless steelE 0.186-0.214 0.38-1.55 15-50
Kevlar® 0.06-0.18 3.6-3.8 ~2

EExperimental observation; "Theoretical prediction
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For SWCNTs, vy osbeeg éssimatadiadairbnge oh@B327 TPa and
strengths between IBPaand 52 GPa with a toughness of ~77§ By Yu et al. [79].
Mor eover, for MWCNTSs, t he vy ohe degréesof arderd ul u s
within the tube wall s, and proved that the
of disorder[80]. BesidesPanetalhave directly measured the
tensile strength of MWCNTs by pulling very lon®2 mm) aligned nanotube ropes
with a specially designed stresst r ai n pul | er . The average yol
strength obtained were 0.45N0[8123 TPa and 1.
(c) Thermal properties

Carbon nanotubes have a great aspect i@, large amount of heattransmited
along their length direction, and the rate of thermal energy transfer idimeasional
direction can reach 10000 m/s [82]. The specific heat of individual nanotubes should be
similar to that of 2D graphene at higbmperatures, 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 interestitayv-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 leasR orders of magnitudeatger than that normal to the tube axis, the
magnitude and temperature dependence oftlieemal conductivity of a SWCNT
bundle oran isolated MWCNTshould be close to those of their constituent tubes,
though some intetube thermal conduction could occlihe thermal conductivity of
Omat 6 sampl es, however, | stubeethepralacaondudtiont o b e
processes [84].
(d) Others

Carbon nanotubes have good nonlinear optical properties. Its three order nonlinear
coefficient is 107110"° esu. Besi@s, 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 [8588]. Moreover, because carbon nanotubes have a very high aspect ratio, it
is required that the electric fieapplied 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 € . Besides, bewse of the hollow structure of CNTs and the
large layer spacing (0.34am), how can have a more excellent hydrogen storage

properties, has become a focus of scientists [80, 91].
1.3.3Carbon nanotube®application

As the carbon nanotubes have excelle@ichanical, electrical, thermal and other
properties, so it has caused a worldwateention Professor Zettl of the California
University made a very interesting analotithe application of fullerene can be written
a page paper, the application oftwam nanotubes will be l@ok.

(a) Carbon nanotube reinforced composite

The most important application ofrbonnanotubes based on their mechanaal
electrical properties will be as reinforcements in composi#esnajor problem is in
ensuing a stronginterfacial interaction between nanotubes and the polynagrix and
attaining an efficient load transferbetweenthe nanotubesnd the polymer during
loading. Moreover CNTs have large specific surface area, higher surface activation
energy b5], and irtrinsic Van der Waals attraction between CNifey agglomerate
easily, and the interfacial interaction betwd&NTs and polymers is weak, preventing
an efficient load transfer from th€NTs to the matrix. Accordingly, a uniform
dispersion of CNTs in a pginer matrix and a strong interfacial interactid@®,[57]
between CNTs and polymers are necessary conditions to maximize the advantages of
CNTs as effective reinforcing filler in polymer compositd&notube reinforcements
will increase the toughness ofetltomposites by absorbing eneidyring their highly
flexible elastic behavior. This will be especially important for nanchdmsed ceramic

matrix composite$92]. Use of the notinear optical and optical limiting properties of
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nanotubes has been repdrtéor designing nanotubpolymer systems for optical
applications, includinghotovoltaic application$93].

Moreover,sincetheir high aspect ratio, only small amount of CNa&s éntroduce
good levelof conductivity in the compositetn the case of SYUNTSs, the properties,
especially the electrical properties, are highly related to the structure of the TiéTs.
electron transport property of the MWMTs is more complicated than SMMTs. The
network formation process in conductive polymer composites s a@nplicated. An
ideal percolated network can be described by the percolation tiwever,actually
the conductivity of most conductive polymer composites is controlled by the tunnelling
resistance, which can vary across many orders of magnitudes.sTtefined as a
continuum percolation netwofR4]. Carbon nanotube reinforced compositeve been
popularmaterials in theslectric and electronic industriésr a wide range ofpotential
applications such as nanelectronic devices, electrostatic coeding paper,
electromagnetic shielding, electromechanical actuators, electrochemical capacitors,
nanowiresand superconductof85-99.

(b) Synthesking new materials

Due to itscapillary propertiescarbon nanotube/as used to makeertain elements
integrateinto the carbon nanotubemd preparenedimensional quantum wiravith
special properties (e.g.magnetic and superconductingyoperties). Besides;arbon
nanotubes can be used as reaction medieansforminto new-style onedimensional
nanematrialsunder certain conditiorf400].

(c) Hydrogen storage

The area of hydrogen storage in carbon nanotubes remains active and controversial.
Extraordinarily high and reversible hydrogen adsorption in CBM&-containing
materials haseen reported and hasiracted considerable interest in both academia and
industry[101, 102. An even higher hydrogen uptake, up ta 2@wt.%, at 20400€C
underambient pressure was report@é@J in alkali-metal intercalated carbon nanotubes.

An electrochemical absorptioend desorption of hydrogen experiment performed on
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SWCNTs-containing materials reported a capacitf 110 mAh/g at low discharge
currents 104.
(d) Others
Field emission characteristics of carboanotubes have been intensively studied
using variousnethods[105]. The use of CNTs in cold cathodevices allows fof72] (i)
instantaneous turan; (i) high power (iii) low control voltage operation, along with
long life-times and miniaturization.
Besides, te small size and high sensitivity of carboanotibes makes them
excellent sensors for biological and chemical systemb.e yr st nanotube

experiment was performed by KongetalHm ngj i e Dai 6s RB@gpnford | a

1.4 Conductive polymer composites

In recent years, anductive polymercompaites (CPCs)are widely used in the
electric electronic, automobile and aeronautical industrisscause theymeet
requirements for miniatured and lightweight industrial productsFor the CPCs with
high electrical conductivity, e main purpose of emplmg conductive polymer
composites, howeveis for thar ability to prevent static electricity and heat generation,
and they areextensivelyused forelectronic @inctional componentssuch assensos,
capacitos and so on [107110]. Ritchie et al. [107 presented the design principles
which are currently employed to access polyoxometdR@M)conductive polymer
(CP) compositesthe applications of POM/CP composites in technologically relevant
areas such as electrochemical and pietdrachemical energystorage, sensors with
ppb-sensitivity and electrochemical catalysis have been descridesides,Ac z 5i Kk 1)
group [109] reported that theomposite materials made of electrically conductive
polymeil polypyrrole (PPy) and carbon materials have been prepared by oxidative
chemical polymerization. Capacitance of the matewvaiged in the range of 9235 Hg
and has been retained during 5000 cycles of galvanostatic charging/ discharging,

working in the acidic mediumi.é., 1 molL H,SO, aqueous solutions). Moreover, the
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measurements confirmed a very high electrochemical stability of polypyrrole supported
by carbon materials wh a current load of up to 50d

On the other hand, for thePCs withlow conductivity(e.g, the surface resistivity
of 1P 10° q / sshpgwn in Table :1), the applicatios are more extensive in the
industry such as electromagnetic shielding agent, charge roll, electrostatic recording
paper, omputershell automobile components, etéor theseactualapplications, the
CPCsare nealed tonot only havea certain electrical conductivity, but also have a
certain strength and toughness.other words, it is necessary to prepare the CPCs as
structural materials

Most polymers have electrical conductivity values as low a§ 10 Scm[111].
Therefore,CPCshave not beenyet very successful ifarge scaleactualapplications
which is attributableo the highconductivefiller loading toachieve a sufficient level of
conductivity BesidesCNTs have some disadvantages that theyeasdy agglomerated
and their dispersion idifficult to control so several groupsprepared the CPChy
chemicalmodificationsandfunctionalizeCNTs not onlyto improvethe solubility and
dispersibility of CNTs but alsoto enhance the interfacial imtection [112-118].
However, the main drawbacks thiis method are time consuming and environmentally
unfriendly. Anothergroupis to prepareCPCsby different molding processessuch as
melt mixing, extrusion molding, and injection molding. Many studigented that the
melt processing conditions must be optimized to achiew@ogeneous MWCNT
dispersion in the composit§d2, 119123]. For example, Villmow et a[123] indicated
that the extrusion conditions influenced the dispersion of MWCNTSs in polylactd
(PLA) matrixwhile using twinscrew extrusion whereddWCNTs were added together
with the polymer when using an extruder. Besides they also prepared
MWCNT/polycarbonat¢dMWCNT/PC) compositedy injection molding foundthat the
resistivity of inje¢ion-molded MWCNT/PC composites can be influenced by selective
variation of injection molding parameters at a fixed KINT content[21]. Moreover,

Potschke et al[122 stated thatthe feeding condition®f two different grades of
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commercialMWCNTSs influenced the dispersion of MWCNTSs in polypropyle(eP)
and they found thahe individual optimization ofhe meltmixing method iscrucial to
achiewng uniform dispersionof MWCNTSs to attain highemechanical propertieand
lower electrical resistivity of PBased composites

Althoughvaried methodsire availableo impart electrical conductivity toglymers,
the simplestandeasiestvay isto directly incorporate conductive filler;ito the
polymer matrices byndustrialized production methsdsuch as ewtision molding
processandinjection molding process. Overalh the present stage, the research on the

production of the CPCs in industHstale is scarce.

1.5 Purpose of this research

As discussed aboveurrently conductive polymecomposites arenainly prepared
in laboratoryscale On the contrarythe industrialization of the production is very
scarceThe overall aim of this thesis work ispooduce conductive polymebmposites
in industral-scale through extrusion molding and injection maldj achieving high
electrical conductivity, as well as good mechanical properties. On the othershraoed,
some properties have not achievegexted resulisthe application of the prepared
CPCs has bedimited. Thus, the second stage processing,(plastic processingwas
performed by proposedpproacheso expand application rangd®ifferent matrix and
different moldingmethodsvere chosen ithis thesis workdue to the following reasons

(1) As a commonly used engineering material, PC has higimgttreand good
toughnessTo expand its application and make it have electrical property, the most easy
and economicalmethod is to add electrical fillers (i, eMWCNTS) directly into PC
through the molding procesddowever, MWCNT agglomerate easily and th
interfacial interaction between PC and MWCNT is weak, preventing an efficient load
transfer fromthe MWCNT to the PC Accordingly, b prepare a neveompositewith
excellent electrical properties and good mechanical properties, a uniform dispersion of

MWCNTs and a strong interfacial interactibetweenMWCNTs and PC become the

17



major problemswhich we have to solvirstly.

(2) Molding processing method is also a focus of our consideralmmealize the
industrialized production o€PCs the injection mialing is preferredio prepare the
MWCNT/PC compositesThe dispersion and distribution of MWCNTske controlled
by through changing the injection conditions, resulting in controlling the electrical and
mechanical properties.irially, the preparationof 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 propertie$o further expand the appation of CPGs, weattempt to
carry outthe second stage processifige.,, rolling process)to preparea newstyle
compositewith outstanding mechanical propertgspeciallythe ductility). However,
our previous studiemdicatal thatthe MWCNT/PC composés were not suitable for
rolling processingdue to the strongygroscopicityof the PC. Therefore, tHeLA was
selected ashe matrix polymer exemplarilyor the next studyPLA was considereds
an environmentally friendlypolymerand bereplacel traditional polymers in potential
industrial applications Besides, PLA was arystallinethermoplastigpolymer, we can
attempt to change the microstructures (including crystalline structure, molecular
orientation and crystallinity) to improve the mechanical props through the rolling
process.

The overall structure of the present study is presented in{8ig. 1
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Chapter 2 Materials, Experiment and
Evaluation Methods

2.1 Materials

2.1.1 Multi-walled carbon nanotube (MWCNT)

MWCNTs wereprovided byShowa Denko Compan§fokyo, Japa)) and they are
special carbon nanotubes foolymercompositesMWCNTSs, theVapor Grown Carbon
Fiber (VGCF®X), were synhesizel by the method of catalytic chemical vapor
deposition. The average diameter of MWIBNSs approximately 1015 nmand the
mean length of length is 8m (shownin Table 21), and the nero morphologyis

shown in Fig. 21.

Table 21 Physicalparameteref VGCFX type

Parameters Unit Value
Diameter® nm 10i 15
Average lengtht em 3
Bulk density” glent 0.087
Consolidation resistivity qAcm 0.015

a: Catalog value

b: Production shipping list

Carbon nanotubesC(NTs) are regarded aas conductive fillerhavinga high aspect
ratio andexcellent mechanical and electrical conductive properties, to theirtube
diameter of a few dozens of nm and mean lergta fewnm. If it can be ensured that

the contact probability between the filleisincreaseda high effective conductivity can
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be obtained evehy addingonly a small amount of fillemto insulaton polymers[1-3].
MWCNTs have drawn much attentioorftheir potential applicatioas conductive filler

into polymers to produce conductive polymer composited.[4

Fig. 21 SEM (@ andTEM (b) micrograpis of MWCNTSs.

2.1.2 Pvlycarbonate (PC)

Chemical structure of PfS shown in Fig. 2 [9]. PChas ts own characteristics and
manyadvantagesPCis a kind of norcrystalline thermoplastipolymerwith excellent
comprehensive properties, which has excellent etattrinsulation, extension,
sizestability and chemical corrosion resistance, high strerduthtresistance and cold
resistance Especially, its impact resistancels outstanding. The heat resistance
temperaturef PC isfrom i 100€C to 135€C . Besides,tiis well known that PC is a kind
of engineering plastics in wide applicatiprsuch asoptical disc substrateoptical
instrument communication apparatusautomobile parts medical apparatus and

instrumentsand so 0r§9-12].

GHs i
+o OO
CH3 n

Fig. 22 Chemical structure of PC [9].

33



In this researchPC (L-1225L, Teijin Chemicals Cg Japah was used as matrix
with a melt flow index of 1.8 c#lOmin, and a density of 1.2 g/émThe physical

parameterareshown in Table 2.

Table 22 Physicalparametersf PC

Parameters Unit Value
Density g/cnt 1.2
Melt flow index cm?/10min 1.8
Tensile strength MPa 61
Fracture strain % >50
Flexural strength MPa 93
Surfaceresistivity aq/ s q >1x10™
\Volume resistivity qn cm >1x10"

2.13 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 fromrenewable resourcegd4], 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, includingotropic dehydration
condensation, directondensation polymerization and polymerization through lactic
acid formation which is pressed in Fig:320wing to PLAS biodegradtion under
certain conditions, such as the presence of oxygen, it has been considered as one of the

solutions to alleviatavhite waste disposal problems and to lessen the dependence on
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petroleumbased plastics for packaging materi@ssides PLA has many advantages,

such as higtstrength high-modulus[15] andgoodstiffness[14].

O H3
Condensation 0

H o '\

L-lactic acid Diract 0
polymerization CH3

Ring-opening Lactide
polymerization

CH3
§
H O—C— C OH
I |
H (] n

PLA

Fig. 23 Production proceser PLA[13].

Table 23 Properties of PLA

Properties Unit Value
Specific gravity glen? 1.24
MFR g/10min (210€ , 2.16 kg) 22
Clarity Transparent

Tensileyield strength MPa 62
Tensile elongation % 3.5
Notched izod impact J/m 16
Flexuralstrength MPa 108
Flexural modulus MPa 3600
Heat distortion temperature € 55

PLA used for our experimentwas purchask from Nature Works LLC (Ingeo

35



3001D, America)having a density of 1&g/cnt (ASTM D792)and a melt flow index
of 22 g10min (ASTM D1238) Its residualmoisture contentvas less than 0.025%
which was recommended to prevent viscosity degradatime primary properties of

PLA areshownin Table 23.

2.2 Preparation and processing of composites

2.2.1 Twin-screw extrusion

Prior to the preparation of compositeaster batches both polymer (i.e, PC and
PLA) andMWCNTswere dried at 12&€ (for PC) or 80C (for PLA) for more than 5
h. The compounding process of madtatchesbegan withprepaation by atwin-screw
extruder (KZX25TW60MG-NH (-1200)}AKT, Technovel Co., Ltd, Osaka, Japan,)
whichis shown in Fig. 24. For thecompletecompounding of mastebbatches, polymer
pellets and powdery MWCNTwith different contents were premixed, and then the
mixed composite material was fed into the hoppethefextruder.All master batches
were cooled in avater bathand pelletzed after the extrusion proces¥he master
batchesof MWCNT/PC composites and MWCNT/PLA composites were prepared in

this step.

Fig. 24 Twin-screw extruder
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After that,the prepaed compositesnater batcleswere driedagainfor 8 h, to ready
for the preparation of thepecimens irthe next step
On the other hand, theasterbatchesof MWCNT/PLA compositesvere extruded

to be the plates by using the same extrudbich wasready fortherolling process
2.2.2 Injection molding process

The njection moldingof extruded composites master batches performedoy
using an injection molding machine (NRF, Nissei Rstic industry Co., Ltd, Japan
shown in Fig. 2-5), subsequently obtaininghe standard composite speciman
Dumbbellshaped specimens with dimensions o7 x 10 mm x 2 mm (JIS K 7113
1(1/2), Fig. 26) andrectangleshaped specimength dimensions of 80nm x 10 mm x
4 mm (JIS K 7171 1(1/2) Fig. 27) were usedfor mechanical propertyeds and
electricalpropertytests, respectivelyBesidesthe flat shapedpecimensvith a size of
60 mm x 60 mm x 3 mm (Fig. 2-8) were also prepared bihe injection molding
machire (ROBOSHTQ100C, FANUC Co., Ltd Japan)for electrical property tests

Themold temperature was setrequired temperature for different composites.

Fig. 25 Injection molding machine
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2.2.3 Rolling molding process

The extrudedMWCNT/PLA plates were used fdhe rolling process The rolling
process waperformed withdifferent rolling ratiog3-= 0%, 20%, 40%, 6Gand75%)to
evaluate theeffect of the rolling ratio on thepropeties and morphologyof PLA. 2000
mm (length)x 100 mm (width) x 1.2 mm (thickness the maximum thickness was 1.6
mm) extruded plates were machined into specimens with dimensions of 100 mm (length)
x 80 mm (width) x 1.2 mm (thickness the maximum thickneswas 1.6 mm The
rolling procesmg was carried ouby a rolling machine (TKEO; Imoto Machinery Co.,
Ltd., Japapat roomtemperature (23#X) with arotation speed of 3 m/mifshown in
Fig. 2-9). The rolling direction was matched to tietrusion diretton, and he effective
width anddiameter of each roller weréQ and100 mm, respectively. The rollingtio
3-wascalculatedusingthe following equation

3= [(HoT H1) / Ho] x 100% (2-1)
where,Ho T the initial thicknes®f the specimer(mm);
Hi T the thickness othe rolled specimen(mm), which was measured by a

micrometeraftertherolling process.

Rotation direction

Roller

Ho H:

Extrusion direction
—

—_—
Rolling direction

e
v

Roller

—

Fig. 2-9 Schematiadiagramof therolling process

Finally, the rolled plates were cut using a uinbbeltshaped mold to obtain
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specimens with dimensions of 7Bm (length) x 10 mm (width), but with different
thicknessedased orthe different rolling ratios.The different thickness of the rolled
plateswere achieved by adjusting the distance between the two sqlfeg. 2-9). The
specimens were used for evalogtithe variatiors of crystallinity and nolecular
orientation of PLA, and themechaical and electricapropertiesof the MWCNT/PLA

composites were also investigated.

2.3 Experiments and evaluation methods

2.3.1 Dynanic mechanical analysis (DMA)

DMA of the MWCNT/PC compositewas carried out with @ynamic mechanical
analyzer (RSAG2, TA Instruments Wilmington, USA, shown in Fig. 210), andthe
storage modulugNjloss modulu€N;Bipd tant (U is defined as the phase lag between
the stress andhe strain) were determinedby the average value of three measurement
results The clamping mode of the specimen was tipemt bending and thgpan of the
girderwas 10mm. The parallel partof the dumbbellshape specimerwas used for the
measurementsThe specimensvere heated fron30 € to 180 € , andeachspecimen
was subjected to the temperature scan mode at a programmed hegatioff € /min
anda frequency of 0. Hz the amplitude of strain was 0.1%.

Moreover,for the MWCNT/PLA compositeghe dynamic mechanical analysiss
alsocarried out withthe samedynamic mechanicalanalyzerin tension modeandthe
storage modulug Npss modulus Bjald tani were determinetly the average value of
three measurement resulifhie span of the girdewas20 mm.Strip test piecesvere cut
from the middle of the dumbbellshape specimerwith a size of 30 mm (lengthy 5
mm (width) The testwasperformed in the temperatusean modgheating from30 to
120 € at a programmed heatimgte of2 €/min . The amplitude of the strain was 0.1%,

andthefrequencywas set al.0 Hz
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Fig. 2210 Dynamicmechanicabnalyzer[16].

2.32 Tensile st

The tensile propertiemvolving the tensile strength and the fracture strain of the
compositesveremeasuredising a universal testing machine (3360, INSTRON Co., Ltd,
Kanagawa Japan).The specimensused were thedumbbelishapedspecimen.The
specima is presented in Fig.-B and the schematic of tensile téspresented in Fig.
2-11. The specimes were placedfor over 48 h before teshg (similarly hereinafter)
The neasuremestwere carried out at a room temperature of 2&2and a tensile
speed 610 mm/min(according toJIS for tensile properties testing methodgsides,
the relative humility of atmospheriovas 50:85% . The outputs of the testing machine
were the load [N] and the displacement [mm], and then the relationship of straiss
was céculated from the obtained load and displacemdite tensile strengttand
fracture strainvere calculatedoy equation2-2 and equation2-3, respectivelyBesides,

at least five specimens were tested and the average wakiedetermined as thensile
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