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RESUME

Dans le cadre de cette thése des concepts nouveaux pomeiiadint des nanotubes de
carbone multi-couche (MWCNT) induit par le cisaillemela caractérisation de MWCNT /
polymeres nanocomposites et la fabrication par micrdiojecde pieces a base de
nanocomposites optimisés sont présentés. Les effetsndeostructures et des morphologies
développées dans diverses conditions, de mise en oeuMeegracédé de micromoulage sur les
propriétés rhéologiques, électriques et mécaniques de maposibes a base de CNT sont
étudiés.

Le développement dans la technologie des microsystémiasdetmande constante de
dispositifs fonctionnels & des échelles de longueur degplysus petites a imposé l'application
du procédé de moulage par microinjection comme une techaotdgidans ce domaine. Le
moulage par microinjection est un procédé relativement emunavec un grand potentiel de
production en série de microdispositifs comprenant dedlddtan niveau de complexité élevé
gu’il n'est pas possible de fabriquer par les techniques de mop&gmjection classique. Il
s'agit d'un nouveau domaine de recherche et on s'attend &oigsarce continue au cours des
dix prochaines années, étant donné la tendance creissénminiaturisation des composants et
laugmentation de la demande de microdispositifs.

Les nanotubes de carbone sont des matériaux de grantfedails ce contexte avec des
conductivités électriqgue et thermique supérieures et des pespméecaniques extrémement
importantes, essentiellement dues a leur structure etum facteur de forme éleve. Par
conséquent, les nanocomposites a base de CNT dans uriee ni&t polymére sont des
matériaux prometteurs pour la fabrication de micropieéoadtifonctionnelles ayant des
propriétés uniques pour une large gamme d'applications.

L'étude des propriétés rhéologiques des matériaux compositesamment leur
comportement viscoélastique a non seulement une imperfaratique, liée a leur mise en
oeuvre, mais a aussi un intérét scientifique, carpalet étre utilisée comme une sonde de la
microstructure des composites investigués. Par conséqueatrecherche fondamentale est
nécessaire pour établir la relation entre le compomemologique, les conditions de mise en
ceuvre et les propriétés finales des piéces en compasibese de nanotubes de carbone /

polymére par le procédé de microinjection.
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Dans cette these, nous avons lintention de développercannaissance intuitive du
couplage entre le procédé de moulage par microinjectiom aédveloppement des propriétés de
performance de composites a base de CNT / polymére, enansentrant sur la rhéologie, la
microstructure et les propriétés de micropiéces moulées.

Pour explorer la fonction des CNT et permettre leamgformation, nous avons optimisé la
préparation de nanocomposites par un ensemble de mestoésgiques et la caractérisation de
la microstructure.

Le procédé de moulage par microinjection a été notre géodé choix dans cette étude car
il nécessite une quantité minimale de matériaux et rinpe d’investiguer l'effet de taux de
cisaillement élevés. Par conséquent, aprés le miclag®ualans des conditions différentes, nous
avons utilisé difféerentes méthodes de caractérisafiorda d’étudier 'effet de ces conditions
sur la structure et les propriétés des CNT / polymere csitego Une étude rhéologique
novatrice et une analyse microstructure ont été égiéigoour trouver une corrélation appropriée
entre la rhéologie, la morphologie et les propriétés uhicropieces. En outre, l'effet de la
structure cristalline a été analysé en comparant fedtaés obtenus avec un polymére amorphe
(PC) et un polymere semi-cristallin (PP). Nos connaissa dans cette partie peuvent étre
utilisées pour optimiser les conditions du procédé dabsitlele fabriquer des micropiéces avec
des propriétés physiques supérieures.

L'optimisation, la caractérisation et une améliomtimportante des propriétés finales des
pieces microinjectées a base de CNT conduisent & urngré€bemsion fondamentale du moulage
par microinjection de composites CNT / polyméres et a ogrps significatif dans le domaine

des nanocomposites multifonctionnels et de la techr@kbgia miniaturisation.
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ABSTRACT

Carbon nanotubes (CNTs) are great materials with saupeziectrical and thermal
conductivity, mechanical properties and high aspect rations€yently, CNT/polymer
nanocomposites are promising materials for making raualttional microscale components with
unique properties and a wide range of applications. If coraferesearch has been conducted
regarding the physical properties of carbon nanotube filleshocomposites, including
mechanical properties, electrical conductivity and rhdo&dg properties, only a few
investigations have focused on the practical applicatiomadcomposites in various industrial
fields.

In this dissertation, we intended to create a predctimderstanding of the coupling of
microinjection molding process to the development of thdopmance properties of carbon
nanotube/polymer composites, focusing on the rheologgrostructure and properties of
microparts. To explore the CNTs feature and to enalde ffrocessing, the nanocomposite
preparation was optimized through a set of rheologiceahsurements and microstructure
characterization.

We first examined the rheological behavior of polycarbe®C)/ MWCNT nanocomposites
in light of interactions between CNTs and polymer chaindetween CNTs themselves. To
understand the percolated structure, the nanocomposies wvharacterized via a set of
rheological, electrical and thermal conductivity measwets. The rheological measurements
revealed that the structure and properties were temperd¢pendent; the percolation threshold
was significantly lower at higher temperature suggestingnger nanotube interactions.
However, when the measurement temperature was high etwaiglercolation threshold tend to
reach a plateau (0.3 wt%l)he nanotube networks were also sensitive to the \stehdar
deformation particularly at high temperature. Following spearing, the elastic modulus
decreased markedly indicating that the nanotubese aligned in the flow direction.
Consequently, they interconnected minimally leading tenaarkable increase in the percolation
threshold. The effect is more pronounced at higher teatyre suggesting that nanotulbesame
more rigid. As expected, it was found that the rhechigihreshold (0.3-0.8 wt%) was smaller
than the thermal (1-2 wt%) and electrical threshoi@ (2%).
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At the next step we investigated the effect of flowdfi@nd deformation rate on the
nanotube alignment and on the properties of PC/MWCNDe@mnposites. The obtained results
of SEM, TEM and Raman spectroscopy revealed that thetuiaes are preferentially aligned in
the flow direction, particularly at large injectioates. Rheological measurements corresponding
to high shear rate conditions showed drastic change® imishoelastic behavior. The complex
viscosity significantly decreased and percolation thrigshwtably rose. High degrees of
nanotube alignment also resulted in a significant irserea the electrical percolation threshold.
For compression molded samples the percolation thickshdound to be about 3 wt% nanotube
content as the electrical conductivity rises suddenly byenthan 10 decades. However, the
longitudinal flow in the dog-bone shaped cavity resulted werg high value for the percolation
threshold, about 9 wt% of nanotube loading.

The mechanical properties of the nanocomposites ftardiit nanotube loadings were also
shown to depend on the processing conditions, and somemawved when the material was
processed at higher rates.

The electrical conductivity and percolation behavior of KR@olar amorphous
polymer)/MWCNT nanocompositesand iPP (non-polar semi-crystalline)/MWCNT were
analyzed and compared. In spite of the different $wéldispersion, the nanotubes in both
nanocomposites were connected and a percolated networfomraed. The crystallinity of the
PP/MWCNT nanocomposites as a function of nanotubgeobrwas found to go through a
maximum at 2 wt% loading while the overall rate of tallzation increased. We observed for
the highly sheared microinjected PP/MWCNT samples theandton of well oriented crystals;
however, the overall crystallinity was only slightlyesdted by strain. The electrical conductivity
of the nanocomposites was improved by the presence afrys&lline structure even in high
sheared samples. The percolation threshold for compressidded (non-processed) samples
was found to be around 1 wt% for PP nanocompositesla8iynithe conductivity values after
percolation were about one order of magnitude higher ingbe of PP nanocomposite. Although
a high degree of nanotube alignment in the micropartgteesin a significant increase in the
electrical percolation threshold, the level of aligmine@as less in the crystalline polymer. In the
crystalline material the orientation of crystalline phalso decreased with the incorporation of

nanotubes.
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It was also shown that the PP nanocomposites exhibigethanical properties significantly
enhanced by nanotube loading; this effect was small inabe of the PC nanocomposites.

Finally the effect of carbon nanotube on the morphplagd electrical conductivity of
nanocomposites of MWCNT and PP/CBT blend were investiand it was found that a double
percolation threshold is the basic mechanism for timelactivity of such nanocomposites. It was
also shown that the nanotubes affected the morpholothedblends by increasing the viscosity
of the filler-rich phase. Consequently the CBT domdmssame smaller and more elongated
changing from droplets into strips, which are more falvieréo form a continuous phase.
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CONDENSE EN FRANCAIS

Suite aux progres récents survenus dans le domaine deiclatevhnologie, le
développement de nouveaux matériaux prometteurs et I'yatilin des conditions de leur
transformation pour fabriquer en série des produits d'extel qualité et a haute valeur ajoutée,
a faibles co(ts et en gros volumes, constituent desrdéfeurs.

Bien que la plupart des microdispositifs sont actuellérbasés sur le silicium, le verre ou
le quartz, ces matériaux et leurs procédés de fabricaborespondants sont compliqués et
codteux. Le remplacement de ces matériaux avec desiawet composites de polymeres de
haute performance connait une attention croissantaisonrde leur polyvalence et la facilité de
leur production en série.

L'expansion rapide et récente des microtechnologiesiverp la voie & de nouvelles
applications pour les composites de polyméres ayant des péspsigpérieures ne pouvant étre
fournies par des polymeres purs ou méme additionnés de senfmtventionnels tels que les
fibres de carbone et les fibres de verre. Le développedemtivers nanocomposites est un
nouveau domaine de croissance qui a le potentiel pour répardrforte demande de matériaux
polymeériques plus forts et plus légers. Dans ce contéedepanotubes de carbone sont des
nanomatériaux novateurs possédant une combinaison unigdendasions nanométriques,
structure électronique et composition chimigue qui sgutsant par des propriétés thermiques,
électrigues, mécanigues et optiques exceptionnelles; grdears propriétés physiques les
nanotubes de carbone permettent d’élaborer des nanodtespusltifonctionnels.

Une variété de méthodes de fabrication a I'échellearacété explorée ces dernieres années
pour les matériaux polyméres. Parmi eux, le moulage peromjection est un procédé de
microfabrication relativement nouveau avec un grand pietate production de microdispositifs
en série utilisant des matériaux comme les polymeérlesiet composites. Les composites a base
de polymére et de CNT sont des candidats appropriés pour fafabiécation de composants
a forte valeur ajoutée ou seulement quelgues grammes édeaunatpar piece sont nécessaires. |l
s'agit d'un nouveau domaine de la technologie, qui esteeacsas débuts, et méme s'il y a eu une
croissance importante récemment, il y a peu d'études d®rébension de leffet de la
dynamique de ce nouveau procédé sur les propriétés finalpsodiests fabriqués, en particulier

dans le cas ou des nanocomposites sont utilisées. L'exd@setravaux de recherche précédents
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montre que le domaine de la mise en ceuvre des nanoctespuei le procédé de moulage par
microinjection n'a pas été exploré.

Dans ce procédé, contrairement aux procédés conventiolandiéplogie de volume (bulk)
ne suffira pas pour une caractérisation rhéologique adéquatesen de conditions de mise en
ceuvre séveres et leurs effets sur le comportement dériaoatLe développement d'une
microstructure spécifique est un autre aspect dont il &nit tcompte, a cause des propriétés
structurelles exceptionnelles des matériaux nanocompaitdes conditions de mise en ceuvre
particulieres imposées par le procédé de moulage parinpéion.

Compte tenu de ce contexte et a la lumiere de I'étaelade la technique, il est nécessaire
de faire des études fondamentales afin d'améliorer laprédmnsion de moulage par
microinjection de composites de CNT / polymeére, pour déaoleffet des conditions de mise
en oeuvre sur les propriétés de micropiéces et de troueecamélation appropriée entre les
propriétés rhéologiques et les résultats de la miseevre.

Dans ce projet, nous avons cherché a produire et a @dsactdes pieces microinjectées,
utilisant des nanocomposites polyméres a base de nanaebEmbone et de développer des
méthodes rhéologiques innovantes afin d'estimer et deipi&ffet des conditions spécifiques
de la microinjection, soit un taux de déformation tresé@let I'effet de confinement exercé par
les parois en présence de nanoparticules. Le polycadhamapolymeére de haute performance a
été choisi comme la matrice polymérique principale. Errepupour étudier l'effet de la
cristallinité sur les propriétés des nanocomposites, Ikgppapylene a aussi été utilisé. Des
nanocomposites PP/MWCNT ont été préparés et ont éétéesés. Pour les nanocomposites
PC / MWCNT, nous nous sommes principalement concergugsl’étude des propriétés
rhéologiques et des conductivités thermique et électriqifr&ites techniques de microscopie
et spectroscopie ont été employées pour étudier I'effeisdilement élevé sur l'alignement des
nanotubes et par conséquent sur les propriétés des mig®pkour les nanocomposites PP /
MWCNT, les propriétés finales ont été étudiées par @iffisr méthodes de cristallographie et de
spectroscopie. Enfin, sur la base des résultats obtenuslemansarties précédentes et afin
d'améliorer la conductivité électrique, le principal poinattdntion dans ce travail, des
nanocomposites MWCNT / mélange de polyméres ont étiujpsoet caractérisés.

Les résultats principaux obtenus lors de cette ther#er&ésumés comme suit :
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1) Le comportement rhéologique des nanocomposites de payeaed(PC/ MWCNT) a
été examiné a la lumiere des interactions entre lestnbes de carbone et les chaines de
polymere ou entre les nanotubes de carbone eux-mémssprecisément, l'effet du niveau de
chargement des nanotubes, de leur alignement et de [@éraore sur le comportement
rhéologique des nanocomposites a été étudié. Les nanositespont été préparés par dilution
d'un lot commercial de polycarbonate contenant initialet 15% en poids de nanotubes. La
dilution a été réalisée a I'état fondu en ajoutant lantjiganécessaire d’'un polycarbonate pur
dans une extrudeuse bi-vis dans des conditions auparavamiis@ps. Une dispersion
raisonnablement bonne des nanotubes et la formatiodsgaux de nanotubes dans la matrice
polymére a été analysée par microscopie électronique ayags (MEB), microscopie
électroniqgue a transmission (MET) et microscopie aefoatomique (MFA). Le seuil de
percolation, i.e. la concentration critique de nanoty®rsnettant d’observer une augmentation
soudaine des propriétés rhéologiques, des conductivitésigtlecet/ou thermique a aussi été
caractérisé par un ensemble de mesures rhéologiques@dlectivité électriques et thermiques.
Les mesures rhéologiques ont révélé que la structureseprigpriétés dépendent de la
température ; aussi, le seuil de percolation est sigtifiement plus faible a température plus
élevée suggérant une forte interaction entre des namotubependant, a température
suffisamment élevée, le seuil de percolation atteirpilateau (0.3% en poids de nanotubes). Les
réseaux de nanotubes ont également été sensiblesallewient continu, particulierement a
haute température. A la suite d’essais de pré-cisaillenermodule d'élasticité a largement
diminué suggérant que les nanotubes sont devenus plus rigideéentés dans la direction de
'écoulement. En conséquence, les nanotubes sontsnooimnectés les uns aux autres, et une
augmentation remarquable du seuil de percolation en ré€ldte résultats ont été analysés a
l'aide de modeles simples pour les suspensions de batoBnéits. les seuils de percolation
rhéologique, de conductivité électriqgue et thermique ontémgparés. Comme prévu, le seuil
rhéologique (0.3-0.8%) a été plus faible que les sewtsrique (1-2%) et électrique (2-3%).

2) L'effet du champ d'écoulement et de la vitesse de défamatir l'alignement des
nanotubes et sur les propriétés des nanocomposites MICNVT a été étudié. Des conditions de
mise en ceuvre différentes ont été utilisées pourgehasystématiquement le degré d'alignement
des nanotubes. L'étude morphologique par microscopie MEB/EST ainsi que l'analyse par
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spectroscopie Raman ont révélé que les nanotubes stareptillement alignés dans le sens de
'écoulement, notamment dans le cas de linjectiorded taux élevés. Les résultats
correspondant aux taux de cisaillement élevés ont madeséhangements drastiques dans le
comportement viscoélastique. La viscosité complexe @ndénde facon significative et le seuil
de percolation rhéologique a notablement augmenté. Le degédalignement des nanotubes
ont également entrainé une augmentation considérableitidegercolation électrique. Dans le
cas de barres de tension injectées par micromoulage ou léédwmnt est essentiellement
longitudinal le seuil de percolation électrique a atteime valeur élevée, de l'ordre de 9% en
poids de nanotubes de carbone. Dans le cas du moulageoiparession ou le taux de
cisaillement est beaucoup moindre, le seuil de percolélectrigue obtenu est d’environ 3% : a
ce niveau de charge la conductivité électrique a augmenté seodait de 10 décades. Enfin,
nous avons utilisé une équation de type loi de puissance quutéler le comportement de
percolation et l'alignement des nanotubes. Le seyjledeolation estimé et l'indicgde la loi de
puissance augmentent de maniéere significative avec le dedignement des nanotubes tel que
déterminé par lI'analyse Raman. Finalement, il a aussiéhontré que les propriétés mécaniques
des nanocomposites dépendent du taux de chargement de nambdtdes conditions de mise

en ceuvre : elles ont été quelque peu améliorées par daditgestion plus élevés.

3) Les effets de la structure cristalline et des conditides mise en ceuvre sur la
morphologie et les propriétés des nanocomposites PPVCINT ont été étudiés. Des
échantillons & taux de chargement différents en MWCNTeté préparés par dilution d'un lot
commercial de polypropyléne contenant initialement 20% daspte nanotubes. La dilution a
été réalisée a I'état fondu en ajoutant la quantité séaesd’'un polypropyléne pur dans une
extrudeuse bi-vis dans des conditions auparavant optimis€edservation par microscopie
électronique a balayage et a transmission a révéléaqdiegersion des nanotubes de carbone a
été généralement confinée entre les zones cristallimgsjls ont formés des réseaux de
connexion. La cristallinité et l'orientation crisiiad des échantillons fabriqués par les procédés
de moulage par compression et de microinjection onttathés par les méthodes de DSC et de
diffraction des rayons X et il a été constaté queitatlinité passe par un maximum lorsqu’on
augmente la teneur en nanotubes. Le degré de criséaliloibal a également diminué. Dans les

échantillons obtenus par microinjection les cristauxnés ont été bien orientées alors que la
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cristallinité globale n’a que lentement changé. Ladumtivité électrique des nanocomposites de
polypropyléne a été améliorée par la présence de rédeamaxnotubes situés entre les structures
cristallines, mais le degré élevé d'alignement des nae®tdans les piéces microinjectées a
entrainé une augmentation significative du seuil de fmion électrigue. Pour les

nanocomposites a base de PP, les propriétés mécaniquéte a@nsiblement affectées par le

chargement de nanotubes; cet effet a été faible dans teesananocomposites a base de PC

4) Finalement, la spectroscopie Raman et la diffractionraj@ns X (XRD) ont été
utilisées pour confirmer les résultats observés lorsédede morphologique et examiner avec
plus de précision le comportement de percolation depasites de PP / MWCNT et PC /
MWCNT précédemment mentionnés. Les résultats de speopie@ Raman ont montré que les
nanotubes sont bien alignés dans les échantillong agydin un taux de cisaillement éleve ;
cependant le niveau d'alignement est moindre pour le padysani-cristallin. Les résultats de
diffraction XRD ont révélé que l'orientation de la phacristalline a diminué avec l'ajout de
nanotubes dans la matrice PP. Ces résultats ont no&ite montré que lincorporation de
nanotubes ou la présence d'une phase cristalline ré&ftet du taux de cisaillement élevé du
micromoulage. Par conséquent, bien que les propriétésndadtwvité aient été significativement
modifiées par l'alignement des nanotubes, la présemnge gihase cristalline peut améliorer la
conductivité électrigue malgré le cisaillement élevé grad&existence d’'un double seuil de
percolation : I'un est di au taux de charge des nanotubesroiene et l'autre a l'importance de
la phase cristalline. L’introduction d’un oligoméregngeu visqueux, le butylene terephthalate
cycligue (CBT), dans les nanocomposites polypropylenddWCNT a été examinée. La
conductivité électrique des mélanges polymeres PP / CBificemiets de nanotubes de carbone
a été améliorée grace a au phénomeéne de la percolatitmedgui contrble la conductivité

électrigue dans un mélange de deux polyméres en présenagogantiaules conductrices.
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Chapter 1

Introduction

The recent advances occurring in the field of microéabion and related methods entails
the development of new and promising materials, modifyimg ¢urrent technologies and
optimizing the processing conditions to achieve low-cbgh-speed and high quality mass
production. All these requirements constitute majorlehges which need careful consideration
and research.

Although most of microdevices are currently based on siligdass, or quartz, these
materials and their related fabrication methods arectooplicated and expensive. Replacing
these materials with high performance polymer compodi@s gained increasing attention
because of their versatility and easenafss fabrication.

The recent explosion in microfabrication has openpdnew applications for polymer
composites with superior properties which could not be sgply pure polymers or even
composites using conventional reinforcements such as caabdnglass fibers. Polymer
nanocomposites are a growing and new field of technolebich has the potential to meet the
need for stronger and lighter polymeric materials.his tontext, carbon nanotubes are novel
nanomaterials with a unique combination of nanometricedsions, electronic structure and
chemical composition that results in exceptional iiady electrical, mechanical and optical
properties; these properties make them promising fillermtdtifunctional nanocomposites.

A variety of microscale fabrication methods have beaplored in recent years for
polymeric materials. Among them, microinjection moldisgai relatively new microfabrication
process with a great potential of mass production of tanzed devices using materials such as
polymers and composites. The polymer-based composit€Naf are suitable candidates to
fabricate microscale components where only grams dénm#s are necessary to manufacture
high-valued products. This is a new field of technology, wisdtill in its infancy, and although
there has been significant growth in the technololggtet is little understanding of the effect of
the process dynamics on product properties, particulatlyeircase of nanocomposites. Review
of the previous works shows only few investigations havweuded on the processing of

nanocomposites using microinjection molding.
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In investigating and modeling microinjection molding, cangrto conventional processes,
the bulk rheology will not suffice for adequate rheatadcharacterization because of the process
space and time scales and their effects. Microstruaakelopment is another aspect which
needs to be researched, particularly regarding the pbBanal structural properties of
nanocomposite materials and the special process aomgliimposed by the microinjection
molding process.

In view of this context and in light of current stafetfee-art, it is required to do
fundamental research to enhance uhderstanding of microinjection molding of CNT/polymer
composites, to elucidate the effect of processing tondion the micropart properties and to
find a suitable correlation between rheological propediad processing outcome.

In this project, we aim to produce and characterize carianotube and polymer based
microinjected parts and to develop innovative rheologicahaus to estimate and predict the
effect of specific conditions of microinjection, i.digh temperature, very high rates of
deformation and wall effects due to the presence of natmdpar Polycarbonate, a commonly
used high performance polymer, is chosen as the main patymsatrix. Moreover, to
investigate the effect of crystallinity on the nanoposite properties, polypropylene based
nanocomposites are produced and are characterized. In RCNWIWanocomposites, we mainly
concentrate on the rheological properties, thermal atectrical conductivity. Different
microscopy and spectroscopy techniques are employed to igatesthe effect of high shear
conditions on the nanotube alignment and consequentlyhennticroparts properties. In
PP/MWCNT nanocomposites, the final properties of migested parts are investigated by
different crystallography and spectroscopy methods. llizirf@sed on the results obtained in the
previous parts and in order to improve the electrical caindty, which is the main point of
attention in this work, MWCNT/polymer blend nanocompositespaoduced and characterized.
This thesis is comprised by the following sections:

1. Literature review which is mainly the scientific backgmd and literatures on the
theoretical and experimental properties of nanotubes membtube-reinforced polymers,
characterization techniques used for measuring the naposiien properties, microinjection

molding and production of composite based microparts.



2.

3

Materials, processing and characterization part whigtaés the adopted methodology,

the materials and the experimental methods used in this w

3.

The main achievements of the thesis given in the forwhdour scientific papers as

follows:

4.

First paper: Rheological properties and percolation in suspensimf multiwalled
carbon nanotubes in polycarbongtecharacterization of rheological, electrical and
thermal conductivity of PC/MWCNT nanocomposites; invesiigeof the dependency of
nanotube networks on temperature and steady shear deforma

Second paper: Flow induced orientation of multiwalled carbon namoes in
polycarbonate nanocomposites: rheology, condugthand mechanical propertigs
investigation the effect of flow field and deformatioteran the nanotube alignment and
on the properties of nanocomposites.

Third paper: Properties of microinjection moldings of polymer ltiwalled carbon
nanotube conducting compositestudying the effects of crystalline structure and

polymer processing conditions on the morphology and pregesfinanocomposites.

Forth paper: Carbon nanotube conductive network in crystallined aamorphous
polymers and polymer blerigsnvestigation and comparing the electrical conductivity
and percolation behavior of binary composites of PP/MWGIMid PC/MWCNT and
ternary composites of PP/CBT/MWCNT.

Finally, a general discussion including a brief reviewhsf final achievements and the

summary of the results obtained in this project fottddviby conclusions and recommendations.



Chapter 2

Literature Review

2.1. Nanotechnology and Nanocomposites

If technology is defined as “the application of sciencel a&aientific knowledge for
industrial or commercial objectives”, then nanotechnglagght be specifically defined in its
most simplistic form as "the application of scienod acientific knowledge, at the nanoscale, for
industrial or commercial objectives.”" For better underding of the size of matter at the
nanoscale level, it is necessary to trace down thes wfi measurement, starting , as an
illustration, with an ant (at the milliscale) and e at the very bottom, at the nanoscale.
Eventually the nanoscale is far from being the sntalleg of measurement; it is however, the
smallest scale at which matter can be manipulated. F&jlirdustrates the nanoscale comparing
to other scales.

Recently, outstanding advances in producing nanostructuatatials with novel properties
have driven research to develop multi-functional ms@opic engineering materials by designing
structure at the nanometer scale. Owing to this aamptechnology became a significant part of

science and technology and attracted a huge amount kshead investment.
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Figure 2.1: The size of nanotechnologw(w.nano.gov/html/facts/whatisNano.hjml

Today, real world applications of nanotechnology exmstcommercial business. Wide
variety of applications of nanomaterials and process lbeen fielded ranging from non-scuff
floor tile to high strength brackets for running boardssehicles or high temperature protective
materials for spacecraft. While nanomaterials arigr@feant portion of today's nanotechnology

focus, several other areas are equally as promising22j.
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2.2.Carbon nanotubes

During the progressive advances in nonoscience and ewhmatiogy of the last two
decades, most of scientists have been attracted tbetleof novel solid state nanomaterials,
called carbon nanotubes (CNT). Since their discovey®@81 by lijima (lijima, 1991, lijima and
Ichihashi 1993) CNTs became attractive candidates for fuewd@n investigations and an
extensive research effort has been devoted to theicdtibn, characterization and development
of applications due to their unique electronic structure atrda@dinary properties (Meyyappan
2005). Intrinsic structure, size scale and aspect ratioNdfsCsuggest a variety of applications
such as nanoelectronic, sensors and field emissiovethss high performance nanocomposites
with ultra light structure and enhanced mechanical, idettthermal and optical characteristics.
It has been predicted that nanotechnology, largely fueldtidoyemarkable properties of carbon
nanotubes, may ultimately transform technology to dewiextent than does the considerable

advances of silicon revolution.



2.2.1. Structure and morphology

A carbon nanotube is a hollow cylinder of graphite shatt a diameter in the range of
nanometer and with a length from a few nanometesgveral microns. Unlike the 3-D structure
of diamond in which each carbon atom has four neaeighbors, carbon nanotubes are made of
2-D sheets of graphene where carbon atoms are arrangdieixagonal pattern. In this structure,
each carbon atom has three neighbors. Therefore, uhblgs’® electronic structure of diamond,
carbon nanotubes are based ospfaelectronic structure with Van der Waals bonding between
carbon atoms. In such structure, the in-plane bontlsred to as-bonds ors-bonds are strong
covalent bonds between atoms. On the other hand aiy¢erinteraction in this structure is due to
out-of-plane, delocalized bonds referredptbonds orp-bonds (Fig. 2.3). These bonds interact
with the p-bonds on the neighboring layer; however, this inyeranteraction is much weaker
than s-bonds (Meyyappan 2005). According to experimental measurentbatshear strength
between the outermost shell and the neighboring ishell is of the order of 0.3 Mpa (Qian,
Wagner et al. 2002).

m bond

o bond

Figure 2.3: Basic hexagonal bonding structure for a graphéet; carbon nuclei shown as filled
circles, out-of plang@-bonds represented as delocalizedotted line, and-bonds connect the C
nuclei in-plane (Qian, Wagner et al. 2002)

A tube made of a single tubular shell of graphene gsimdlet] up into a hollow cylinder is
called single-wall- carbon nanotube (SWCNT). Anothgretof nanotube is multi-wall-carbon
nanotube (MWCNT) that is made up of a tube comprising sewenatentrically arranged

cylinders.
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Two terms are usually employed to describe the miarctre of a carbon nanotube. Tube
chirality or helicity, which is defined by the chiral vectC,, and the chiral anglg (Thostenson,

Ren et al. 2001).

A b
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N

Figure 2.4: Graphene honeycomb lattice with the lattiotovea; anda, (Thostenson, Ren et al.
2001)

In the graphene honeycomb lattice, the unit cell isxspd by two vectors; anda, and
contains two carbon atoms at the positiond/8(@,) and 2/3&+ ay), where the basic vectors of
lengthjay| = |ag] = @ = 2.461Aform an angle of 60 In carbon nanotube the graphene sheet is
rolled up in such a way that a graphene lattice vegtona; + ma, becomeghe circumference
of the tube. This circumference vect®rwhich is usually denoted by the pair of integerar) ,
is called the chiral vector and uniquely defines a particdwibe (Reich 2004). The amount of
“twist” in the tube is determined by the chiral angle.oTémiting cases in this field are referred
to as zigzag ((,0) structure with chiral angle ofYdand armchair ((,n) structure with chiral angle

of 30°) structures. Other possibilities are referred to as lctinacture.
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Figure 2.5: Atomic structure of zigzag, chiral and armchaib@n nanotube
(www.seas.upenn.edu/mse/research/nanotube$.html

Many of the CNT’s properties such as symmetry and eleictrstructure may vary
dramatically when changing the chirality.

2.2.2.Fabrication methods

There are various methods to synthesize carbon namsot@Ts can be fabricated in
carbon arcs, through laser vaporization, catalytic amtitn, chemical vapor deposition and ion
bombardment. The type of produced nanotubes strongly dep@oa the presence or absence of
catalysts. Noncatalytic methods usually result in thwhll nanotubes, while single-wall
nanotubes are usually produced under catalytic conditiomal{Ble, Roland et al. 1997).

2.2.3.Properties

Mechanical properties

Carbon nanotubes have been recognized as among thgestranaterials in the world,
both in terms of tensile strength and elastic modbkmause of the covalesp’ bonds formed
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between the individual carbon atoms. The mechanicglgoties of CNTs have been extensively
studied both analytically and experimentally (Thosten&an et al. 2001; Breuer and Sundararaj
2004; Thostenson, Li et al. 2005; Xie, Mai et al. 2005; Lau, Gal.e2006). Large values of
tensile strength, for instance a tensile strengtt8dgBa for a MWCNT (Yu, Lourie et al. 2000),
and also extremely high elastic modulus, in the ordet ®Pa, have been proven by both
simulation and experimental measurements (Salvetahafoet al. 1999). These reported
strengths are 10 to 100 times higher than the strongestncardel with theensile strength of
approximately 1.2 GPa. Considering the low density db@amanotubes, which is in the range
of 1.3-1.4 g/cr their specific strength is the best of known matsriExperimental observations
indicate that CNTs are not nearly as strong under agssmn. Because of their hollow structure,
they tend to undergo buckling when placed under compressikgortal or bending stress
(Bernholc, Roland et al. 1997; Qian, Wagner et al. 2002; Lawet@l. 2006).

Electrical properties

Although carbon nanotubes generally have exceptional gremea wide range of their
special applications are related to their unique elettbehaviors. CNTs have large band gap
electrical properties depending on the symmetry and elactrstructure of graphene and
resulting nanotubes. Carbon nanotubes are high-condungtellic materials if in theirnm)
structure, 2 + m= 3q (whereq is an integer), otherwise the nanotubes are semicaduétor
instance CNTs with an armchair structuner) are metallic, and nanotubes (7,0), (8,4), (9,1),
etc. are semiconducting. Based on theoretical calouktielectrical current density of an
individual carbon nanotube can be more than severas tgreater than metals such as silver and
copper (Breuer and Sundararaj 2004; Xie, Mai et al. 2005).

Thermal Properties

Theoretical predictions have indicated that carbonondies are very good thermal
conductors along the tube axis but good insulators in #ms\erse direction (Hone, Llaguno et
al. 2002; Breuer and Sundararaj 2004). CNTs also have etyréngh thermal stability (higher
than 700°C in air and than 280 in vacuum) and negligible thermal expansion (Xigj bt al.
2005).
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Defects

Besides the basic properties of carbon nanotubes, thleavior is largely affected by the
existence of defects such as atomic vacancies ané Bfafes defect (creation of a pentagon and
heptagon pair by rearrangement of the bonds). These slefettigh level, can decrease tensile
strength up to 85% as well as electrical and thermal coirdydSammalkorpi, Krasheninnikov
et al. 2004). Some defect formation can also change tb&ied nature of tubes in the region
surrounding those defects. For instance, the armchaardypes (which are metallic) can be

semiconducting in this region.

2.3.Carbon nanotube / polymer composites

The exceptional mechanical, electrical, optical andntaéiproperties of CNTs, combined
with their low density and superior high aspect ratiogrothe exciting opportunity for material
composite reinforcement. Particularly, considerablentitte has been given to carbon nanotube /
polymer composites owing to their extraordinary propefts both processing and application

points of view.

2.3.1.Composite preparation

In spite of the remarkable properties of CNTs, in maases, carbon nanotube composites
can not demonstrate their theoretical potential. fJomzhallenge in this field is to disperse CNTs
individually and uniformly within the polymer matrix withbuwestroying their integrity or
reducing their high aspect ratio. Without proper pre-treatmCNTs usually aggregate when
introduced into the polymeric matrix. That is becausestodng Van der Waals interactions
resulting from large surface area, inter-particle fyday impurities such as amorphous carbon,
and tube entanglement. Therefore, to enhance dispa&EONT, surface treatment, purification
and disentanglement are essentially required (BrenérSandararaj 2004; Lin, Cheng et al.
2005; Sung, Kum et al. 2005). It should be noticed thatptieidreatment process usually reduce
the properties of individual tubes (Wu, He et al. 2006). Megeaobtaining good dispersion with
high level of properties generally requires optimized peatment process as well as proper
processing technique.

Several processing techniques are presented for preparinfp@ifier nanocomposites,
all of which try to address the critical processing essuhat directly affect the composite
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properties: deagglomeration of bundles and ropes, CNoeidi®n, nanotube/matrix wetting and
adhesion, alignment and interfacial bonding (Breuer anti&araj 2004). The efficiency of

each technique directly depends on its ability to bettedveshese issues in order to provide an
effective utilization of CNTs in composite application

Solution processing

Perhaps, solution-based methods are the most common foay preparing
polymer/nanotube composites providing easy mixing and digpersi CNTs through low
viscosity solvents (Breuer and Sundararaj 2004; Colemban €t al. 2006). A large number of
researchers have used solution methods to prepare pdBiedomposites (Ding, Eitan et al.
2003; Du, Fischer et al. 2003; Velasco-Santos, Martinezdteer et al. 2003; Fisher, Eitan et
al. 2004; Lin, Cheng et al. 2005; Xinfeng, Hudson et al. 2005;dkygrand Amaratunga 2006;
Chen, Yu et al. 2006; Wu, Ma et al. 2006; Zhang, Kandadal @0@6; Zhang, Zhang et al.
2006). Most of these methods have tried to improve the @Npersion and the interaction
between CNT and polymer through high-energy ultrasonicgtsurfactant-assisted mixing via
the formation of colloidal intermediate, noncovalepblymer wrapping and covalent
functionalization of nanotube with the polymer matiih@stenson, Li et al. 2005). However, the
possibility of damaging the surface properties of CNT bysotmation and the utilization of
exclusively toxic and/or volatile solvents and acidsistitute weak points in solution techniques.

Melt-mixing

CNTs can be incorporated into thermoplastic polymeisudiin melt processing techniques.
The speed, simplicity, and availability of these technigngsastic industry have made them the
preferred methods of composite formation in many casetsdflae, Fornes et al. 2002; Breuer
and Sundararaj 2004; Coleman, Khan et al. 2006).

Unlike the solution processing and in-situ polymerizatioaltymixing methods are free of
solvents and contaminants. In addition, high temperatace lagh shear mixing which is
different from those in solution techniques may enhaheedispersion of CNTs and minimize
their tendency to form aggregate in composites; alggned nanotubes are obtained when these
conditions are coupled with elongational flow.

Melt processing of CNT composites can be realized omvays:
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i. Direct addition of CNT to polymer during melt mixing
il. Using commercially available masterbatches of CNT/pelyncomposites and
diluting them with pure polymers

While using a direct incorporation method makes it possilase a variety of materials
and tailor their properties (Anand, Agarwal et al. 2006; d@va and Gorga 2006; Kim and Kim
2006; Kim and Kim 2006; Li, Luo et al. 2006; Wu, He et al. 2006; ZhZhgng et al. 2006), it
is difficult to disperse the individual nanotubes in polyimenatrixes.

The masterbatch dilution technique is a preferred methadany cases (Potschke, Fornes
et al. 2002; Potschke, Bhattacharyya et al. 2004; Abdel-GoaBa@sdhke 2005; Sung, Kum et
al. 2005; Lin 2006) and is more convenient because of theyatulitise existing technology
without big changes.

In situ polymerization

For improving dispersion and integration between the phas#gmer grafted nanotubes
are introduced in the corresponding matrix via in situ pelyration method. In this method
functionalized carbon nanotubes are introduced togetltér monomers and catalysts in the
polymerization reactor. During in-situ polymerization, polymscromolecules are grafted onto
the walls of carbon nanotubes and reinforcement iaildd at a molecular scale (Breuer and
Sundararaj 2004; Coleman, Khan et al. 2006). In situ polymienzet also beneficial because of
the possibility to achieve high loading and very good mibiyi with almost any polymer type
(Jia, Wang et al. 1999; Kuan, Ma et al. 2005; Lee, Oh €045; Blond, Barron et al. 2006;
Kwiatkowska, Broza et al. 2006; Li, Huang et al. 2006; Li, Huanhgl. 2006; Lu, Chao et al.
2006; Shin, Yoon et al. 2006; Zeng, Gao et al. 2006). This techsigiseially a proper selection
in the case of insoluble and thermally unstable polynwensch are impossible to be processed

by solution or melt mixing.

2.3.2.Properties

A great deal of experimental and theoretical works reenlpresented in the literature
regarding the effective properties of carbon nanotube-polgoeposites. These results are
seldom the same and it is difficult to generalize tHssnause of many effective parameters
including the size, form and fabrication method of CNHaracteristic of polymer chemistry,



14

processing conditions, nanotube loading, dispersion Bguoh@ent in polymer matrix and CNT-
polymer interaction.
However, most of the relevant works have shown gmgant improvements in the

properties of the resulted composites with respect tpuhe polymer.

Mechanical properties

The superior structure of carbon nanotubes and their &sglect ratio, low density and
extraordinary mechanical properties provide an outstandirignpal for reinforcement in
composite materials. To date, characterization of rntexhanical properties of nanotube -
reinforced polymers has been considered in many studiesffieredt applications. However,
the common theme has been the significant enhanceofieche most important mechanical
properties such as Young modulus and tensile strengthaweélatively small amount of carbon
nanotube loading. By adding 1 wt% MWCNT to polystyrene, 2B8provement in tensile
strength is achieved (Breuer and Sundararaj 2004). Dendeilo (&iondero and Gorga 2006)
employed melt mixing method followed by melt drawing andr tfesults showed a 32% increase
in toughness and 138% increase in modulus with a 0.25 wt% NIW@& polypropylene (PP).
Inversely, in many cases, the elongation at breakjnditator of material toughness and
flexibility, decreases when CNTs are incorporated in a paly#Zeng, Gao et al. 2006). Meincke
et al. (Meincke, Kaempfer et al. 2004) studied the mechbpioperties of MWCNT/polyamide-
6. In their study, tensile tests of the CNT-compostesved a significant increase of 27% in the
Young’s modulus, however the elongation at break oftinesterials decreased dramatically.

The tensile modulus and strength of nanotube-polymepaosites are strongly affected by
nanotube loading, dispersion and alignment. Thereforenwdmploying proper processing
techniques, extremely high modulus and strength can bevachwithout large changes in
elongation at break (Moniruzzaman and Winey 2006). Blondhesxdolleagues (Blond, Barron
et al. 2006) prepared poly (methyl methacrylate)(PMMA)-functized MWCNTSs by in situ
polymerization methods. In this study, increases in Youmgdulus, breaking strength, ultimate
tensile strength, and toughness by factors of 1.9, 4.7atl6l3.7 respectively were observed
with the addition of less than 0.5 wt% of nanotube. Tlaso observed that effective
reinforcement is only obtained at a level of nanotutratent of up to approximately 0.1 vol%;
above this amount all the mechanical tend to decreagbalgly due to nanotube aggregation.
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Eventually, it seems that the processing method isnth& important parameter in this area. The

following table shows typical results of mechanicabperties related to different processing

methods.
Table 2.1. Mechanical properties of CNTs/polymer composites
Nanotube Polymer Yeoly Y Max Max CNT Processing Reference
type (GPa) (GPa) content method
CVD- PS 1.53 3.4 2.5 vol% Solution (Safadi, Andrews et al.
MCWNT processing 2002)
CVD- HDPE 0.98 1.35 1 wt% Solution (Ruan, Gao et al. 2003)
MCWNT processing
Arc- MEMA 0.71 2.34 1 wt% Solution (Velasco-Santos,
MCWNT processing Martinez-Hernandez et al.
2003)

CVD- PVA 1.9 7.04 0.6 vol% Solution (Coleman, Cadek et al.
MWCNT processing 2004)
Arc- PMMA 0.73 1.63 17 wt% Melt-mixing (Coleman, Khan et al.
MWCNT 2006)
CVD- PS 2 4.5 25 vol% Melt-mixing (Coleman, Khan et al.
MWCNT 2006)
CVD- PC 0.8 1.04 15 wt% Melt-mixing (Potschke, Bhattacharyya
MWCNT et al. 2003)
CVD- PMMA 2.7 3.7 10 wt% Melt-mixing (Gorga and Cohen 2004)
MWCNT
CVD- Nylon 0.4 1.24 2 wt% Melt-mixing (Liu, Phang et al. 2004)
MWCNT
Arc- PP 0.85 1.19 0.75 wt% Melt-mixing (Lépez Manchado,
SWCNT Valentini et al. 2005)
Arc- PMMA 15 2.5 1 wt% In situ (Coleman, Khan et al.
MWCNT polymerization 2006)
SWCNT PMMA 0.3 0.38 0.01 wt% In situ (Putz, Mitchell et al.

polymerization 2004)
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Coleman et al. (Coleman, Khan et al. 2006) used Young’s medrdinforcement,

dy/dV; , as a yardstick to compare different studies. Theirltseare summarized in Table 2.4.

Table 2.2. Summary/comparison of reinforcement of SWCNii #MWCNT/composites
fabricated by various processes (Coleman, Khan et al. 2006)

Solution Melt In situ poly Functionalization
MeandY/dV, (GPa) 309 23 430 157
Median dY/dV, (GPa) 128 11 60-150 115
Max dY/ dV, (GPa) SWCNT 112 68 960 305
Max dY/dV, (GPa) MWCNT 1244 64 150 380

Electrical Properties

The first achieved major commercial application ofbcar nanotubes is their use as
electrically conducting components in polymer composiféie, Mai et al. 2005)

High electrical resistivity is a common charactéristf polymers, which causes insulating
behavior of these materials. While this feature is higtsirable for many applications,
accumulation of static charges on the polymer surface indyce explosion or fire in some
special sites such as oll field, mine, chemical factorg some special storage facilities. On the
other hand, the constant growth of the electronic ingusisults in more and more usage of
polymers to produce special parts such as fuel cellsssioelelectronic devices, circuit board,
and so on (Li, Luo et al. 2006). These applications neediumbive or anti-static polymer
materials. Currently the common method to enhancdrigl@cconductivity in a polymer is to
compound the polymer with conductive carbonaceous filleosveier, in spite of widely used
fillers such as carbon fiber and carbon black, high loadofgsuch conductive fillers are often
needed to obtain conductive materials. Hence, notthelyfinal cost of the material is increased
due to the high cost of the filler, but also often ofir@perties of the material are impaired.

Generally, conductive materials can be achieved whefilkfrecontent exceeds a critical
value, known as the percolation threshold. At the patiom threshold, formation of a three-

dimensional conductive network of the fillers withiretmatrix, contributes to a sharp jump in
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the conductivity by many orders of magnitude. The well eistaddd method to determine the
percolation threshold is to plot the electrical conditgtias a function of reduced mass fraction
of fillers and to fit the results with power law furaati (Meincke, Kaempfer et al. 2004; Dalmas,
Dendievel et al. 2006; Hu, Zhao et al. 2006; Li, Luo et al. 2006)

Recently, a considerable attention has focused on thef esebon nanotubes as conductive
fillers in functional polymer composites. The combioatiof superior electrical conductivity,
one-dimensional structure and high aspect ratio of CNd@slts in a very low percolation
threshold in nanotube/polymer composite (Fig. 2.6 & 2.7). Gues#ly, it is possible to achieve
several orders of magnitude enhancements in electrinductivity with a very small loading of
CNTs while the other performance aspects of the polysgrh as mechanical properties and

low melt flow viscosity can be maintained constant.

Figure 2.6: Electrical conductivitysf of the Figure 2.7: Effect of CNT content on

PET/MWCNT nanocomp93|tes as a function volume resistivity  of PC/MWCNT
of MWCNT Ioadlng._l_nset. a log-log plot of nanocomposites (Potschke, Fornes et al.
electrical conductivity versus reduced 2002)

MWCNT loading. The solid lines are fits

with a power law dependence of electrical

conductivity on the reduced MWCNT

loading (Hu, Zhao et al. 2006)
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The wide range of conductivity of these nanocompositésodoces a variety of
applications in electronic industries and related branchestrestatic dissipation, electrostatic
painting, electromagnetic interface (EMI) shielding,nfable circuit writing, and transparent
conductive coating, to name a few. Figure 2.8 shows thetrigial conductivity of solution
processes SWCNT/polystyrene (PS) composites as aidnnat loading (Ramasubramaniam,
Chen et al. 2003).

Figure 2.8: (a) Room temperature electrical conductivit? BE-SWCNT/PS composite vs. the
SWCNT weight loading. Dashed lines represent the approairoahductivity lower bound
required for several electrical applications. (b) Rotamperature conductivity of the PPE-
SWCNT/PS composite as a function of the reduced masstion of SWCNTs
(Ramasubramaniam, Chen et al. 2003)

The percolation threshold is influenced by several néytcharacteristics including its
aspect ratio, dispersion and alignment. CNTs with higspect ratio generally result in a smaller
percolation threshold (Moniruzzaman and Winey 2006). Betlispersion decreases the
percolation threshold as a result of high aspect matiovell-dispersed nanotube rather than
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nanotube aggregates (Du, Fischer et al. 2003; MoniruzzamaiVarey 2006). In a system
containing highly aligned nanotubes, fewer contacts betwdses give a reduction in electrical
conductivity and result in a higher percolation threslwolchpared to that obtained in a composite
of randomly oriented nanotubes (Du, Fischer et al. 2008grRang, Fischer et al. 2005;
Moniruzzaman and Winey 2006). This effect has been studiedan deing of SWCNT/PMMA
composite where melt fiber spinning was employed to cbititeoalignment (Du, Fischer et al.
2003; Fangming, Fischer et al. 2005). The results showedttlzafixed SWCNT concentration
(2 wt%), the electrical conductivity parallel to thegalnent direction increased sharply with
decreasing alignment. In a recent study, S. H. Yao antbliéague (Dang, Yao et al. 2007) have
studied the dielectric property of MWCNT/PVDF nanocomiassprepared by solution mixing
method. Their results showed that the dielectric taomisand conductivity after stretching were
always lower than those before stretching.

Finally, the percolation points are different in varidyses of polymers, as morphological
differences such as the degree of crystallinity and theepoe of multiple polymer phases can
affect the amount of filler needed to reach the patiom point. Using amorphous polymeric
matrices, loading levels to achieve comparable redigtityipically run a few percentage points
higher than in the case of semi-crystalline polymerssémi-crystalline thermoplastics, as
crystallites grow, all additives including nanotubes areuniax (pushed out of the way) due to
the rigid spacing requirements which characterize ctystategions of polymers (Sharples
1966). The polymeric matrix is an electrical insulator atgttrons move from one nanotube to
another. Therefore, the higher the crystalline strectof a resin, the lower the volume of
nanotubes will be required to complete the conductiveyarra

The results of the most important studies done so fawutablectrical properties of
CNT/polymer composites are summarized in Table 2.3.
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Table 2.3. Summary of conductivity results for CNT/polym@mposites

System under Processing method Percolation  Resistivity (R) or Reference

study threshold conductivity(C)

MWCNT/PMMA Spin coating 0.5 wt% R: 10*°Wem (Breuer and Sundararaj 2004)

SWCNT/PA Powder technology 3 vol% R: 10-10Wemat 6 (Breuer and Sundararaj 2004)
methods vol%

MWCNT/PP Melt-mixing in 0.05 vol % R: 10-10* Wisquare  (Breuer and Sundararaj 2004)
internal mixer (surface resistivity)

MWCNT/PS Melt-mixing in 0.25 vol% R: 10Wisquare (Breuer and Sundararaj 2004)
internal mixer (surface resistivity)

MWCNT/PS Film casting and spin 2.49 vol% R: 10*°Wem (Safadi, Andrews et al. 2002)
casting

MWCNT/PC Diluting a 1-2 wt % (Potschke, Fornes et al. 2002)
masterbatch of 15 R: 10°Uem
%wt NT (Melt-
mixing in twin screw
extruder)

SWCNT/PMMA Spin coating 0.4 wt% R: 10*°Wem (Breuer and Sundararaj 2004)
SWCNT/PS Nano-covalant 0.02-0.05wt% C: 9*10°S/m (Ramasubramaniam, Chen et
functionalization - (0.045 wt%) al. 2003)

Solution processing
SWCNT/PMMA Coagulation method 2-4 wt% C: 10*S/m (Du, Fischer et al. 2003; Du,
Scogna et al. 2004)
MWCNT/PAG6 Melt-mixing in co- 2-4 wt% R: 10° Wem (Meincke, Kaempfer et al.
rotating twin screw 2004)
extruder
SWCNT/PMMA Coagulation method 0.365wWt% C:10°S/m (Fangming, Fischer et al.
2005)
MWCNT/PET Coagulation method 0.5-1wt%  C: 10%S/m (Hu, Zhao et al. 2006)
FMWCNT/PC Solution processing NT:5wt% C: 10* S/m (Sung, Han et al. 2006)
FNT: 2-3 wt% 10° S/m
MWCNT/PET Melt-mixing in a 0.3-0.4 wt% C: 10*S/m (Li, Luo et al. 2006)
compounder
MWCNT/PS Solution processing/ 4 wt% C: 10*S/m (Mazinani, Ajji et al. 2009)

electrospining
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Rheological properties

Rheological properties of nanotube/polymer composites imgudffective viscoelastic
(time or frequency-and temperature—dependent) behavior halwetaxtical importance related
to composite processing and scientific interest asohepof the composite microstructure and
dynamics. In other words, while low frequency behavioséassitive to the structure of the
composite, the processing properties are estimated usiolpgieal behavior at high frequencies.
Probing the effective viscoelastic response typicallywshohat in such composite systems
interconnected structures of anisometric fillers at lo@guencies, result in an apparent yield
stress, which is visible in dynamic measurements bgtagl in the rheological properties.

Figure 2.9: (a) Storage modulus and (b) loss modulus of SWE@NIMA nanocomposites with
various nanotube loadings. Rheology performed at 200 °Q&#% strain (Du, Scogna et al.
2004)

In the CNT/polymer composite system, as the nanotureent increases viscoelastic
behavior at low frequency progresses from liquid-likepoese Gep W & G2 W) to a solid-
like response (G¢and G? independent ofiY) (Fig. 2.9). The onset of solid-like behavior
corresponds to the rheological percolation threshottdcam be determined by applying a power

law function toG¢ versus nanotube loading (Du, Scogna et al. 2004; Monimeazand Winey
2006) (Fig. 2.10).
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Figure 2.10: Storage moduluSgof the SWCNT/PMMA nanocomposites as a functiorhef
nanotube loading at a fixed frequency of 0.5 rad/s. Inskig-4og plot of G&vs reduced mass
fraction (Du, Scogna et al. 2004)

Plotting the phase angle versus the absolute value of the complex mod(J\lgS‘) is

another sensitive tool to investigate the percolatiofillef in a viscoelastic fluid (Fig. 2.11). In
this plot, called “Van Gurp Palmen” plot, the percolatibreshold corresponds to a plateau at

low complex modulus (Meincke, Kaempfer et al. 2004).

Figure 2.11: Van Gurp plot of the PA-NT-x composites (Mein&laempfer et al. 2004)
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As another criteriontand, whered is the phase angle, is very sensitive to the stralctur
change of the materials and decreases with CNT loadsghown in Figure 2.12a. In this figure
peak occurs at the frequency of about 1 rad/s and disappgarmeveasing the CNT content,
showing that the material becomes more elastic (Xideang et al. 2007). This is also
characteristic of a viscoelastic fluid experiencinguadétsolid transition. At the transition point,
tand is expected to be independent of frequency. With thmposite, a similar fluid—solid
transition is observed, which occurs at a CNT contetwd®n 3 and 5 wt%. After the transition,
tandincreases with frequency, indicating a dominating elassponse of the material.

The CNT content at the transition point can be esa@thatore accurately from a
multifrequency plot, as shown in Figure 2.12b for the saystesn described above (Xiao,
Zhang et al. 2007). All curves intersect at nearly a sipglint wherdand becomes frequency-
independent. Thus the fluid—solid transition compositiontled present composite§;, is
estimated to be 4.8 wt%.
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Figure 2.12: (ayand of the MWCNT/LDPE composites as a function of swéeguencies (b)
tandversus nanotube content at different frequencies (Xiaang et al. 2007)

All the methods for investigating the rheological pestioh threshold are summarized in
Table 2.4.
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Table 2.4. Available methods for investigating the rheaigpercolation threshold

Method Criteria Reference

. . P ; Du, Scogna et al. 2004
Applying a power law function to tHg( Onset of solidlike behavior EMoniruzgaman and )

versus nanotube loading (GCand GC independent of) Winey 2006)

Plotting the phase angl#versus the _
absolute value of the complex viscosity A plateau at low complex (Meincke, Kaempfer et

‘G*‘ ( Van Grup Palmen plot) modulus al. 2004)

P_Iottmgtana’ versus sweep frequencies atDisappearing of the peak at (Xiao, Zhang et al. 2007)
different nanotube loadings nearly low frequency
Plottingtana'versus nanotube loading at a A single point at which all
complete range of frequency (from low  curves intersects and whaema  (Xiao, Zhang et al. 2007)
frequencies to high frequencies ) becomes frequency-independent

The low frequency behavior of CNT/polymer nanocompositesre@srted the first time in
2002 (Potschke, Fornes et al. 2002). In this study, the rhealolgehavior of compression
molded nanocomposites of polycarbonate containing 0.5-15 wtWENIT was investigated
using oscillatory rheometry at 260. The viscosity curves are shown in Figure 2.13.

10° S —
wt% nanotubes in PC ]
a “F s E
o 3
* ]
& . ]
— 5] | " a
= 10 5 o._‘ 3
= w "‘..._H E
=, ... *"
& 107k i . .
8 x w ¢ *
L] o .
% 10"k 2 ] K--.x"'x.. . *. 3
?EL S L - 7 ¢
=] ; {] ]
S 10} QQQQ%? 555555 1
1CIZ PP | o ausal e a asuial MR |
107 107 10° 10’ 10°

Frequency (rad/s)

Figure 2.13: Complex viscosity of nanotube filled polycadierat 260C (Potschke, Fornes et
al. 2002)
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These composites were obtained by diluting a masterlgatataining 15 wt% nanotubes
using a twin-screw extruder. The results showed thaihtitease in viscosity associated with the
addition of nanotubes is much higher than viscosity clmmgported for carbon nanofibers
having larger diameter. The viscosity increase was acaaatpdy an increase in elastic melt
properties, represented by the storage modadk@svhich was much higher than the increase in
the loss modulu$s2 The viscosity curves above 2 wt% nanotubes exhibitedN&wtonian
behavior at lower frequencies. A step increase at appréeiyrawt% nanotubes observed in the
viscosity-composition curves at low frequencies was idensd as the rheological threshold.
Ultimately, the rheological threshold coincided withe tlelectrical conductivity percolation
threshold, which was found to be between 1 and 2 wt% ubest

Since then, more attention has been paid to thelatpeal properties of CNTs/polymer
nanocomposites with the main focus on the percolatiogshold as one of the most important
factors affecting the material properties or as afadétermining the dispersion quality.

O. Meincke and his colleagues (Meincke, Kaempfer et al. 200yl that in composites of
polyamide-6 and carbon nanotubes, prepared in a corotatiny derew extruder, the
experimentally determined percolation threshold from @anp Palmen plot lied between 2 and
4 wt%. However, according to theoretical studies, thiegdation threshold for solid rods with an
aspect ratio of 100 amounts to approximately 1.1 wt% (WimwnslBohen et al. 1994). They
explained the discrepancy between theory and experwigntwo experimental findings. First,
despite the fine dispersion of carbon nanotubes in thaneol matrix TEM experiments still
showed larger clusters of nanotubes. Secondly, it wasdfofrom TEM micrograph that
nanotubes, cannot be assumed to be solid rods, butmudstscribed as flexible and intertwined
fibers. Both of these effects shift the percolationghodd to higher filler contents.

Polycarbonate/multiwalled carbon nanotube compositeedymed by diluting a
masterbatch, have been rheologically characterized€AGoad and Potschke 2005). The results
showed that the dynamic modulus and the viscosity iseceavith increasing MWCNT content.
At a concentration of 0.5 wt% MWCNT, a significant chann the frequency dependence of the
modulus was observed which indicates a transition frdiguad-like to a solid-like behavior of
the nanocomposites. They concluded that this transitiaid be related to the formation of a

combined network between the nanotubes and the polymer chains
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Y.T. Sung and his colleagues (Sung, Han et al. 2006) havedttitk rheological and
electrical properties of the polycarbonate (PC)/fumaized MWCNT. They suggested that the
electrical and rheological properties of the PC/MWNMmposites are affected by the nanotube-
nanotube network structure, which is related to the MWCNifphologies such as the degree of
aggregation and aspect ratio of the MWCNT.

In nanocomposites of MWCNT and poly (ethylene terepht@pl@ET), prepared by
coagulation method, both electrical conductivity and rhgio& properties have been well
characterized (Hu, Zhao et al. 2006). They found that MIMCNT loading, the nanocomposites
undergo transition from electrically insulating to condrectat room temperature, while the melts
show transition from liquid-like to solid-like viscoelasty. The percolation threshold of 0.6 wt
%( based on viscosity) for rheological property and 0.% vior electrical conductivity was
found.

Poly (ethylene terephthalate) (PET)/ MWCNT compositegpg@red through melt
compounding in a twin-screw extruder were also studied (Riank et al. 2007). They obtained
the shear-thinning and relaxation exponents of the nanocaepdy fitting the experimental

data in a low frequency region to power-law equations, swsck a w" (where w is the

frequency and is the shear-thinning exponent) a@$» u" (where wis the frequency and is

the relaxation exponent) (Fig. 2.14). A significant dependef the rheological properties of the
PET/MWCNT nanocomposites on the MWCNT content was albserved. The MWCNT
loading increased the shear-thinning nature of the nanocomposite The storage and loss
modulii of the PET/MWCNT nanocomposites increased widmotube loading, and this

increment effect was more pronounced at lower frequencies
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Figure 2.14: Variation of the shear-thinning exponent andxatbn exponent of the
PET/MWCNT nanocomposites with the MWCNT content (KPark et al. 2007)

Rheological properties of low density polyethylene (LDPB)mposites reinforced by
MWCNTs have been investigated by Xiao et al. (Xiao, ghaal. 2007). They found that the
materials experienced a fluid—solid transition at the pasition of 4.8 wt%, beyond which a
continuous MWCNT network was formed throughout the matri

At high frequencies, the influence of nanotube loadingtlee viscoelastic response is
relatively weak indicating that CNTs do not signifidgnhfluence the short—range dynamic of
polymer chains particularly in the length scale comparébléhe entanglement lengths (Du,
Scogna et al. 2004).

It is widely accepted that the rheological percolatimeshold is smaller than the electrical
one (Du, Scogna et al. 2004; Hu, Zhao et al. 2006; MoniruzzamednWiney 2006). This
difference can be described in terms of the smaller—tube distance required for electrical
conductivity as compared to that required to impede polymerlityolsio that more nanotubes
are required to reach the electrical percolation twiels Furthermore, the nonmetallic tubes do
not have significant contribution in electrical conduityi although they can restrict polymer
motion (Fig. 2.15).
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Figure 2.15: Schematic of SWCNT/polymer nanocomposites inhwthie nanotube bundles have
isotropic orientation .At low nanotube concentratidhge rheological and electrical properties of
the composite are comparable to those of the host polytop). The onset of solid-like
viscoelastic behavior occurs when the size of the palyohain is somewhat large to the
separation between the nanotube bundles (middle). Tiset cof electrical conductivity is
observed when the nanotube bundles are sufficierdsedlo one another to form a percolating
conductive path along the nanotubes (bottom) (Du, Scogulaz004)

CNTs also affect the temperature-dependant behavidregbalymer matrix. Although the
viscoelastic material response increases at low temyperéielow the polymer glass transition),
significant increases are shown at high temperaturevéahy). Slight shifting of the effective
glass transition usually to higher temperatures thanahthe neat polymer and broadening of
the loss modulus and loss tangent peaks on the high t&tueside are other effects of addition
of nanotube into a polymer matrix (Fisher, Eitan e2@04). In a recent work, Satapathy and his
colleagues (Satapathy, Weidisch et al. 2007) analyzedripetature dependency of viscoelastic
behavior of a set of PC/MWCNT composites prepared hytidg a commercially available
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masterbatch. Their DMA analysis showed an increaigeifiy and broadening of thten d'peaks
when increasing the MWCNT content suggesting confinemetied?C chain mobility.

It is largely found that the rheological propertieoalepend on nanotube dispersion, aspect
ratio and alignment. Nanocomposites with better nanadigpersion have smaller low-frequency
slope of storage moduliséversus frequency and higheiG¢at low frequency (Du, Scogna et
al. 2004). Also the rheological percolation threshold drapen the quality of dispersion is
improved (Moniruzzaman and Winey 2006). Using the effect obtube dispersion on the
rheological properties, many researchers tried to datertiie quality of dispersion and the
efficiency of the technique used to improve the disperdsam Lin et al. (Lin 2006) used this
criterion to compare the quality of dispersion of MWCRT/ composites prepared in three
different miniature mixers by the masterbatch diluti@thod. Such studies have been also done
on nanotube composites based on poly (methyl methagryRi#MA) (Du, Scogna et al. 2004),
poly (propylene fumarate)(PPF) (Xinfeng, Hudson et al. 208l&; Hudson et al. 2006),
polycarbonate(PC) (Lin 2006; Sung, Han et al. 2006) and pbWyésie terephthalate) (PET)
(Shin, Yoon et al. 2006) as the polymeric matricess HIso revealed that when nanotubes are
aligned in the polymer matrix the probability of tube-tudemtacts decreases and the nanotube
network is less effective at impeding the polymer motibn €t al. 2004; Wu et al. 2007).
Therefore, the nanocomposite storage modGlusecreases with alignment of carbon nanotubes.
In fact, alignment decreases the elastic responsanafcomposites (Du, Scogna et al. 2004). It is
also found that the percolated nanotube network is versitaee to the temperature (Potschke et
al. 2004; Wu et al. 2007).

The steady shear viscosity is another important dggcdl parameter, especially when
processing the composite. Steady shear viscosity is @&stmated from the composite’s
complex viscosity using the Cox-Merz rule. This ruldich is based on empirical observation,
states that the steady shear viscosity and compleosiyg are closely super-imposable for
numerically equivalent values of shear rate and frequeidowever, the rule only holds for
isotropic polymeric solutions and polymer melts (i.e. ndiquid crystals or flocculated systems)
(Kinloch, Roberts et al. 2002). Kinloch et al. (Kinlo¢kgberts et al. 2002) investigated steady
shear properties of aqueous MWCNT dispersions and foundhnin&ox-Merz rule is no longer
valid for these dispersions and the steady shear Wgt®® few orders of magnitude lower than
the complex one. A similar phenomenon was also regpamtether composite systems (Shenoy,
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Saini et al. 1983). Xiao et al. (Xiao, Zhang et al. 200@nébthat in low density polyethylene
(LDPE) composites reinforced by MWCNT by melt mixing, ®ex-Merz rule holds when the
CNT content is low, but becomes inaccurate when thd €bincentration is high and the
composite is more solid-like (Fig. 2.16).
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Figure 2.16: A comparison of complex and steady shear WiesgXiao, Zhang et al. 2007)

Other aspects of rheological studies can be foundanlitérature. In 2005, Kuan et al.
(Kuan, Ma et al. 2005) showed that carbon nanotubesncagase the melt viscosity and reduce
the variation of processing viscosity in CNT/ waterbgudyurethane composites. In 2006,
rheological behavior of CNT/ poly (ethylene terephtlregldtas been considered by Li et al. (Li,
Luo et al. 2006) and their study indicated that the viscositgomposites containing high
nanotube loadings exhibited a large decrease with inogeasdiear frequency. Finally, a few
investigations on the modeling of the rheological behavi@adbon nanotubes suspended in low
molecular weight polymeric resins have been recentlyethout (Rahatekar et al. 2006; Fan and
Advani 2007; Hong and Kim 2007; Ma et al. 2008).

A brief report of the most important papers in the fieldrheology of CNT/polymer

nanocomposites is given in the following table.



Table 2.5. Summary of rheological studies of CNT/polymer caite®

System under study Processing Percolation Parameters under Reference
method threshold study
Aqueous dispersed G¢ G2 GIG2 ‘/7‘ ' (Kinloch, Roberts
oxidized MWCNT et al. 2002)
- (steady shear viscosity),
S (shear stress) at 26
MWCNT/PC Diluting a 2 wt% ‘/7‘ G¢ G2at 260°C (Potschke, Fornes
masterbatch of et al. 2002)
15 %wt NT
(Melt- mixing in
twin screw
extruder)
MWCNT/PA6 Melt-mixing in 2-4 wt% . IG’], G at extrusion (Meincke,
co-rotating twin Kaempfer et al.
g temp. 260°C P
screw extruder 2004)
SWCNT/PMMA Coagulation 0.12 wt% G¢, G2 at 200°C (Du, Scogna et al.
method 2004)
MWCNT/PC Solution mixing ~ _ G¢G? GEG? (Fisher, Eitan et al.
H(?)(relaxation spectra) 2004)
at 150°C and vs.
temperature
MWCNT/PC Diluting a 0.5 wt% ‘/7* |c*|.Ge¢G2 tan , (Abdel-Goad,
masterbatch of o Potschke et al.
n (shear thining
15 %wt NT 2004; Abdel-Goad
o exponent) at 288C
(Melt-mixing in and Potschke 2005)
twin screw
extruder)
MWCNT/WPU Solution mixing Viscosity vs time & (Kuan, Ma et al.
temp. 2005)
SWCNT/PPF Solution mixing  0.05 wt% ‘/7‘ G¢G2at 25°C (Xinfeng, Hudson
et al. 2005; Shi,
Hudson et al. 2006)
MWCNT/PC Solution mixing  NT:2wt% G¢G?2 tan at 260°C (Sung, Han et al.
FNT:1 wt% 2006)
MWCNT/PET Coagulation 0.6 wt% ,G¢G2at 265°C (Hu, Zhao et al.
method 2006)

31
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MWCNT/PC Diluting a MBM & ‘/7‘ at 265°C (Lin 2006)
masterbatch of APAM :
15 %wt NT 0.38 wt%
(Melt-mixing in  DACA:
three mixers: 0.5 wt%
DACA, APAM,
MBM)
MWCNT/PET Melt-mixingina _ Shear viscosity at (Li, Luo et al.
compounder 280°C 2006)
MWCNT/PET Melt-mixing in 2 wt% ‘/7‘ ‘G‘ G¢G2 tan (Kim, Park et al.
twin screw 2007)
extruder , N(shear thining
exponent)
at temperature
processing window
(270 -290°C)
MWCNT/LDPE Melt-mixingina 4.8 wt% ‘/7‘ (steady shear (Xiao, Zhang et al.
mechanical 2007)
. viscosity) andtan
mixer
at 125°C
MWCNT/PC Diluting a 2 wt% G¢and‘/7*‘ at 260°C (Satapathy,
masterbatch of Weidisch et al.
15 %wt NT and vs. temperature 2007)

(Melt- mixing in
twin screw

extruder)

Thermal properties, crystallinity and flammability

Incorporation of CNTs in a polymer matrix could incredise glass transition, melting and
thermal decomposition temperatures of the polymer mditre to their effect on the polymer
segments and chains. As it was mentioned in the rhealogyioperties section, increasing of the
effective glass transition temperatuiig)(is usually observed in the CNTs/polymer composites.
With 1wt% well-dispersed SWCNTs in PMMAy is increased by ~ 4@ (Xie, Mai et al. 2005).
Similarly, Fisher et al. (Fisher, Eitan et al. 2004) obsé a slight increase iify of PC by adding
2 wt% of MWCNT.
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Understanding the effect of carbon nanotubes on diigation of semi-crystalline
polymers is also of great importance because of the largact of the crystalline structure on
almost all the physical and mechanical properties. CaLIsas nucleation sites in the matrix,
which enhance polymer crystallization and increase ngetémperature. Zhifei et al. (Li, Luo et
al. 2006) found that incorporation of CNTs in PET increasias initial and average
crystallization temperatures of molten polymer compaaite accelerates crystallization. Anand
and his colleagues (Anand, Agarwal et al. 2006) showed th&NSWhas the same effect on
PET. Similarly, in PET/MWCNT nanocomposites preparedugh melt compounding in a twin-
screw extruder, MWCNTSs acted as good nucleating agentsrdrach@d the crystallization of
PET through heterogeneous nucleation (Kim, Park et al. 206#restingly, even in the
amorphous polymers, like polycarbonate, addition of MWQM3ults in a partially crystalline
structure in MWCNT/ PC composites after annealing tinepses at 190C for 8h (Sung, Kum et
al. 2005).

The amount of increase in the thermal conductivity taiokd by the atomic vibration. The
CNTs show excellent potential for thermal conductivityprovement, and the same trend is
expected for the CNT/polymer nanocomposites. However, réisults achieved by employing
CNTs in thermal conductivity improvement do not fulfilet expectations since the phonons
entering the nanotube/polymer system move through thexmather than the electrons. The low
amount of thermal transfer in polymer nanocompositesesdnom the high thermal resistance to
heat transfer between the nanotubes in the matrix aubket inherent structure of CNTs. The
introduction of covalent bonds between the nanotukgdts in a reduction in the amount of high
thermal interfacial resistance of the nanotubes #&edthermal conductivity development of
nanocomposite (Moniruzzaman and Winey 2006). There are sames \w the area of CNTs
application for thermal properties modification; howegveo considerable results have been
obtained in this matter compared to the use of CNTs lentreeal properties improvements.
Surprisingly, there is no significant percolation thréghim thermal transport measurement
(Shenogina, Shenogin et al. 2005). Similar to other propertiermal conductivity of these
composites is affected by nanotube characteristics suaspast ratio, dispersion and alignment
(Xie, Mai et al. 2005; Moniruzzaman and Winey 2006). Theromadductivity also strongly
depends on the temperature. Increasing the temperatuwis res higher level of thermal
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conductivity in CNT/polymer composites as it is found by Katral. (Kim, Kim et al. 2006) in
MWCNT/PP composites.

CNTs also increase the thermal stability of polymerotamposites. Particularly the onset
decomposition temperature and the temperature of maximuightwidss are increased in
thermogravimetric analysis (TGA) (Moniruzzaman and Wirg06). It was found that the
incorporation of a small quantity of MWCNTs improved thieermal stability of the
PET/MWCNT nanocomposites (Kim, Park et al. 2007). Thigprowement hints that carbon
nanotubes could be efficient as fire-retardant adghtiitn polymer composites which can
introduce new application of CNT-polymer composites inidewange of applications including
aircraft, building/construction, public transport, and ctieal/electronics equipment. For
example, MWCNTs have significant effect in increasihg thermal stability and reducing the
heat release rate in polypropylene composites (Kashiizglke et al. 2002). As flame-retardant
materials, these nanocomposites are found to be dt dsasffective as clay/polypropylene

nanocomposites.

Microstructure and morphology

The major challenge in research on nanocomposites bea categorized in terms of
structures from nano to micro to macro levels. In,ftutre is still considerable uncertainty in
theoretical modeling and experimental characterizatidheonano-scale reinforcement materials,
particularly nanotubes. In this regard, morphological attaristic is of fundamental importance
in understanding the structure-property relationship of nanposites. Consequently, in order
to determine the factors that contribute to, or inhilmanocomposite efficiency, aid in the
synthesis and design of the next generation of nanpesites and to optimize nanocomposite
processes, it is important to develop techniques, methgidsloand tools to characterize
nanostructure and morphology of the nanocomposites.

In carbon nanotube composites, transition of the fmysical properties to macro scale
composites is the most important issue, which is dyependant on the quality of dispersion.
Therefore, investigating the microstructure and the mdogiical properties of CNTs composites
is commonly the starting point of all studies in thisld. There are numerous amounts of
techniques to characterize the level of dispersion edthdifferent scale of characterization.

Microscopy techniques are the most widely used methods tondémte qualitatively
nanotube dispersion and investigate nanocomposite moghditowever, combination of the
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various microscopy techniques generally provides the begyhininto the morphology of
CNT/polymer composites. Resolution and contrast ar&eligoarameters in microscopy studies.
The increased use of optical microscopy, scanning eleotrormscopy (SEM) and transmission
electron microscopy (TEM) in polymer research has leenmesult of widespread acceptance of
the techniques and larger demands placed on the propertidseesd composites (Ajayan,
Schadler et al. 2000; Meincke, Kaempfer et al. 2004; PotsdBhattacharyya et al. 2004,
Coleman, Khan et al. 2006). Optical microscopy is sufiicte characterize dispersion on a >1
mm scale, “Optically Dispersed”. Scanning electron miapgc(SEM) is able to map the
electric field in CNT composites to assess dispergiom ffew mm down to tens of nm. Using
SEM, the quality of dispersion and homogeneity can bseed in the length scale of
micrometer range. Transmission electron microscofM)I can directly visualize single tubes,
bundles and catalyst particles. Therefore, in orderageess the bundle size, presence of
agglomerates, local concentration gradients and tp ¢htracterize dispersion, TEM is generally
employed. Combination of SEM and TEM can also provide @rgéniew of the orientation of
nanotubes in the system (Dondero and Gorga 2006). Atonce foicroscopy (AFM) is another
important microscopy technique, employed to determine thgtheof nanotube in polymeric
matrix and to characterize the deformation mechanismsoaiposite as well as failure
mechanisms of nanotubes. AFM is also a suitable meathowestigate the surface properties of
nanocomposites (Barber, Cohen et al. 2004; Lin 2006)

Spectroscopy techniques are alternative methods of ¢earation to evaluate nanotube
dispersion quantitatively. Raman spectroscopy (Ajagmadler et al. 2000; Du, Scogna et al.
2004; Kuan, Ma et al. 2005; Eitan, Fisher et al. 2006) and Fotnamsform infrared
spectroscopy (FTIR) (Kuan, Ma et al. 2005; Moniruzzaman, Dwale2006) are suitable
techniques to investigate nanotube/matrix interactiodg@muletermine the load transfer between
CNT and polymer matrix as well as the structural progedfandividual nanotubes. Particularly
when using functionalization, these techniques are prdfemethods to characterize the side
groups created on the CNTs (Du, Scogna et al. 2004).

Crystalline structure and orientation are other issuesintdrests in the field of
CNTs/polymer composites. X-ray diffraction (XRD) andfetiential scanning calorimetry (DSC)
are the most important techniques for this aim. The donsiused to quantitatively study crystal

morphology and orientation; while the later can qualdy reveal the changes in overall
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crystallinity (Leelapornpisit, Ton-That et al. 2005; Deno and Gorga 2006). Wide angle X-ray
scattering (WAXS) experiments provide opportunity to siamgously analyze the crystalline
structure, the extent of the crystallization, as veallthe crystalline orientation (Konishi and
Cakmak 2005; Anand, Agarwal et al. 2006; Phang, Ma et al. 2006; Z&o et al. 2006), while
small angle X-ray scattering (SAXS) is a suitable hadtto characterize alignment of nanotube
in the system (Du, Fischer et al. 2003; Du, Scogna et al. Fadgyming, Fischer et al. 2005). In
differential scanning calorimetry (DSC) experiments, theorded thermograms are used to
determine the onset melting temperature, peak melting tetapeend enthalpy of meltinddd);

the shape of the curves are evaluated qualitatively tandieie changes in crystal structure;
finally the overall percentage of increase in crystaifin calculated by dividing the enthalpy of
melting for the sample by the enthalpy of melting of puegrix (Dondero and Gorga 2006).

2.3.3.CNTs/polymer composites in processing

It is well known that the microstructure of plastiatgas the result of complex changes
imposed to the base polymer by the special processing iom3ditTypical thermoplastic
processing involves pellet melting, plastication, metiwfland pressurization and finally
solidification from the molten state, either by ¢aJézation or vitrification. (Garcia-Gutierrez,
Nogales et al. 2006). The complex thermo-mechanical histgppsed on the polymer during
processing leads to substantial spatial variationfi@ihoorientation under shear and elongational
flows and to the formation of a superstructure contiolig the local dynamics of the process.
These effects result in a large anisotropy of the fifalscal properties particularly if the
polymer is filled with solid particles of various shapgtass or carbon fibers, clay or mica
platelets, and carbon nanotubes or nanofibrils, ekmhi€hi and Cakmak 2005). Use of carbon
nanotube based nanocomposites for commercial apphsatibus, needs an understanding of
how the processing conditions influence the nanotubevanks and subsequently the
nanocomposites properties.

It was reported that both electrical conductivity and \8ggoof polypropylene/MWCNT
nanocomposites decreased strongly with shear ratehesel nanocomposites exhibited large and
negative normal stress (Kharchenko, Douglas et al. 200%)refvs et al.Rich, Collins 2002)
showed that an increase of mixing energy, achieved byasedemixing time (up to 25 min) at a
given screw speed, enhances dispersion (as charagteyizight microscopy). At the same time,
they found a reduction of the MWCNT length up to 25%. Pdéescht al. (Potschke,
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Bhattacharyya et al. 2004) found that in the MWCNT/polycaab® composites prepared by
dilution a masterbatch of PC with 15 wt% MWCNT using melt mixing moelt in a DACA-Micro
Compounder, increasing the mixing time and screw speed bb\percolation concentration
(between 0.5 and 1 wt% of MWCNT) reduces electricalstizdtly. Their results showed that
appropriate mixing conditions (in this case enhanced mixmg)tcould transform the system
from a non-percolated structure into a percolated oneefféet of mixing time can be explained
by the time necessary for diffusion of the polymer chagtsveen the nanotube aggregates of the
masterbatch. Finally, they concluded that better digpeitsy an increase in mixing time and use
of higher screw speed prevails over the reduction of nandémgeh. A reduction of nanotube
length is expected to shift the percolation threshokigber compositions, since the aspect ratio
of MWCNT is decreased.

Considering the flow field effect, polymer-nanocompashave been studied by assessing
Raman spectra obtained from embedded SWCNTs subjectedatio a@td pressure (Garcia-
Gutierrez, Nogales et al. 2006). It is demonstrated tloat fields similar to those used in
industrial processing, have a strong impact on the bumdletgre of SWCNT within polymer
nanocomposites and on the structure of the polymermatri

Similarly, the effect of pressure on the structuraladigin of SWCNT bundles has been
revealed by X-ray scattering and modeling has been repdBaatia-Gutierrez, Nogales et al.
2006). However, in spite of the crucial influence of preses induced flow fields on the
microstructure and properties of CNT / polymer composites,effect remains almost untreated

until now.

2.4.Microfabrication of polymeric materials

2.4.1.Microtechnology

Since the 1980s, microsystem technology has been prowyeapidly and it is predicted to
become one of the main technologies of theé' 2eéntury (Zhao, Mayes et al. 2003).
Consequently, miniaturization of components and produaingtional devices in even-smaller
length scales have gained considerable attention in regsans, due to the exceptional
development of the microsystems technology. Miniaturgcde such as fiber-optic connectors,

fuel cells, micro-optics, gears and transmissions,haxeems and biomedical devices, sensors
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and Micro-Electro-Mechanical Systems (ULMEMS), haveerbeapplied widely in the

microelectronics, optoelectronics, biotechnology anctochemical systems.

2.4.2.Microinjection molding process

Microinjection molding is a relatively new microfabaiton process with a great potential
of mass production of microdevices using materials such lgsnps and their composites as
well as ceramic and metallic powder (polymer basedddwcks.

Kukla et al. (Kukla, Loibl et al. 1998) defined microinjectimlded parts as (1) parts with
a weight grams down to milligrams, (2) parts with mitnostured regions, and (3) parts with
microprecision dimensions. The first category of p&dve with masses of a few milligrams, but
their dimensions are not necessarily on the micralesd?arts of the second category are
characterized by local micro features on the micronrpsieh as microholes and slots. The third
category includes parts of any dimension that have tadesain the micron range.

Microinjection molding process is fundamentally simtiarthe conventional injection one.
The mold cavity equipped with a microstructured mold inserfirst injected with heated
materials, for example polymer melts heated above thle temperatureT(,). To compensate
subsequent melt shrinkage, the injection is followed byc&ipg step (additional melt squeeze).
Finally, the part is cooled down below its glass tramsitemperature], and ejected from the
mold.

As in the case of the conventional injection moldinghe microinjection molding product
properties are strongly affected by process paramdtensever, because of the exceptional
features of microinjection molding, these parametersaed their effects are not necessarily the
same.

In the conventional injection molding, process paramsdtat affect the quality of injection
molding products include cooling time and rate, injection piressinjection speed, injection
time, filling time, melt temperature, ejection pressume|d temperature, mold geometry shape
and material properties of the melt. Neverthelesghécase of microinjection molding the
conditions are somehow more drastic. Because ofptbeess scale, microinjection molding
features extreme injection pressures, shear ratec@olohg rates as well as very short cycle
times. These exceptional conditions combined withgelaurface area to volume ratio may have
a much greater influence over the resultant propertiesicfomolded parts. In addition, as
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dimensions are in the order of microns, surface effat expected to play a major role on flow
behavior during injection, which occurs at very high defdionarates.

A great deal of studies has been conducted to investlgatgffect of processing conditions
on microinjected parts. In a more recent study Sha €Blah, Dimov et al. 2006) found that the
effective process factors are dependent on the mateinalexample their study revealed that the
barrel temperature and the injection speed are the keydaaffecting the aspect ratios of micro
features replicated in PP and ABS. In the case of Pl@Myddition to these two factors, the
mould temperature is also an important factor to imprihee replication capabilities of the
microinjection molding process. All the parameters @mred so far as the effective

microinjection parameters are summarized in Table 2.8.

Table 2.6. Different influential parameters of microitig@ce molding process

Parameters Reference

Metering size
Holding pressure time

(Zhao, Mayes et
al. 2003)

Injection time
Mold temperature, injection
Temperature injection Pressure

(Shen, Chien et al.
2004)

Injection pressure

Mold temperature
Injection velocity

Melt temperature
Mold temperature
Injection speed

Packing pressure

Mold temperature
Packing pressure

Effective process factors are
dependent on the materials

(Su, Shah et al.
2004)

(Wu and Liang
2005; Chien 2006)

(Chen, Chang et
al. 2005)

(Sha, Dimov et al.
2006)

In the microinjection molding process, because of thdlsuz& of the products, it is very
difficult to see them clearly without the aid of mascopic techniques. Therefore, the
conventional testing methods cannot be applied to snell geometries and so product property
measurement would be one of the main challenges atssbuvdh this process.

Various experimental and simulation studies have beenrtegb@bout microinjection
molding process. For instant, Whiteside et al. (Whitedwltyn et al. 2004) studied the effects
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of micromolding processing conditions on component surtagegraphy, morphology and

mechanical properties. The microstructure was evaluated) wEianning electron microscopy
(SEM), atomic force microscopy (AFM) and nano-indéotatechniques. Zhao (Zhao, Mayes et
al. 2003) used the design of experiments (DOE) technique hoa¢eaveight and tip diameter of

a miniature gear, as quality indexes of injection molded poovants for a 1 mm diameter

microgear. There are also similar studies in this figtth the aim of finding the effect of process
conditions on different characteristics such asea@hle aspect ratio of micro and sub-micron
structures (Sha, Dimov et al. 2006; Liou and Chen 2006), atplic accuracy (Chien 2006),

weld-line strength (Wu and Liang 2005), etc.

A number of researchers carried out processing and sionukttidies of the microinjection
molding process and flow behavior of polymer melts in miewld-cavity (Shen, Chien et al.
2004; Su, Shah et al. 2004; Yao and Kim 2004; Xu, Yu et al. 2005)evty, generally,
simulation predictions were not in good agreement wkperimental results. This discrepancy
may be attributed to the lack of constitutive models mleisg the features of fluid flow and heat
transfer in confined flows at the micro-scale, inchgdthe roles of very high shear rates/stresses
and rapid cooling rates in a confined geometry with a lsngice area to volume ratio.

In fact, significant reports of the research in micj@ition molding started only during this
decade mostly considering the pure polymers. A number of plym@s such as LCP (liquid
crystal polymer), PC (polycarbonate), PS (polystyreR®) (polypropylene), HDPE (high-density
polyethylene), PMMA (polymethylmethacrylate), ABS (acrylohibutadiene-styrene) and POM
(polyoxymethylene or acetal) have been successfully pratebseugh micromolding (Zhao,
Mayes et al. 2003; Su, Shah et al. 2004; Whiteside, Mattgh 2004; Wu and Liang 2005; Sha,
Dimov et al. 2006; Chien 2006; Liou and Chen 2006; Yang 2006). However, in many
applications, it is necessary to enhance one or depégeical properties (strength, barrier
properties, thermal stability, electrical conductivitynang others), as pure polymers cannot
satisfy these requirements. Micro parts with enhancegepties can be produced with inclusion
of suitable fillers in polymers. Reducing the cost is armo#étia of using fillers for commercial
application. In this regards, polymer nanocompositegnped reinforced by nano sized particles
(nanocaly, carbon nanotube, etc.), can be employefdkiocate high-valued products using
microinjection molding. One main reason of using nalev$lin this process is that conventional

fillers have dimensions comparable to those of the lsraalties of the mold (Huang and Chiu
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2005; Huang 2006). Only in few research investigations by Huany @dwang, Chen et al.
2005; Huang and Chiu 2005; Huang 2006) polymer compounds containing dillgisas short
glass fiber, glass particles and nanoceramic matéB8#ls , TiO, and ZnO) have been studied in
microinjection process.

Rheological measurement is another missing part ofiestud this field. Although the
rheological properties extensively affect the processtigcture and properties of microparts,
there have been a few published studies on the rhedlpgagzerties in relation to micromolding,
especially in the case of polymer nanocomposites. Inifaatost simulation works, the viscosity
data used was obtained by conventional techniques for maprospplications and scaled down
to the sub-millimeter range. However, because dédiht conditions in microinjection molding
compared to conventional molding, this scaling might ser@ous cause of inaccuracy. It is
expected that the increase of viscosity would not ha@rance in micromolding of CNT-based
nanocomposites because of the high shear rate encourSeddhigh shear rates can result in
the alignment of the CNTs within the matrix, which wiurther have an effect on the rheology
during processing. In the final product, this will also teso enhancement of both the
mechanical properties and the thermal and electricalativities.

2.5. Originality of the work

If considerable research has been conducted regarding thegbhy®perties of carbon
nanotube filled composites, including mechanical, eledtaca rheological properties, only a
few investigations have focused on the practical appdieatiof nanocomposites in various
industrial fields. In the microinjection molding processpecially in the case of nanocomposites,
experimental progress has been slow, due to the difésulh micromachining and the absence
of a clear strategy for characterization of micnesture and its development. To our knowledge,
there is no report in the literature considering thectfof high shear rates of polymer processing
on the properties of the nanocomposites. The rheolqgicperties of such systems in relation to
the conditions featured in microinjection have not bs&udied so far. Finally, crystalline
structure and orientation and the consequence effemtystalline phase on the nanocomposite
properties have not been reported for microinjected produibes.knowledge and experience
obtained in conventional injection molding may be agpt®the understanding of orientation in
microinjection molding parts. However, rapid cooling expergehby micromolded components
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may restrict crystal growth and therefore cause thelymtoto exhibit mechanical properties
different from those normally listed by the resin macturer. Consequently, in order to
understand the relationship between the nanocomposite glyeaficroinjection conditions and
resulting properties, it is essential to characteheerheological properties and microstructure of
composites as well as the dispersion and alignment odtnbes in the parts. In addition,
understanding of crystallization phenomena is of great iitapce because of considerable
impact of the crystalline structure on most physical aedhanical properties of semi-crystalline

polymers.

2.6.Objective

The main objective of this project ig0“improve the properties of MWCNT/polymer
composite based microinjected parisiivestigation of the influence of high shear conditions
the properties of MWCNT/polymer nanocomposites will gulde work, with a special focus on
the rheological properties, electrical conductivity astluctural changes in the nanotube
networks.

The sub-objectives of the current work can be sumnaasdollows:

To investigate the effect of nanotube loading, nanotliggment and temperature on the
rheological behavior of the nanocomposites.

To discover the influence of high shear conditions omptgerties of the nanocomposites
with a special focus on the electrical conductivity atdictural changes in the nanotube

networks.

To explore the effect of crystalline structure on #feear induced properties of the

nanocomposites.

To investigate theffect of selective location of carbon nanotube andithéble percolation

phenomenon on the electrical conductivity of the nanposites.
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Chapter 3
Materials, Processing and Characterization

3.1.Methodology

Taking into account the aim of this work, the adopted owlogy is described in this part.
Different tasks were carried out to achieve the meatonbjectives through this work as

summarized in Figure 3.1.

Figure 3.1: Project general scheme

The experiments were designed and carried out in two plagp 3.2):
Initial material preparation (carbon nanotube/polymermasite preparation and
characterization)
Final processing (microinjection molding process and prodwaackerization)
Our main target was to establish a relationship betwessettwo phases to provide a whole
image of polymer CNT nanocomposite behavior in the mgeotion molding process.



Experimental
r Phase Strategy Phase . j
ial material ) )
preparation Final processin

v v

nanocompositq molding
ocessing
onditions

Rheology
propertie:
Electrical
conductivity

aracteriza

Microstructure

Melt mixing

Electrical
conductivity

conductivity

Figure 3.2: Experimental strategy

44



45

As-made nanotubes intertwine into agglomerates thadlifireult to disperse; therefore in
order to insure consistent and high quality performance &b ag versatility and ease of
handling, instead of mixing pure CNT with a given polymerused premixed polymer/carbon
nanotube masterbatches and diluted them to the requimeckmirations by adding the base
polymer.

In light of the objectives of this work, the availatyil of commercially available
masterbatches determined our choices of materials atlibdse Regarding the materials, we
exclusively focused on two kinds of polymer: polycarborf®@&) as a polar amorphous polymer
and isotactic polypropylene (iPP) as a non-polar sensitaltine polymer. Furthermoreyclic
butylene terephthalate (CBT), a very low viscosityaoiher, was used in the final stage of this
project to prepare MWCNT-filled PP/CBT blend.

In addition, melt-mixing was the preferred method in thi®ject to prepare the
CNT/polymer composites through dilution of masterbatchiés the corresponding polymers.
The prepared nanocomposites in phase 1 were then employglthse 2 as initial feeding
materials for the microinjection molding process.

In order to enhance our understanding of microinjectiotdimg process and its effect on
the nanocomposites structure and properties and to olgaimized operating conditions, it is
important to well define the system and evaluate the degraehievement of final properties.
Therefore, material characterization was one of thstnmportant steps in both phases of the
experimental strategy. It was essential for the ¥alhg main reasons:

To evaluate the properties and dispersion quality of €pllymer nanocomposites

prepared through dilution of the masterbatches.

To recognize the most important parameters in micrdiojecand to optimize the

microinjection conditions considering the effectlod$¢e parameters on target properties.

Finally, to assess the effect of microinjection prgces the structure and properties of
CNT/polymer composite by comparing the results of the pusvsteps.

In the remaining sections of this part, the materiats experimental methods used in this
work are described. In section 3.2 a brief descriptia@imaterials will be given. In section 3.3
the sample preparation and processing will be descridesl.characterization methods will be
mentioned and described in section 3.4.
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3.2.Materials

Masterbatches: Two kinds of masterbatch were used in this project: stenatch of 15wt%
MWCNT in polycarbonate (PC/MWCNT) and a masterbatch 28wt% MWOCNT in
polypropylene (PP/MWCNT). Masterbatches were supplietiyperion Catalysis International,
Cambridge, MA. The carbon nanotubes are vapor grownpuitity more than 90% and typically
consist of 8-15 graphitic layers wrapped around a hollow 5 oma. d'ypical diameters range
from 10 to 15 nm while lengths are between 1 and 10 pm (Potdebikees et al. 2002).

Polycarbonate (PC) Polycarbonate, a clear amorphous polymer, is the pastilar polymer
material for microfabrication via injection molding due fts special properties in both
application and processing. In addition, it is a widelydus®terial in CNT/polymer composite
industry since its special mechanical properties offer ad gmoportunity to produce multi
functional nanocomposites. Therefore, polycarbona® tiwe main point of our attention.

In this project, PC Calibre1080 (injection grade), supplied bw hemical, was used for
the dilution of the masterbach. PC has a density of 1206%ugcording to ASTM D792, with a
melt flow rate of 11 g/10min at 25 and a water absorption of 0.20% after 24 h af@3

according to ASTM D570. Therefore, it was necessaryydhids material for a minimum of 3-4

h at 120 C. The suggested maximum allowable moisture for PC gr&iéie0 %.

Polypropylene (PP) a very easily working semi-crystalline polymer, wakested to investigate
the effect of crystallinity on nanotube distributiomdahow this would affect the final properties
investigated.

In this work, the high crystallinity isotactic polypropye (iPP HD120) used was supplied
by Borealis Co. This PP grade has a density of 908 kagnording to ASTM D792, with a melt
flow rate of 8 g/10min at 23%C.

PP-g-MA: Polypropylene grafted ateic anhydridg PP-g-MA Polybond PB3150 with 0.5 wt%

MA and with a melt flow rate of 20 g/10min at 190) was used as a compatibilizer in an
attempt to improve nanotubes dispersion in PP/MWCN Doamposites. Various kinds of PP-g-
MA with broad range of MA content and molecular weigiere previously used in the

preliminary steps to find the most efficient one in dipersion modification.
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CBT (cyclic butylene terephthalate) CBT is an oligomer of poly butylene terephthalate (PBT
and was used in this study to try to improve the electdoaductivity of the nanocomposite
through formation of iPP/CBT blen@BT was supplied by Cyclics Co.

3.3.Sample preparation and processing
Phase | CNT/ polymer nanocomposites preparation

The composites were produced by melt mixing the mastedsmighh the neat polymers.
Polycarbonate and PC/MWCNT masterbatch were driea fminimum of 4h at 12 prior to
mixing. Polypropylene, PP/MWCNT and PP-g-MA were driedifor at 96C.

To prepare the samples for rheological measurementdjffdrent composites of PC with
MWCNT contents between 0.2 and 5 wt% MWCNT were prepared) @sBrabender internal
mixer. Different conditions were investigated and the finagpérsion was checked to obtain the
optimum condition for CNT dispersion. The best ctindi was obtained at 50 rpm during 16
min. To compare the nanotube dispersion at low and bigbdrature, samples were produced at
two different temperatures, 22G and 250°C.

To carry out the micromolding experiments nanocomessibf PC/MWCNT and
PP/MWCNT were produced using a twin screw extruder. Thienaés were dried under the
conditions previously described. Eight different compgsitéh MWCNT contents between 0.5
and 15 wt% MWCNT were prepared using a lab-twin screwudetr, Leistritz ZSE 18HP (with
1.78 mm diameter and length of 40D). Different temperatunélgs and rotation speeds were
investigated and the final dispersion at each conditioa @feecked to obtain the optimum
condition for CNT dispersion.

For PC nanocomposites, the best condition for CNSpeatsion was obtained at 100 rpm
screw speed using a temperature profile along the extrudav started from 208C (first zone
after hopper) to 21%C (Die). The twin-screw included 8 thermal zones stgufiom hopper and
ending at the die. The temperature profile used was:

Zone 1 (Hopper): 208C;  Zone 2: 208C;  Zone 3: 21;  Zone 4: 216C;  Zone 5:
210°C; Zone 6:218C; Zone 7: 218C;  Zone 8 (Die): 21%C

For PP nanocomposites, a two step procedure was usezpargthe nanocomposites:
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Stepl The masterbatch of 20wt% MWCNT in polypropylene wihstedd with PP-g-MA to
prepare a new masterbatch of 15wt% MWCNT. The diluti@s Wone using the twin
screw extruder operating at 200 rpm with the following terapure profile:

Zone 1: 205C; Zone 2: 216C; Zone 3: 2XC; Zone 4: 2306C; Zone 5: 246C;
Zone 6: 250C; Zone 7: 256C; Zone 8 : 235C

Step2 The prepared masterbatch of step 1 was then dilutethetadésired MWCNT
contents by mixing with neat PP in the twin screw extrulxing was done at 250 rpm

while the temperature profile was set as follows:

Zone 1: 186C: Zone 2: 188C: Zone 3: 191C: Zone 4: 196C; Zone 5: 195°C:
Zone 6: 205C: Zone 7: 206C; Zone 8 : 198C

Finally, ternary nanocomposites of PP/CBT/MWCNT wgmduced by diluting the
PP/MWCNT masterbatch with proper amount of PP and CBilrtyTsix composites with six
different CBT contents between 0 and 40wt% and six narokddings between 0.2-5 wt%
were prepared using the same twin screw operating at 250 mgprtha following temperature
profile:

Zone 1:185C; Zone 2: 185C; Zone 3:176C; Zone 4:176C; Zone 5: 166C; Zone
6: 150°C; Zone 7: 185C; Zone 8:185C

These conditions were used to minimize residence tonavbid CBT polymerization
which occurs ideally at 186. Separate rheological measurements at’8&howed that
polymerization time of CBT into PBT is about 300s.

Phase I Molding processes

Compression molding, conventional injection molding, woiigection molding and
microinjection-compression molding were employed in th@ggmt to produce final parts under
different levels of shear or deformation rate. Ptmreach processing, the materials were dried
under the conditions previously mentioned.

Compression molding of dried nhanocomposites were done uslagvar laboratory press,
model 3912, operated manually at 270 and 230°C for PC and PP nanocomposites
respectively. The disk shaped molded samples of 60mm diaraetl 1.5 mm thickness were

then cooled down to room temperature.



49

For the conventional injection molding we used a SumxtoSE50S electrical 50 ton
injection molding machine to mold standard dog-bone shapsdete¢est specimens of 150 mm
in total length, with a gage section 10 mm wide by 4 mmktliog 80 mm long. Only
PC/MWCNT nanocomposites were processed in conventiojedtion molding. Injection was
done at an average barrel temperature of ‘@@nder a pressure of approximately 100 MPa
while injection speed was constant at 400 mm/s. The neohperature was kept constant at 80
°C and cooling time was set to 10 s.

Microinjection molding was done using a Battenfeld Migmiem 50 micromolding

machine (Fig.3.3).

Sensor p

hut-off valve

Moulded pa

Injection piston

Heater

Figure 3.3: Battenfeld microsystem 50 injection machine



50

In the case of PC/MWCNT nanocomposites, microinjectwwas done at the same
processing conditions as the conventional one. For PRZMWnanocomposites, an average
barrel temperature of 280, a constant injection speed of 400 mm/s and a holdingupece$
approximately 100 MPa were used. In crystalline matestadinkage is often observed in the
final parts. To reduce the shrinkage percentage the mold taetmpewas optimized and was kept
constant at 20C while the cooling time was set to 10 s. To investigate dffect of mold
geometry, two different mold cavities were used: one havidggabone shape of 15 mm long,
with the gage section of 1 mm wide by 0.78 mm thick by 4.3lomg, gated at one end, and the
other a disk shape of 25 mm in diameter and 1mm thick, gatde atentre. To examine the
effect of the injection speed two additional injectipeeads were also used in the case of the dog-
bone samples: 200 and 800 mm/s.

Finally, microinjection-compression molding was employted evaluate the effect of
applying a compression step at the end of the injectiosepba the part properties, using the
centrally gated disk cavity with the same dimensiondessribed before. The process consisted
of injecting the melt into the cavity, while the mol@swnot totally closed. This leads to an initial
cavity filling under a lower pressure than if the moldswedosed, as in conventional injection
molding. After the injection stage, the mold was closedompress the melt and to completely
fill the cavity. The operating conditions in this case ne same as microinjection molding using
only 400 mm/s for the injection speed. The closing gap betwse mold plates was about 1.2
mm and the mold closing speed used in this experiment wasm/$

3.4.Characterization

Characterization before and after microinjection is ohéhe main important concerns of
this work. Different characterization methods, thgiplacations and purposes are given in the
following table. The parameters and procedures of eathest experiments are given in the
following chapters, including the results related to ed¢heassociated tests.



Table 3.1. Characterization methods and their applicatitms study

Method Application
- Morphological analysis
SEM - CNT dispersion and distribution analysis

(Scanning Electron Microscopy)

- Aggregates formation and localization

- CNT alignment analysis
- Blend morphology analysis and CNT localization in Ithend

AFM

- Morphological analysis

- CNT dispersion and distribution analysis

(Atomic Force Microscopy)

- CNT alignment analysis

- CNT dimensions analysis

TEM

(Transmission Electron Microscopy).

- Morphological analysis

CNT dispersion analysis
CNT alignment analysis

- CNT dimensions analysis

- Microstructure analysis
- Nanotube networks behavior analysis (dependency on the

Rheological measurements

temperature & steady shear rate)

- Nanotube alignments study
- Correlation between rheology and microparts properties
- Investigation the shear rate dependency of the viscosity

Raman spectroscopy

DSC &XRD

FTIR

Conductivity measurements

- Nanotube structure & alignments analysis

- Crystallinity measurements and orientation detection

- Polymer chains and crystalline phase orientation

- Electrical conductivity analysis

- Thermal conductivity analysis

Mechanical properties

measurements

- Stress-strain behavior analysis

51
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Chapter 4

Organization of Articles and Thesis Structure

The main achievements of this thesis will be given iaptérs 5 to 8. Each of these
chapters includes the main findings in a scientific journpép&rmat. The organization of these
chapters is as follows:

Chapter 5explains the rheological behavior of PC/MWCNT nanogosites. In
this chapter percolated structure of nanotubes is studiel sea of rheological, electrical
and thermal conductivity measurements. The dependermgrodlation threshold on the
temperature and steady shear deformation is explometai. This paper was published
at journal “Rhelogica Acta” (Abbasi, Carreau, Derdoetial. 2009).

Chapter 6covers the results of processing of PC/MWCNT at dffieprocessing
conditions used to systematically change the degrearwitabe alignment, from random
orientation to highly aligned. Investigation of the effetflow field and deformation rate
on the nanotube alignment and on the properties of namuasites is thoroughly given in
this chapter. This paper was submitted to the journal “Polymer”

Chapter 7 studies the final properties of microinjected nanoconessiof
PC/MWCNT and PP/MWCNT prepared at various conditiongede of the crystalline
structure and polymer processing conditions on the morphodogl properties of
nanocomposites are analyzed in this paper. This paper \vasitad to the journal
“Polymer Engineering and Science”.

Chapter 8investigates and compares the electrical conductivity @ercolation
behavior of binary composites of PP/MWCNT and PC/MWCNd &mnary composites
of PP/CBT/MWCNT. The effects of nanotube incorporatiand the presence of
crystalline phase on the properties of the nanocongsogit high shear conditions are
covered in details. The double percolation concept, the foeus in this study, was used
to improve the electrical conductivity. This chapteinioreparation as a paper to be
submitted to the journal “Polymer”.
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Chapter 9 is a general discussion and it covers a sunmandrgomparison of the results
obtained in this study. Finally, a brief conclusion oftthesis and the recommendations for
future works will be given in chapter 10.
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Chapter 5

Rheological Properties and Percolation in Suspension$ Blultiwalled Carbon

Nanotubes in Polycarbonate

5.1. Presentation of the article

The objective of the first paper was to examine theldggcal behavior of polycarbonate
(PC)/ MWCNT nanocomposites in light of interactionswegn CNTs and polymer chains or
between CNTs themselves. We used PC as an amorphgusepadb make a good dispersion of
nanotubes and to avoid complexities arisen from cihystaktructure. Moreover, since these
nanocomposites were further used as the feeding matefiahicromolding, in this work we
intended to discover the effect of conditions featuredhi# microinjection molding on the
rheological properties and microstructure of the nampusites. More specifically, the
investigation of the effect of nanotube loading, nanotalighment and temperature on the
rheological behavior of the nanocomposites was then mbjective of this study. The results
revealed that the nanotube networks were strongly temperakependent; the percolation
threshold was significantly lower at higher temperatumeggesting stronger nanotube
interactions. The structure was also sensitive tetbady shear deformation particularly at high
temperature. These results were analyzed using simptelsndor suspensions of rod-like
particles. The relationship between the rheologicap@ites and the microstructure is also
discussed in light of electrical and thermal condugtigitthe nanocomposites.

" Rheologica Acta2009:48(9):943-959
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Rheological Properties and Percolation in Suspension$ Blultiwalled Carbon

Nanotubes in Polycarbonate

Samaneh Abbasl, Pierre J. Carreau', Abdessalem Derdoufi Michel Moan?

1) CREPEC, Department of Chemical Engineering, Ecolgt&hnique Montreal, P.O.Box
6079, Station Centre-Ville Montreal QC, Canada

2) CREPEC, Industrial Materials Institute, National Rese&ouncil Canada, 75 de Mortagne,
Boucherville, QC, Canada

3) Université de Bretagne Occidentale, 3 rue des Archive83837-F29238 Brest cedex3,
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5.2. Abstract

This paper is concerned with several issues relatedheo riheological behavior of
polycarbonate/ multiwalled carbon nanotube nanocommositee composites were prepared by
diluting a masterbatch of 15 wt.% nanotubes using meltagiriethod, and the dispersion was
analyzed by SEM, TEM, and AFM techniques. To understand theolpged structure, the
nanocomposites were characterized via a set of rhiealpglectrical, and thermal conductivity
measurements. The rheological measurements revealedhth structure and properties were
temperature dependent; the percolation threshold was santiif lower at higher temperature
suggesting stronger nanotube interactions. The nanotuberketwere also sensitive to the
steady shear deformation particularly at high temperateoowing preshearing, the elastic
modulus decreased markedly suggesting that the nanotubesebeuare rigid. These results
were analyzed using simple models for suspensions of rogdik&les. Finally, the rheological,
electrical, and thermal conductivity percolation thréddbovere compared. As expected, the
rheological threshold was smaller than the thermdledectrical threshold.

Keywords: Multiwalled carbon nanotubd?olycarbonate, SuspensjdrRheological percolation,

Electrical percolationThermal conductivity percolatioifilled polymer Storage modulus
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5.3. Introduction

During the progressive advances in nonoscience and ewhmatiogy of the last two
decades, many scientists have developed a strong intetést unique properties of novel solid
state nanomaterials, called carbon nanotubes (CNmge Sheir discovery in 1991 by lijima
(lijima, 1991, lijima and Ichihashi 1993) CNTs became attractandidates for fundamental
investigations and an extensive research effort has loksoted to their fabrication,
characterization and development of applications duthéo unique electronic structure and
extraordinary properties (Meyyappan 2005). Their intrinsiocstire, size scale and aspect ratio
suggest a variety of applications such as nanoelectr@aosprs and field emission as well as
high performance nanocomposites. They exist as singlenamaotubes (SWNT) or multi wall
nanotubes (MWNT). A SWNT is made by wrapping a graphayerlinto a cylinder. Each tube
is represented by its chiral vect@, which is a pair of indicesn(m) with values depending on
the way the graphene sheet is wrapped (Meyyappan 2005). Cadmmtubes have been
recognized among the strongest known materials. Fornoestaneasured values of tensile
strength were found to be as high as 63 GPa for a MWQNTe( al. 2000) and extremely high
elastic modulus, on the order of 1 TPa, have been prbyeboth simulation and experimental
measurements (Salvetat et al. 1999; Yu et al. 2000). Theseaeé strengths are 10 to 100 times
higher than the strongest carbon steel withieasile strength of approximately 1.2 GPa.
Considering the low density of carbon nanotubes, whiah the range of 1.3-1.4 g/mL, their
specific strength is the best of known materials. &lfh carbon nanotubes generally have
exceptional properties, the wide ranges of their spepiplications are mainly related to their
unique electrical properties. For a given nanotube, ithisal vector is represented with= m,
the nanotube is metallic; the tube is semi-conductimg ifm is a multiple of 3, otherwise it is a
moderate semiconductor (Meyyappan 2005). Based on theoretdilcailations, the electrical
current density of an individual carbon nanotube can be man several times greater than that
of metals such as silver and copper (Breuer and Sundarargj 2@0ét al. 2005). CNTs also
have excellent thermal conductivity in the range of 3000\W/for individual MWCNTSs (Hone
2004).

Recently, considerable attention has been devotedhortaanotube / polymer composites
owing to their extraordinary properties from both preees and application points of view.

Besides the individual properties of carbon nanotubesuraber of potential benefits are
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expected when they are employed as reinforcing agentsamocomposites. However, the
efficiency of nanotubes to live up to their theoreticaleptial depends on a good dispersion
within the host polymer. At the moment, three methods @mmonly used to incorporate
nanotubes into a polymer: solution mixing and film captof suspensions of nanotubes in
dissolved polymers, in-situ polymerization of nanotube-pelymonomer mixture and mixing of
nanotubes in molten polymers. Melt mixing is the indugdyripteferred method in many cases
because of its environmentally benign character, itsawiity and its compatibility with current
polymer processing techniques.

Polycarbonate (PC), a typical amorphous polymer, isrgoortant commercially available
engineering thermoplastic for injection molding applmas because of its excellent process
ability and mechanical properties. Recently, carbon tudoes have been used as special filler to
be incorporated into PC for stiffness reinforcement vesll as thermal and electrical
conductivities enhancement purposes (Ding et al. 2003; Singlh 2003; Potschke et al. 2004;
Pham et al. 2008).

The rheological properties of polymer nanocomposites inojudiiscoelastic (time or
frequency-and temperature—dependent) behavior are of ptastipartance in relation to
processing and characterizing the composite microstrudibesrheological behavior depends on
the material microstructure, the state of the narestutispersion, the aspect ratio and orientation
of the nanotubes, the interaction between nanotabhdspolymer chains as well as nanotube-
nanotube interactions. The temperature influences d@atical properties of the matrix, but it
also can affect the state of dispersion of the nampogites via changes in the particle-particle
interactions and in the wettability of the nanotubes wie matrix.

If considerable research has been conducted regardingphissical properties of
nanocomposites, including mechanical properties and elelctdonductivity, only a few
investigations have focused on the rheological behavior polymer/carbon nanotube
nanocomposites. Most of the rheological studies hewecentrated on the typical linear
viscoelastic response and on the non terminal charactew frequencies, which is attributed to
the formation of a filler network (Kharchenko et 2004; Meincke et al. 2004; Abdel-Goad and
Potschke 2005; Xinfeng et al. 2005; Hu et al. 2006; Moniruzzaman amely\2006; Sung et al.
2006; Wu et al. 2007). To our knowledge this low frequency behavés reported first by

Potschke et al. in 2002. Since then, more attention has jbaid to rheological properties of
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CNTs/polymer nanocomposites with focus on the percolativeshold as one of the most
important factors affecting the material propertiesasra characterization parameter of the
dispersion quality. Such a percolated system was studs#al upolyamide-6 /MWCNT
nanocomposites (Meincke et al. 2004), polycarbonate/MWCbifiposites (Abdel-Goad and
Potschke 2005), polycarbonate /functionalized MWCNT nanocsitgso(Sung et al. 2006), and
poly (ethylene terephthalate) (PET)! MWCNT (Hu et al. 206@)ally, a few investigations on
the modeling of the rheological behavior of carbon nalmes suspended in low molecular weight
polymeric resins have been recently carried out (Rahatgkal. 2006; Fan and Advani 2007;
Hong and Kim 2007; Ma et al. 2008).

The rheological behavior of nanocomposites stronglyedds on the carbon nanotube
alignment as well. For example, it was found that $t@age moduluss' that describes the
elastic response decreases with the alignment of mae®t When nanotubes are aligned in the
polymer matrix the probability of tube-tube contacts deses and the nanotube network is less
effective at impeding the polymer motion (Du et al. 2004; &/al. 2007). It is also found that
the percolated nanotube network is very sensitive toetinperature (Potschke et al. 2004; Wu et
al. 2007).

In this work we examined the rheological behavior of padgonate (PC)/ MWCNT
nanocomposites in light of interactions between CMdfd polymer chains or between CNTs
themselves. This is a quite complex and difficult syste study since the typical behavior of
polymeric systems almost vanishes in the presencenahatube network. For example, as soon
as the nanotube network is formed the low frequencyitatnzone observed for the neat
polymer disappears. Furthermore, the high temperature beleadds another complexity to this
difficult system. Therefore, typical analysis methadsd for conventional polymeric systems are
not useful in this context and a more innovatimeestigation is required to establish the
relationship between the rheological behavior and miouoture of such a system. More
specifically, the investigation of the effect of namm¢ loading, nanotube alignment and
temperature on the rheological behavior of the nanocategosas the main objective of this
study. The nanocomposite preparation was optimized usingusasitaracterization methods. As
nanotubes intertwine into agglomerates that are diffita disperse we used premixed
polymer/carbon nanotube masterbatches and diluted thethetoequired concentrations by

adding the base polymer. This insured consistent and reproduetlés. The relationship
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between the rheological properties and the microstreigtualso discussed in light of electrical

and thermal conductivity of the nanocomposites.

5.4. Experimental

5.4.1.Materials

A masterbatch of 15 wt% MWCNT in PC was purchased frogperdon Catalysis
International, Cambridge, MA. According to the supplieg tarbon nanotubes are vapor grown
and typically consist of 8-15 graphite layers wrapped aroumallaw 5 nm core (Potschke et al.
2002). The diameter range was stated to vary from 15 to S@nhdrthe length range between 1-
10 m as was confirmed by TEM characterization. The maastehb was diluted with
polycarbonate (Calibre 1080) supplied by Dow Chemical to peepanocomposite samples of
various loadings. Its glass transition temperatiigewWas determined by DSC measurements and
found to be equal to about 1’45

5.4.2.Nanocomposite preparation

The composites were produced by melt mixing the masterbatilthe neat PC. Prior to
mixing, all materials were dried for a minimum of 4h1&FC. Six different suspensions with
MWCNT contents between 0.2 and 5 wt% MWCNT were prepared) @sBrabender internal
mixer at 50 rpm during 16 min and for two different temperati@&&C and 256C (conditions

previously optimized via controlled experiments).

5.4.3. Morphological characterization

The morphology of nanocomposites was studied at roompeeture through scanning and
transmission electron microscopy (SEM and TEM) andna&tdorce microscopy (AFM). For
SEM we used the high resolutid¢titachi S-4700 microscope while for AFM we utilized the
multimode Veeco scanning probe in tapping mode. Both SEM Affldl were done on
ultramicrotomed surfaces of samples that were cut avithamond knife at room temperature.
SEM samples were coated with a vapor deposit of F3er TEM was done on ultrathin sections

of nanocomposites using a Hitachi HD-2000 microscope.
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5.4.4. Rheological measurements

All the rheological measurements were carried out usingtress-controlled rheometer
(CSM rheometer of Bohlin Instruments) equipped with a 25mrallpa plate geometry under
nitrogen atmosphere. Prior to measurements, the congresslded samples were dried for a
minimum of 4h at 12XC. The viscoelastic properties of nanocomposites werestigated in a
broad range of temperature from 2C¢Qup to 300C. Small amplitude oscillatory shear (SAOS)
frequency sweep tests were carried out between 0.06 anda@@)im the linear viscoelastic
regime. This regime was established in the standard wamydagsuring the modulus at constant
frequency (10 rad/s) and increasing strain magnitude. Futbmg time measurements (up to 3h)
were conducted to investigate the thermal stability efthanocomposite samples. We assumed
that the particle sizes were sufficiently small coregato the gap; however, the absence of
apparent slip at the wall has been ascertained by varyingapdrom 0.5 to 1.5 mm. The
differences were found to be insignificant, less tienreproducibility of the data estimated to be
within 3.5% for all the frequency sweep tests conductedtivdlvarious nanotube loadings.

In addition, the effect of high shear on the micresture of the nanocomposites was
evaluated by subjecting each sample to different levelsoostant shear stress for various
periods of time. SAOS measurements were then performgwwriany rest time between the
preconditioning step and the frequency sweep test.

5.4.5. Electrical resistivity measurements

The volume resistivity of the PC/MWCNT nanocomposignples was determined by
measuring the DC resistance across the thicknessngéression molded disks using a Keithley
electrometer model 6517 equipped with a two probe test fixXMeeused a specific kind of test
fixture firmly connected to the probes. All the connetsiovere made using short wires to assure
that the resistivity of the whole set up was negligiblee resistivity of the set up was measured
each time before the tests to make sure that thensystes working properly. This equipment
allows resistivity measurements up to'10V. The level of applied voltage, adapted to the
expected resistivity, was in the range of 1000 V for n€aafd samples containing up to 1wt%
MWCNT and 100 V for samples with 2wt% and more MWCNT eoht However, since for the
more conductive samples, the accuracy of this equipfadat, samples with more than 2wt%
MWCNT, were tested using the more adequate Keithley elmetier model 6220 connected to a
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current source (Aligent 34401 A , 6 ¥ Digit Multimeter).r Each sample theV curve was
obtained and the sample resistance was determinedttfi®@siope of the curve. The resistance

was then converted to volume resistivity, ohm.cm, using the formula
r,=AR/D (5-1)
whereA is the contact surface arda,is the thickness of the sample, aRd is the measured

resistance. The electrical conductivity) (of the nanocomposites is the inverse of volume
resistivity. Prior to measurements all samples weedlddr a minimum of 4h at 120.

5.4.6. Thermal conductivity measurements

The thermal conductivity of the nanocomposite samplas determined using a Thermo
electron, Thermo-Haake instrument (Thermo Fisher 8t®n by means of aransient Line-
Source Techniquaccording to the ASTM D593@ line source of heat, localized at the center of
the molten specimen being tested, is at a thermal lequii with the specimen which is at a
constant initial temperature. During the course of thesomeanent, a known amount of heat
produced by the line-source results in a heat wave propagatigly into the specimen. The
rate of heat propagation is related to the thermal glifity of the polymer. The temperature rise
of the line source varies linearly with the logarithntiofe. When the temperature rise is plotted
against the logarithm of time, the slope of the lineatigoiof the curve can be used directly to
calculate the thermal conductivity of the sample usiegfidlowing equation:

k= & (5-2)
4p Slope

whereC is the probe constanQ is the heat output per unit length, W/m, daid the thermal

conductivity, W/m.K. Prior to measurements all sé&apwere dried for a minimum of 4h at

120°C.
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5.5. Results

5.5.1. Morphology

The morphology of melt-mixed nanocomposites wasmexed in terms of the nanotube
dispersion and distribution. In this context, thepdrsion refers to how well the nanotubes are
disaggregated and separated in the form of sindfest at the nanoscale. On the other hand, the
nanotubes are well distributed if single nanotutresets of nanotubes like bundles are uniformly
dispersed within the whole matrix, even though nalbe aggregates might be observed. For
these reasons, TEM was used to study the dispensioife the distribution was investigated
using SEM and AFM. Figure 5.1 shows schematics sfngle tube (Fig. 5.1a), a nanotube
bundle (Fig. 5.1b) and aggregates (Figs. 5.1c#&)nanotube bundle consists of many single
tubes sticking together; it can be viewed as anvatgnt tube with a larger diameter having a
smaller effective aspect ratio. It is worthwhilerh@ntion that both single tubes and tube bundles
can participate in the formation of a network ogmagates. Aggregates could be formed by
single tubes (Fig. 5.1c), tube bundles (Fig. 5.@dpoth of them (Fig. 5.1e).

S
(4

(c)

Figure 5.1. Schematic figure of (a) single tubé,(@notube bundle (c) aggregate of single tubes
(d) aggregate of nanotube bundles (e) aggregaiagie tube and nanotube bundles
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Figure 5.2 shows SEM micrographs of melt-mixedatamposites prepared at 2C0and
250°C. It is observed that at 2XD the nanotubes are dispersed individually in tlarin (Fig.
5.2a) and the distribution at the micro level iseuniform. On the other hand, examination of
the micrograph of samples prepared at®@5(Fig. 5.2b) shows that the nanotube distributibn
the micro level is not uniform. We observed for Heg magnification that some bundles were
pulled out from the matrix. These observations dath that at 25C some of the nanotube
bundles (not single nanotubes) were individuallgtributed and the interactions between the

nanotubes and the polymer matrix are somehow wetkd case.

Figure 5.2: SEM micrographs of ultramicrotomed soces of PC / 5wt% MWCNT
nanocomposites prepared at (a) 2@Gnd (b) 256C

The quality of the dispersion is clearly seen ia TEM photomicrographs of Figure 5.3.
For nanocomposites prepared at 200 (Fig. 5.3a), the nanotubes are dispersed indiigu
while at 250°C (Fig. 5.3b) there are aggregates formed in thtegy. These results are confirmed
by AFM micrographs, shown in Figures 5.4a and Sotbsamples compounded at 210 and 250
°C, respectively. As both phase and height modew shearly, the nanotubes for the suspensions
prepared at 218C are well distributed all over the matrix withcarty concentrated region. This
is shown clearly in the micrographs with the highesolution on the left side. However, for the
suspensions prepared at Z&Dthe dispersion is not uniform: the nanotubescargcentrated in

some area while there is a large region withoutganticles in it.
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e B

Figure 5.3: TEM micrographs of PC / 5wt% MWCNT naomposites prepared at (a) 21D

and (b) 25(°C. The top and bottom micrographs are related ¢ddtv and high magnification,
respectively

In summary, the quality of the dispersion was Saipgly better for samples prepared at
210°C. Normally, assuming that the dispersion of theoparticles is controlled by the diffusion,
it is expected to have a better dispersion at higgmmperature due to the lower viscosity of the
polymer matrix. Apparently, in this case the shstaess plays a more important role than the
viscosity of the matrix and the higher shear stagsthe lower temperature results in a better
dispersion and distribution. The main reason o$ tisi still unclear and needs to be further
investigated.

For further characterization we used the nanocoitgsogrepared at 230.
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0 Phase 1.00 um 0 Height 10.0 pm
a)

0 Phase 1.00pum 0 Height 10.0 pm
b)

Figure 5.4: AFM micrographs of PC/5wt% MWCNT nanogmsites prepared at (a) 240 and
(b) 250 °C. The micrographs on the left for the phase mooe shown for the higher
magnification (scale bar of 1 pm)

5.5.2. Rheological properties

The complex viscosityA*) and storage modulu${) obtained from SAOS measurements
at 236C in absence of preshearing are reported in Fig&résfor the neat PC and all
nanocomposites. At low frequencies the fully rethC chains exhibit the typical Newtonian
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viscosity plateau. The low frequen@y data for the neat PC were not accurate enoughrify ve
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Figure 5.5: (a) Complex viscosity and (b) storageduati of polycarbonate/MWCNT as a
function of frequency at 23
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As can be seen in Figure 5.5, with the additioM&YCNT, the low frequency complex
viscosity significantly increases, particularly lagh loading, indicating that the long polymer
chain relaxation in the nanocomposites is effettivestrained by the presence of the nanotubes.
Thus, the Newtonian plateau for the viscosity diesps progressively and a remarkable shear-
thinning behavior is exhibited. The terminal bebavior the storage modulus also disappears

gradually and the dependence@fon W at low frequencies becomes very weak. For MWCNT
loadings of 1 wt % and above, significant jumpsha low-frequency rheological properties are
observed indicating a transition from viscoeladtjaid- to solid-like behavior. In other words,
with increasing filler content, nanotube-nanotulmgeractions begin to dominate, leading
eventually to a percolation network, which restsdime long-range motion of the polymer chains.
Similar rheological behavior has been observedotber polymer nanocomposites containing
clays or carbon nanotubes (Du et al. 2004; Thostees$ al. 2005; Hu et al. 2006; Zhang et al.
2006; Xiao et al. 2007).
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Figure 5.6:tan of polycarbonate/MWCNT as functions of the frequeat 230°C
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As expected, the loss tangetatnd whered is the phase angle, is shown in Figure 5.6 to be
very sensitive to the structural change of the ma#e In this figure, the peaks occur at the
frequency of about 1 rad/s and disappear with aging nanotube content, showing that the
material becomes more elastic. This is also theracheristic of a viscoelastic material
experiencing a fluid—solid transition. At the traim point, tandis expected to be independent
of frequency.

It is also well known that an interconnected stuetof anisometric filler in a polymeric
matrix results in an apparent yield stress (Utrad®86; Feldman 1988; Dealy and Wissbrun
1999; Shenoy 1999). While this effect is visibledynamic measurements Gi¢andG~? versus
frequency by the presence of a plateau at low &rqy it is more obvious if we plot the
complex viscosity versus the complex modulus. Agifé 5.7 reveals, above 1.0 %t of MWCNT
an apparent yield stress is observed suggesteaklnapidly increasing complex viscosity as the

complex modulus is decreasing.

108
E MWCNT content (wt % %
e 00 2
: v 0.2 %
10°F m 05 A QA E
F o 1.0 o
A 20 ‘x %
o 5.0 &

hPa.s]

g AA‘\ %%
%x% ;

I e M _
10° L o TTRTRR T U, m@& |

102 Ll Ll | Ll L
10! 102 108 104 10° 1068

*
G [Pa]
Figure 5.7: Plots of* versus G* for the apparent yield stress in polycarbonate/MWCN
nanocomposites at 23Q
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The rheological percolation threshold was deterohibg using the low frequendg¢ data

as a function of MWCNT loadings as reported in Fegb.8.
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Figure 5.8:Storage modulusy’, of the polycarbonate/MWCNT nanocomposite as &tfan of
the nanotube loading at 230 (1 rad/s data). The line is a fit with the povas-expression (Eq.
5-3)

As the MWCNT loading is increased up to about 1%utthe low frequencys¢of the
nanocomposite increases by almost two orders ofniale compared with that of the
polycarbonate matrix. It can be assumed that theoeilastic properties of the nanocomposites at
low MWCNT loadings ( 0.5 wt %) are still dominated by the polycarbonatatrix. With
increasing MWCNT loading, the nanocomposites egmee a transition from liquid-like
behavior to solid-like one, and the results sugtfest the rheological percolation threshold for
this system is between 0.5 and 1 wt%. The percoiatireshold is defined as the value of the
solid content above which the rheological propsrirerease in an exponential way. This value
can be determined by applying a power-law functionthe G¢ versus nanotube loading

according to the following equation (Du et al. 200bniruzzaman and Winey 2006):

G=p, M Me form>meg (5-3)
Mg
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where g andn are power-law constantsy is nanotube loading (wt%) amagis the percolation
threshold (wt%). The description of the data by &@ is shown in Figure 5.8 to be very good
after the percolation point (as the definition bé tequation suggests it can fit only the data
beyond the percolation threshold) .The left linfitlee dashed line corresponds to the percolation
threshold value 00.66 wt% at 2306C.

Temperature effect

The results presented above are for measuremamiedcaut at 23%C. Although the same
behavior was observed for all temperatures studibd, effect of MWCNT loading was
significantly different. The differences in the atelastic behavior as a function of temperature
are better observed by using the so called Cole-@lolts (Friedrich and Braun 1992; Ivanov et
al. 2001).In fact, analogous to Cole-Cole plots used in diele spectroscopy (Cole and Cole
1941; Havriliak 1997), the real and imaginary comgrats of viscoelastic properties are plotted
against each other in such a representation. Alaegemi-arc is obtained if the deformation
behavior of the material can be described by alesinglaxation time or a narrow distribution;
however, in complex polymeric systems, process#s more than one relaxation time take place
leading to the distortion of the arc or to the agpace of a second arc. Such plots were used to
investigate the microstructure or molecular aratitee of homopolymers, or materials with a
wide relaxation time distribution such as heter@gers polymeric systems like block copolymers
and polymer blends (Harrell and Nakajima 1984; Caat al. 2002). In this study we used Cole-
Cole plots to investigate temperature induced céang the microstructure of nanocomposites
and the results are reported in Figure 5.9 for dfferent temperatures, 210 and 3@ which
are the two limits of our measurement temperatange. It can be observed clearly that at 210
°C (Fig. 5.9a), the neat polycarbonate and the r@nposites containing low MWCNT loading
present a single relaxation arc. This indicate$ tha presence of the MWCNT has almost no
influence on the relaxation behavior of the PC @ rheological characteristics of the matrix
dominate the behavior of the composites. Howevecpatents of 0.5 wt% and above, all plots
are partitioned into two regions: a semi-curved aréw viscosities corresponding to the local
dynamics of polycarbonate chains and a lineargyd end at higher viscosity related to the long-

term relaxation of nanotubes-polymer or nanotub@mh#de networks . At higher MWCNT



71

loadings the first region progressively disappeams the linear region dominates the plots

suggesting that the long-range motion of polymeirthis drastically restrained.
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At 300°C (Fig. 5.9b), however, these changes are mordfis@nt. To illustrate the effects
for the low concentration nanocomposites an ingartthe low viscosity values is presented
inside Figure 5.9b. Even for the 0.2 wt% nanocositeadhe Cole-Cole plot deviates from that of
homogeneous polymeric materials suggesting thatigtier temperature nanotube networks
might be formed at a very low loading. The slopgthe linear or rigid ends of the plots are also
significantly steeper, which reveals that the dffeicnanotubes on the nanocomposite structure
and properties is considerably enhanced at higimeperature.

To investigate the effect of temperature in moreaitk the rheological percolation
thresholds of the nanocomposites (calculated from ffequency (1 rad/spéversus MWCNT

loading and Eq. 5-3) are plotted versus the measmmetemperature in Figure 5.10.

0.9
E i
f_—:‘ 0.8 A N
n N
@ N
= ] N
< ’|: 0.7 N
[
82 \
= \
o= \
)
o 051 \\
—_— \
82 \
(@) 0.4 4 \E
ie) ——_
o T~ _
2 o3 { “{
= .
02 T T T T T T
210 230 250 270 290 310

Temperature (°C)

Figure 5.10: Effect of temperature on the rheolalgicpercolation threshold of
polycarbonate/MWCNT nanocomposites

As this graph shows clearly the percolation thré&she very sensitive to temperature,
decreasing considerably as the temperature risege\er, when the measurement temperature is
high enough the percolation threshold tends tohregelateau. Such a temperature dependency of
the rheological percolation threshold has beerbésted before in the literature (Abdel-Goad et
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al. 2004; Wu et al. 2007) and it is in agreemeith whe trend shown by the Cole-Cole plots of
Figure 5.9.

Figure 5.11 shows the effect of temperature onrddriced complex viscosity of the
nanocomposites as a function of loading for diffikreemperatures. By dividing the complex
viscosity of the nanocomposites by that of the matt the same temperature, the reduced data
show clearly the effect of temperature on the plerparticle interactions. Of great interest is the
significant increases of the reduced viscosityhef hanocomposites as the temperature rises, the
effect being more pronounced at larger MWCNT cont&herefore, contrarily to expectations,
nanotube-nanotube interactions increase significanith temperature particularly at larger
MWCNT content. This could also suggest that thetaimtity of PC by the carbon nanotubes
decreases as the temperature increases, resulting formation of large aggregates.
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Figure 5.11: Effect of temperature on reduced osgyg of polycarbonate/MWCNT
nanocomposites (1 rad/s data)

The nanotube network can be considered to be atice$dructure and the strength of such a
network can be related to the cohesion energy,wikithe work required to break up the elastic
structure (Bossard et al. 2007; Chougnet et al7200he cohesive energy per volume uhbi,
can be defined by
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where ¢ is the critical deformation amplitude for the lnaf the linear domain. Figure 5.12
reports the storage modulus of the nanocomposiéairong 3 wt% MWCNT as a function of
the strain amplitude for temperatures ranging f&i to 300°C.
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Figure 5.12: Storage modulus of PC / 3wt% MWCNTaw@mposites as a function of the strain
amplitude

Basically, the linear domain is limited to very lagformation, where the storage modulus
G¢is constant. The linear domain for the loss mosltiata not shown) is much wider. In this
work g is taken as the value for which the storage madislequal to 95% of the plateau value.
Table 5.1a reports thg: values for different temperatures of the nanocong®ontaining
3wt% MWCNT. The values foG¢and G2 in the linear regime at 1Hz, a characteristic telas
time / and the cohesion energy can be also found intéhie. As we expected, the cohesion
energy increases with temperature. The cohesivggierepresentative of the network strength
and accordingly its increase is a direct conseqi@iche enhancement of nanotube-nanotube
interactions (and stronger networks) at higher tnaure. The effect of nanotube concentration
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was also examined in the same manner. The key atbastics of the nanocomposites with
different nanotube loadings at temperature of°€78re reported in Table 5.1b. The cohesion
energy increases with nanotube content indicatiag the nanotube interactions (and networks)
are stronger at higher loading level.

Table 5.1. Key characteristics of nanocomposi@&an(dG? data forw= 6.28 rad/sg < &, the
elastic characteristic timé , and the cohesion enerds). (a) nanocomposite PC/3wt %
MWCNT at different temperatures (b) nanocomposRPE&MWCNT with different nanotube
contents at 2T

T Ge¢ G? /=Gd Gaw & Ec=0.54G¢
(°C) (kP9 (kP3) (9 (mJ/nt)
210 30.4 53.6 0.090 0.0067 0.67
270 27.6 12.2 0.359 0.0119 1.95
300 25.1 8.8 0.457 0.0161 3.26
(a)
MWCNT G¢ G2 /=Ge¢Gaw & Ec=0.5¢ G¢
content (kPa) (kPa) (S) (mJ/m°’)
(Wt%)
0.20 79 1659 0.008 0.0318 0.04
1.0 1875 2997 0.100 0.0150 0.21
3.0 27569 12223 0.359 0.0119 1.95
(b)

Orientation effect

It is widely accepted that shearing tends to dlignparticles in the flow direction, reducing
markedly the particle-particle interactions anddleg to a remarkable change of viscoelastic
behavior (Fan and Advani 2007). It was observed tbd-like nanotubes are oriented easily
along the shear direction and that the percolatietwork of nanotubes is quite sensitive to
steady shear flow (Wu et al. 2007). In order toestigate the effect of orientation on the
PC/MWCNT rheological behavior, we measured the gdaton thresholds in SAOS after
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applying different levels of stresses as preshgastaps. We first determined the shear stresses
for which the nanocomposite response changes fadioh $0 liquid-like using plots of the steady
shear stress versus shear rate of Figure 5.13eTVages are indicated by the arrows in the
figure. However, these critical points are not clfea the low nanotube content suspensions and
should not be interpreted as apparent yield stralses.

For each concentration, the samples were preshedrado levels of shear stresses: the
maximum allowable stress of the CSM rheometer (F380as the high stress level and the stress
value corresponding to the transition shown in Fegb.13 as the low stress value. Note that
preshearing at lower stresses than the minimumesakhown in the figure did not affect

subsequent SAOS measurements.
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Figure 5.13: Steady shear stress versus sheaofr@€/MWCNT nanocomposites at 360.
The arrows show the apparent yield stress of thec@mmposites

As soon as the preshearing step was completedh@eshear viscosity has reached steady
state), SAOS tests were conducted without any tiest. The preshearing conditions are

summarized in Table 5.2.
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Table 5.2. Preshearing conditions applied beféf® S measurements

NT % Preshearing time at Preshearing time at
low stress level (s) high stress level (s)

0.2 2500 2000
0.5 2500 1500
1 2300 1200
2 2000 1000
3 1800 800

Figure 5.14 shows the effect of preshearing on ¢benplex viscosity of the neat
polycarbonate and nanocomposites containing 0.Bam® of MWCNT at 300C.
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Figure 5.14: Effect of preshearing (without restef) on the complex viscosity at 360G of
nanocomposites with various nanotube loadings
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Obviously, for the neat polycarbonate and the 0t2 wanocomposites the effect of

preshearing is negligible, which indicates that tligcoelastic behavior is dominated by the

polymer matrix. However, for nanocomposites witlghhinanotube loadings the effect of

preshearing becomes quite significant. Applyindn@as flow prior to SAOS measurements, even

at the low stress level, aligns the nanotubesenflidw direction and results in a lower complex

viscosity.
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Consequently, the nanotubes interconnect minint@dlgling to a remarkable increase in the
percolation threshold as one can deduce from FifLirg that reports the elastic modulus data as
a function of nanotube content for different shkevels or no preshearing. Furthermore, this
figure reveals that the storage modulus at 3Q0 increases very little with nanotubes
concentration after preshearing under both lowlagh stresses, suggesting that we do not have
a percolated network anymore, even at high nanetabatent. Interestingly, Figures 5.15b & ¢
show that at lower temperature the decrease ostiliage modulus is much less sensitive to
preshearing; at 285G we still have percolated networks even after @pglhigh levels of stress.
The results of Figure 5.15 suggest that the naestllecome more rigid (strengthened out) and

align more easily in a shear flow as the tempeeaimcreased.

Discussion

To our knowledge, no rheological model exists teedmt the strong temperature
dependency of the particle interactions as obseirvélis work. In this section, we consider the
nanocomposite system as a viscous suspension ad-bke filler to get at least a qualitative
explanation of our experimental findings, althoudlrther experiments and theoretical
consideration on the interactions between nanotahdspolymer chains as well as between the
nanotubes themselves are still needed.

The viscosity of a suspension of solid particlegeserally determined by the nature of
interactions between the particles, which dependmlgnon the filler concentration. In the case
of rod-like particles the aspect ratio is anothmpartant factor affecting the viscosity of the
suspension. For a particle of lendtland diameteD, the aspect ratio is defined BsL/D. For
suspensions of such rod-like particles, dependinghe rod dimensions, three concentration
regimes are considered (Shaqfeh and Fredricks®@®)19

1. Dilute regime where f << (D/4L)?
2. Semi-dilute regime where  DHL)%<< f << (D/4L)

3. Concentrated regime where D/4L) << f

wheref is the volume fraction.
In the dilute regime the particles interactions ahamost negligible. In the semi-dilute
regime the particles interact mostly through loagge hydrodynamic interaction. If additional

non-hydrodynamic interactions become important therhave a concentrated suspension.
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The particles in our system are MWCNT with a diseneéinging from 15 to 50 nm and the
lengths between 1 and10n. The nanotube concentrations in the nanocomoaite between
0.2 to 3 wt%, which correspond to the volume fi@wsi of about 0.14 to 2 vol% of MWCNT,
considering the density of nanotubes to be 1.79.gfRotschke et al. 2002). The density of
polycarbonate was evaluated at the appropriate éetyre to convert the mass fraction of
nanotubes to the corresponding volume fraction. s&gieently, this concentration range
corresponds to semi-dilute suspensions.

The intrinsic viscosity [] is one of the key characteristics to measurecti@ribution of
the individual particles to the viscosity of a seispion and can provide considerable physical
insights. It is defined by the following expressi@arreau et al. 1997):

[A] = lim USRS (5-5)

feo0 f fe0 f

where the relative viscosity, is the ratio of the suspension viscosity to the iomdviscosity
and spis the specific viscosity In our case, however, instead of using the suspenshear
viscosity, we considered the complex viscosity #alintrinsic viscosity was then determined at
each temperature by extrapolating the values o$pleeific complex viscosity/volume fraction to

zero concentration as shown in Figure 5.16.
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Figure 5.16: Specific viscosity/volume fractiontbé nanocomposites as a function of volume
fraction at different temperatures
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The extrapolation is done assuming a linear behatiohe lowest concentrations and only
two data could be used for the higher temperatuwrasorements. The intrinsic viscosity values
are listed in Table 5.3 for several temperatureseréstingly the intrinsic viscosity value
increases from 15 at 21 to 180 at 300C. These values are rationalized in the following

paragraphs.

Table 5.3. Intrinsic viscosity of the nanocompasitand effective aspect ratio of nanotubes at
different temperatures

T (°C) 210 270 300
[h] 15+2 300+7 5009
P e 25 151 205

It is well established that the intrinsic viscosigy strongly dependent on the particle
asymmetry. For rod patrticles the intrinsic viscp$it related to the aspect ratio as (Barnes et al.
1989):

[#] = 7P5%/100 (5-6)

Equation 5-6 was used to calculate the aspectsratmresponding to the different
temperature measurements and the results are edpartTable 5.3. We call this an effective
aspect ratioPes, since the suspensions probably form bundles pnbtues as suggested by the
low values reported in Table 5.3 for low temperat(the nominal aspect of the individual
nanotubes should be between 20 and 6B§).is shown to increase from 25 for the lowest
temperature measurements to 205 for 3D0ndicating that at higher temperatures the bundle
are more likely to be dispersed into individual ofes. As Figure 5.1 reveals the aspect ratio of
an individual nanotube is much higher than that dfundle. Lower percolation threshold and
stronger nanotube networks at higher temperatweurbably due to this effect of temperature
on the effective aspect ratio of nanotubes.

On the other hand, it is well established that ithiensic viscosity is proportional to the
hydrodynamic volume of the filler. For a highly utié suspension of hard spheres the specific

viscosity can be predicted by the Einstein equafi@nson 1998):
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N.V
h. =25-8"
V

sp

(5-7)

whereNsg is the number of particlesV, is the hydrodynamic volume of each particle &b
total volume. According to Eq. 5-5, the limitinglwa of the specific viscosity at very low
concentration is equal to J7. Obviously for rod-like particles the proportiomyalconstant would

be different, but the increasing intrinsic viscgsivith temperature could be assigned to an
increase of the hydrodynamic volume of the nanatube other words, the end-to-end distance
of the nanotubes increases significantly with terapee suggesting that as discussed previously
the nanotubes become more rigid (strengthened and) align more easily in a shear flow

compared to nanotubes that are more flexible a¢ddemperature.

Finally, to understand why the effect of temperatan the rheological properties is more
pronounced at higher nanotube loading, as it wamsvshpreviously, we made use of the
Andrade-Eyring equation defined for the complexesty as (Mendelson 1968):

h" =BexpE, /RT) (5-8)
where Ea is the flow activation energy anR is the universal gas constant. In the case of
nanocomposites;, can be related to the interactions between polyhains and nanotubes. The
value ofE, thus depends on the ease with which the nanotabge through the polymer chains.
To estimate the activation energy of the nanocoitggswe have plotted the values of
(determined at 1 rad/s) as a function ®®TL/The activation energy is then given by the slope

this curve. Table 5.4 reports the value&gfor different nanotube loadings.

Table 5.4. Activation energy of the network forimoatat different nanotube loadings

MWCNT (Wt%) 0.2 1 3
E.(kJ/mol) 7443 2088  16.99

For the neat PC, the flow activation energy wasiébto be 83.9 kJ/mol in agreement with
values of the literature (VanKrevelen 1990). Thpidadecrease of the activation energy with
increasing nanotube loading suggests that at highaotube loadings the nanotubes are less
restricted and have less interaction with the pelymhains, hence, less wettability with the
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polymer matrix and more particle-particle interand (including all the interactions in the
system between either individual nanotubes or ndrobundles (Fig. 5.1)). A somewhat related
idea was previously proposed by Dionne et al. (2006 showed that the increasing energetic
interaction between the polymer matrix and theffilvith temperature increased the rate of the
attachment (wetting) of the filler to the polymescarding to the Arrhenius law, in which the

activation energy was proportional to the a polymamnoparticle interaction parameter.

5.5.3. Conductivity measurements

In the case of conductive fillers, electrical measients are useful to understand the
relationship between the rheological behavior dmel manocomposites microstructure. Figure
5.17 presents the effect of the nanotube loadintherconductivity of the nanocomposites. The
electrical percolation threshold is between 2 andt® of MWCNT in PC. The conductivity
changes by more than 10 decades in this rangenmeotration and the nanocomposites with
nanotube contents larger than 3wt% can be considaseelectrically conductive. As for the
rheological percolation threshold, the electricatqmlation threshold can be found by applying a

similar power-law expression to the electrical asete/ity data(Hu et al. 2006):

n
m- rnc,s
m

c,s

S =b

c,s

forms m,, (5-9)

where ¢, andn are power-law constants, ang, is the electrical percolation threshold (wt%).
Again this power-law expression is found to descniry well the data of Figure 5.17 (after the
percolation points) with an electrical percolattbreshold of about 2.55 wt%. It is worthwhile to
note that rheological percolation threshold (0.66%) is considerably smaller. This difference
can be described in terms of the shorter tube-digtance required for electrical conductivity as
compared to that required to impede polymer mgbikio that more nanotubes are needed to
reach the electrical percolation threshold. Furtieee, all the nanotubes cannot participate in the
formation of an electrically conductive path. Omhetallic and semiconducting nanotubes can
contribute in the electrical conductivity. Nonmétatubes do not have a significant contribution
in electrical conductivity, although they can restthe polymer motion.

Finally, it is well known that carbon nanotubes #drermally conductive. Hence, there must

be another type of percolated structure in the camposites due to formation of a thermally
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conductive network. Assuming that all nanotubes #Hrermally conductive, the thermal
conductivity percolation threshold ought to be derahan the electrical threshold. However, the
tube—tube distance required for thermal condugtisitstill smaller than that required to impede
polymer mobility, so that the thermal conductivigrcolation threshold is expected to be higher
than the rheological threshold. In addition to &deal conductivity, Figure 5.17 reports the
thermal conductivity of the nanocomposites as atian of MWCNT loading for a wide range

of temperatures.
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polycarbonate/MWCNT nanocomposite as a function tied nanotube loading at room
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At very low concentration of nanotubes, the thero@lductivity gradually increases with
increasing nanotube content. However, at a nanotdmeentration between 1 to 2wt%, a
remarkable jump in the thermal conductivity is alied. Even though the thermal conductivity
values are still much less than the correspondaiges in thermally conductive materials, this
stepwise change in conductivity might be due toftinenation of an interconnected structure of
MWCNTs and can be regarded as a thermal percolatieshold.The values of the thermal

percolation threshold can be found by using theespawer-law expression as for the electrical
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conductivity (Eq. 5-9). The fits are shown in Figi.17 and the thermal conductivity percolation
values are about 1.7, 1.6 and 1.47 at 50, 100 80d°@, respectively. As we expected the
thermal percolation threshold has a value betwkerrlteological and the electrical percolation
thresholds

5.6. Concluding remarks

In this work we have examined the effects of terapee and nanotube loading on the
rheological behavior of PC/MWCNT nanocompositesnasterbatch was diluted to prepare the
nanocomposites, and a reasonably good dispersioaraftubes within the polymer matrix was
confirmed using SEM, TEM and AFM.

Rheological measurements show that the percol#ti@shold and the strength of nanotube
networks are significantly dependent upon the memsent temperature. Assuming that the
nanotube network forms an elastic structure withamatrix, the strength of this network could
be related to the cohesion energy, which is the&kweguired to break it up. Thus, the increase of
the cohesion energy with temperature is a direnseguence of the enhancement of nanotube-
nanotube interactions and a stronger network dehitemperature.

The intrinsic viscosity was found to increase welmperature and the effective aspect ratio
of the nanotubes was larger at elevated temperalige suggests that the bundle size decreases
with temperature and at higher temperature moretoées are dispersed individually and this
also explains the lower percolation threshold amenger nanotube networks at higher
temperature. The increase of the intrinsic visgosith temperature could be also due to the
expansion of the nanotubes hydrodynamic volumether words, the end-to-end distance of the
nanotubes increases significantly with temperatumck results in more rigid nanotubes that align
more easily under shear flow as evidenced by pagsigeeffects on the elastic modulus.

It was also shown that the effect of temperaturenase pronounced at higher nanotube
loading and can be described in terms of the aativeenergy of the nanocomposites. The
decreasing of the activation energy with nanotubetents indicates that at higher level of
loading the interactions between the nanotubeglangolymer chains decrease. Accordingly the
nanotubes are less restricted and their motionraachctions are more affected by temperature.

Furthermore, electrical and thermal conductivityasw@ements were carried out and it was
found that the formation of a conductive networkaba certain content of nanotube results in
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an obvious jump in the conductivity (thermal anecgiical) of the nanocomposites. The thermal

percolation threshold was found to be betweentibelogical and electrical threshold.
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Chapter 6

Flow Induced Orientation of Multiwalled Carbon Nanotubesin
Polycarbonate Nanocomposites: Rheology, Conductivity and Meanical

properties’
6.1.Presentation of the article

Followed by the first step and the rheological elotarization of the nanotube structure, in
this paper we studied the effect of nanotube algmnon both rheological and electrical
conductivity percolation thresholds with the aimfiotling a correlation between the rheological
and electrical properties of the PC/MWCNT nanocosites. Most specifically the influence of
high shear conditions on the properties of the oamposites with a special focus on the
electrical conductivity and structural changeshia hanotube networks was investigated. To this
end, we systematically studied the percolation benaas a function of nanotube orientation,
varied from random to highly aligned by shearinge thanocomposites through different
processing methods. The nanotube alignments were dtudied through a variety of methods
including SEM, TEM, Raman spectroscopy and rheckigmeasurements. The results of this
study showed that the nanotubes are preferenttitiped in the flow direction, particularly at
large deformation rates. High degrees of nanotligaraent resulted in a significant increase in
the rheological and electrical percolation thredhoThe mechanical properties of the
nanocomposites were also shown to depend on theessimg conditions. Finally, we used a
power-law type equation to correlate the percotabiehavior and the nanotube alignment.

" Polymer.Submitted October 2009.
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6.2. Abstract

We investigated the effect of flow field and defatmon rate on the nanotube alignment and
on the properties of PC/multiwalled carbon nanotuma@ocomposites. Samples of various
MWCNT loadings were prepared by diluting a commedrenasterbatch containing 15 wt %
nanotubes using optimized melt-mixing conditionstfddent processing conditions were then
used to systematically change the degree of naeadlignment, from random orientation to
highly aligned. Morphological studies and Ramanctpscopy analysis revealed that the
nanotubes are preferentially aligned in the flowection, particularly at large injection or
compression rates. Rheological measurements comdgg to high shear rate conditions
showed drastic changes in the viscoelastic behavitle complex viscosity significantly
decreased and percolation threshold notably rosgh Kegrees of nanotube alignment also
resulted in a significant increase in the electpeacolation threshold. The mechanical properties
of the nanocomposites for different nanotube logsglinvere also shown to depend on the
processing conditions, and somehow improved whemtéterial was processed at higher rates.
Finally, we used a power-law type equation to dateethe percolation behavior and the
nanotube alignment. The estimated percolation hiadsand the power indemr, significantly
increase with the degree of nanotube alignmenetsined by Raman analysis.

Keywords: Multiwalled carbon nanotube, polycarbonate, athgmt, morphology, Raman
spectroscopy, rheological percolation, electrieakplation
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6.3. Introduction

For the last two decades, carbon nanotubes (CNA\&) attracted a strong interest due to
their unique electronic structure and extraordinangperties [1]. An extensive research effort has
been devoted to the CNTs fabrication, characteozaand development of applications. Their
intrinsic structure, size scale and aspect ratggsst a variety of applications in nanoelectronics,
sensors and field emission as well as high perfoce@anocomposites.

Recently, considerable attention has been devotedrbon nanotube / polymer composites
from both processing and application points of vi@gsides the individual properties of carbon
nanotubes, numerous potential benefits are expegtesh they are employed as reinforcing
agents in polymers. However, the efficiency of riabes to live up to their theoretical potential
depends on a good dispersion within the host palyfleree methods are commonly used to
incorporate nanotubes into a polymer: solution ngxiand film casting of suspensions of
nanotubes in dissolved polymers, in-situ polymeioraof nanotube-polymer monomer mixture
and finally mixing of nanotubes in molten polymekdelt mixing is the industrially preferred
method in many cases because of its environmenalhign character, its versatility and its
compatibility with current polymer processing tefues.

The intense interest in carbon nanotubes incorpdratto polymeric materials stems from
their potential to reach thermal, electrical aneoidbgical percolations at relatively small
concentrations [2-10]. At the percolation point,etHormation of a filler network or
interconnecting structure creates additional andelacontributions to the nanocomposites
properties. For sphere and ellipsoids fillers tlecplation behavior is well understood [11],
while the onset of percolation in the case of haghect ratio fillers such as nanotubes strongly
depends on their alignment. When the nanotubesadgmed in the polymer matrix the
probability of tube-tube contacts decreases andemprently the percolation threshold raises [2,
12-14]. Accordingly, the full exploitation of theanotube properties in polymer composite
applications will require an exceptional controtleé nanotube alignment in macroscopic parts.

It is well known that the microstructure of plasparts is the result of complex changes
imposed to the base polymer by the special prawgssonditions. Typical thermoplastic
processing involves pellet melting, plasticationeltmflow and pressurization and finally
solidification from the molten state, either by stallization or vitrification. A consequence of

such processing methods is the stresses inducedrbigination of shear and elongational flow
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field and cooling [15]. The complex thermo-mechahigistory imposed on the polymer during
processing leads to substantial spatial variatiohshain orientation and the formation of a
superstructure influenced by the local dynamicthefprocess. These effects result in anisotropy
of the final physical properties particularly ifetipolymer is filled with solid particles of various
shapes (glass or carbon fibers, clay or mica @ttelnd carbon nanotubes or nanofibrils, etc.).
The use of carbon nanotube based nanocomposite®iamercial applications, thus, needs an
understanding of how the processing conditionsue@rite the nanotube networks and
subsequently the nanocomposites properties.

Although considerable research has been conduegalding the physical properties of
carbon nanotube filled nanocomposites, includingiraeical properties, electrical conductivity
and rheological properties, only a few investigasibhave focused on the practical applications of
nanocomposites in various industrial fields [13;206.

Polycarbonate (PC), a typical amorphous polymeanismportant commercially available
engineering thermoplastic for injection molding Bgadions because of its excellent mechanical
properties and processability. Recently, carborohdes have been used as special filler to be
incorporated into PC for stiffness reinforcementadl as thermal and electrical conductivities
enhancement purposes [21-25].

It is the aim of this study to investigate the weihce of high shear conditions on the
properties of PC/ MWCNT nanocomposites with a sgefticus on the electrical conductivity
and structural changes in the nanotube networksthiBoend, we systematically studied the
percolation behavior as a function of nanotubentaigon, varied from random to highly aligned
by shearing the nanocomposites through differemtgssing methods.

It is still unclear how to truly and convenienthharacterize the nanotube alignment in
nanocomposites. Microscopic techniques are widedgduto qualitatively determine filler
alignment in the polymer matrix. X-ray diffractigfRD) is also generally used to ascertain the
degree of orientation. The orientation of the aljste phase is well detected by using the X-ray
method; however, DSC and XRD measurements shove¢@vien after long time annealing there
was no crystallization induced in the parts. Moerovnore than 50 wt% of MWCNT was
required to attain the intensity to detect nanotalignment [26]. Consequently, we used Laser
Raman spectroscopy as an alternative method taitatavely measure the degree of alignment.

Laser Raman analysis is largely used for determirtive degree of structural ordering in
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molecules or the presence of defects in graphikenaterials. This non-destructive technique
also provides information on the microstructurecofstalline materials such as vibration of
crystal lattices, electron structure and integoityhe crystal structure, etc. [27]. Polarized Rama
spectroscopy was previously used on aligned MWCKIshow that the observed relative
intensities of the Ramad andG bands are sensitive to the orientation of the hdmes [33]. In
polymer nanocomposite®aman spectroscopy was applied in order to getrnmdtion of the
MWNT orientation, alignment and crystallinity [1B7].

With the aim of finding a correlation between tiealogical and electrical properties of
the PC/MWCNT nanocomposites, we studied the efigictnanotube alignment on both
rheological and electrical conductivity percolatibmesholds. Furthermore, we characterized the
mechanical properties of the microinjected parthawe an idea on how polymer processing
affects the mechanical structure of the nanocorgmsiWe optimized the nanocomposite
preparation using various characterization methddsnanotubes intertwine into agglomerates
that are difficult to disperse we used a polymebica nanotube masterbatch and diluted it to the
required concentrations by adding the neat polgate. This insured consistent and
reproducible results.

6.4. Experimental

6.4.1. Materials

A masterbatch of 15 wt% MWCNT in PC was purchaseznf Hyperion Catalysis
International, Cambridge, MA. According to the sligrp the carbon nanotubes are vapor grown
and typically consist of 8-15 graphite layers wreghgaround a hollow 5 nm core [10]. The
diameter range was stated to vary from 15 to 5Canch the length range of 1-10n as was
confirmed by TEM characterization. The masterbavels diluted with a polycarbonate (Calibre
1080) supplied by Dow Chemical to prepare nanocaitsamples of various loadings. This
PC is not necessarily the same as the polycarbdoatel in the masterbatch. Considering the
small quantity of masterbatch used to prepare @weocomposites, the original PC of the
masterbatch is only a small fraction of the nangoosites and does not significantly affect the
results.
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6.4.2. Nanocomposite preparation and molding

The composites were produced by melt mixing thetenbatch with the neat PC. Prior to
mixing, all materials were dried for a minimum df 4t 120°C. Eight different composites with
MWCNT contents between 0.5 and 15 wt% MWCNT wergppred using a 18 mm diameter
twin-screw extruder, Leistritz ZSE 18HP, operatimg 100 rpm and 216C under vacuum.
Compression molding, conventional injection moldingnicroinjection molding and
microinjection-compression molding were then empébyo apply different levels of shear or
deformation rate on the nanocomposites. Prior ¢b paocessing, the materials were dried under
the conditions previously mentioned. Compressiotding of dried nanocomposites were done
using a Carver laboratory press, model 3912, opératanually at 270C. The disk shaped
molded samples of 60mm diameter and 1.5 mm thicknesre then cooled down to room
temperature. For the conventional injection moldiregused a Sumitomo SE50S electrical 50 ton
injection molding machine to mold standard dog-behaped tensile test specimens of 150 mm
in total length, with a gage section 10 mm widedbynm thick by 80 mm long. Injection was
done at an average barrel temperature of @D@inder a pressure of approximately 100 MPa
while injection speed was constant at 400 mm/s. mb&l temperature was kept constant at 80
°C and cooling time was set to 10 s. Microinjectimolding was done using a Battenfeld
Microsystem 50 micromolding machine operating a& #ame processing conditions as the
conventional one. To investigate the effect of mgdsmetry, two different mold cavities were
used: one having a dog-bone shape of 15 mm lorp,thhe center section of 1 mm wide by 0.78
mm thick by 4.3 mm long, gated at one end, anather a disk shape of 25 mm in diameter and
1mm thick, gated at the centre. To examine theceftd the injection speed two additional
injection speeds were also used in the case afdgebone samples: 200 and 800 mm/s. Finally,
microinjection-compression molding was employed dwaluate the effect of applying a
compression step at the end of the injection pbasée part properties, using the centrally gated
disk cavity with the same dimensions as descrileddrb. The process consisted of injecting the
melt into the cavity, while the mold was not togatlosed. This leads to an initial cavity filling
under a lower pressure than if the mold was cloaedn conventional injection molding. After
the injection stage, the mold was closed to congpties melt and to completely fill the cavity.
The operating conditions in this case are the samenicroinjection molding using only 400
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mm/s for the injection speed. The gap between tblel plates was about 1.2 mm and the mold

closing speed used in this experiment was 1.5 mm/s.

6.4.3. Morphological characterization

The morphology of nanocomposites was studied throsganning and transmission
electron microscopy (SEM and TEM) and atomic farderoscopy (AFM). For SEM we used a
high resolutionHitachi S-4700 microscope while for AFM we utilizedd multimode Veeco
scanning probe in tapping mode. Both SEM and AFNevgione on ultramicrotomed surfaces of
samples that were cut with a diamond knife at re@emperature. SEM samples were coated with
a vapor deposit of platinum for 25 s. TEM was domeultrathin sections of nanocomposites
using a Hitachi HD-2000 microscogeor injection molded samples, the specimens werédaiin

parallel and perpendicular to the flow direction.

6.4.4. Raman spectroscopy

Raman spectra were collected using a Renishaw repeeter equipped with an inVia
Raman microscope fitted with a 20x objective. Tamgles were excited using a NIR laser (785
nm) with a grating of 1200 g/mm in a regular moleasurements were carried out at two
different orientations of the incident laser beaithwespect to the flow direction in the samples
and the polarization direction (Fig. 6.1). In thestf configuration (Fig. 6.1a), the flow direction
was parallel (0°) to the direction of the polarizeeam; in the second one (Fig. 6.1b), it was
perpendicular (90°). The MWCNT alignment in the gasite was determined by comparing the

spectra for parallel and perpendicular directions.
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Figure 6.1: Schematic for Raman spectroscopy. &leristic scattering configurations for the
Raman spectroscopic measurements: (a) Parallglgyosf specimen, corresponding to 0° angle
between polarization direction(P) and flow direntired arrow); (b) Perpendicular position of
specimen, corresponding to 90° angle between pal@wn direction(P) and flow direction (red

arrows)

6.4.5. Rheological measurements

All the rheological measurements were carried aihgia stress-controlled rheometer
(CSM rheometer of Bohlin Instruments) equipped vat25mm parallel plate geometry under
nitrogen atmosphere. Prior to measurements, thplsamwere dried for a minimum of 4 h at 120
°C. To investigate the viscoelastic properties & Hanocomposites after processing, molded
disks by compression, microinjection-compressioth anicroinjection were used. They were put
in the rheometer with precaution to avoid the faioraof any bubbles or surface defects. Small
amplitude oscillatory shear (SAOS) tests were edrout between 0.06 and 200 rad/s in the
linear viscoelastic regime. This regime was establil in the standard way by measuring the
modulus at constant frequency (10 rad/s) and isergastrain magnitude. Further, long time
measurements (up to 3h) were conducted to invéstiba thermal stability of the nanocomposite
samples. We assumed that the particle sizes wdfeiently small compared to the gap;
however, the absence of apparent slip at the vealldeen ascertained by varying the gap from
0.5 to 1.5 mm. The differences were found to bgmsicant, less than the reproducibility of the
data estimated to be within 3.5% for all the fragpyesweep tests conducted with the various
nanotube loadings.
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In addition, the effect of high shear on the mitmasture of the nanocomposites was
evaluated by subjecting each sample to a high sltezss for various periods of time at 30
(injection temperature). SAOS measurements weregheormed without any rest time between
the preconditioning step and the SAOS test.

Finally a capillary rheometer (Rosand) with a dapyl of 32mm length and 1mm diameter
was used to determine the steady-state viscosigyfaaction of shear rate for the neat polymer

and nanocomposites.

6.4.6. Electrical conductivity measurements

The volume resistivity of the PC/MWCNT nanocompes#tamples was determined by
measuring the DC resistance across the thicknessngression molded disks using a Keithley
electrometer model 6517 equipped with a two probst fixture. This equipment allows
resistance measurements up td’M). The level of applied voltage, adapted to the etqub
resistance, was in the range of 1000 V for the ®R&tand samples containing up to 1 wt%
MWCNT and 100 V for samples with 2 wt% and more MMIC However, since for the more
conductive samples, the accuracy of this equipniaied, samples with more than 2wt%
MWCNT, were tested using the more adequate Keitblegtrometer model 6220 connected to a
current source (Aligent 34401 A , 6 % Digit Multiteg). This electrometer can be used only for
semi-conductive materials. For each sampldi¥i€eurve was obtained and the sample resistance

was determined from the slope of the curve. Tlastance was then converted to volume

resistivity, y, using the formula

r,=AR /D (6-1)
whereA is the contact surface arda,is the thickness of the sample, aRd is the measured
resistance. The electrical conductivity) (of the nanocomposites is the inverse of volume

resistivity. Prior to measurements all samples vagied for a minimum of 4 h at 12C.

6.4.7. Mechanical properties

An Instron Micro Tester model 5548 was used to mesthe tensile strength, modulus and
elongation at break of nanocomposites using migroiad tensile bars having a gage length of
4.3 mm. The tests were performed at room temperatsing a crosshead speed of 50 mm/min,

based on ASTM D638, and data acquisition rate q§diits per second. The tensile strength and
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elongation at break could be directly obtained fiitwn stress-strain curves. To obtain the elastic
modulus, a linear regression technique was utilipedkfine the slope of the stress-strain curve in
the initial region before yield. All the reportedlues were calculated as average over six
specimens for each composition and each conditithavmaximum deviation of +8%.

6.5. Effective shear rate estimation

Polymer processing proceeds generally under a @nfloiw field, which is a combination
of elongational and shear flows. Injection moldisgone of the most complex nanisothermal
processes with a combination of different flowd&l The conditions are more complex in the
case of microinjection molding particularly micration of disk shaped samples where the
effect of elongational flow is more pronounced. A complexity arises from the behavior of
polymer melt at the relatively high shear ratetese processes and at different planes from the
surface to the core of the sample. Since the atzunadeling of the processes is not the main
idea of this study we made some simple assumptionsstimate the effective shear rates
encountered in the processes used in this workahdve a better understanding of the effect of
the flow field on the nanocomposite properties.thdligh the elongational flow could play an
important role and affect the nanotubes alignmeaunt @olymer chains orientation especially for
viscoelastic materials, the following estimates laased on the assumption that for these flows
the fluid is purely viscous.

The flow geometries in compression molding, conwsra injection molding,
microinjection molding and microinjection-compressimolding are illustrated in Figure 6.2. In
principle, these problems should be solved usingisathermal viscoelastic models, but this
would result in rather complicated flow problemgjuiing the use of sophisticated software
packages. Useful approximations, however, are dtidby considering isothermal Newtonian or
power-law models and assuming the same orientatiofile from the surface to the core of the
samples.



101

(a)

H_
T 1
1 1
1 R ! 1
|<—| 1
1 1
zT_»
r
(b)
VAN \W
>y IZb
X
< 3 >
(C) Fluid in
———————————— z=+b
-«— —>
———————————— z=-b
Fluid out ‘ ‘ r=r

Figure 6.2: (a) Squeezing flow in compression nmgdbetween two parallel disks (b)
longitudinal flow of conventional and microinjeatiaonolding of tensile bar (c) radial flow of
microinjection molding of disk shaped sample

The calculations are provided for the 5 wt % MWCRT/nanocomposites that obey the

following expression:
h=nig"" +h, (6-2)

wherem andn are the power-law parameters and is the limiting viscosity at high shear rate.

This expression contains two terms: the first tesm power-law viscosity and the second term is
a Newtonian viscosity. At low shear rate the vistyosbeys a power-law behavior whereas at
high shear rate the viscosity tends towards a aohstlue.
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Figure 6.3: Viscosity versus shear rate for PC/MWCnanocomposites at 30C. The line
shows the best fit using Eq. 6-2

In a recent article, Abbasi et al. [34] investightbe effect of pre-shearing on the viscoelastic
properties of PC/MWCNT nanocomposite samples, gl laind low stresses. They pointed out
that a high degree of nanotube alignment is obtiwvigen high nanotube loadings are used. Due
to the nanotubes alignment, the Cox-Merz rule cowt be applied to the dynamic viscosity
measurements to determine the power-law paramefegguation 6-2. Steady shear viscosity
measurements were therefore carried out for varimrmtube loadings at 30T (injection
temperature) using the capillary rheometer and¢balts are shown in Figure 6.3. As observed
for the complex viscosity data reported in [34F thiscosity increases markedly with nanotube
loading and the suspensions become more sheairdirthowever, the shear viscosity values of
Figure 6.3 are considerably smaller than thosertegan [34] for the complex viscosity due to
nanotube alignment in shear flow as shown belove Fiwt % nanocomposite data was fitted
using the power-law equation above, resulting & ftlowing parameters valuest = 3.77 10°

Pa.§, n=0.34 andhy = 40 Pa.s. The fit is shown to be excellent.
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6.5.1. Compression molding

In compression molding (Fig. 6.2a) a blank of padyim material is assumed to fill
completely the region between two circular partshef disk shaped mold of radiisand it can
only flow on squeezing along thedirection. The bottom disk is fixed and the upgisk is made
to approach the lower one very slowly with a conistgpeed ofy starting from an initial height

of H. A simple form of the velocity profile for this giolem is given by [35]:

1 dp
v=— — z(z-H 6-3
= ar X2 R (6-3)

where/i is the effective viscosity. The pressure profilassfollows:

.V, R? r’
ALANE TS 6-4
H? R (6-4)

P= Pam*

The effective rate of deformation can be calculdteth the velocity profile:

v 2 v 21 v 2
=02 —L +2 L += L 6-5
g \/ qr r 2 Nz (6-5)

Combining Egs. 6-3, 6-4 and 6-5, the following eeqmion for the effective rate of deformation is

obtained:

2
g:%\/ﬂz(z- H)? +%(22- H)? (6-6)

For a power-law fluid the velocity profile is adléws [36]:

1+1/n

e r (6-7)

with the pressure profile as:

n n +1 n+l
P= Pty 20FL T MR

r
— 6-8
H>  2n n+1 R (6-8)

The effective rate of deformation can then be olethiusing Eq. 6-5.
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The press can operate at speeds between 4 and & AssumingH = 1.5 mm andR = 15
mm, the g.values atz = H/4 andr =R/2 as a typical point is obtained for the wholegaof

operating velocity (Table 6.1).
6.5.2. Injection molding

Conventional injection and microinjection molding of tensile bar

We consider the flow of polymer melt into thin r@egular cavities as illustrated in Figure

6.2b. The velocity profile for a Newtonian fluid[B7]:

2

2
v =oDp
Y72,

z
b (6-9)

where p is the pressure difference betweanthe pressure at =0 or injection pressure, and

parm The shear rate is obtained from the velocityifgafs follow:

M
9z

(6-10)

The effective shear rate is then calculated udiegfdllowing equation for a Newtonian fluid of
he.

9=z (6-11)

For a power-law fluid the effective shear rate barobtained from the following equation:

Dp

(6-12)
ml

9=

For the conventional injection molding case, we mse 100 MPab = 2 mmandL = 80 mm to
calculate the effective shear rate dtL/2 and z = b/4 for the 5 wt % MWCNT/PC
nanocomposites. For microinjection molding, annested effective shear rate can be obtained
takingpo = 100 MPab = 0.39mmandL =4.3 mm,|=L/2 andz = b/4. The values are reported in
Table 6.1.
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Microinjection and microinjection-compression molding of disk

The radial flow of the polymeric melt between twiekd is considered in this section (Fig.
6.2c). For a Newtonian melt, the velocity profifethis case is as follows [35, 37]:

y = Dpob®
" 2n,rin(ryr,)

2

Z
z (6-13)

Using Eq. 6-5, the effective shear rate is eseahéitom the following equation:

2 2 2
ge :Lb % 1- E +£2 E (6_14)
2h,rIn(r,/r) \[ b b* b

For a power-law fluid there is no analytical sadutifor this case. Neglecting the contribution of
the elongational component of the flow, the follog/simplified expression is obtained [38]:

n (n+1)/n

na1 Y
-1on @-mbp b,z (6-15)
rn+tl (ry"-r"") m b

\Y

r

The effective shear rate is then obtained usingoEs). Forpo =100MPa, » = 1 mm,r;=0.75 mm

andr,=12.5 mm theg, values of microinjection molding of disk at=b/2 andr = (r,-r1)/2 are

reported in Table 6.1.

In microinjection-compression, each phase (injecemd compression phases) features a
specific shear rate. However, the applied shearimathe second phase (compression) is almost
negligible due to very low closing speed. The dffecshear rate in injection phase can be
calculated using Egs. 6-13 &6-14. The only diff@eerwith microinjection of the disk is the

injection pressure that is about 15 MPa in thisecd$ie g, values atz =b/2 andr = (ro-r1)/2 of

the disk are then obtained (Table 6.1).
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Table 6.1. Effective shear rates encountered in gfecesses and Raman intensity ratios
parallel/perpendicular to the flow direction

Effective shear rate Raman intensity ratio
g. (s parallel/ perpendicular

Newtonian ~ Power-law Dy /D, G4/G. (D/G)s/(D/G),
model model

Compression 14.5-122 1.8-20 1.03 1 1.03
molding (disk)

Microinjection- 4 10° 1.2 10° 1.33 1.2 1.08
compression
molding (disk)

Microinjection 2.7 10 3.2 10 1.52 1.37 1.1
molding
(disk)

Conventional 3.1 10 2.6 10’ 1.71 1.55 1.1
injection molding
(dog-bone)

Microinjection 1.1 10 1.8 10° 1.95 1.75 1.11
molding
(dog-bone)

We note that the effective rate calculated fordiierent processes varies from a very low value
of 1.8 & for compression molding ta.8 10° s* for microinjection of dog-bone samples.
However, the values of),calculated for the last three injection processsasguthe power-law
expression are way excessive. Referring to FiguBs the shear viscosity of the 5 wt %
nanocomposite reaches the high shear plateador g» 10 s*. Hence, the calculations based
on the Newtonian model withe = A, = 40 Pa.s are more reasonable except possibly for the

compression molding for which the shear rate inariarthe power-range. The Raman intensity
values of Table 6.1 are discussed below in lighthefeffective shear rate.
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6.6. Experimental results

6.6.1. Morphology

SEM micrographs, taken at the surface of a compmessolded sample (the part produced
under the lowest shear rate) and a microinjectespka (the part produced under the highest

shear rate), are shown in Figure 6.4 for 5 wt %ooamposites.

L 10.0um |
(@) (b)

Figure 6.4: SEM micrographs of crayon surfaces of PC / 5wt% MVWTCnanocomposites
processed in (a) compression molding and (b) migotion molding. The top and the bottom
micrographs are related to the low and high macgtifon, respectively
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It can be seen that there is no preferred oriemtatiithin the nanocomposite in the compression
molded sample (Fig. 6.4a). However, in the micextgd sample (Fig. 6.4b), only the ends of the
nanotubes, as bright spots, can be observed imitr®graphs. Since the injected specimens in
this case were cut perpendicularly to the flow i, seeing only the end of the nanotubes is

an indication that the nanotube orientation ishm $hear flow direction.

0 Phase 1.00pm O Height 10.0 pm
(@)

0 Phase 1.00 um 0 Height 10.0 pm
(b)

Figure 6.5: AFM micrographs of crayon surfaces of PC / 5wt% MMICnanocomposites
processed in (a) compression molding and (b) m@otion molding. The left and the right
micrographs are related to the phase and heighesgodspectively
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The nanotube orientation can be seen more clearlyAFM micrographs. For the
compression molded sample (Fig. 6.5a) segmenength of some nanotubes can be observed in
the phase mode image, while for the microinjeceadpde (Fig. 6.5b), cut perpendicularly to the
flow direction, only black spots, representing ti@notube ends, are seen. The SEM and AFM
micrographs show not only differences in orientatd the nanotubes between the samples made
by the two molding processes, but they also indithat their dispersion within the PC matrix is
quite good, particularly in the case of the micjeated samples. The drastically high
deformation rates encountered in microinjection dimg contribute strongly not only to the
nanotubes alignment but also to their distributwithin the polymer matrix. The nanotubes
diameter derived from the scale of the AFM micr@irsis about 15 nm, remarkably within the
range of the information given by the masterbatgipser, indicating that the nanotubes are most
probably individually dispersed.

To help understand more the effect of the shear fm the nanotube alignment, TEM
micrographs of samples prepared using differentgssing methods are shown in Figure 6.6. In
the case of the injected samples, the images Wetakan from thin sections cut along the flow
direction. For the compression molded sample (€i§a) the micrograph does not indicate any
preferential orientation. On the other hand, theobtabes are somehow oriented in the case of the
microinjection-compression molded samples (Figbhg.6owever, it is still far from a perfect
orientation and we can see isotropy in the systagure 6.6¢c shows the micrograph of a sample
prepared by conventional injection molding; a cleaentation of the nanotubes along the length
axis can be seen. The highest degree of orientetiobtained for microinjection molding where
the nanotubes are well aligned and most of thenpartectly stretched along their length axis
(Fig. 6.6d). Considering the fact that the nanosudre often strongly entangled, a few nanotubes
remain oriented transversely (perpendicular tdltwe direction) after injection.
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Figure 6.6: TEM micrographs of thin sections of P&Wwt% MWCNT nanocomposites prepared
along the flow direction. Samples were (a) compoesmolded, (b) microinjection-compression
molded (c) conventional injection molded (d) micjection molded. Arrows indicate the flow
direction
The histograms of the nanotube length distributéme reportedn Figures 6.7a-d. By

nanotube length we mean the end-to-end distancsacth segment of nanotube as it can be
observed in the micrographs. Since the samples rshowviFigure 6.6 were cut along the flow
direction using a very sharp diamond knife, mostatabes that are randomly located in the
samples are sectioned. However, well flow orientahotubes were parallel to the cutting
direction and therefore a large part of their fielhgth is observed in the micrographs. For
compression molded samples (Fig. 6.7a) most oh#mtubes have lengths less than 100 nm.
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For compression microinjected samples (Fig. 6.7k)dbserved nanotube length is longer and
there are some exceeding 200 nm. For conventiofadtion (Fig. 6.7c) most of the nanotubes
have lengths in the range of 200-400 nm and ircése of microinjection molding (Fig. 6.7d) the
nanotubes length is in the range of 200-500 nmiambme cases reaches 700 nm. Although
these values are still well below the initial lemgif nanotubes (1-16m, as specified in the
material section) these values are a good indicatioa high degree of nanotube alignment in

microinjected parts.
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Figure 6.7: Histogram of nanotube length distndmutfor samples prepared in (a) compression
molding (b) microinjection-compression molding (cpnventional injection molding (d)
microinjection molding
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6.6.2. Raman spectroscopy

Raman spectroscopy was used to further investideeVWCNT alignment within the
polycarbonate matrix. This is a non-destructivectscopy technique, which relies on the
inelastic scattering of infrared light by moleculgson returning to their lower energy level after
excitation. Depending on the frequency of the lighéd, Raman bands with different intensities
are produced by vibration of various active groupihin the polymer chains. The vibrational
characteristics of these groups can then be usddtesmine and identify the polymer structure
[28]. Carbon nanotubes show resonance-enhanced rRecadtering effects when a visible or
near infrared laser is used as the excitation souBoth single walled carbon nanotubes
(SWCNTs) and MWCNTSs feature bands located in tigadri wavenumber region over 500¢m
however, Raman bands appearing in the low wavenumgggon between 100 and 400 €m
(known as radial breathing modes or RBM) are aumicharacteristic of SWCNTs [29] and are
not generally observed for MWCNTs. The Raman speatithe as-extruded neat polycarbonate
and 5 wt% PC/MWCNT nanocomposites are shown inreigu8. As it can be observed, the
most important Raman bands of polycarbonate aratddcin the range of 500-1800 Cras
assigned by Lee et al. [30]. Contrary to carbon otdmes, most polymers including
polycarbonate do not show a resonance enhancerfieat R7]. In fact, the large differences
between the intensity of the nanotube peaks armgkthosing from a polymeric matrix make the
Raman spectroscopy an ideal technique for the sitidgnotubes orientation.

As Figure 6.8 shows clearly, the Raman bands dycpdbonate almost vanish by
incorporation of nanotubes into the matrix. Two artant features in the Raman spectrum of
MWCNTs are theD band (disorder band), located between 1330-1360"' @md theG band
(graphite band or TM-tangential mode) located adod®80 crit. These bands are clearly
observed in the spectrum of PC/MWCNT of Figure &Be D band originates from thep’
hybridized (graphite-like carbon atoms) disorderthe graphitic structure, and is the most
sensitive Raman peak to the nanotube alignmené Gliband, assigned to the in-plane vibration
of the graphitic wall, is less sensitive to origiaia [31]. Another Raman band in the spectrum of
carbon nanotubes, nam@& is located at2700 cm'and is also not sensitive to the nanotube

alignment [32].
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Figure 6.8: Raman spectra of neat polycarbonddekpand PC / 5wt% MWCNT (red)

The intensity ratiosDs /D, and G4 /G, parallel/perpendicular to the flow direction were

used to assess the degree of nanotube alignmentarRapectra of PC/5wt% MWCNT are
shown in Figure 6.9 for compression molded samplesamples produced under the lowest
shear or deformation rate (Figs. 6.9a and b) argdbdme shaped microinjected samples or the
samples produced under the highest shear rate @g=#rsand d).
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Figure 6.9: Raman spectra of PC / 5wt% MWCNT nangmosites: bottom two; compression
molded samples, top two, microinjected samplesafa) (c) perpendicular, (b) and (d) parallel
arrangements

For the compression molded samples, parallel (6i§b) and perpendicular (Fig. 6.9a)
spectra are almost the same and there are noisagitlifferences between the intensities of the

peaks. TheDg /D, and Gy /G, parallel/ perpendicular intensity values are therefore cluse

unity indicating that there is no preferential ntadie alignment in the polycarbonate
matrix[10,39]. For microinjected samples, howevhere are significant differences between the
parallel (Fig. 6.9d) and perpendicular (Fig. 6.Be@man spectra. The intensities of both babds,
andG, are much larger in the parallel spectra.

The results obtained from the Raman spectra ohdme@composites prepared under various
levels of deformation rate (i.e. for different paigr processing conditions) are summarized in
Table 6.1. From top to bottom, both ratios increasmmonstrating that the lowest nanotube
alignment is found in the compression molded sampled the highest one in the dog-bone
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shaped microinjected samples. These results arpletaly in agreement with the morphological
analysis and clearly show that the different levidflshear rate applied to the nanocomposites
result in significant differences in the nanotulhgranent (Table 6.1)It is shown that when
using microinjection molding, the applied sheaernatmuch larger than in conventional injection
molding (Table 6.1), for the same injection speed @avity shape. Therefore, nanotubes are well
aligned in the longitudinal flow field of the miargection mold of dog-bone shaped (tensile bar)
and consequently the highest intensity ratios hb andG bands are achieved in this case. In
conventional injection molding, the lower level ehear rate results in a lower nanotube
alignment even in the longitudinal flow field ofettdog-bone shaped cavity and, accordingly,
lower intensity ratios of Ramab andG bands are obtained. On the other hand, the nag®tub
alignment decreases noticeably in the case oflrfioN@ of the disk shaped cavity with respect to
the longitudinal flow of the tensile bar cavity.tAdugh the applied shear rate for this process is
relatively the same as that in conventional in@actthe nanotube alignment in this case is lower
than for conventional injected tensile bars. Thisdue to the cavity being centrally gated,
elongational flow is dominant at the gate (divetgiimw) causing the nanotubes to first orient
transversely (perpendicular to the main radial fldinection) in the core zone. Near the wall,
shear flow dominates and tends to orient the ndmestin the radial main flow direction. For dog-
bone samples, nanotubes are mostly subjected & deéormation and then are oriented in the
flow direction.

Microinjection-compression molding proceeds in tploases, one with a high shear rate
during injection and one with low shear rate durognpression. Due to the high level of shear
rate, the nanotubes are well aligned at the entheffirst step or injection phase. However,
during the compression phase, which can be assedil®m a squeeze flow, elongational flow
perpendicular to the radial direction can be sigaift and diminish the effects of the first step
(injection) on the nanotube alignmems a result, a more isotropistructure is formed.
Consequently, microinjection compression moldingdoices parts with the lower intensity ratios
for the Ramam andG bands.

Finally the lowest level of nanotube alignment Idaoned when a circular disk is produced
using manual compression molding for which of thadial flow proceeds at extremely low

deformation rate.
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It is worthy to mention that the highest value©gf D, for carbon nanotube are normally

reported for nano or microfibers. In the case oftmgun PC nanofibers this ratio was found to
be around 2.1 for PC/MWCNT [10] and around 2.6 f8€/SWCNT nanofibers [17].
Accordingly, the values found in this study for lilg aligned nanotubes are somehow close to
those related to spun fibers indicating that tignahent due to microinjection can be very high.
The D/G ratio is often used as a diagnostic tool for chegkhe degree of perfection of
MWCNTSs [32] or the degree of crystallinity in thanmotube structure [13]. A constant value of
D/G, in both parallel and perpendicular geometriben means that there is no change in the
nanotube structure [40]. To check the induced chsirig the crystalline structure of MWCNTS,
we used the ratio ¢D/G)s /(D/G), . If the nanotubes do not go through structurahgles the

D/G values is constant ardd / G), /(D /G), ratio should be equal to 1. As one can deduce from

Table 6.1 this ratio is between 1.03-1.11 for atlgesses indicating that the crystalline structure
of individual nanotubes is more or less stable.

6.6.3. Rheological properties

It is widely accepted that shear flow reduces madiskehe particle-particle interactions and
leads to a remarkable change of the viscoelasti@wber [41]. The percolation network of
nanotubes is therefore quite sensitive to steadgrstiow [42]. In order to investigate the effect
of shear flow during polymer processing on the P@IENT post-molding viscoelastic
properties, SAOS rheological tests were conductedampression, microinjection-compression
and microinjected molded disk shaped samples af@G0the average barrel temperature used in
our processes. Figure 6.10 shows the effect oditferent processing methods on the complex
viscosity of the neat polycarbonate and the nanpecsites containing 5 wt% of MWCNTS.
Obviously, for the neat polycarbonate the effegpraicessing conditions is negligible. However,
for the 5 wt% nanocomposite this effect becometedarge. The complex viscosity decreases by
about two orders of magnitude for the sample mageanizroinjection molding, the process
which features the highest levels of shear rateenEthe lower effective shear rate of
microinjection-compression molding significantlyifsh the complex viscosity to lower values.
Note that the shear-thinning behavior of the nangumsites is also affected by the processing
method. Figure 6.10 reveals that for the 5 wt% wanwosite the viscosity tends towards a
plateau at high frequency. This is more strikingHmh shear rate processes. A similar trend was
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observed in our last work when preshearing a 3% NWWEC nanocomposite at 30Q [34].
The drastic reduction in viscosity and change & shear-thinning behavior shown in Fig. 6.10
could be explained by the idea that carbon nanstiéed to behave like macromolecules in
solution. Under such high shear rates and shesss&s encountered in micro-injection molding,
the nanotubes no longer "“stick ™ together andsabgected to flow-induced disentanglement and
alignment exhibiting shear thinning effect justligntangled polymer chains would in high shear
flow conditions [43-45].
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Figure 6.10: Complex viscosity at 300 of neat polycarbonate and PC / 5wt% MWCNT
nanocomposites for different processing methods

The rheological percolation threshold is also d@#dcby the processing method. The
percolation threshold is often defined as the vabdethe solid content above which the
rheological properties increase in an exponent@y.wigure 6.11 shows the storage modulus
data reported as a function of nanotube conterd.pHErtcolation threshold can be determined by
applying a power-law function tod@ersus nanotube loading according to the follovaggation
[6, 12, 46-48]:
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q
G=ph,, e

form>m.c (6-16)
M

where . and q are parameteran is nanotube loading (wt%) amth. g is the percolation
threshold (wt%). The description of the data by &d.6 is shown in Figure 6.11 to be excellent
and the left limit of the dashed line correspormlshie percolation threshold value. The figure
clearly shows that the percolation threshold idtesthiitowards larger nanotube content when the
processing is carried out under higher effectiveasirates and large stress for the presheared
sample in the rheometer.
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Figure 6.11: Effect of processing conditions anelspearing at 2400 Pa (without rest time) on
G’ data (1 rad/s) at 30C

We also measured the percolation threshold in SA(@8r applying a preshearing stress
corresponding to the maximum allowable value fa& @EM rheometer (2400 Pa) [34]. As soon
as the preshearing step was completed (i.e. ther sfsxosity has reached steady state), SAOS
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tests were conducted without any rest time. As weeeted, the effect of applying a high shear
stress is more or less similar to the effect entared in microinjection molding. In all cases the
percolation threshold increases remarkably whem#m®ocomposites are subjected to high shear
flow. As in the case of microinjected samples, vee bt have a perfect or ideal percolated
network in the presheared samples even at hightmb@doading as the storage modulus rises

less markedly with nanotube concentration abovetteshold.

6.6.4. Electrical conductivity

As the electrical conductivity of nanocompositesn®e of the main properties of interest in
this work, we investigated the effect of polymeogessing on the electrical conductivity of the
nanocomposites, particularly prepared by micronmgidi Moreover, measurement of the
electrical properties may be a useful tool to ustdard the relationship between the rheological
behavior and the nanocomposites microstructureur€i®.12 presents the effect of nanotube
loading on the electrical conductivity of the nammposites samples prepared by the same
processing methods as previously.

Like the rheological percolation threshold, thec#ieal percolation threshold can be
described by a similar power-law expression [6]:

q
s=b, m- M form>m, (6-17)
’ m s
where ., andq are parametersy., is the electrical percolation threshold (wt%) asmdhe
electrical conductivity. Again this power-law exps@on is found to describe very well the data of
Figure 6.12 where the left limit of the dashed lamgresponds to the percolation threshold value

in each case.
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Figure 6.12: Effect of polymer processing conaitiamn the electrical conductivity and electrical
percolation threshold of the nanocomposites

For compression molded samples the percolatiorshbtd is found to be about 3 wt%
nanotube content as the electrical conductivitggisuddenly by more than 10 decades. Above
these concentrations, the conductivity increasightst to eventually reach a plateatlihis is
typical of the percolation behavior usually obseérder nanocomposites based on conductive
fillers, and can be referred to as an ideal petmwldehavior. Figure 6.12 shows that for samples
made by a process involving an injection step,tleramonotonic increase of conductivity with
loading is obtained. As stated previously, in ingecsamples the nanotubes are more or less well
aligned in the flow direction depending on the leveshear rate, limiting the likelihood of close
proximity and connection. A conductive pathway ahatubes can then be formed only at high
nanotube contents where the aligned nanotubedase enough to allow for current passage. It
is obvious that in such a condition, since theradspercolated network formed in the system
anymore, the larger the nanotube loading is theteh the distance between the nanotubes and
the higher is the conductivity level. Thereforey sudden jump in electrical conductivity or
percolation point is observed in Figure 6.12 far thiected samples, but rather a broad range of

percolation over which electrical conductivity irases continuously. Microinjection molding
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proceeds under extremely high levels of effectikeas rate and almost completely aligns the
nanotubes in the flow direction. Consequently, peecolation threshold estimated by Eq. 6-17
has larger values for parts produced by microimectThe longitudinal flow in the dog-bone
shaped cavity results in the highest value forpiecolation threshold, about 9 wt% of nanotube
loading.

Interestingly, the calculated percolation thresheltiighly affected by the mold geometry.
As Figure 6.12 reveals that for the disk shapedomgected samples the percolation threshold is
lower and the electrical conductivities are abmg order of magnitude larger than that of dog-
bone shaped samples. The radial (elongational) iftotlve disk shape cavity reduces the effect of
high shear rate and less nanotube alignment igwaethidue to the elongational flow component,
which orients the nanotubes transversely to th&akfidw direction.This favors the formation of
a percolated network. Both compression molding amctoinjection-compression molding of
disk shaped samples achieve similar levels of ndogobrientation in the transverse and radial
flow directions. As a consequence, the electrieatplation threshold behavior pertaining to both
processing methods are closely similar as caném fsem Figure 6.12.

6.6.5. Mechanical properties

The mechanical properties of dog-bone microinjectanhples were analyzed and Figure
6.13 shows the influence of MWCNT concentratiortlmn stress-strain behavior of microinjected
tensile parts. Obviously the neat polycarbonatetbad.5 wt% nanocomposite specimen show a
strain hardening behavior and necking at high edting. However, the nanocomposites with
larger nanotube loadings show no strain hardenmd) lzZecome more brittle as the strain-to-
failure decreases with nanotube concentration.sathples, with the exception of the largest
concentration nanocomposite, show yielding befdast flow.
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Figure 6.13: The effect of MWCNT content on theess-strain behavior of dog-bone shaped
microinjected nanocomposites

The values for the strength and the elongatiorredilbof the nanocomposites of different

nanotube loadings are summarized in Figure 6.14.
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Figure 6.14: The effect of MWCNT content on the tensile strengtidl elongation at break of
dog-bone shaped microinjected nanocomposites

We first observe a slight decrease in strength #meimcrease with MWCNT loading above
1% weight concentrations probably due to the foimnabf nanotube network at this level of
loading. The effect of nanotube loading on the wangosite ultimate strength is not very
significant and the overall tendency demonstrataly @ modest increase with MWCNT
concentration. This is probably due to the pooerattion between nanotubes and polymer
chains so that the nanotubes could not achieve ttheretical potential as fillers with extremely
high strength. Elongation at break is also strorgffected by nanotube loading, starting to
decrease drastically for composites containingoup% of nanotubes. Beyond this concentration,
ductility decreases at a lower rate until the sasfecome totally brittle at loadings of about 7-
10 wt%. The structural change of the nanocompositd increasing nanotube content is
probably responsible for this phenomenon. Abovet% whe formation of nanotubes aggregates
or agglomerates could change the load transfer amsm of the nanocomposites and result in a
different trend in the mechanical properties.

The effect of MWCNT loading on the Young modulustbé nanocomposites, obtained
from a closer view of the stress-strain curves .(Bid3), is shown in Figure 6.15. The Young



124

modulus increases monotonically with loading antsetowards a plateau for large nanotube
levels. The addition of 3 wt% of nanotubes resilta rise of the modulus by about 30%. Again,
this is a weak effect of nanotube on the tensileduhgs probably due to weak interactions
between polymer chains and the filler.
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Figure 6.15: Effect of microinjection speed on theung modulus of the dog-bone shaped
nanocomposites of different tube contents

Figure 6.15 also shows that the Young modulusrigetawhen the injection speed is the
largest due to higher polymer chain orientation dadjer degree of nanotube alignment.
Although the effect is not highly significant, & different from what reported previously in the
case of conventional injection molding of polymendj fiber composites like Kevlar [49]. They
found that lower injection speeds create a thiclkdidified layer and result in a higher shear flow
field at the solid-melt interface. It is also shotkiat the polymer relaxation prior to solidificatio
in the mold reduces the orientation in conventiong@ction [50]. Higher the injection speed
increases the solidification time and results im@e relaxation. Consequently polymer chains

are less oriented and fibers are less aligneawa dlirection(along the length of the tensile bars).
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In the case of microinjection molding, due to vemyall thickness of the sample the cooling time
is very short. The whole sample solidifies rapidhyd there is not enough time for the polymer
chains to relax. Therefore, increasing the injecgpeed results in a higher orientation since the
relaxation process is somehow ignorable in thicgss. It is worthwhile to note that the values
obtained for the Young modulus of the microinjecpedits, even for the neat polycarbonate, are
considerably smaller than the typical values oletéifor conventional or standard samples tested
under the same test conditions (for the neat aohanate this value is about half of the standard
values). It is still unclear to us why the micr@icjed parts have such low tensile modulus [51].
Our rheological measurements revealed that the adagon during this process was
insignificant; the viscosity of the neat polycarbbas after processing was found to be similar to
that before molding within the experimental error.

6.7. Discussion

It has been observed that the nanocomposites piegpstrongly depend on the processing
conditions. Such dependency of the percolatiorstiolel of nanotube based nanocomposites has
been established qualitatively in the literaturd, [16] where the melt-processed films or fibers
showed high electrical conductivity at low drawi@atbut below the detection limit at high draw
ratios. It seems that by changing the nanotubenmlént in the nanocomposites we can control
the nanocomposite properties. For instance, ustgytain amount of nanotube loading, it would
be possible to have conductive or resistive mdgenaly by changing the flow type and the
effective shear level. This interesting issue scdssed in this section. It is worthwhile to note
that the rheological percolation threshold is cdesably smaller than the electrical one for the
same processing conditions. This difference caddseribed in terms of the shorter tube—tube
distance required for electrical conductivity asnpared to that required to impede polymer
mobility, so that more nanotubes are required tachethe electrical percolation threshold.
However, in spite of the fact that these percodatiatworks are due to different phenomena, their
structures change in a similar way when they abgested to a flow field. Clearly, if nanotubes
start to be aligned in the flow direction, theyerttonnect minimally, as their orientations become
less random, leading to a remarkable increasesipécolation threshold.

To investigate these aspects in more details, thetrieal and rheological percolation

thresholds are plotted against tBg /D, ratio, Raman intensity parallel/perpendicular he t
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flow direction, in Figure 6.16. In the case of theological threshold, it was more convenient to
use disk-shaped samples molded by compressiongimjection-compression and microinjection
for the post-molding rheological properties measarts. The values @&’ and obtained for

the 5wt% MWCNT nanocomposites are also shown infithee. As observed, the percolation

threshold is quite low at lov, /D, ratio, which is an indication that the nanotubesvoeks are
formed at very low concentrations when random ¢aigon (D /D, ~1) prevails.

The percolation thresholds significantly rise witly /D, ratio (or nanotube alignment) so
that in the highly aligned cases, like in microatfd samples wherBy /D, is around 1.95, the

electrical percolation threshold is about 9 wt% MWCNT, which is quite high. More

interestinglyG” and decrease remarkably with increasibg /D. ratio or nanotube alignment.
We can therefore conclude that thg /D, ratio is closely related to specific nanocomposites

properties such &’ and .

In addition, the power-law type equations (EQs.66&6-17) characterize well the post-
percolation behavior and provide reasonably acewalues of the percolation thresholds. From
the previous results of Figures 6.11 and 6.12, bsexve that processing conditions that yield a
nearly perfect percolation behavior tend to dis@aylateau immediately above the percolation
threshold, indicating that further addition of nautwes could not notably increase the related
property of the nanocomposites. This is espectallg for the compression molding parts where
the shear stresses and shear rates are the ldwélsis situation, it is found that the best fit is
achieved when the parametgrs ~1. Deviation from this value is indicative of ansahce of a
plateau or a perfect percolation behavior. In tiaise we see a broad range of percolation and the
related properties keep increasing after percalatio
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This is more applicable to the electrical percolatrather than the rheological percolation
behavior, since in the former case complete tube-tiontacts are required to have a conductive
network. Theq values determined by fitting the respective poiser-equations are shown in

Figure 6.16 versus th®, /D, ratio. Of special interest is the significant ir@se inq as the

nanotube alignment increases indicating that tihegtetion of highly aligned nanotubes is hardly

possible.

6.8. Conclusions

In this work we have examined the effects of polymeocessing conditions on the
nanotube alignment and PC/MWCNT nanocompositesgoties. A masterbatch was diluted to
prepare nanocomposite samples at various condengsaand the nanocomposites were then
subjected to different flow conditions in a conkedl manner employing a variety of polymer
processing methods. The morphological analysi®iguSEM, TEM and AFM, showed that the
nanotubes were randomly oriented in the plane @ttmpression molded samples, which were
subjected to the lowest shear value, while theyewsell aligned in the longitudinal flow
direction in the microinjected dog-bone samplesictvtieatured very high shear values. Raman

spectroscopy results indicate that the lowest wabfeDy /D, and G4 /G, ratios were obtained

for the compression molded samples while the highalsies were related to the microinjected
dog-bone samples. Interestingly, the nanotube m@m strongly affected the rheological
properties and the electrical conductivity of tl@acomposites. The percolation thresholds rose
significantly in both cases with increasing origiata level. Further analysis showed that for a
given nanotube loading, the nanocomposite elettcioaductivity level could be controlled by
controlling the nanotube alignment. Moreover, lyirfg a power-law equation to the storage
modulus and electrical conductivity data we detagdireasonably accurate values of percolation
thresholds as well as the post-percolation behafibine nanocomposites. The parameteryas
found to be a very good indicator to investigate plercolation behavior of nanotube networks. It
was found to increase with nanotube alignmentcatthg that for highly sheared samples there
is no perfect percolation behavior or ideal nanetuetwork. In these cases broad ranges of
percolation were observed. The mechanical pragsedi the nanocomposites were also found to
be sensitive to processing, albeit somehow imprdyeicreasing the shear level.
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Chapter 7

Properties of Microinjection Molding of Polymer Multi walled Carbon

Nanotube Conducting Composites

7.1.Presentation of the article

Final properties of microinjected PC/MWCNT and PWKINT were studied in this
article. The effect of crystalline structure and polymer @ssing conditions on thmorphology
and properties of the nanocomposites was investigiatthis paper. Followed by different types
of micromolding in different processing conditiomsd using different cavity shapes, we
employed a variety of characterization methodsissaver the effect of process conditions on
structure and properties of CNTs/polymer composilé® results of the morphological study
revealed a large difference between the compayitmhi MWCNT with polycarbonate as a polar
amorphous polymer and with polypropylene as a rmarppolymer with high degree of
crystallinity. It was also found that in microinfed samples the formed crystals were well
oriented however the overall crystallinity was ompwly changed in such a high sheared
conditions. The presence of crystalline structunproved the electrical conductivity of the
nanocomposites; however, high degrees of nanotlipangent in microparts resulted in a
significant increase in electrical percolation #iveld. The mechanical properties of PP
nanocomposites were also significantly affectechagotube loading while the effect was weak

in the case of PC nanocomposites.

" Polymer Engineering and Scienc&ubmitted November 2009.
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Properties of Microinjection Molding of Polymer Multi walled Carbon

Nanotube Conducting Composites

Samaneh Abbasi, Abdessalem Derdoufi Pierre J. Carreaut
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7.2. Abstract

The effects of processing conditions on the mormpdmal microstructure and properties of
polypropylene/ multiwalled carbon nanotube (PP/MWIGNand polycarbonate/ multiwalled
carbon nanotube (PC/MWCNT) composites were stu@adiples of various MWCNT loadings
were prepared by diluting commercial masterbatdfesanotubes using optimized melt-mixing
conditions. A reasonably good dispersion and foionatf nanotube networks within the
polymer matrix were observed using SEM and TEM ascopy. Different processing
conditions were used to systematically change dgge of nanotube alignment, from random to
highly aligned orientation. Crystallinity and crgbtorientation of compression molded and
microinjected samples were determined by DSC amdyXdiffraction. The crystallinity of the
PP/MWCNT nanocomposites was found to go throughaaimum as a function of nanotube
content while the overall rate of crystallizatiorcieased. We observed for the highly sheared
microinjected PP/MWCNT samples the formation oflveelented crystals; however the overall
crystallinity was only slightly affected by strairElectrical conductivity of the nanocomposites
was improved by the presence of the crystallinacsiire; although, high degrees of nanotube
alignment in the microparts resulted in a significancrease in the electrical percolation
threshold. The PP nanocomposites exhibited mechlapioperties significantly enhanced by
nanotube loading; this effect was small in the cfsbe PC nanocomposites.

Keywords: Multiwalled carbon nanotube, Polycarbonate, Papgtene, Morphology,
Crystallinity, Nanotube alignment, Electrical peatmn
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7.3. Introduction

After their discovery in 1991 by lijima [1, 2] carb nanotubes (CNTs) became attractive
candidates for fundamental investigations due teirthunique electronic structure and
extraordinary properties. Since then, an extensesearch effort has been devoted to the
nanotube fabrication, characterization and deve&gnof applications [3]. Their intrinsic
structure, size scale and aspect ratio suggestietywaf applications such as nanoelectronics,
sensors and field emission as well as high perfoceaanocomposites.

Recently, considerable attention has been devotedrbon nanotube / polymer composites
from both processing and application points of vi@gsides the individual properties of carbon
nanotubes, numerous potential benefits are expesteh they are employed as reinforcing
agents in nanocomposites. One of the key intemestarbon nanotubes incorporated into
polymeric materials stems from their potential tevelop conductive polymer composites at
relatively low concentrations [4-9].

High electrical conductivity in conductive partisl®ased nanocomposites is explained in
term of percolation i.e., the structure in whicle tharticles touch one another, resulting in a
continuous electrically conductive path. The filleoncentration at which the electrical
conductivity increases abruptly is known as thecplation threshold. It depends not only on the
types of filler and polymer but also on the dispmrstate of the filler and the morphology of the
matrix [10-13].

The percolation threshold is found to be much higheéhe case of thermoplastic matrices
[8, 14-17] in comparison to thermoset filled syssgiiB]. In semi-crystalline matrices, additional
complexity arises due to the crystallization indlighase separation and subsequent rejection of
the nanotubes by the advancing crystalline pha®eZQ]. It is well known that carbon nanotubes
are well dispersed in polar polymers such as patetllyl methacrylate)(PMMA) [15] and
polycarbonate (PC) [16]. However, in non-polar padys such as polypropylene (PP), CNT
dispersion remains a big challenge and might affeepercolation threshold as well.

Incorporation of carbon particles into incompatipl@ymer blends can provide them with
electrical conductivity at very low filler contediue to a double percolation phenomenon [21,
22]. Double percolation refers to the structurevimch there are two types of percolation in the
same composite material. The first one, which jBcally observed in the reinforced composite

materials, is associated with the electrical caritynof the conductive particles in the filler-rich
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phase and the second one is associated with thinwon of this phase in the blend. The
improvement in electrical conductivity will depermh the conductive particle concentration
threshold in the filler-rich phase and on the vadufraction of the filler-rich phase required to
induce co-continuity in the blend [22].

It is well known that the microstructure of plasparts is the result of complex changes
imposed to the base polymer by the special pramgssonditions [23]. Typical thermoplastic
processing involves pellets melting, plasticatiorelt flow and pressurization and shaping and
finally solidification from the molten state, eithiey crystallization or vitrification. The complex
thermo-mechanical history imposed on the polymemduprocessing leads to substantial spatial
variations of chain orientation under shear andgddional flows and to the formation of a
superstructure controlled by the local dynamicshef process. These effects result in a large
anisotropy of the final physical properties padacly if the polymer is semi-crystalline and is
filled with solid particles of various shapes (glaw carbon fibers, clay or mica platelets, carbon
nanotubes or nanofibrils, etc.). The use of carmmtube based nanocomposites for commercial
applications, thus, the objective of this work & develop a clear understanding of how
processing conditions influence the nanotube nétsv@nd subsequently the nanocomposites
properties.

With the recent trend towards product miniaturzati the rapid development of
microsystem technologies has opened up new apphsatfor polymer nanocomposites.
Particularly, carbon nanotube based polymer corgmsare suitable candidates for the
fabrication of microscale components where the ram® of the added particles is an advantage
and only grams of materials are necessary to meatwréa high-valued products. A number of
processing technologies have been explored to peogolymer-based microdevices amongst
which microinjection molding is one of the mosttabie processes for producing microparts
cheaply and with high precision.

As in the case of conventional injection moldinge tproperties of parts made by
microinjection molding are strongly affected by {v®cessing parameters. However, because of
the exceptional characteristics of microinjectioalsimg, these parameters and their effects are
not necessarily the same as encountered in coowahtimolding. Microinjection molding
features extreme injection pressures, very higlarsded cooling rates as well as very short cycle

times compared to the conventional process®ignificant reports on microinjection molding
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appeared during this decade most of which were eat polymers [21-25]. Some studies did
consider polymer compounds containing fillers sashshort glass fibers, glass particles and
nanoceramic materials as illustrated by the workwdng et al. [26, 27].

Another interesting processing alternative for pi@dg microparts is microinjection-
compression molding. This process is regarded asxtansion of microinjection molding by
incorporating a compression phase to compact therrabinside the mold cavity. After injection
of the melt into a semi-open mold, the polymer peuts to the extremities of the cavity under
relatively low pressure and stress [28] as the mtudes.

Polycarbonate, a typical amorphous polymer, is muportant commercially available
engineering thermoplastic for injection molding bEgations because of its excellent process
ability and mechanical properties. Recently, carbanotubes have been used as a special filler
to be incorporated into PC for stiffness reinfoream as well as thermal and electrical
conductivity enhancement purposes [8, 14, 24-27].

Polypropylene is also one of the most commonly ysdgmers in the preparation of such
nanocomposites owing to its well balanced physa&al mechanical properties combined with
benefits like low cost, low density, good procedggband wide field of applications [28-31].
However, PP exhibits very poor compatibility anchesion to other polymers and inorganic
fillers owing to its non-polarity and crystallizéiby. It has been found that in PP/clay
nanocomposites, crystallization of the PP matex, to the expulsion of clay platelets from the
crystalline phase by thermodynamic forces [32].

It is the aim of this study to investigate the urgihce of crystalline structure, nanotube
loading and microinjection molding conditions onettproperties of polymer/MWCNT
nanocomposites with a special focus on the elettdonductivity. To this end, we chose two
polymers, a polar amorphous PC and an isotactigppopylene (iPP) as a non-polar semi-
crystalline polymer. Due to the high degree of @lmity of polypropylene, the crystallization
induced phase separation and the subsequent oejeofi the nanotubes by the growing
crystalline phase may result in a conductive ndmedunetwork at lower concentrations according
to the concept of double percolation. We optimitezl nanocomposites preparation to obtain the
best possible nanotube dispersion as observedahgmission electron microscopy (TEM) and
scanning electron microscopy (SEM). Thereafter, pdasn were prepared by compression

molding and micromolding in different processinghdbions and using different cavity shapes.



137

Finally, we employed a variety of characterizatimethods to investigate the effect of process

conditions on structure and properties of the pely@NTs composites.

7.4. Experimental

7.4.1. Materials

Masterbatches of 20 wt% MWCNT in PP and 15 wt% MWCIN PC were purchased
from Hyperion Catalysis International, CambridgeAMAccording to the supplier, the carbon
nanotubes are vapor grown and typically consi&d% graphite layers wrapped around a hollow
5 nm core [33]. The diameter range was stated tp fvfam 15 to 50 nm and the length range
between 1-10 m as confirmed by TEM characterization. The masieties were then diluted
with a polycarbonate (Calibre 1080) supplied by Dd&@hemical and with an isotactic
polypropylene (PP HD120) supplied by Borealis Go.prepare nanocomposite samples of
various loadings. The added polymer grades areexgssarily the same as the matrices used to
make the masterbatches. Considering the small iparft masterbatch used to prepare the
nanocomposites, the original polymer of the mastetb is only a small fraction of the
nanocomposites and does not significantly affeet iésults. A polypropylene graftedahaic
anhydride (PP-g-MA Polybond PB3150 with 0.5 wt% MA) was usasl a compatibilizer to
improve the dispersion in PP/MWCNT nanocomposites.

7.4.2. Nanocomposite preparation and molding

The composites were made by melt mixing the maateles with the neat polymers. The
polycarbonate and PC/MWCNT masterbatches were dvied minimum of 4 h at 128%C prior
to mixing. The polypropylene, PP/MWCNT and PP-g-Ma&re also dried for 1 h at 9C. Six
samples with different MWCNT contents between 8 a5 wt% MWCNT and 0.5 wt% PP-g-
Ma were prepared using a lab-twin screw extrudeisttitz ZSE 18HP, operating at 100 rpm and
210°C for the PC and at 250 rpm and 1®@Dfor the PP nanocomposites (conditions previously
optimized via a set of controlled experiments). Mdiojection molding and microinjection-
compression molding were then employed to produderomparts of different shapes and
dimensions. Prior to each process, the nanocongsositere dried under the conditions
previously mentioned. Compression molded disks vedse prepared (Carver laboratory press,
model 3912) to compare the nanocomposite propdraésre and after microinjection molding
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more precisely. Microinjection molding was done ngsia Battenfeld Microsystem 50
micromolding machine. In the case of PC/MWCNT namoposites, injection was done at an
average barrel temperature of 3@and under a pressure of approximately 100 MPéewhe
injection speed was constant at 400 mm/s. The tenigherature was kept constant at’8Gand

the cooling time was set to 10 s. For the PP/MWGQIdmocomposites, we used an average barrel
temperature of 266C, a pressure of approximately 100 MPa and a constgection speed of
400 mm/s. To reduce shrinkage the mold temperataseoptimized and kept constant at°@0
while the cooling time was set to 10 s. For mecatartests, we used a mold with the dog-bone
shape cavity of 15 mm long, with the center sectibéh mm wide by 0.78 mm thick by 4.3 mm
long, gated at one end; while the electrical mezrsents were done using a disk shape mold of
25 mm in diameter and 1 mm thick, gated at thereerkinally, microinjection-compression
molding was employed to evaluate the effect of ypgla compression step at the end of the
injection phase on the part properties, using teetrally gated disk cavity with the same
dimensions as described before. The process ceditinjecting the melt into the cavity, while
the mold was not totally closed. This leads toratiil cavity filling under a lower pressure than
if the mold was closed. After the injection staties mold was closed to compress the melt and to
completely fill the cavity. The operating condit®orin this case were the same as for
microinjection molding in the injection phase, vehiluring the compression phase, the mold
closing speed and gap used in this experiment sedrm 1.5 mm/s and 1.2 mm respectively.

7.4.3. Morphological characterization
The morphology of nanocomposites was studied tHrosganning and transmission

electron microscopy (SEM, TEM). For SEM we usedighlresolutionSEM Hitachi S-4700
microscope. In the case of PC nanocomposite, SEM desme on ultramicrotomed surface of
sample cut with a diamond knife at room temperattitee surface of the PP nanocomposite
sample was etched using a potassium permangarat®sdo eliminate the amorphous phase
from the surface. The quality of the dispersionlddae seen much better with this method rather
than using ultramicrotomed surface. All SEM samplese then coated with a vapor deposit of
platinum for 25 s. TEM was done on ultrathin namoposites cross sections for a better

observation of the morphology, using a Hitachi HIB@ microscope.
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7.4.4. Crystallinity measurements

Differential scanning calorimetry (DSC) and X-raifiéiction (XRD) were used to study
the crystallization behavior of PP/MWCNT nanoconif®s Non-isothermal crystallization
analysis was performed using TA instrument Q-10f@hintial scanning calorimeter. Samples of
about 5-10 mg were heated from 25 to 260at a heating rate of f&/min and then held for 5
min to eliminate thermal history of the materidlie samples were subsequently cooled t8C25
at a cooling rate of 18C/min before starting a second heating at the ganeeto the same final
temperature. The degree of crystallinity was calt®d using the following equation [34]:

DH,
X, == 100% (7-1)
DH(1- w)

In this equation,DH . is the enthalpy of fusion of the samples dbid? (207J/g) is the enthalpy

of fusion of the 100% crystalline polypropylene [35The weight percent of MWCNTw, was
introduced in this equation to correct for the efffef nanoparticles content. The compression and
microinjection molded samples were also examinedvlde angle X-ray diffraction (WAXD).
The tests were carried out using a Bruker AXS X-Rapiometer equipped with a Hi-STAR
two-dimensional area detector. The generator veltagd current were 40 kV and 40 mA,
respectively and the copper Cua Kadiation ( = 1.542 A) was selected by a graphite crystal

monochromator.

7.4.5. Electrical conductivity measurements

The volume resistivity of the nanocomposites weetednined by measuring the DC
resistance across the thickness of compressionechalgks using a Keithley electrometer model
6517 equipped with a two probe test fixture. Ak ttonnections were made using short wires to
insure that the resistivity of the whole set up wagligible. The resistivity of the set up was
measured each time before the tests to make satdht system was working properly. This
equipment allows resistance measurements upfoAL0rhe level of applied voltage, adapted to
the expected resistance, was in the range of 10f@® Me neat polymers and samples containing
up to 1wt% MWCNT and 100 V for samples containingit® and more MWCNTSs. However,
since for the more conductive samples, the accusltlyis equipment failed, samples containing
more than 1 wt% MWCNTSs were tested using the moexjaate Keithley electrometer model

6220 connected to a current source (Aligent 3440164/ Digit Multimeter). For each sample
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thel-V curve was obtained and the sample resistance wasrdeed from the slope of the curve.

The resistance was then converted to volume rasysti,, using the formula
r,=AR /D (7-2)

whereA is the contact surface arda,is the thickness of the sample, @gd is the measured

resistance. The electrical conductivity) (of the nanocomposites is the inverse of volume
resistivity. Prior to measurements all samples wered under the conditions previously
described.

7.4.6. Mechanical properties

An Instron Micro Tester model 5548 was used to mesthe tensile strength, modulus and
elongation at break of nanocomposites using migoiad tensile bars having a gage length of
4.3 mm. The tests were performed at room temperatsing a crosshead speed of 50 mm/min,
based on ASTM D638, and data acquisition rate alatd points per second. The tensile strength
and elongation at break could be directly obtaifiedh the stress-strain curves. To obtain the
elastic modulus, a linear regression technique wtiéized to define the slope of the stress-strain
curve in the initial region before yield. All theported values were averaged over six specimens

for each composition with a maximum deviation 0%48

7.5. Results

7.5.1. Morphology

SEM micrographs of the surfaces of compression etb&thd microinjected samples for the
nanocomposites of 3wt% MWCNTSs in PP and 5wt% MWCMIBC are shown in Figure 7.1. It
is worthy to mention that when the surface of tRes@mple is chemically etched the presence of
nanotubes can be observed more clearly. It is ¢lesrfor the polypropylene nanocomposites,
nanotube aggregates are formed and the distribugiomot uniform (Fig. 7.1a). However, the
nanotubes are well dispersed in the polycarbonatebiand the distribution at the micro level is
quiet uniform (Fig 7.1b). As mentioned before thé&ing conditions have been previously
optimized. The presence of nanotube aggregatesadt@mimproving the mixing conditions and
using PP-g-MA as a compatibilizer indicates thaiypmpylene is a difficult host, in the sense
that the carbon nanotubes were not fully dispeesethdividual entities. Although some small
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aggregates were also seen in the PC/MWCNT nanocsitepaianotubes were dispersed almost

individually even at the most unfavorable condision

100, |
(@) (b)

Figure 7.1: SEM micrographs of (a) etched surfatédPB/ 3wt% MWCNT and (b) crayon
surfaces of PC/ 5wt% MWCNT nanocomposites. Theatagpthe bottom micrographs are related
to the compression molded and microinjected sampdspectively

These results reveal clearly a large differencevéen the compatibility of MWCNTSs with
PC as a polar amorphous polymer and with PP asgalar polymer with a high degree of
crystallinity. Due to the presence of strong pgdatar bonds, the nanotubes are better dispersed
in PC without the formation of many aggregates;dolypropylene the lack of such polar bonds
results in a poor dispersion of the nanotubes duiten, the growth of the crystalline phase in
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the later case may result in the expulsion of #ueotubes towards the amorphous phase and lead
to the formation of large aggregates in the PPdbas@ocomposites [20].

Figure 7.1 also indicates that the nanotubes amekow better distributed in the case of
the microinjected samples. The drastically highodehtion rates in microinjection molding
contribute strongly to the nanotube distributionthii the polymer matrix. In the case of
PP/MWCNT nanocomposites, the formation of smaltgstals in the microinjected samples may
be considered as another cause for the betteibdisbn of the nanotubes. However, aggregates
are still observed in these samples. On the otld,hsince the nanocomposite electrical
conductivity is one of the main points of attentiarthis work, a well dispersed system may not
be required for the formation of an electricallyndactive network. As Figure 7.2 shows for both
nanocomposites, in PP and in PC, an interconnectddork of entangled MWCNTSs exist
forming a percolated network. This network seembdaven stronger and more efficient in the
case of PP nanocomposites in spite of worse dispegsiality.

(@) (b)

Figure 7.2: High resolution SEM micrographs of ééghed surface of PP/ 3wt% MWCNT and
(b) crayon surfaces of PC/ 5wt% MWCNT nanocompasiféhe arrays indicate the lamellae of
the formed spherulites of PP

The presence of a crystalline phase in the PPbmaeates a structure similar to a two-
phase blend with one crystalline and the other atmus [36]. From a thermodynamic point of
view, fillers and other kinds of impurities can ee\exist in a crystal [32, 37, 38] and, therefore,
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nanotubes are expected to be found only in amoppbase. The white and somehow parallel
strips seen in Figure 7.2a, indicated by the arrams the lamellae edge of crystal spherulites,
which radiate from a nucleating center. The criis&lphase, distinguished by the presence of
the lamellae, rejects the nanotubes in growingsstdjmerefore, as the figure illustrates the
nanotubes are located in the amorphous phase betivedamellae and form a continuous path
in this blend-like structure. Consequently accogdio the concept of double percolation
threshold strong nanotube networks are formed etelower content compared to what is
observed in PC/MWCNT nanocomposites. The overatiglation threshold in PP is equal to the
threshold of the amorphous phase, which is onlyaetibn of the polymeric matrix and fewer
nanotubes are needed to create a network in this pa

The formation of networks and the quality of thepdirsion can be observed more clearly in
TEM micrographs (Fig. 7.3). In the PP nanocompes(félg. 7.3a), in spite of non-uniform
dispersion, a strong connection between the namstalnd consequently a complete network
formed in the nanocomposite provide a very suitatdeductive pathway for the electrical
current. In the PC nanocomposites (Fig. 7.3b),oaltih nanotubes are well dispersed in whole
samples, the nanotube networks seems to be notir@sgsas those formed in the PP

nanocomposites.

(@) (b)

Figure 7.3: TEM micrographs of thin sections of B}/ 3wt% MWCNT and (b) PC/ 5wt%
MWCNT nanocomposites
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7.5.2. Crystallization and crystalline structure

Carbon nanotubes are well known to impart profowhdnges to the crystallization
behavior of semicrystalline polymers [39, 40]. Tgresence of nanotubes provides a tremendous
amount of heterogeneous nucleation sites for dhigstidon as they act as effective nucleating
agents [39, 41]. The overall crystallization pracestherefore expected to be accelerated as a
result of this heterogeneous nucleation proces® @fiects of nanotube loading on the
crystallization and crystalline characteristics RP/MWCNT nanocomposites were examined

using DSC tests.

Neat PP

1wt % MWCNT
2 wt % MWCNT
3wt % MWCNT
5wt % MWCNT
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Figure 7.4: DSC micrograms for the PP nanocomp®sitevarious nanotube loadings: first
heating cycles for compression (black arrows) andramjection (blue arrows) samples and
cooling cycle

Figure 7.4 shows the DSC curves of the first hgaaind cooling cycles for compression
and microinjection molding samples of various nabetloadings. The second heating cycles for
all samples are almost the same as the first lgeaicle of the compression molded samples and,
therefore, these cycles are not shown in the griagdm the cooling cycles it is obvious that the
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crystallization onset and peak temperatufe Yalues reported in Table 7.1) increase with
nanotube concentration suggesting a high degreerystal nucleation at the surface of the
MWCNTs. The effect is more pronounced at lower MWICNontent. As it is increased,

however, a saturation point in nucleating siteg@&hed and the accelerating effect disappears.

Table 7.1. Non-isothermal crystallization and nmgjtparameter for various nanotube loadings
for the PP samples prepared in compression (C)romjection-compression (M-C) and
microinjection (M) molding. The degree of crystaily of compression molded samples obtained
from XRD results is included

MWCNT  T¢(°C) Crystallinity (%) Crystallinity (%6) T (°C)
(wt %) (DSC results) (XRD results)
C M-C M C C M
0 122.0 38.6 47.8 44.4 39.9 162.1 166.0
0.5 124.4 43.7 50.9 47.6 49.7 162.3 165.9
1 128.4 52.2 57.6 54.6 51.3 163.5 165.2
2 131.0 53.7 59.6 56.2 52.2 163.6 163.9
3 132.1 52.8 57.3 53.8 50.0 163.7 163.8
5 134.1 43.2 45.8 44.7 47.5 163.7 163.7

The overall crystallization rate due to the combirefects of nucleation and growth is
affected by the crystallization temperature. Thgrde of supercooling or the difference between
Tm and T is then a good indication of crystallizability orystallization rate. The smaller this
difference, the higher the overall rate [42]. Ague 7.4 and Table 7.1 show tfig values
significantly increase with nanotube loading, white effect is not so pronounced in the case of
Tm (values for the compression molded samples or ksni@fore injection) and as a result the
difference betwee, and T, is lowering with nanotube loading. The half cryigtation time
(t2), defined as the time required to reach 50% nadatrystallinity, is usually reported to
compare the rate of crystallization of differentgdes. It is calculated by using the following
equation[43] :

T Ty
X, = QdT / QdT (7-3)

Ty Ty
where X; is the relative crystallinityQ is the heat flow at temperatufe T, andT are the
initiation and termination crystallization tempenad, respectively. The time related to each
temperature can be calculated as follows:
t=(T,- T)/CR (7-4)



146

whereT, is onset temperatur&,is current temperature ai@R is the cooling rate (18C/min in

our case). The crystallization curves as a funatibtime during the cooling cycle are reported in
Figure 7.5. As it is observed, the rate of crysallon increases with nanotube content even
though the effect is somehow larger at low nanotiobding. From a thermodynamic point of
view, higher temperature favors the movement ofpiblgmer chains and accelerates the growth
process. Accordingly the presence of the nanotudbgfss the crystallization temperature to

higher temperatures and thermodynamically acc&stthie crystallization process.
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Figure 7.5: Relative crystallinity as a functiontiohe at different carbon nanotube loading during
cooling cycle

The degree of crystallinity of the nanocompositésdifferent nanotube content before

injection (compression molded samples) and for omgected and microinjection-compression

molded samples are summarized in Table 7.1. lcaaks, the results show first an increase then

a decrease in the degree of crystallinity as atiomof nanotube content. MWCNT content

below 2 wt% causes an increase in crystallinity MWCNT content higher than 2%, a decrease
in crystallinity is observed. It will be shown tleafter (electrical conductivity) that 2 wt%

MWCNT is the critical amount of nanotube for a netkvformation and electrical percolation
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threshold in PP nanocomposites. The process ofrmolycrystallization is controlled first by
crystal nucleation and second by crystal growththia particular case, the addition of up to 2
wt% nanotubes to the PP matrix results in a rapedeise of the number of nucleating sites, an
increase in the nucleation rate and the degreeystallinity as well; above 2 wt% the rate of
nucleation keeps increasing, albeit more slowlyobefleveling off. On the other hand, the
formation of a nanotube network restricts the payrmohains motion and therefore the formed
crystals can not grow properly and, consequertlyoiverall crystallization decreases.

The effects of microinjection and microinjectionagpression processing are shown in
Table 7.1. Clearly these processes do not dramigtiaafluence the crystallinity of the
nanocomposites. The extremely high shear ratdsesktprocesses during the injection phase are
expected to orient the polymer chains in the flaveation and to result in higher crystallinity.
However, since injection is very fast and the whojeles take only few seconds, the chains do
not have enough time to fully crystallize under tley high cooling rate. In microinjection-
compression molding this effect is less pronounesdthe cycle time is higher due to the
compression phase and cooling rate is slower. Tois)bined with applying a certain level of
pressure after injection, results in a relativelighler crystallinity. The results oT, for
compression (samples before injection) and micesimpn samples are also shown in this table.
It is well known that polymer chains are orientedler flow, and this results in a reduction of the
entropy,S of polymer melts. The equilibrium melting temptera is defined by [44]:

DG =DH - T°DS=0 (7-5)

where G is the free energy,H and S are the enthalpy and entropy of crystallization (o
fusion), respectively. Considering that the enthaip not affected by flow, the equilibrium
melting temperature must increase as a result efetitropy reduction [45]. In microinjection
molding, in spite of short cycling time, the edoiilum melt temperature of the neat PP increases
due to high deformation rate of the process, whegults in highly oriented polymer chains.
However, as shown in Table 7.1 there is no diffeeepetween the melting points for the 5 wt%
nanocomposite before and after microinjection. Obsly, the presence of nanotubes hinders the
polymer chain orientation. Accordingly, the effeof microinjection and microinjection-
compression on the degree of crystallinity is dased with nanotube loading.
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The effect of microinjection process on crystaliga and orientation of the crystalline
phase was also considered using WAXD. The X-rafratifion patterns obtained for the 5%
PP/MWCNT composite are shown in Figures 7.6a and b.
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Figure 7.6: WAXD pattern of 5 wt% PP/MWCNT nanocargjes for (a) compression molded,
(b) microinjected samples. (c) Diffraction spectrwith integration through the circles

For the compression molded samples whole rings abgerved indicating random
orientation. On the other hand, the diffractiont@ats obtained from the microinjection sample
exhibit distinctand bright asymmetric arcs, a clear indication ofelatively high level of
orientation The corresponding 2diffraction intensity curves are shown in Figuré&c/ Both
compression molded and microinjected samples shewsame profile of tha-crystals of iPP

and there is no effect of microinjection on thdeetions indicating that the crystalline structure
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of iPP did not change. After deconvolution of theaks and from the area under the curves, the
crystallinity was calculated and, similarly to DS€sults, it was found that the degree of
crystallinity increases up to 2 wt% nanotube logdamd then decreases for larger loading; even
though, the crystallinity obtained from WAXD wasgsitly different from that obtained using
DSC (Table 7.1).

7.5.3. Electrical conductivity

One of the stated objectives of this work was tegtigate the effect of the processing
conditions on the electrical conductivity of nanogmsites based on carbon nanotubes.
Microinjection molding was chosen because it imparhigh degree of shearing and orientation
on the polymer chains and nanotubes as opposeshipression molding processing. Moreover,
the electrical property data may be a useful toewstdnd the relationship between the
nanocomposite microstructure and the final propertif the microparts. Figure 7.7 presents the
effect of the nanotube loading on the electricaldietivity of the disk shaped nanocomposites
samples prepared by the same processing methgas\asusly.

The electrical conductivity above the threshold bardescribed by a power-law expression
[6, 27]:

q
s=b,, M- My
m.s

where . andq are power-law constants, ang is the electrical percolation threshold (wt%).

fom m (7-6)

This power-law expression is found to describe weell the data of Figure 7.7 above the
percolation threshold given by the left limit ofetldashed line corresponds to the percolation
threshold value in each case.

For compression molded samples the percolatiorsiiotd is found to be around 3 wt% of
nanotubes for PC nanocomposites and around 1 wit% Ronanocomposites. At these critical
concentration levels, the electrical conductiviges suddenly by more than 10 decades and the
nanocomposites with nanotube contents larger thamd13 wt% (in PP and PC nanocomposites,
respectively) can be considered as electricallydootive. This sudden rise in the electrical
conductivity is due to the formation of a networkamnnected nanotubes paths. Beyond this
percolation threshold the electrical conductivibcreases more gradually and asymptotically

towards a plateau. This is a typical percolatiomawior, which is usually observed in the
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nanocomposites of conductive fillers and can berrefl as an ideal percolation behavior [13,
46].
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Figure 7.7: Effect of polymer processing conditians electrical conductivity and percolation
threshold of the PP/MWCNT (filled symbols) and PG@UE@NT (open symbols) hanocomposites.
The lines shown are the best fits of Eq. 7-5
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On the other hand, as can be seen from Figuresidch a behavior is not obvious for the
microinjection molded samples as no step-like iaseein electrical conductivity is observed for
both PP and PC based nanocomposites. In the njected samples the nanotubes are well
aligned in the flow direction due to the very highear rates of the process [27] and are less
likely to interconnect. A conductive pathway remgtfrom a proximity effect would form only
at high nanotube contents and consequently theolatiom threshold is expected to rise. The
percolation threshold of microinjected samplesgdatermined using equation 7-5, is higher at
about 6 and 4 wt% of nanotubes loading in PC andn&kocomposites, respectively. Our
preliminary results (not presented here) revediad for a dog-bone shaped mold cavity, where
the flow is longitudinal, the percolation thresha&dhigher (about 9 wt%) and the electrical

conductivities are about one order of magnitudeelothan those of the disk shaped cavity
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samples. The radial flow of the centrally gatedityais largely elongational near the gate and
near the flow front while shear flow is dominantinéhe cavity walls [47]. This results in a more
complex orientation of the nanotubes: in the radiaction in the layers near the walls and in the
transverse or azimutal direction in the core. Timiged orientation leads to a more random
overall orientation and more interaction betweea tlanotubes resulting in a lower electrical
percolation threshold.

The electrical threshold pertaining to microinjecticompression molded samples is found
to be close to the one obtained in the compressiolded samples. As described before, this
process has two phases: an injection phase witigla $hear rate-low pressure step and a
compression phase with low shear rate-high pressepe Due to the high level of shear rate, the
nanotubes are well aligned near the cavity wallthatend of the first step or injection phase.
However, the compression phase is similar to aestpidlow, which forces the nanotubes to
partially rearrange in the transverse direction easililts in a somehow isotropic arrangement of
the nanotubes. This is more favorable for the @eaif nanotube networks. The effect of the
presence of crystals on the electrical conductigtglso observed in Figure 7.7. Clearly for all
processes, the electrical conductivity is about order of magnitude larger and percolation
threshold is somehow lower in the case of PP nanposite according to the concept of double
percolation threshold. Polypropylene can be assum&da two-phase blend whereas the
nanotubes are mostly located in amorphous phassh@sed before in morphological study).
Accordingly there are two types of percolationhe hanocomposite at the same time: continuity
of the filler-rich phase or amorphous phase andgidation of nanotubes in this phase.

7.5.4. Mechanical properties

Typical stress-strain curves of both PP/MWCNT ai@NPWCNT nanocomposites with
respect to nanotube content are shown in Figure Th& neat PP presents the typical behavior of
a ductile material with a very high elongation atdk (700%). At about 250% of elongation
strain hardening begins and then the tensile siresgases almost linearly with strain until
fracture or break eventually occurs. In the caspamiocomposites with lower loading (0.5 and 1
wt% MWCNTSs) the same ductile behavior is observeth wecking and strain hardening but
with significantly lower elongation at break. Fdret nanocomposites with higher nanotube
contents (3 and 5 wt%), a brittle behavior is obsdrwith breaking after the yield point.
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Figure 7.8: Tensile behavior: stress-strain diagrafma) PP/MWCNT and (b) PC/MWCNT

The neat PC shows the same ductile behavior witluta® times lower elongation at break
(90%). For the neat PC and the 0.5 wt% PC/ nanposite strain hardening and necking at high
elongation are observed. However, the nanocomposiitd higher nanotube loadings show no



153

strain hardening and become more brittle as thainsto-failure decreases with nanotube
concentration. All samples show yielding beforeibitimg plastic flow.

As Figure 7.8 reveals, the elongation values aalbfer the PP/MWCNT nanocomposites
are about 8 times larger than those of PC/MWCNTonamposites. However, in both cases, the
values are strongly affected by nanotube loaditagtisg to decrease drastically beyond 1wt% of
nanotubes loading. The structural change of theocwmmposites with increasing nanotube
content is probably responsible for this phenomerdra critical concentration, the formation of
nanotubes aggregates or agglomerates induces gecharthe load transfer behavior of the
nanocomposites and results in a different tretlermechanical properties.
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Figure 7.9: Tensile strength of dog-bone shapedamjected PP/MWCNT and PC/MWCNT
nanocomposites

The strength at break of the various nanocommsitesummarized in Figure 7.9 as a
function of nanotube loading. As expected, the @@t and its nanocomposites have larger
strength than the PP and its nanocomposites. Howevéoth cases the effect of nanotube
loading on the nanocomposite strength is not vagnificant and the overall tendency
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demonstrates only a modest increase with MWCNT eotmation. This could probably be due to
the poor interaction between the nanotubes andymlchains so that the nanotubes could not
demonstrate their theoretical potential as veryrgitfiller with extremely high strength [48]. We
also observe first a slight decrease of the sthemagitbreak then an increase with MWCNT

loading after 1 wt% in PC and after 2 wt% in PRybjably due to the formation of nanotube
networks at these concentrations.
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Figure 7.10: Relative Young modulus of PP/MWCNT &C/MWCNT with respect to the neat
polymers

The effect of MWCNT loading on the Young modulustieé nanocomposites is shown in
Figure 7.10. In order to compare the effect of nabes on the modulus of PP and PC, the raw
values are normalized with respect to the neatrpetymodulus. It is observed that the addition
of nanotubes significantly affects the Young modudd PP while the effect is less significant in
the case of PC/MWCNT nanocomposites. The moduli®Roincreases by more than 90% with
only 3 wt% of nanotubes largely due to the incrdagegree of crystallinity, while for PC the
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amount of increase is considerably lower, about 30f4he same nanotube content. However,

the rate of increase of the elastic modulus is mawderate for larger nanotube loadings.

7.6. Conclusions

In this work we have examined the effects of ctlisa structure and polymer processing
conditions on PP/MWCNT and PC/MWCNT nanocompositepprties. Related masterbatches
were diluted to prepare the nanocomposites, amhsonably good dispersion and formation of
nanotube networks within the polymer matrices weaefirmed using SEM and TEM. Prepared
nanocomposites were then subjected to differerarskheues in a controlled manner employing a
variety of polymer processing methods including pogssion molding, microinjection-
compression molding and microinjection molding. T$teidy of the crystalline behavior of
PP/MWCNT nanocomposites using DSC and XRD methessaled that the presence of the
nanotubes provided a tremendous amount of sitebdt@rogeneous nucleating and as a result
crystallization temperature increased. The ratergdtallization increased with nanotube content
as well. The degree of crystallinity was also iased by the presence of nanotubes up to 2 wt %.
For the nanotube loading of 3 wt% and higher, hawrethe crystallinity decreased due to the
formation of nanotube networks, which restricted golymer chains motion and slowed down
the crystal growth. It was also found that the hsfiear values of microinjection molding only
slightly changed the overall crystallinity becausk very short cycle time of the process.
However, the crystals were all oriented in the fidwection.

Interestingly, increasing the type of processingrsily affected the electrical conductivity
of the nanocomposites. The percolation threshotuse rsignificantly in both PP and PC
nanocomposites using processing involving largeashates. In these cases a broad range of
percolation were observed. The presence of a diigstatructure was also found to improve the
electrical conductivity of PP/nanocomposites actwydo the concept of double percolation
threshold. Mechanical properties of the nanocomessivere also found to be significantly
improved with the addition of nanotubes especiallgase of the PP/MWCNT nano-composites.
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Chapter 8

Carbon Nanotube Conductive Network in Crystalline and Anorphous

Polymers and Polymer Blends

The idea of the final part of the project was t@iove the electrical conductivity of the
nanocomposites based on the concept of “doubleolagian threshold”. The results obtained in
the last part showed that crystalline materialsehaigher electrical conductivity even at high
shear conditions. In this paper the effect of @aljisie phase on the nanotube alignment and on
electrical conductivity was investigated in moreadls. The results confirmed that nanotubes are
well aligned in sheared samples however the lefvalignment is less in crystalline polymer. It
was also shown that the orientation of crystallpfese slightly decreased with addition of
nanotube in PP. The electrical conductivity of FFPTCblend was also improved through a
double percolation that is the basic requirement fbhe conductivity of the ternary
nanocomposites. It was also found that the nanetalfiected the morphology of the blends

resulted in a smaller and more elongated dispeybeade.

" Polymer.To be submitted.
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8.1. Abstract

We investigated the electrical conductivity andgeéation behavior of binary composites
of PPIMWCNT and PC/MWCNT and ternary composites RP/CBT ¢yclic butylene
terephthalatédMWCNT. Samples of various MWCNT loadings were m@megal by diluting
commercial masterbatches of nanotubes using omdmzelt-mixing conditions. SEM and TEM
techniques were then used to examine the qualitdiggersion and formation of nanotube
networks within the polymer matrix. In binary congites TEM and Raman spectroscopy results
showed that nanotubes are well aligned in sheanegbles although the level of alignment is less
in crystalline polymer. XRD result revealed thate tlerystal orientation decreased with
incorporation of nanotubes into polypropylene. Thenductivity properties were also
significantly altered by nanotube alignment in bd®P and PC nanocomposites; electrical
conductivity decreased and percolation threshokk rm high sheared samples; however the
presence of crystalline phase improved the condticeven at high shear condition through the
concept of double percolation threshold. The eiemiticonductivity of PP/CBT blend was also
improved through a double percolation that is theidrequirement for the conductivity of the
ternary nanocomposites. It is also found that #neotubes affected the morphology of the blend
resulted in a smaller and more elongated dispeybeasde.

Keywords: Multiwalled carbon nanotube, Polycarbonate, Palpgtene, Blend, Crystallinity,
Nanotube alignment, Double percolation thresholdyphology, Raman spectroscopy, Electrical
percolation
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8.2. Introduction

Carbon nanotubes (CNTs) are ideal fillers for hpgrformance nanocomposites due to
their intrinsic structure, size scale and aspe@ @mbined with unique electronic structure and
outstanding properties (Dresselhaus, Dresselhaak £#995; Meyyappan 2005). In recent years,
carbon nanotube / polymer composites have spurcesiderable interest because of their
extraordinary properties from both processing applieation points of view. One of the key
interest in carbon nanotubes incorporated into rpelyc materials stems from their potential to
develop conductive polymer composites at relatively concentrations (Meincke, Kaempfer et
al. 2004; Hu, Zhao et al. 2006; Moniruzzaman antheé¥i2006; Sung, Han et al. 2006; Pham,
Park et al. 2008). Percolation theories are fretiyeapplied to describe high electrical
conductivity in composites made of conductive fidend an insulating matrix. It has been shown
that the percolation threshold depends not onlyhertypes of filler and polymer but also on the
dispersion state of the filler and the morpholof§yhe matrix (Sumita, Abe et al. 1986; Sumita,
Asai et al. 1986; Kardsek and Sumita 1996; SanHiek,et al. 2003).

In the case of high aspect ratio fillers such asohzbes the onset of percolation strongly
depends on their alignment as well. When the ndestare aligned in the polymer matrix, the
probability of tube-tube contacts decreases andemrently the percolation threshold raises
(Abbasi, Carreau et al. ; Du, Scogna et al. 2004arghenko, Douglas et al. 2004; Potschke,
Brinig et al. 2005). Additional complexity arises semi-crystalline matrices due to the
crystallization induced phase separation and suwiasgqrejection of the nanotubes by the
advancing crystalline phase (Jeon, Lumata et &720jong 2008). Moreover, carbon nanotubes
are well dispersed in polar polymers such as pohethylmethacrylate) (PMMA) (Zeng,
Saltysiak et al. 2004) and polycarbonate (PC) @006). However, in non-polar polymers such
as polypropylene, CNT dispersion remains a biglehge and might affect the percolation
threshold as well.

Incorporation of carbon particles into incompatipl@ymer blends can provide them with
electrical conductivity at very low filler conterdue to a double percolation phenomenon
(Sumita, Sakata et al. 1991; Sumita, Sakata 498R). Double percolation refers to the structure
in which there are two types of percolation in sa@ne composite material. The first one, which
is typically observed in the reinforced compositatenials, is associated with the electrical

continuity of the conductive particles in the filech phase and the second one is associated with
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the continuity of this phase in the blend. In anbl®f two polymers the difference in affinity of
added conductive particles to each polymer compomiethe ternary composite system results in
a heterogeneous distribution of the conductivertillThe affinity of the conductive particles to
the polymer components of the blend and consequemir distribution between them is directly
controlled by their respective interfacial energid®r the attainment of high electrical
conductivity, both types of percolation are reqdir@nd the conductivity improvement will
depend on the conductive particle concentratiorthi filler-rich phase and on the volume
fraction of the filler-rich phase in the blend (StamSakata et al. 1992). Following this concept,
the electrical resistivity of the blend of PC gmolyethylene (PE) was significantly reduced
when co-continuity was achieved at 70% PE volunetida using only 0.41 vol% of multi wall
carbon nanotubes (MWCNTS) (Potschke, Bhattachaet/gh 2004).

Polycarbonate (PC) and polypropylene (PP) are imapbr commercially available
thermoplastics because of their well balanced ghysand mechanical properties. Recently,
carbon nanotubes have been used as a specialtdillee incorporated into these polymers for
stiffness reinforcement as well as thermal andtetad conductivities enhancement purposes
(Abbasi, Carreau et al. 2009 ; Potschke, Abdel-Geataal. 2004; Potschke, Bhattacharyya et al.
2004; Chang, Jensen et al. 2005; Pham, Park 20@8). However, polypropylene exhibits very
poor compatibility and adhesion towards other nialeand inorganic fillers owing to its non-
polarity and absence of functional groups. It hasrbfound that in PP/clay nanocomposite,
crystallization of the PP matrix, led to clay plate expulsion from the crystalline phase by
thermodynamic forces (Khunova 1988).

The idea of this study is to investigate the effeictrystalline structure on the nanotube
alignment and consequently on the microstructurel abectrical conductivity of the
nanocomposites in high shear conditiombe attention is focused on two kinds of polymer:
polycarbonate (PC) as a polar amorphous polymerisotdctic polypropylene (iPP) as a non-
polar semi-crystalline polymerMicroscopic techniques were used to qualitativelglgze the
formation of nanotube network and nanotube disperand alignment in the polymer matrix. X-
ray diffraction was also used to ascertain the ele@f orientation. By using the X-ray method
normally the orientation of the crystalline phasewell detected. Consequently, we used an
alternative method, Raman spectroscopy, to quamétp measure the degree of alignment.

Laser Raman analysis is one of the methods laxgedd for determining the degree of structural
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ordering or the presence of defects in graphikie-limaterials. This is a non-destructive
spectroscopy technique which provides informatidrnColTs and CNFs such as vibration of
crystal lattice, electron structure and integrityxiystal structure, etc (Zhao and Wagner 2004). It
was previously shown that the high shear rateolyihper processing resulted in a high degree of
nanotube alignment and consequently changed thavieehof nanotube networks (Abbasi,
Carreau et al. 2009). The combination of all thesfiniques can provide us with complimentary
information about how the presence of crystallihage changed the shear induced properties of
the nanocomposites. The nanocomposite preparaticas wptimized using various
characterization methods including transmissioncted® microscopy (TEM) and scanning
electron microscopy (SEM). As nanotubes intertwin® agglomerates that are difficult to
disperse we used premixed polymer/carbon nanotulstenbatches and diluted them to the
required concentrations by adding the base polymeis insured consistent and reproducible
results.

The effect of selective location of carbon nanotabe the double percolation phenomenon
on the electrical conductivity of the nanocompgasitgas investigated on blends of cyclic
butylene terephthalate (CBT) with PP/MWCNT nanocosi@s with different nanotube

loadings at various CBT blend compositions.

8.3. Experimental

8.3.1. Materials

Masterbatches of 20 wt% MWCNT in PP and of 15 wt%/®NT in PC were purchased
from Hyperion Catalysis International, CambridgeANMAccording to the supplier, the carbon
nanotubes are vapor grown and typically consi&- % graphite layers wrapped around a hollow
5 nm core (Potschke, Fornes et al. 2002). The demnange was stated to vary from 15 to 50 nm
and the length range between 1-1th as was confirmed by TEM characterization. The
masterbatches were then diluted with isotactic palgylene (PP HD120) supplied by Borealis
Co. and with polycarbonate (Calibre 1080) supphbigdow Chemical to prepare nanocomposite
samples of various loadings. The added polymer agade not necessarily the same as the
matrices used to make the masterbatches. Congidgensmall quantity of masterbatch used to
prepare the nanocomposites, the original polymdhefmasterbatch is only a small fraction of
the nanocomposites and does not significantly attee results. Polypropylene graftedlaic
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anhydride(PP-g-MA Polybond PB3150 with 0.5 wt% MA) was usesl compatibilizer to try
improving the dispersion in PP/MWCNT nanocomposit@gclic butylene terephthalate (CBT)
supplied by Cyclics Co. was used to prepare thendblef PP/CBT at different CBT

concentrations.

8.3.2. Nanocomposite preparation and molding

The composites were made by melt mixing the maatehles with the neat polymers.
Polycarbonate and PC/MWCNT masterbatch were dded fminimum of 4h at 12Q prior to
mixing. Polypropylene, PP/MWCNT and PP-g-MA werscaldried for 1hr at €. Eight
different composites with MWCNT contents betweeh &nd 15 wt% MWCNT were prepared
using a lab-twin screw extruder, Leistritz ZSE 18ldPerating at 100 rpm and 2@in case of
PC composites and at 250 rpm and°@ case of PP composites. Microinjection moldiva
then used to prepare dog-bone shaped tensile bdes high shear condition using a Battenfeld
Microsystem 50 micromolding machine. Compressionde disks were also prepared (Carver
laboratory press, model 3912) to compare the nanposite properties before and after
microinjection molding more precisely.

Ternary nanocomposites of PP/CBT/MWCNT were produme diluting the PP/MWCNT
masterbatch with proper amount of PP and CBT. ¥t composites with six different CBT
contents between 0 and 40wt% and six nanotuberigadoetween 0.2-5wt% were prepared
using the same twin screw operating at°C8and 250 rpm. These conditions were required to
minimize residence time and avoid the possible pelyzation of CBT into poly (butylene
terephthalate) at 186 (according to rheological measurements carrigdoouCBT at 18%C,
polymerization time is about 300s).

8.3.3. Morphological characterization
The morphology of nanocomposites was studied tHrosganning and transmission

electron microscopy (SEM). High resolutibtitachi S-4700 microscope was used in this study.
In the case of PC nanocomposites, SEM was dondtimmicrotomed surfaces of samples that
were cut with a diamond knife at room temperaturbe surfaces of the PP and PP/CBT
nanocomposite samples were etched with potassinmamganate solution to eliminate the
amorphous phase from the surface. The quality @fdiepersion can be seen much better with
this method rather than using ultramicrotomed saxfdn the case of PP/CBT blend without
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nanotube SEM was done on fracture surface in thadliinitrogen. All SEM samples were then
coated with a vapor deposit of Pt for 25s. Transiois electron microscopy (TEM) was also
done on ultrathin nanocomposites cross sections foetter observation of the morphology at

higher resolution, using a Hitachi HD-2000 micrgseo

8.3.4. Nanotube alignment

Raman spectroscopy was used as the most accurdedni®r nanotube quantitative
alignment measurements. Raman spectra were callasteg a Renishaw spectrometer equipped
with an inVia Raman microscope fitted with a 20jeahbive. The samples were excited using a
NIR laser (785 nm) with a grating of 1200 g/mm iregular mode. Measurements were carried
out at two different orientations of the incideasér beam with respect to the flow direction in

the samples and the polarization direction (Fid).8.

(@)

P (b)

N

Figure 8.1:Schematic for Raman spectroscopy. Characteristittestng configurations for the
Raman spectroscopic measurements: (a) Parallelgosf specimen, corresponding to 0° angle
between polarization direction(P) and flow direntifred arrow); (b) Perpendicular position of
specimen, corresponding to 90° angle between pal@wn direction(P) and flow direction (red
arrows)

In the first configuration (Fig. 8.1a), the flowrection was parallel (0°) to the direction of
the incident laser beam; in the second one (Fib)8it was perpendicular (90°); The MWCNT
alignment in the composite was determined by comgathe spectra for parallel and

perpendicular directions.
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8.3.5. Crystal orientation

Wide angle X-ray diffraction (WAXD) measurement waaried out using a Bruker AXS
X-Ray goniometer accompanied with a Hi-STAR two-einsional area detector. The generator
voltage and current were 40 kV and 40 mA respelgtiaad the copper Cu &K radiation ( =
1.542 A) was selected by a graphite crystal mormuhator. The method is based on the
dissraction of a monochoromatic X-ray beam by thestallographic planes of the polymer
crystalline phase. The orientation factors from WAXre mainly due to the crystalline part.

8.3.6. Electrical conductivity measurements

The volume resistivity of the PC/MWCNT nanocompes#tamples was determined by
measuring the DC resistance across the thicknetiseadamples using a Keithley electrometer
model 6517 equipped with a two probe test fixturef (0 paper 2). This equipment allows
resistance measurements up td’M. The level of applied voltage, adapted to the etque
resistance, was in the range of 1000 V for neatR€Csamples containing up to 1wt% MWCNT
and 100 V for samples with 2wt% and more MWCNT eoft However, since for the more
conductive samples, the accuracy of this equipniamtd, samples with more than 2wt%
MWCNT, were tested using the more adequate Keitblegtrometer model 6220 connected to a
current source (Aligent 34401 A , 6 ¥ Digit Multiteg). For each sample theV curve was
obtained and the sample resistance was determioedthe slope of the curve. The resistance

was then converted to volume resistivity, using the formula
r,=AR /D (8-1)

whereA is the contact surface arda,is the thickness of the sample, aRd is the measured
resistance. The electrical conductivity) (of the nanocomposites is the inverse of volume
resistivity. Prior to measurements all samples vaeied in the conditions previously described.

8.3.7. Rheological measurements

The rheological measurements were carried out usistyess-controlled rheometer (CSM
rheometer of Bohlin Instruments) equipped with an@bparallel plate geometry under nitrogen
atmosphere. Prior to measurements, the samples daves@ under the conditions previously
described. Small amplitude oscillatory shear (SA@S)s were carried out between 0.06 and 200
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rad/s in the linear viscoelastic regime. This regimas established in the standard way by
measuring the modulus at constant frequency (18)yaad increasing strain magnitude. Further,
long time measurements (up to 3h) were conductedvestigate the thermal stability of the
nanocomposite samples. We assumed that the pagizele were sufficiently small compared to
the gap; however, the absence of apparent sligeavall has been ascertained by varying the gap
from 0.5 to 1.5 mm. The differences were found ¢arisignificant, less than the reproducibility
of the data estimated to be within 3.5% for all trequency sweep tests conducted with the

various nanotube loadings.
8.4. Results
8.4.1. PP & PC nanocomposites

Morphology

As observed in the previous chapters nanotubesliapersed almost individually in the
polycarbonate and the distribution at the microeleis quiet uniform. For polypropylene,
however, nanotube aggregates are formed and thebdign is not uniform. These results
revealed clearly a large difference between thepatitility of MWCNT with polycarbonate as a
polar amorphous polymer and with polypropylene a®m@polar polymer with a high degree of
crystallinity. Formation of strong polar-polar bawesults in a better dispersion of the nanotubes
in polycarbonate without the development of mangragates; however, for polypropylene the
lack of such polar bonds results in a poor dispersif the nanotubes. In addition, the growth of
the crystalline phase in the later case may raauthe expulsion the nanotubes towards the
amorphous phase and leads to the formation of Eggeegates in the PP-based nanocomposites
(Tjong 2008).

On the other hand, as previously mentioned, a eigfiersed system may not be necessarily
required for the formation of an electrically contlue network. It was shown that for both
nanocomposites, PP and PC/MWCNT, an interconnewtédork of entangled MWCNTSs exist
forming a percolated network. This network seembdaven stronger and more efficient in the
case of PP nanocomposites in spite of worse digpeguality. The presence of a crystalline
phase in the PP matrix creates a structure sitalartwo-phase blend with one phase crystalline
and the other amorphous(Nielsen and Landel 199&)oNibes are expected to be found only in
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the amorphous phase since from the thermodynanmt pbview fillers and other impurities can
never exist in a crystal (Sharples 1966; Khunov&8819Nordmark and Ziegler 2002). The
crystalline phase, or the spherulitic structurgeats the nanotubes as it grows. Thus the
nanotubes end up being confined in the amorphoaseplbetween spherulites and form a
continuous path in this blend like structure. Cousastly according to the concept of double
percolation threshold the strong nanotube netwar&dormed even at lower content compared to
what is observed in PC/MWCNT nanocomposites whieeeet is crystalline phase. The overall
percolation threshold in PP is equal to the thrieklod the amorphous phase which is only a
fraction of the polymeric matrix and fewer nanotsilage needed to create a conductive network
in this case.

It has been shown that the nanotubes are welledigrhen they are subjected to high shear
rates (Abbasi, Carreau et al.). The nanotubesrakgi in microinjected samples is shown in the
TEM micrographs of Figure 8.2. The images were nalkem thin sections cut along the flow

direction.
A& LUUT]

(a) (b)
Figure 8.2:TEM micrographs of thin sections of (a) PC / 5Swt%M@NT and (b) PP/ 3wt%
MWCNT nanocomposites
In the case of polycarbonate (Fig. 8.2a) the ndvestiare well aligned and most of them are
perfectly stretched along their length axis. Coesiy the fact that the nanotubes are often
strongly entangled, a few nanotubes remain oriettadsversely (perpendicular to the flow
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direction) after injection. In PP nanocompositeg(F.2b), however, we mostly observe nanotube
aggregates overall orientation in the flow direstitndividual nanotubes are not well aligned and
in some area there are bent nanotubes which cotireotiented aggregates together.

Nanotube alignment

Raman spectroscopy is used to further investigdddWT alignment within the polymeric
matrices. This is a non-destructive spectroscogyrtigue, which relies on the inelastic scattering
of infrared light by molecules upon returning toeithlower energy level after excitation
(Litchfield and Baird 2008). Carbon nanotubes sh@sonance-enhanced Raman scattering
effects when a visible or near infrared laser isduas the excitation source. Both SWCNTs and
MWCNTs feature bands located in the higher waveramiiegion over 500 cHi however,
Raman bands appearing in the low wavenumber reggtween 100 and 400 c¢hm(known as
radial breathing modes or RBM) are a unique char@tic of SWCNTs (Jehng, Tung et al.
2008) and are not generally observed for MWCNTSs.

Contrary to carbon nanotubes, most polymers inolyigiolypropylene and polycarbonate
do not show a resonance enhancement effect (ZhdoWagner 2004). In fact, the large
differences between the intensity of nanotube peakisthose arising from a polymeric matrix
make the Raman spectroscopy an ideal techniquédarrientation study of nanotubes.

As Figure 8.3 shows clearly, the Raman bands at pelymers almost vanish after
incorporation of nanotubes into them. Two importéedtures in the Raman spectrum of
multiwalled carbon nanotubes are fheband(disorder band), located between 1330-1360 cm
and G band (graphite band or TM-tangential mode) locatexind 1580 cth These bands are
clearly observed in the spectrum of PP/MWCNT andMRECNT of Figure 8.3. Another Raman
band in the spectrum of carbon nanotubes, desigi@iteis located at-2700 cm® but is not
sensitive to the nanotubes alignment (Bulushev&R00
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Figure 8.3:Raman spectra of neat polymers (black) and nanoasites of 5Swt% MWCNT:
perpendicular (green) and parallel (blue) geomgtrie

The intensity ratiosDs /D, and Gy /G, parallel/perpendicular to the flow direction are
used to assess the degree of nanotube alignmentarRapectra of PP/5wt% MWCNT and
PC/5wt% MWCNT are shown in Figure 8.3 for microgtgd samples.

As this figure reveals, the difference between ititensities of the peaks in parallel and
perpendicular spectra is much more significant @ NWVCNT nanocomposite, compared to
what is observed in PP/MWCNT nanocomposites ingigaihat the nanotubes are more aligned

in the former case. The intensity rati@ /D. and G4 /G, parallel/perpendicular to the flow

direction are summarized in Table 8.1. Both rados much higher in the PC nanocomposite,

demonstrating that the nanotubes are highly aligndC while the lower ratios obtained for the
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PP nanocomposite indicate that the alignment is iesPP. These results are completely in
agreement with the morphological analysis and tlesliow the different level of alignment in
the nanocomposites. The presence of the crystaiimese in PP significantly reduces the

nanotube alignment.

Table 8.1Intensity ratios parallel/perpendicular to the fléw direction

Intensity ratio
parallel/ perpendicular

Ds/D. Gs/G. (D/G)s/(DIG),
PC/5 wt% MWCNT 1.95 1.75 1.11

PP/5 wt% MWCNT 1.35 1.24 1.08

The D/G ratio is often used as a diagnostic tool for pnghihe perfection of MWCNTs
(Bulusheva 2008) or degree of crystallinity in nub@ structure (Potschke, Brinig et al. 2005).
A constant value oD/G, in both parallel and perpendicular geometrieen means that there is
no change in the nanotube structure (Endo, Kim. @081). To check the induced changes in the
crystalline structure of MWCNTSs, we used the réldG), /(D/G), . When the nanotubes do

not go through structural changes tb&s ratios are almost constant (Potschke, Brinig et al
2005) and(D/G)g/(D/G), should be close to unity. This is clearly the cseboth the 5%

MWCNT PC and PP nanocomposites as this ratio isitabd 1 and 1.08 respectively (see Table

8.1), indicating that the crystalline structurarafividual nanotubes are more or less stable

Crystal Orientation

WAXD was employed to study the orientation of thgstalline phases in the presence of
nanotubes using microinjected PP parts.

The results obtained from two-dimensional WAXD as& are shown in Figure 8.4.
Within the compression molded or non-injected paolygylene samples (Fig. 8.4#)ere is no
preferred orientation and whole rings are obseimdatating random orientation; microinjected
PP samples (Fig. 8.4b), however, exhibit distimt laright asymmetric arcs, a clear indication of

a relatively high level of orientation. Figure 8.gltows the effect of nanotube on the orientation
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of PP phase in the nanocomposites. Although tlghbercs are still observed as an indication of
crystal orientation, compared to what is presemdgigure 8.4b the arcs are fairly less sharp and
more likely to whole ring indicating that the oriation decreases to some extent by adding
nanotubes to the PP nanocomposites. This effeamasd/zed later on in more details ustilty

angle XRD analysis.
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Figure 8.4. WAXD pattern of (a) compression mold#l (b) microinjected PP (c) microinjected
nanocomposite of 5 wt% PP/MWCNT. (d) Diffractionesfrum with integration through the
circles. (e) Tilt-angle spectrum with integratidtmdgugh 2y
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The 2 diffraction intensity of the samples is shown igufe 8.4d. Both compression
molded and microinjected samples show the samdeuadfthe a-crystals of iPP and there is no
effect of microinjection on the reflections indirgt that the crystalline structure of iPP did not
change. The same profile can be also observechéonanocomposites of PP/5wt% MWCNT
suggesting that the nanotubes do not change theste ofa-crystals of iPP.

To support the WAXD results on orientation, thesigity is plotted as a function of the tilt
(azimuthal) angle. The azimuthal andlejs O or 180 along the perpendicular axis to flow
direction or 90 or 270along the axis parallel to flow direction. For kacthe average intensity
was extracted from the 2D WAXD patterns and #wlt is shown in Figure 8.4e. Compression
molded polypropylene sample gives a broad pealecemiton an azimuth angle of £8@hich is
a good indication of random orientation; in theeca$ the microinjected PP sample the peak is
rather sharp indicating that the PP crystals aiented in the flow direction. Interestingly, by
introducing nanotubes into PP (PP/5 wt% MWCNT) peak at the same tilt angle is relatively
broader than that observed in neat microinjectedlAR is an indication of slightly lower crystal

orientation as it was previously concluded fromaXxD patterns.

Electrical conductivity

Electrical conductivity of the nanocomposites i af our main interests in this work.
Moreover, measurement of the electrical propersiesuseful tool to understand the relationship
between the nanocomposites microstructure anthasgroperties. Figure 8.5 presents the effect
of nanotube loading on the electrical conductivitly the PP and PC nanocomposites. The
electrical percolation threshold can be found bylypg a power-law expression to the electrical
conductivity data (Abbasi, Carreau et al.; Hu, Zkaal. 2006):

q
m- m,
m,

where . andq are power-law constants, ang, is the electrical percolation threshold (wt%).

s=b

c,s

for m m (8-2)

This power-law expression is found to describe weeyl the data of Figure 8.5 where the left
limit of the dashed line corresponds to the petmoiahreshold value in each case.

For compression molded (non-processed) samplepeiedlation threshold is found to be

around 3 wt% of nanotube for PC nanocompositesasadnd 1 wt% for PP nanocomposites.
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These values show evidently the effect of crystalstructure on the electrical properties of the
nanocomposites. In semi-crystalline polypropyleneaaotubes network is formed at a lower
nanotube loading. In fact, the crystallization ioed phase separation produces a blend of
crystalline and amorphous phases. Most nanotubeslogated in the amorphous phase, or
continues phase, and create a conductive netwokk latver concentration according to the
concept of double percolation threshold, as dismighe morphology results section. As a
consequence, the conductivity values after perioolare about one order of magnitude higher in

the case of PP nanocomposite.
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Figure 8.5: Electrical conductivity of compressiomwlded and microinjected nanocomposites:
PP/MWCNT (filled symbols) and PC/MWCNT nanocompesitblank symbols)

10

As stated in the previous parts, in microinjectathgles the nanotubes are well aligned in
the flow direction and are less likely to be coriadc To form a connected or percolated network
in such a system, more nanotubes are required @mkguently the percolation threshold rises.
In other words, a conductive network of nanotulaslze formed only at high loadings where the
aligned nanotubes are close enough to create aaatior current transmission. It is seen from
Figure 8.5 that that in such conditions where naloes alignment predominates, no stepwise
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increase in electrical conductivity occurs at acpé&tion point as it can be observed in
compression molded samples but rather a broad rahgeercolation over which electrical
conductivity increases continuously.

Interestingly, a lower percolation threshold arfdgher electrical conductivity level can be
observed in the case of PP nanocomposites relabv®C nanocomposites. As discussed
previously, the presence of a crystalline phaseedses the nanotubes alignment resulting in a

more isotropic arrangement which is more favorédalehe creation of nanotube networks.

Rheological properties

The complex viscosity/(*) obtained from SAOS measurements at°@58re reported in
Figures 8.6 for the PC (Fig. 8.6a) and PP (FigbBré&anocomposites. At low frequencies the
fully relaxed polymer chains exhibit the typicalWwenian viscosity plateau. As can be seen in
Figure 8.6a, with the addition of MWCNT, the loweduency complex viscosity of PC
significantly increases, particularly at high loagli indicating that the long polymer chain
relaxation in the nanocomposites is effectivelyrnased by the presence of the nanotubes. Thus,
the Newtonian plateau for the viscosity disappgaogressively and a remarkable shear-thinning
behavior is exhibited. Significant jumps in the idnequency rheological properties are observed
for MWCNT loadings of 0.5 wt % and above indicat@dransition from viscoelastic liquid- to
solid-like behavior. In other words, with increasifiller content, nanotube-nanotube interactions
begin to dominate, leading eventually to a peramianetwork, which restrains the long-range
motion of the polymer chains. Similar but to a égssxtent rheological behavior is observed for
PP nanocomposites. In contrast to the electricatigctivity results the effect of nanotubes on
the viscosity of polypropylene in significantly lew while the percolation threshold is also
higher, between 1-2 wt % nanotube loading. Althoubbk viscosities of neat PP and its
nanocomposites with low nanotube loadings are higten those observed in neat PC and low
loading PC nanocomposites, at higher nanotubergagiarticularly after percolation point) the
viscosity of PC nanocomposites is about 1 ordern@gnitude higher than that of PP
nanocomposites. As we mentioned in last partsrefection of nanotubes by the crystalline
phase during cooling and the existence of a dopéteolation threshold are the most important
reasons of higher conductivity and lower percolatioreshold in PP nanocomposites. During the
rheological measurements, conducted in the moltate,sno crystalline phase is present and
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accordingly, the quality of dispersion comes toeefffthe rheological properties. In the PP
nanocomposites, nanotubes are mostly dispersde ifotm of aggregates rather than individual
nanotubes. Consequently, the nanotubes are lesgiedf in impeding the polymer chain motion
and hence, the complex viscosity decreases andh#wogical percolation threshold rises as
higher loadings are needed to create nanotube netvaod increase significantly the viscoelastic

properties.
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8.4.2. PP/CBT blend nanocomposites

In this section, the morphology and electrical gmpes of MWCNT-filled PP/CBT blends
are studied. The selective location of carbon natvext and the double percolation threshold of

the nanocomposites are analyzed in detail.

Morphology

Figure 8.7 shows the SEM micrograph of an iPP/CB0/Z0) blend without nanotubes
(Fig. 8.7a) and filled with 1 wt% MWCNT (Fig. 8.7b)The dark zones constitute the
polypropylene matrix while the white domains forhretminor CBT phase. As Figure 8.7b
revealed the carbon nanotubes are preferentiadtdal in or at the edge of the CBT phase due to
their higher affinity to CBT.

As it can be observed in Figure 8.7a, the CBT pHas®es the minor or dispersed phase
which is in the shape of complete circle indicatthgt at this composition the blend is still far
from co-continuous structure. Incorporation of otahes into the blend results in a completely
different morphology (Fig. 8.7b). The nanotubesrfca network of bridges between PP and
CBT connecting these two phases together. Dueetaitnificantly lower viscosity of CBT and
also if we accept that the carbon nanotubes hagreater affinity with CBT (higher wettability)
then the CNT strings we see in the right micrograplirigure 8.7b try to link CBT domains
(micrograph at left) between them across the PRgHhaejection of the CNTs by PP helps in
establishing this network of bridges between CBTadms and enhances the compatibility of
two phases in the the blend. The smaller size@®fBT domains is also an enhancing factor as
is the lower viscosity of CBT which allows for momebility. It seems that the nanotubes act as
compatibilizers trying to connect two phases omike compatibility between them. The effect
of these bridge or connecting structures on thetr&al conductivity of the blends will be
discussed later on.
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Figure 8.7: SEM micrograph of iPP/CBT (80/20)heitit nanotube (a) and filled with 1 wt%
MWCNT (b). Images are taken at low (micrographgha left) and high (micrographs in the
right) magnification

Figure 8.7 also reveals that by incorporation afatabes into the blend, the minor CBT
phase become completely elongated (Fig. 8.7b), gthgnfrom droplets into strips, and
consequently the blend morphology changes to ctireayus structure. It is well known that the
viscosity ratio of the two components of a blendmnsimportant factor affecting the morphology
of the blend. As this ratio is closer to 1, the aniphase becomes smaller and more irregular. The

viscosity of PP is much larger than that of CBT wdweer, the nanotubes more likely increase the
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CBT viscosity and result in a kind of compatibilingtween two phases. In fact, when the CBT
viscosity increases, the kinetic of the phase sualece is perturbed during the molding process
(Gubbels, Jerome et al. 2002).

Electrical conductivity

As it was stated before, the electrical condugtieit polymer blends filled with nanotubes
depends on two factors: the nanotube loading, wizichtrols the first percolation or the
percolation of nanotubes in the filler-rich phaaed the blend composition, which controls the
second percolation or continuity of the filler-riphase in the blend. Figure 8.8 shows the effect
of these two parameters, MWCNT loading and CBT eotton the electrical conductivity of
MWCNT-filled PP/CBT blends.

101
02 R m———o—— g
. w O i iy
w103 \ 7 ot
\ ! ’ T~..
2 105| I\ T/ -
> % \\\ / / / . L
O — 106} v\ ; / -_V‘ """"""
S AN 4 / - v
22 w07y S/
S5 oal : Y —&—— 0 % MWCNT
9 9 ._.\i -, K R = 0.5% MWCNT
5 109k ; —_ ——=&— 1 %MWCNT
O R T g e
g ol % — 44— 3 9% MWCNT
| ——0—— 5 9% MWCNT
o o o ——°
1013 1 L L ! : |
0 10 20 30 40 50

CBT (wt %)
Figure 8.8: Dependence of electrical conductivityGBT content at various nanotube loadings

As this figure shows clearly, incorporation of 5%wiCBT into PP significantly decreases the
electrical conductivity and therefore the nanotpbecolation threshold rises. But the trend is not
the same for all compositions of the blend. When@BT content reaches to 30 wt% the blend
becomes conductive with only 0.5 wt% nanotube logdin fact, based on the concept of double
percolation threshold, in order to get conductilends, the filled phase or CBT phase should

exhibit a continuous phase in a co-continuous bl@iheé electrical conductivity of such a blend
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depends on two types of percolation: The first platoon is associated with the electrical
continuity of the nanotubes in the filler-rich ppas CBT phase and the second one is associated
with the continuity of this phase in the blend. Tdexond percolation or the continuity of the
CBT phase in blend of 30 wt% CBT filled with 0.5%mnanotube creates a conductive blend at a
significantly low nanotube loading. However, atsthanotube loading the electrical conductivity
decreases when increasing CBT content becausedalkecbncentration of nanotubes in the CBT
phase decreases and 0.5wt% loading would not lieisaf to create conductive blends.
Similarly, the 1 and 2wt% nanotube loadings ark t&to low to create conductive network at
large CBT content and hence the electrical conditigtbf these nanocomposites decreases after
a certain level of CBT content; however, for nahetloading of 3wt% and higher, a lower CBT
percolation threshold is observed, beyond whichelketrical conductivity increases and reaches
a constant value irrespective of the CBT conceiotmat

As it is clearly observed the co-continuity compiosi (the composition in which the
conductive blend is formed) strongly depends on mheotube loading. For the samples
containing more nanotubes the second percolati@shbld (the CBT content needed to form a
co-continuous structure) is shifted to lower CBThtemt due to the effect of nanotube on the
morphology of the blend as shown previously. Fig8u@ shows this effect in the composites of
MWCNT-filled iPP/CBT (95/5) blend. Comparing FiguBe9a (blend without nanotubes) with
Figure 8.9b (nanocomposites of 0.5 wt% nanotube)ca® see that by incorporation of only
0.5wt% nanotubes into the blend, the minor CBT phbscomes much smaller. When the
nanotube concentration is increased to 2 wt% th& @8mains become more elongated (Fig.
8.9¢), changing from droplets into strips, whiclke amore favorable to form a continuous phase.
According to conductivity results (Fig.8.8) the mleshown in Figure 8.9c is still far from a
conductive one because the co-continuous strubageot formed in it yet. At nanotube loading
of 2 wt% the conductive blend is formed when theT@Bntent reaches to 20 wt%.
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Figure 8.9: SEM micrographs of (a) iPP/CBT (93&nd (b) 0.5 wt% MWCNT filled iPP/CBT
(95/5) blend (c) 2 wt% MWCNT filled iPP/CBT (95/6)end
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Another interesting observation in Figure 8.8 Iated to the blend of 5% CBT which is far
from co-continuous structure and second percolatioreshold as it is confirmed by
morphological studies (Fig. 8.9). The conductiviay this blend even with only 0.5 wt%
nanotubes loading is about two orders of magnitudeer than that of observed in the blend
without any nanotubes. Formation of bridge likeusture or connection between CBT and PP
phases by nanotubes is the main reason of thisnags. These connections create local
connection between dispersed areas through costjpli@se and a semi co-continuous structure

is formed in the nanocomposites.

8.5. Conclusions

In this work we have examined the effect of crystalstructure and nanotube alignment on
electrical conductivity of PP/MWCNT and PC/MWCNT nmwomposites at high shear rates
through the concept of double percolation thresh&dlated masterbatches were diluted to
prepare the nanocomposites, and the formationradto@e networks within the polymer matrices
and the alignment of nanotube in sheared conditwase observed using SEM and TEM
respectively. Raman spectroscopy results of higkargdd samples indicate that the values of

Dy /D. and G4 /G, ratios decreased in the presence of crystallinegirathe nanocomposites.

XRD result showed that addition of carbon nanotuledsiced the orientation of crystalline phase
in the crystalline polymer (PP). Interestingly, thhesence of crystalline phase and the nanotube
alignment both affected the electrical conductivdf the nanocomposites. The percolation
thresholds rose significantly with increasing otaion level; however the presence of a
crystalline structure improved the electrical cocttity and decreased the percolation threshold
according to the concept of double percolationsindd.

The effect of nanotube loading on the electricalduativity of the PP/CBT blend was also
considered and it was found that a double percwlais the basic requirement for the
conductivity of this nanocomposite. Percolation nanotubes in filler-riched phase and the
continuity of this phase in the blend both affectdte electrical conductivity of the
nanocomposites. The nanotubes also affected thehwmimgy of the blends by increasing the
viscosity of the filler-rich phase. As a consequeeremaller and more elongated dispersed phase

was achieved in the presence of nanotubes.
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Chapter 9

General Discussion

It is well known that the microstructure of plasparts is the result of complex changes
imposed to the base polymer by the special pramgssonditions. A consequence of such
processing methods is the stresses induced by oatidn of shear and elongational flow field
and cooling. The complex thermo-mechanical histonyosed on the polymer during processing
leads to substantial spatial variations of chaieraation and the formation of a superstructure
influenced by the local dynamics of the processsgheffects result in a large anisotropy of the
final physical properties particularly if the polgmis filled with solid particles of various shapes
(glass or carbon fibers, clay or mica platelets] @earbon nanotubes or nanofibrils, etc.). The use
of carbon nanotube based nanocomposites for conaheapplications, thus, needs an
understanding of how the processing conditionsuerite the nanotube networks and
subsequently the nanocomposites properties. Whemamotubes are aligned in the polymer
matrix, the probability of tube-tube contacts dases and consequently the percolation threshold
raises. Moreover, the efficiency of nanotubesye lip to their theoretical potential depends on a
good dispersion within the host polymer. Accordyngihe full exploitation of the nanotube
properties in polymer composite applications weljuire an exceptional control of the nanotube
dispersion and alignment in macroscopic parts.

The rheological properties of polymer nanocompssitecluding viscoelastic (time or
frequency-and temperature—dependent) behavior &rpraxtical importance in relation to
processing and characterizing the composite miercistre. The rheological behavior depends on
the material microstructure, the state of the nalved dispersion, the aspect ratio and orientation
of the nanotubes, the interaction between nanotabdspolymer chains as well as nanotube-
nanotube interactions. The temperature influencesheological properties of the matrix, but it
also can affect the state of dispersion of the camposites via changes in the particle-particle
interactions and in the wettability of the nanotuleth the matrix.

In order to achieve the goals of this project, wst fexamined the rheological behavior of
polycarbonate (PC)/ MWCNT nanocomposites in liglit imteractions between CNTs and
polymer chains or between CNTs themselves. Thes agiite complex and difficult system to

study since the typical behavior of polymeric systealmost vanishes in the presence of a
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nanotube network. For example, as soon as the uamatetwork is formed the low frequency
terminal zone observed for the neat polymer disargeFurthermore, the high temperature
behavior adds another complexity to this difficestem. Therefore the typical analysis methods
used for conventional polymeric systems are nofulise this context and a more innovative
investigation is required to establish the relatlop between the rheological behavior and
microstructure of such a system. The rheologicahsueements showed that the percolation
threshold and the strength of nanotube networks sagaificantly dependent upon the
measurement temperature. Assuming that the nanoetherk forms an elastic structure within
the matrix, the strength of this network could ekted to the cohesion energy, which is the work
required to break it up. Thus, the increase ofdblkesion energy with temperature is a direct
consequence of the enhancement of nanotube-nanotidoactions and a stronger network at
higher temperature. The intrinsic viscosity wasnfbuo increase with temperature and the
effective aspect ratio of the nanotubes was laajelevated temperature. This suggests that the
bundle size decreases with temperature and atrighgerature more nanotubes are dispersed
individually. It can also explain the lower perdida threshold and stronger nanotube networks
at higher temperature. The increase of the intinscosity with temperature could be also due
to the expansion of the nanotubes hydrodynamicmelun other words, the end-to-end distance
of the nanotubes increases significantly with terapege and results in more rigid nanotubes that
align more easily under shear flow as evidenceg@rbghearing effects on the elastic modulus. It
was also shown that the effect of temperature ieerpoonounced at higher nanotube loading and
can be described in terms of the activation enefgye nanocomposites. The decreasing of the
activation energy with nanotube contents indic#ites at higher level of loading the interactions
between the nanotubes and the polymer chains decréazcordingly the nanotubes are less
restricted and their motion and interactions areremaffected by temperature. Furthermore,
electrical and thermal conductivity measurementsewsarried out and the thermal percolation

threshold was found to be between the rheologitdledectrical threshold.

In this work we aimed mainly to find a correlatibatween rheological properties and the
final properties of microinjected parts. Therefatthe next step we investigated the influence of
high shear conditions on the properties of PC/ MWGidnocomposites with a special focus on
the electrical conductivity and structural changegshe nanotube networks. To this end, we

systematically studied the percolation behavioa &snction of nanotube orientation, varied from
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random to highly aligned by shearing the nanocorbg®s$hrough different processing methods.
The morphological analysis, using SEM, TEM and AFdhd Raman spectroscopy results
showed that the nanotubes were randomly orienteth®dcompression molded samples, which
were subjected to the lowest shear value, whilg there well aligned in the longitudinal flow
direction in the microinjected dog-bone samples,cWwhfeatured very high shear values.
Interestingly, the nanotube alignment strongly citfd the rheological properties and the
electrical conductivity of the nanocomposites. T&colation thresholds rose significantly in
both cases with increasing orientation level. Ferthnalysis showed that for a given nanotube
loading, the nanocomposite electrical conductivigyel could be controlled by nanotube
alignment. Moreover, by fitting a power-law equatito the storage modulus and electrical
conductivity data we determined reasonably accuraliges of percolation thresholds as well as
the post-percolation behavior of the nanocompasites power-law constang, was found to be

a very good parameter to investigate the perfeabibnanotube networks. This parameter was
found to increase with nanotube alignment, indngathat for highly sheared samples we did not
have a perfect percolation behavior or an ideabt&e network. In these cases broad ranges of
percolation were observed. The mechanical pragsedi the nanocomposites were also found to
be sensitive to processing, albeit somehow imprdayeicreasing the shear level.

As the electrical conductivity of nanocompositeemne of the main properties of interest in
this work, we tried to improve the conductivitythe microparts by introducing crystalline phase
in the nanocomposites. The effect of crystallineucture on the nanotube alignment and
consequently on the microstructure and electricadactivity of the nanocomposites in high
shear conditions were therefore studied by proogstie nanocomposites of MWCNT and
isotactic polypropylene (iPP) as a non-polar serystalline polymer. Comparing with the results
previously found in the nanocomposites of polycadie (PC) as a polar amorphous polymer for
which due to the formation of strong polar-polamfls nanotubes were better dispersed in
polycarbonate without the formation of many aggtegahowever, for polypropylene the lack of
such polar bonds resulted in a poor dispersiorhefrianotubes. In addition, the growth of the
crystalline phase in the later case might resulth@ expulsion the nanotubes towards the
amorphous phase and led to the formation of lagggemates in the PP-based nanocomposites.
In spite of the different levels of dispersion, mwth nanocomposites the nanotubes were

connected and a percolated network was formed. sthdy of the crystalline behavior of
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PP/MWCNT nanocomposites using DSC and XRD methedsaled that the presence of the
nanotubes provided a tremendous amount of sitebdt@rogeneous nucleating and as a result
crystallization onset and peak temperature incrbaks expected, the rate of crystallization also
increased with nanotube content. The crystallims also increased with nanotube contents up
to 2 wt %. For nanotube loadings of 3 wt% and &rgihowever, the crystallinity decreased due
to the formation of nanotube networks, which restd the polymer chains motion and slowed
down the crystal growth. It was also found that ltiigh shear values of microinjection molding
only slightly changed the overall crystallinity laese of very short cycle time of the process.
However, the crystals were all oriented in the fldinection. The percolation thresholds rose
significantly in both PP and PC nanocomposites wnitreasing shear values. However, the
presence of a crystalline structure improved tleetetal conductivity according to the concept
of double percolation threshold. Morphological s& and Raman spectroscopy results of high
sheared samples indicate that the nanotube aligndezmeased in the presence of crystalline
phase in the nanocomposites. XRD result showedthieaaddition of carbon nanotubes reduced
the orientation of crystalline phase in the crystalpolymer (PP). These results clearly revealed
that the incorporation of nanotubes or the presefae crystalline phase reduced the effect of
shear rate in micromolding.

Mechanical properties of the nanocomposites wksefaund to be significantly improved
with the addition of nanotubes in case of PP/MWQNIhocomposites, although the effect was
not significant in PC/MWCNT nanocomposites.

Finally the effect of carbon nanotubes on the molgdy and electrical conductivity of
ternary nanocomposites of PP/CBT/MWCNT were inga¢&d and it was found that a double
percolation threshold is the basic mechanism ferdbnductivity of such nanocomposites. The
nanotubes also affected the morphology of the Isldndincreasing the viscosity of the filler-
riched phase. As a consequence, smaller domaing andre elongated dispersed phase were
achieved in the presence of nanotubes.
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Chapter 10
Conclusions and Recommendations

10.1. Conclusions

In the frame of this thesis novel concepts for shear induced alignment of nanotubes,
characterization of MWCNT/polymer nanocompositesd arabrication of optimized
nanocomposite based microinjected parts were pextehe following conclusions can be

drawn from this work:

1. The rheological percolation threshold and the gffenof nanotube networks are
significantly dependent upon the measurement tesyne.

2. The strength of the nanotube network could be edldab the cohesion energy. The
increase of the cohesion energy with temperatugedgect consequence of the enhancement of

nanotube-nanotube interactions and a stronger me&tdigher temperature.

3. Higher intrinsic viscosity of the nanocompositesl darger effective aspect ratio of the
nanotubes at elevated temperature suggest thhutitde size decreases with temperature and at
higher temperature more nanotubes are dispersaddudlly. This also explains the lower

percolation threshold and stronger nanotube netsvatkigher temperature.

4, The expansion of the nanotube hydrodynamic voluntle temperature or higher end-to-
end distance of the nanotubes at higher tempereggudt in more rigid nanotubes that align more
easily under shear flow as evidenced by presheaffegts on the elastic modulus.

5. The activation energy of the nanocomposites deeteadth nanotube contents indicating
that at higher level of loading the interactiongwe®en the nanotubes and the polymer chains
decreased. Accordingly the nanotubes are lessatestrand their motion and interactions are
more affected by temperature.

6. The formation of a conductive network above a @gertantent of nanotubes results in an
obvious jump in the conductivity (thermal and eleetl) of the nanocomposites. The thermal
percolation threshold was found to be betweenhhelogical and electrical threshold.
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7. The morphological analysis, using SEM, TEM and AFd,well as Raman spectroscopy
results showed that the nanotubes were randomiytexd for the compression molded samples,
which were subjected to the lowest shear valuelevthey were well aligned in the longitudinal
flow direction in the microinjected dog-bone sansplhich featured very high shear values.

8. The nanotube alignment strongly affected the riggodd properties and the electrical
conductivity of the nanocomposites. Consequengypircolation thresholds rose significantly in
both cases with increasing orientation level. Fighly sheared samples there was no perfect
percolation behavior and broad ranges of percalatiere observed.

9. For a given nanotube loading, the nanocompositetredal conductivity level could be

controlled by controlling the nanotube alignment.

10. The presence of the nanotubes provided a tremeratoaant of sites for heterogeneous
nucleating and as a result crystallization tempeeaénd rate of crystallization increased.

11. The degree of crystallinity increased by the presesf nanotubes up to 2 wt % and then

decreased due to the formation of nanotube netwairkgher loading

12. The presence of a crystalline structure improvee #iectrical conductivity of
PP/nanocomposites even at high sheared conditicnerding to the concept of double
percolation threshold.

13. The mechanical properties of the nanocompositesifisigntly improved with the
addition of nanotubes especially in case of thé&/RTRCNT nanocomposites.

14.  The incorporation of nanotubes or the presencecoystalline phase reduced the effect of
shear rate in micromolding. The nanotubes were ddigsed in the crystalline material. The

crystalline phase was also less oriented in thegmee of nanotubes.

15. In PP/CBT/MWCNT nanocomposite a double percolat®othe basic mechanism for the
conductivity improvement. Percolation of nanotubasfiller-riched phase (CBT) and the
continuity of this phase in the blend both affectdte electrical conductivity of the

nanocomposites.

16. Smaller domains and a more elongated dispersec: ptere achieved in the presence of

nanotubes due to increases of the viscosity ofpihase.
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10.2. Recommendations

For the future work, the following subjects areamenended:

1. To develop and compare different methods for CN$pelision in polymer/CNT
nanocomposite particularly in the case of PP/MWChahocomposites. These methods can
include chemical modification, in-situ polymerizati or other compatibilizing methods. These
methods can be used along with different typesT€to compare their final properties.

2. To investigate the effect of preshearing and ammgahe samples in the rheometer on the
rheological properties and electrical conductivging a proper electrorheometer.

3. To explore the effect of preshearing and rest atndifferent temperatures, different shear
rates and different rest times on PP/MWCNT nanoasies, which are more thermally stable
and are less sensitive to temperature.

4. To study the elongational viscosity of the nanocosiigs under different conditions in
order to enhance the understanding of the effeqqodfmer processing on the structure and
properties of nanocomposites by combining the effiéshear and elongational flow.

5. To describe the high temperature rheological ptegsenf CNT-filled nanocomposite
followed by modeling of microinjection molding ohAnocomposites taking into account the most
important controlling forces and phenomena occgrdaring microinjection molding.

6. To study the rheological properties of PP/CBT/MWCNiBnocomposites and to
investigate the effect of microinjection molding tdre morphology and properties of the final
parts. The obtained results in this part may behéur used to improve the properties of

microinjected parts by producing nanocomposite3fCNT and different polymer blends.
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