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Abstract
Composites of multi-walled carbon nanotubes (MWCNTs) with polypropylene (PP) and
thermoplastic olefins (TPOs) were prepared by melt compounding. Two non-covalent
functionalization methods were employed to improve nanotube dispersion and the resulting
composite properties are reported.
The first functionalization approach involved partial coating of the surface of the
nanotubes with a hyperbranched polyethylene (HBPE). MWCNT functionalization with HBPE
was only moderately successful in breaking up the large aggregates that formed upon melt mixing
with PP. In spite of the formation of large aggregates, the samples were conductive above a
percolation threshold of 7.3 wt%. MWCNT functionalization did not disrupt the electrical
conductivity of the nanotubes. The composite strength was improved with addition of nanotubes,
but ductility was severely compromised because of the existence of aggregates.
The second method involved PP matrix functionalization with aromatic moieties capable
of π-π interaction with MWCNT sidewalls. Various microscopy techniques revealed the addition
of only 25 wt% of PP-g-pyridine (Py) to the neat PP was capable of drastically reducing nanotube
aggregate size and amount. Raman spectroscopy confirmed improved polymer/nanotube
interaction with the PP-g-Py matrix. Electrical percolation threshold was obtained at a MWCNT
loading of approximately 1.2 wt%. Electrical conductivity on the order of 10-2 S/m was achieved,
suggesting possible use in semi-conducting applications. Composite strength was improved upon
addition of MWCNTs. The matrix functionalization with Py resulted in a significant
improvement in composite ductility when filled with MWCNTs in comparison to its maleic
anhydride (MA) counterpart. Preliminary investigations suggest that the use of alternating current
(AC) electric fields may be effective in aligning nanotubes in PP to reduce the filler loading
required for electrical percolation.
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Composites containing MWCNT within PP/ethylene-octene copolymer (EOC) blends
were prepared. Microscopy revealed that MWCNTs localized preferentially in the EOC phase.
This was explained by the tendency of the system to minimize interfacial energy when the
MWCNTs reside in the thermodynamically preferential phase. A kinetic approach, which
involved pre-mixing the MWCNTs with PP and adding the EOC phase subsequently was
attempted to monitor the migration of MWCNTs. MWCNTs began to migrate after two minutes
of melt mixing with the EOC. The PP-g-Py matrix functionalization appears to slightly delay the
migration. A reduction in electrical percolation threshold to 0.5 wt% MWCNTs was achieved
with a co-continuous blend morphology, consisting of a 50/50 by weight ratio of PP and EOC.

ii

Co-Authorship
This thesis contains one chapter that presents results that have been published in the form
of an original journal article. The complete citation for this paper and the chapters in which they
appear are provided below:

Chapter 3:

O. Osazuwa, K. Petrie, M. Kontopoulou, P. Xiang, Z. Ye, A. Docoslis
Compos. Sci. Technol. 2012; 72:27.

This article was co-authored and reviewed prior to submission by O. Osazuwa, Dr. M.
Kontopoulou and Dr. A. Docoslis. This paper was also co-authored by P. Xiang and Dr. Z. Ye,
who were responsible for the synthesis of the hyperbranched polyethylene used in the work. The
author of this thesis conducted the adsorption experiments from the specified article. All other
experiments and writing contained within the following document have been prepared by the
author with revisions from Dr. M. Kontopoulou and Dr. A. Docoslis.

iii

Acknowledgements
This dissertation is lovingly dedicated to my father who left me too soon and to my
mother who was strong enough to keep me moving forward.
I would like to express extreme gratitude to everyone in the Department of Chemical
Engineering at Queen's University. Special thanks to my primary supervisor Dr. Marianna
Kontopoulou. Your positive, understanding and enthusiastic approach to learning throughout my
time at Queen's will not be forgotten. The support, guidance and humor provided by Dr. Aris
Docoslis were also integral to the completion of my research.

iv

Table of Contents
Abstract............................................................................................................................................ i
Co-Authorship ............................................................................................................................... iii
Acknowledgements ....................................................................................................................... iv
List of Figures.............................................................................................................................. viii
List of Tables ................................................................................................................................. xi
Nomenclature ............................................................................................................................... xii
Chapter 1 Introduction.................................................................................................................. 1
1.1 Background .......................................................................................................................... 1
1.2 Objective and Outline .......................................................................................................... 3
1.3 References ............................................................................................................................. 5
Chapter 2 Literature Review ........................................................................................................ 6
2.1 Carbon Nanotubes ............................................................................................................... 6
2.1.1 Production Methods ........................................................................................................ 8
2.1.1.1 Arc-discharge ........................................................................................................... 8
2.1.1.2 Chemical Vapor Decomposition .............................................................................. 9
2.2 Carbon Nanotube/Polymer Composites........................................................................... 10
2.2.1 Composite Preparation .................................................................................................. 12
2.2.1.1 Solution Blending .................................................................................................. 12
2.2.1.2 In-situ Polymerization ............................................................................................ 13
2.2.1.3 Melt Compounding ................................................................................................ 13
2.2.2 Compatibilization.......................................................................................................... 14
2.2.2.1 Covalent Functionalization .................................................................................... 14
2.2.2.2 Non-Covalent Functionalization ............................................................................ 15
2.3 Polymer Blends containing Carbon Nanotubes .............................................................. 16
2.3.1 Immiscible Blend Morphology ..................................................................................... 18
2.3.2 Filler Localization ......................................................................................................... 19
2.3.2.1 Thermodynamic Effects ......................................................................................... 19
2.3.2.2 Kinetic Effects ....................................................................................................... 21
2.4 Use of AC Electric Fields for Reduced Percolation Thresholds in CNT/Polymer
Composites ............................................................................................................................ 21
2.5 References ........................................................................................................................... 24
v

Chapter 3 Non-Covalently Functionalized MWCNTs with a Hyperbranched Polyethylene
and their Composites with Polypropylene ................................................................................. 33
3.1 Introduction ........................................................................................................................ 33
3.2 Experimental ...................................................................................................................... 34
3.2.1 Materials ....................................................................................................................... 34
3.2.2 HBPE Functionalization Procedure and Characterization ............................................ 35
3.2.3 Melt Compounding ....................................................................................................... 35
3.2.4 Composite Properties .................................................................................................... 36
3.2.4.1 Morphology............................................................................................................ 36
3.2.4.2 Electrical conductivity ........................................................................................... 36
3.2.4.3 Tensile testing ........................................................................................................ 36
3.3 Results and Discussion ....................................................................................................... 37
3.3.1 HBPE absorption on MWCNTs.................................................................................... 37
3.3.2 Composite characterization ........................................................................................... 39
3.3.2.1 MWCNT Dispersion .............................................................................................. 40
3.3.2.2 Electrical Properties ............................................................................................... 42
3.3.2.3 Mechanical Properties ............................................................................................ 45
3.4 Conclusions ......................................................................................................................... 46
3.5 References ........................................................................................................................... 48
Chapter 4 Functionalized Polypropylene/MWCNT Composites ............................................ 51
4.1 Introduction ........................................................................................................................ 51
4.2 Experimental ...................................................................................................................... 52
4.2.1 Materials ....................................................................................................................... 52
4.2.2 Grafting of aminomethylpyridine to PP-g-MA ............................................................. 53
4.2.3 Melt Compounding Procedure ...................................................................................... 53
4.2.4 Composite Characterization .......................................................................................... 54
4.2.4.1 Rheology ................................................................................................................ 54
4.2.4.2 Morphology............................................................................................................ 54
4.2.4.3 Raman Spectroscopy .............................................................................................. 54
4.2.4.4 Thermal Analysis ................................................................................................... 55
4.2.4.5 Electrical Conductivity .......................................................................................... 55
4.2.4.6 Tensile Testing ....................................................................................................... 56
4.2.5 Application of AC Electric Field .................................................................................. 56
vi

4.3 Results and Discussion ....................................................................................................... 57
4.3.1 Synthesis and Characterization of PP-graft-aminomethylpyridine ............................... 57
4.3.2 MWCNT Dispersion ..................................................................................................... 60
4.3.3 Electrical Properties ...................................................................................................... 65
4.3.4 Mechanical Properties ................................................................................................... 67
4.3.5 AC Electric Field Driven MWCNT Alignment ............................................................ 69
4.4 Conclusions ......................................................................................................................... 72
4.5 References ........................................................................................................................... 74
Chapter 5 Composites of Polypropylene and Ethylene-Octene Copolymer blends with
MWCNTs Prepared by Melt Compounding ............................................................................. 78
5.1 Introduction ........................................................................................................................ 78
5.2 Experimental ...................................................................................................................... 79
5.2.1 Materials ....................................................................................................................... 79
5.2.2 Melt Blending Procedure .............................................................................................. 80
5.2.3 Composite Characterization .......................................................................................... 81
5.2.3.1 Rheology ................................................................................................................ 81
5.2.3.2 Morphology............................................................................................................ 81
5.2.3.3 Electrical Conductivity .......................................................................................... 82
5.3 Results and Discussion ....................................................................................................... 82
5.3.1 Blend Morphology ........................................................................................................ 82
5.3.2 Partitioning of MWCNTs ............................................................................................. 84
5.3.3 Kinetic Approach to MWCNT Partitioning .................................................................. 87
5.3.4 Electrical Properties ...................................................................................................... 92
5.3.4.1 Effect of Blend Time ............................................................................................. 92
5.3.4.2 Effect of Composition ............................................................................................ 94
5.4 Conclusion .......................................................................................................................... 95
5.5 References ........................................................................................................................... 97
Chapter 6 Conclusions and Future Work................................................................................ 101
6.1 Conclusions ....................................................................................................................... 101
6.2 Recommendations for Future Work .............................................................................. 103

vii

List of Figures
Figure 1.1: Web of Science search results for publications having a keyword of carbon nanotubes.
..................................................................................................................................... 2
Figure 2.1: Representation of an individual a) SWCNT and b) MWCNT [3]. ................................ 6
Figure 2.2: Representation of potential nanotube chiralities upon 'rolling' a sheet of graphene [4].7
Figure 2.3: CNTs formed by CVD aligned normal to the growing surface [17]. ............................ 9
Figure 2.4: Transmission Electron Microscopy (TEM) images of TPO blends containing 5 wt%
nanosilica. a) PP/ethylene-propylene rubber-grafted-MA (80/20 wt %/wt %) with
filler residing in the droplet phase and b) PP/ethylene-octene copolymer (80/20 wt
%/ wt %) where the filler resides in the matrix phase. Adapted from [73]. .............. 17
Figure 2.5: Scanning Electron Microscopy (SEM) images of a) unfilled and b) 7 wt% nanosilica
filled 80/20 wt%/wt% blends of PP/ethylene-octene copolymer, demonstrating a
decrease in etched droplet phase (dark) diameter upon addition of nanofiller.
Adapted from [73]. .................................................................................................... 19
Figure 2.6: CNTs in the presence of an AC electric field ( ) showing a) electro-orientation b)
mutual DEP and c) DEP. Adapted from [106]. ......................................................... 23
Figure 3.1: a) Schematic of HBPE molecule with hydrodynamic diameter in THF and b) partial
surface coverage of MWCNT with HBPE through non-covalent, non-specific
functionalization. Adapted from [10]. ....................................................................... 37
Figure 3.2: TGA curves for pure MWCNTs, HBPE and MWCNTs coated with HBPE at various
weight ratios. ............................................................................................................. 38
Figure 3.3: Adsorption isotherm of HBPE on MWCNTs at room temperature in THF with a
concentration of 2mg MWCNTs/ml THF.. ............................................................... 39
Figure 3.4: Optical micrographs of PP/3 wt% MWCNTs at 20x (a) and 80x (b) and PP/3 wt%
HBPE-MWCNTs at 20x (c) and 80x (d). .................................................................. 40
Figure 3.5: TEM images of pristine (a,b) and HBPE-functionalized (c, d) MWCNTS at 3 (a, c)
and 6 wt% (b, d) loadings. ......................................................................................... 41
Figure 3.6: Electrical conductivity of PP/MWCNT composites. Lines represent power-law model
fit (Equations 3.1 and 3.2). ........................................................................................ 43
viii

Figure 3.7: Visual representation of aggregates spanning electrodes (500 µm in gap), thus causing
electrical percolation for a) pristine MWCNT aggregates and b) HBPE-MWCNTs
(HBPE is represented by grey coverage on nanotubes). ........................................... 44
Figure 3.8: Effect of HBPE functionalization on elongation at break (bars) and Young's modulus
(line) for melt mixed composites of MWCNTs with PP1042. .................................. 45
Figure 4.1: Exploded view of custom electrode cell a) top teflon layer b) top electrode c) teflon
sample well d) bottom electrode................................................................................ 57
Figure 4.2: Test circuit used for electrification of composites. Adapted from [17]....................... 57
Figure 4.3: FTIR spectra of PP-g-MA and PP-g-Py. Insert shows close-up of spectra from 1650 to
1850 cm-1. .................................................................................................................. 59
Figure 4.4: Complex viscosity versus frequency of PP-g-MA and PP-g-Py at 190oC .................. 60
Figure 4.5: Optical micrographs of a) PP b) PP-g-Py c) PP/PP-g-Py (50/50) d) PP/PP-g-Py
(75/25) e) PP/PP-g-Py (90/10) containing 1wt% MWCNTs..................................... 61
Figure 4.6: Optical micrographs of PP/PP-g-MA (75/25) (a,b,c) and PP/PP-g-Py(75/25) (d,e,f)
with 0.5wt% (a,d), 1.5 wt% (b,e) and 3wt% MWCNTs (c,f). ................................... 62
Figure 4.7: SEM images of PP/PP-g-MA (a,b), PP/PP-g-Py (c,d) with 3wt% MWCNT.
Magnification of 4500x (a,c) and 12000x (b,d). ....................................................... 62
Figure 4.8: TEM images of PP/PP-g-MA (a,c) and PP/PP-g-Py (b,d) with 3wt% MWCNTs at
magnifications of 14500x (a,b) and 25000x (c,d). .................................................... 63
Figure 4.9: Raman spectra of PP/PP-g-MA, PP/PP-g-Py at 3wt% MWCNT loading and pristine
MWCNTs. ................................................................................................................. 64
Figure 4.10: Electrical conductivity measurements for PP/PP-g-MA and PP/PP-g-Py at various
volume fractions of MWCNTs. Lines represent power-law model fit above and
below percolation (Py: solid, MA: dashed). .............................................................. 65
Figure 4.11: (a) Young's modulus and (b) elongation at break for Py and MA functionalized PP
containing various amounts of MWCNTs. ................................................................ 68
Figure 4.12: Change in voltage across MWCNT/PP composites in the melt state upon application
of an external AC electric field. ................................................................................ 71
Figure 4.13: Resistivity of PP/PP-g-MA and PP-g-Py (75/25) measured inline after 2 hours of
AC electric field application (melt), upon quenching (solid) and for samples not
exposed to AC electric field (no field). ..................................................................... 72
ix

Figure 5.1: Complex viscosity versus frequency for blend components at 190oC......................... 82
Figure 5.2: SEM images of a) 80/20 b) 70/30 c) 50/50 and d) 30/70 (PP/PP-g-Py)/EOC blends at
4 minutes of blending time. ....................................................................................... 83
Figure 5.3: TEM images of PP/EOC (70/30) with 3wt% MWCNTs a) PP/PP-g-MA and b)
PP/PP-g-Py. Darker droplets are EOC dispersed in PP. ............................................ 84
Figure 5.4: SEM images of 80/20 blends of PP/EOC (a,b) (PP/PP-g-MA) and (c,d) (PP/PP-g-Py)
at blend times of 2 minutes (1) and 8 minutes (2). Rows b) and d) contain 3 wt%
MWCNTs. Dark holes correspond to etched EOC phase. ........................................ 89
Figure 5.5: Detailed image analysis of 80/20 blends of PP/EOC after various blending times..... 90
Figure 5.6: TEM images of PP/EOC (80/20) with (a) PP/PP-g-MA and (b) PP/PP-g-Py containing
3 wt% MWCNTs at blend times of (1) 2 minutes, (2) 4 minutes and (3) 8 minutes. 91
Figure 5.7: Conductivity measurements for 80/20 PP/EOC blends with 3wt% MWCNTs at
various blending times............................................................................................... 93
Figure 5.8: Electrical conductivity versus MWCNT loading at various PP/PP-g-Py/EOC blend
compositions with lines representing model fit according to power law model. ...... 94

x

List of Tables
Table 3.1: Properties of polypropylene matrix. ............................................................................. 35
Table 3.2: Power-law model parameters for electrical conductivities. .......................................... 43
Table 4.1: Properties of polymer materials. ................................................................................... 53
Table 4.2: Power-law model parameters for electrical conductivities ........................................... 66
Table 4.3: Summary of thermal properties of composites showing melting temperature (Tm),
crystallization temperature (Tc) and Crystallinity (Xm). .............................................. 69
Table 5.1: Properties of polymer materials. ................................................................................... 80
Table 5.2: Surface tension values .................................................................................................. 86
Table 5.3: Interfacial tension values and corresponding wetting coefficients ............................... 87
Table 5.4: Percolation threshold and maximum electrical conductivity values at various blend
compositions of PP/PP-g-Py/EOC. .............................................................................. 95

xi

Nomenclature
Abbreviations
PP

Polypropylene

TPO

Thermoplastic olefin

EPDM

Ethylene propylene diene monomer

EPR

Ethylene propylene rubber

EC

Ethylene/α-olefin copolymer

EOC

Ethylene-octene copolymer

PC

Polycarbonate

PE

Polyethylene

PS

Polystyrene

MA

Maleic anhydride

Py

Amino-pyridine

AMP

4-aminomethylpyridine

PMMA

polymethyl methacrylate

PP-g-MA

Polypropylene-graft-maleic anhydride

PP-g-Py

Polypropylene-graft-amino-pyridine

HBPE

Hyperbranched polyethylene

CNTs

Carbon nanotubes

MWCNTs

Multi-walled carbon nanotubes

SWCNTs

Single-walled carbon nanotubes

THF

Tetrahydrofuran

CVD

Chemical vapor decomposition

TEM

Transmission electron microscopy
xii

SEM

Scanning electron microscopy

AC

Alternating current

DC

Direct current

DEP

Dielectrophoresis

SSA

Specific surface area

DLS

Dynamic light scattering

MFR

Melt flow rate

TGA

Thermogravimetric analysis

FTIR

Fourier transform infrared

LVE

Linear viscoelastic

Symbols
wt%

weight percent

Mw

Weight-average molecular weight (kg/mol)

ωa

Wetting coefficient (mJ/m2)

σi/j

Interfactial tension between blend components i and j (mJ/m2)

σi

Surface tension of component i (mJ/m2)

Tc

Crystallization temperature (oC)

Tm

Melting temperature (oC)

ΔHm

Heat of fusion (J/g)

Xm

Crystallinity

ρ

Volume resistivity (Ω.m)

φ

MWCNT volume fraction

φc

Critical MWCNT volume fraction at electrical percolation

S

Siemens, SI unit of electrical conductance (reciprocal ohm)

σ

Electrical conductivity (S/m)
xiii

σmatrix

Electrical conductivity of base matrix (S/m)

R

Resistance (Ω)

Vpp

Voltage peak to peak (V)

|Z|

Magnitude of impedance

I

Current through the system (A)

θz

Phase angle of voltage to current in capacitive system (o)

ηi

Complex viscosity of polymer i (Pa.s)

ϕi

Volume fraction of polymer i

xiv

Chapter 1
Introduction
1.1 Background
Isotactic polypropylene (PP) is a highly crystalline, commercially relevant polymer,
comprising over 20% of all thermoplastic polyolefins produced globally [1]. It is used in many
applications such as films, packaging, automotive parts, containers and in countless other areas of
modern life. PP is utilized because of its low production cost, easy processability, strength,
stiffness, thermal resistance, corrosion resistance and recyclability. One major drawback of PP is
that it exhibits brittle material performance at low temperatures. The addition of a dispersed
rubbery phase within a PP matrix, to produce thermoplastic olefin (TPO) compounds, has been
commonly used when impact resistance at low temperatures is important.
TPOs are industrially important PP based materials that have a dispersed rubbery phase,
usually ethylene propylene diene monomer (EPDM), ethylene propylene rubber (EPR) or more
recently metallocene-catalyzed ethylene/α-olefin copolymers (ECs). These materials act as
impact modifiers in PP. ECs offer benefits compared to other elastomeric polyolefins such as
improved processability and controlled chain branching. Due to relatively low viscosities, ECs
can be easily dispersed within PP matrices by standard melt compounding techniques [2].
Depending upon their composition TPOs can be used as soft, interior components for
automobiles, and as rigid exterior panels. These are important developments for reducing vehicle
weight for improved fuel economy.
Inorganic nano-fillers are being increasingly used to enhance the mechanical properties
of PP and TPO blends. Nanoparticles offer the potential for imparting novel material properties,
such as electrical conductivity, for value-added applications for commodity plastics [3]. Nanosized fillers such as carbon black, silica and clay have been used to reinforce polymer composites
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and to improve electrical and thermal properties. TPOs are commonly reinforced with nanofillers
such as silica and clay [4, 5]. It has also been shown with carbon black that electrical conductivity
can be achieved at low filler loadings [6].
Since their identification in 1991 by Iijima [7], carbon nanotubes (CNTs) have presented
a new class of filler material with intriguing properties. CNTs have a cylindrical nanostructure,
which has been theoretically and experimentally demonstrated to be stronger than steel, lighter
than aluminum and more conductive than copper [8]. These impressive properties can be
attributed to their structural arrangement and extremely high length to width (aspect) ratio [3, 8].
CNTs have received attention from industry and academia on a scale unlike any other emerging
technology. Figure 1.1 below shows the number of reported publications from a Web of Science
search result with a topic of "carbon nanotubes" over the last decade. There have been over 3800
international patents filed over that time period according to the World Intellectual Property
Organization.

Figure 1.1: Web of Science search results for publications having a keyword of carbon
nanotubes.
Despite the obvious potential to produce polymeric materials that are lightweight, highly
conductive and less expensive alternatives to metals, commercialization of nanotube/polymer
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composites remains scarce. The primary reasons for this are the variation of dimensions and
surface defects between production batches and the inherent difficulty of translating nanotube
properties to their polymer composites [3, 9].
Nanotube dispersion within a polymer matrix has been shown to be an important factor
for achieving mechanical reinforcement and formation of an interconnected three-dimensional
network capable of electrical conductivity [10]. This has been difficult to achieve by conventional
mixing techniques. While various production methods have been developed to achieve isotropic
dispersion of nanotubes, melt compounding represents the most industrially scalable and
important route of fabrication [11]. However, CNTs tend to form large aggregates when mixed in
non-polar polyolefin matrices, due to strong van der Waals interactions between nanotubes [1].
This results in poor transfer of the nanotube properties to the polymer in melt compounded
composites.
Given the industrial importance of PP and TPO blends as outlined above, their melt
compounded composites with CNTs hold significant promise for applications where improved
mechanical strength and electrical conductivity are required. It is therefore of great importance
industrially to develop methods that will enable good dispersion of nanotubes in these commodity
plastics. Investigation of chemical modification techniques that can break up the interactions
between the nanotubes and improve interfacial adhesion with PP matrices are required to fulfill
this technology's potential.

1.2

Objective and Outline
The objective of this dissertation is to develop methods for improved dispersion of multi-

walled carbon nanotubes (MWCNTs) in PP and TPO blends. Two non-covalent functionalization
approaches are employed; the first involves modification of the surface of the MWCNTs, whereas
the second involves matrix functionalization. The effect of the functionalization approaches on
the resulting mechanical and electrical properties of the composites is investigated.
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Following this introductory chapter, a literature review is presented in Chapter 2. This
review outlines the current state of knowledge of MWCNTs and their composites with PP and
TPOs, with common preparation and functionalization methods outlined. Chapter 3 investigates
the adsorption of a hyperbranched polyethylene (HBPE) compatibilizing agent to the surface of
MWCNTs and evaluates its effectiveness in breaking up filler/filler interactions when melt mixed
with a PP homopolymer. Dispersion is characterized using various microscopy techniques. The
effect of this non-covalent functionalization on mechanical and electrical performance is reported.
Chapter 4 describes a PP matrix functionalization procedure with aromatic moieties
prepared by a reactive melt compounding procedure. The effectiveness of grafting aromatic
groups to PP chains on the dispersion of the MWCNTs is investigated by various microscopy
techniques. The electrical and mechanical properties of the resulting composites are reported.
In Chapter 5, TPO blends containing MWCNTs are investigated as a means to reduce
filler loadings required to achieve electrical percolation. The mechanisms of partitioning of the
MWCNTs within the two phases of the blend are investigated. The morphology development of
the ternary composite blends is monitored at various compounding times. Chapter 6 summarizes
conclusions and proposes recommendations for future work.
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Chapter 2
Literature Review
2.1 Carbon Nanotubes
Graphene is the precursor to carbon nanotubes (CNTs). Graphene is composed of a
monolayer of sp2-bonded carbon atoms. These atoms form a hexagonal lattice [1]. CNTs are
seamlessly 'rolled' sheets of graphene. These cylinders of covalently bonded carbon have large
aspect ratios; they are long in length and narrow in diameter (diameters as small as 1 nm with
lengths many thousand times longer) [2]. They can be categorized into two main types: singlewalled carbon nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs). SWCNTs
can be visualized as an individual sheet of seamlessly 'rolled' graphene. MWCNTs are simply
made up of concentric graphene cylinders [1]. A representation can be seen in Figure 2.1.

Figure 2.1: Representation of an individual a) SWCNT and b) MWCNT [3].
The chirality or helicity with which the sheet of graphene is 'rolled' can be defined by a
����⃗ℎ ) made up of the sum of
circumferential vector (𝐶

of steps along the unit vectors

and

and

, where n and m are the number

(visualized in Figure 2.2) [4]. There are three types of

orientations which impact the transport properties of the resulting nanotube; the 'armchair'
configuration (when n=m), 'zig-zag' (when n or m = 0) or 'chiral' (any other n, m combination).
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All armchair rolling configurations result in SWCNTs that are metallic since the band gap is
essentially 0 eV. When the values of n-m = 3i (where i is a non-zero integer), the resulting
nanotubes are semiconductors with a small band gap. All other configurations result in
semiconductive nanotubes with a band gap that inversely depends on the nanotube diameter [5,
6]. It has been reported that the non-linear mechanical stability of nanotubes is only slightly
dependent on the chirality [7]. While these configurations dictate transport properties of
SWCNTs, MWCNTs are made up of rolled sheets with multiple configurations, increasing the
complexity of determining their resulting electrical properties [8].

Figure 2.2: Representation of potential nanotube chiralities upon 'rolling' a sheet of
graphene [4].
CNTs exhibit remarkable mechanical and electrical properties. They have a lower
specific density (approximately 1.6 compared to 7.8), higher Young's modulus (approximately 1
compared to 0.2 TPa) and higher tensile strength (approximately 10-60 compared to 4 GPa) when
compared to stainless steel [9]. Extended π conjugation occurs from the bond structure between
carbon atoms of the CNTs and facilitates electrical conductivity [10]. Electrical conductivities of
over 107 S/m have been reported for CNTs (comparable to copper at approximately 6x107 S/m)
[9]. Another important aspect of CNTs is the tendency to form bundles or aggregates when
dispersed in solvents and polymers. This is attributed to their long length and more importantly
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because of high attraction between nanotubes through van der Waals interactions. The sp2
structure of the graphene results in strong π-π interaction between tubes [11-13].
2.1.1 Production Methods
The various technologies and techniques used to produce CNTs can play an important
role on their resulting properties. The distribution of tube length, dimensions and chirality are
impacted by production method. Impurities such as residual catalyst and surface defects
introduced during purification are important considerations that determine their properties.
Following is an outline of the most prominent methods for the production of CNTs.
2.1.1.1 Arc-discharge
Iijima [14] and Iijima el al. [15] first identified and produced what are now known as
MWCNTs and SWCNTs in 1991 and 1993, respectively. The 'helical microtubes of graphitic
carbon' were produced using an arc-discharge evaporation method, which had been previously
used to produce fullerenes. Arc-discharge evaporation occurs when passing a current between
two carbon electrodes in the presence of a cobalt catalyst within an inert atmosphere at low
pressure. The discharge between electrodes vaporizes the carbon, depositing small rod shaped
carbon deposits on the negative electrode [16]. Commercial production of CNTs using this
method is not practical for multiple reasons. The process has low yield due to the difficulties of
separating the mixture of products and is only capable of producing gram quantities of purified
CNTs [16, 17]. This leads to inefficient use of input materials and energies on separation
processes [17]. It has been estimated that over 30% of the CNT yield is lost through purifications
processes. This value is high since impure product is formed that hinders nanotube performance
in end-use applications [18]. Intensive purification of CNTs can lead to oxidative shortening and
reduced material performance in end use application [17]. Nanotube entanglement occurs from
this production method, which creates dispersion and performance issues when used as fillers in
polymer composites. Also, CNT agglomerates produced using this method often require
8

ultrasonication to break them up [18]. Sonication requires long time periods, high energy inputs
and can lead to shortening of CNTs. Sonication is near impossible to scale up. Therefore
sonication is not a practical step for commercialization for both economic and environmental
perspectives. Low yield, rigorous purification and potentially inferior products reduce the
economic outlook of large scale production of CNTs by arc-discharge evaporation.
2.1.1.2 Chemical Vapor Decomposition
Chemical vapor decomposition (CVD) is the most widely used method of CNT
production owing to its low cost and ability to produce bulk quantities of high purity product.
CVD for CNT production is done in an inert gas system ranging from 500-1000oC at low
pressure. Production rates have been reported to be as high as 1.5 g CNT m-2 min-1 when
operating around 800oC (higher throughput than for arc-discharge) [17]. Metal catalysts (usually
cobalt or iron) are entrained in the system, followed by hydrocarbon gas. The hydrocarbon
decomposition occurs and begins to deposit onto the vessel walls and substrates in the form of
well aligned CNT [17]. Figure 2.3 shows alignment of deposited CNTs by CVD, normal to the
growing surface. The performance of polymer composites is improved by the better dispersed
CNTs, which would otherwise act as defects in base polymer matrices if not properly dispersed.
This suggests that CVD is a favorable method of production for producing CNTs that are suitable
as additives in polymer composites.

Figure 2.3: CNTs formed by CVD aligned normal to the growing surface [17].
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Current catalyst mechanisms for CVD are not well understood, but are believed to play
an integral role in higher synthesis yields, higher purity, CNT dimensions and surface defects of
resulting CNTs [12, 19]. Defining catalyst mechanisms will reduce material and energy inputs for
CNT production, while making the technology more economically viable.
Many hydrocarbons which are decomposed and deposited during CVD generally come
from accessible sources, and in the future could potentially be designed to extract carbon from
any organic source. Therefore abundant input material is available for CNT production. Through
producing highly pure CNTs that are well aligned with no side products, purification steps can
almost be removed. No sonication is required to break up agglomerates of CNTs, thus avoiding
the drawbacks discussed for arc-discharge production methods. Trace amounts of metal catalyst
in the nanotubes can be removed, but through increased catalyst performance, this purification
step is also minimized as smaller amount of catalyst are required [17, 19]. One purification step
that has been reported is the annealing of produced CNTs to better define graphene structure.
Since CVD operates at lower temperatures than other methods, heating to temperatures above
1800oC in an inert atmosphere corrects for structural defects, but also has been shown to be
effective in removing residual catalyst [17]. The nanotubes used in the experiments for this
dissertation were prepared using a CVD production method having a purity of > 95%.

2.2 Carbon Nanotube/Polymer Composites
A primary area of industrial potential is the use of CNTs as nanofillers in polymer
composites [3, 6, 8, 12, 20]. Polymer matrices such as polycarbonate (PC) [21, 22], polyethylene
(PE) [23], polystyrene (PS) [24] and many others filled with CNTs have been explored [20], this
thesis will focus exclusively on thermoplastic technologies. The potential exists to use CNTs to
create thermally and electrically conductive plastics that are mechanically reinforced. Creating
CNT/polymer composites with novel properties depends on many factors. In particular the CNT
impurities, surface properties and aspect ratios are important considerations. The major obstacle
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facing mass application of this class of material is achieving good dispersion of CNTs. Physical
chain entanglements and van der Waals interactions exist, resulting in the formation of large
aggregates of nanotubes and poor interfacial adhesion at the filler/polymer interface [25]. Upon
initial addition into a polymer, nanotubes form what are referred to as 'primary aggregates' and
various processing methods are employed in an attempt to break up these aggregates and
distribute the nanotubes. 'Secondary aggregates' are formed by thermal and/or shear induced
attraction during the processing procedure.
In order to achieve conductivity, the formation of an interconnected, three-dimensional
network of nanotubes spanning the entire sample is considered necessary. According to
percolation theory, nanotubes that are evenly distributed will form such a network of nanotubes at
a particular loading. This loading is referred to as a 'percolation threshold'. It can be determined
by a sharp increase in electrical conductivity [1, 26]. The formation of a nanotube network can
also be identified by rheological means; a transition of viscoelastic liquid to solid-like behavior
due to long-range restriction of polymer chains becomes apparent at the percolation threshold
[27]. Electrical and rheological percolation is observed even in polymer composites with poor
nanotube dispersion; this is attributed to residual primary aggregates and interconnected
secondary aggregates [28-30]. This negatively affects mechanical properties of the composites,
even though they do have conductive properties. Generally, limited secondary aggregation is
considered beneficial for electrical performance because it facilitates transition from insulating to
conductive materials at very low filler loadings [30, 31].
This is particularly true for non-polar polyolefins. It has been shown in the literature that
CNT dispersion in matrices such as PE and polypropylene (PP) is poor, and large aggregates tend
to form. This occurs due to poor polymer wetting and infiltration of strongly interacting
nanotubes [23, 28, 32, 33]. Poor interfacial adhesion and the formation of large aggregates
(inability to break up primary aggregates) results in poor stress transfer during mechanical testing,
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diminishing ductility and composite strength [23, 34]. On the contrary polymers containing polar
functionalities such as PC have been extensively confirmed to have isotropic dispersion [21, 31].
Furthermore, the addition of CNTs to polymer composites induces polymer
crystallization through heterogeneous nucleation [35-37]. Higher degrees of crystallinity will
improve polymer strength. At high concentrations the formation of a carbon nanotube network
restricts PP chain mobility and hinders further improvements in crystallization [36].

2.2.1 Composite Preparation
The importance of dispersing CNTs to achieve mechanical reinforcement and electrically
conductive composites has been outlined above. Various processing methods can be used to
distribute nanotubes, but all involve similar mechanisms which occur simultaneously; wetting of
primary aggregates by the polymer, infiltration of polymer chains into these aggregates,
dispersion of these aggregates by rupture and erosion and distributing individual nanotubes [30].
The following section will outline the methods commonly used to break-up primary aggregates
and disperse CNTs in polymer composites.
2.2.1.1 Solution Blending
Solution blending involves dispersing polymer in a suitable solvent and adding CNTs.
Nanotubes can also be dispersed in solvent (colloidal suspension) or added directly to the
dissolved polymer solution [38, 39]. In order to achieve stable CNT suspensions,
functionalization and/or sonication is required [40]. Elevated temperatures and mixing are needed
[39, 41]. The use of solvents and sonication has been shown to disrupt nanotube surface
properties and degrade the mixing polymer in comparison to dry mixing [39]. This method for the
production of CNT/polymer composites is capable of providing reasonable dispersion and
requires no formal processing equipment. Scale-up is a concern with solution blending because
residual solvent must be recovered. The surface properties of nanotubes can be impacted
negatively by solution blending [20].
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2.2.1.2 In-situ Polymerization
Another method for fabricating CNT/polymer composites is the use of a polymerizing
monomer in the presence of nanotubes. For in-situ polymerization, the catalyst required for
polymerization can be covalently pre-anchored to the nanotubes [42, 43] or nanotubes simply
added to a system prior to polymerization [44]. Funck et al. [42] covalently bonded co-catalyst to
the surface of oxidized MWCNTs in a coating technique prior to polymerization to form
composites with PP. In contrast, Zhao et al. [45] did not attach catalyst to the CNTs. They used
ultrasonication in an attempt to disperse MWCNTs in a master solution containing elements for
polymerization of polyamide 6. Both are effective in producing composites with reasonable
nanotube dispersion
The benefits of in-situ polymerization are the ability to form composites with polymers
that are not easily solution blended or melt compounded. Also, grafting polymer to the surface of
the nanotubes can be used in dispersing CNTs in compliment to other processing methods for
better dispersion [46]. It is speculated that the covalent functionalization of catalyst to the surface
of nanotubes impacts the electrical properties of the nanotubes (extended π conjugation) [10].
There is an added complication with excess catalyst and solvent removal.
2.2.1.3 Melt Compounding
Melt compounding is the most commonly used method for producing CNT/polymer
composites. Although it requires specialized equipment, it is industrially relevant because it is
simple, fast and capable of producing large volumes of sample [46]. The polymer is heated to
above its melting temperature and CNTs are added to the melt. High shear mixing is then
performed with the use of various extruder set-ups [21, 47, 48]. The shear force generated in the
compounder is responsible for breaking up primary aggregates and dispersing nanotubes into the
polymer. Therefore the viscosity of the matrix (partially controllable by temperature) plays an
integral role in CNT dispersion [29, 30, 34, 49]. The primary disadvantage with this method is the
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suspected decrease of nanotubes aspect ratio upon application of high shear rates [30, 49, 50].
This is a problem because as CNTs decrease in length, the amount of filler required for the
formation of a conductive network is increased.
2.2.2 Compatibilization
Many compatibilization techniques have been developed and employed to facilitate the
dispersion of CNTs in polymers. These methods modify either the surface of the CNTs, or the
polymer matrix. Both strategies aim at disrupting the strong van der Waals interactions between
nanotubes and/or improve polymer wetting of the nanotubes surface for better interfacial
adhesion [25, 51]. The following section will highlight the two major types of interactions used in
compatibilization; covalent and non-covalent.
2.2.2.1 Covalent Functionalization
Covalent functionalizations establish chemical bonds between functional molecules
(often polymers) and the surfaces of the CNTs. Oxidative reactions with oxygen or various acid
treatments can add -COOH and -OH functionalities to the surface of the CNTS [37, 52]. These
treatments hinder the aspect ratio and surface properties of the nanotubes but also introduce
functional groups to the surface of the nanotubes. The attachment of polymer to the surface of
CNTs has been proven to be effective in dispersing CNTs and improving composite strength.
[25, 37, 53]. This is done using either a 'grafting-from' or 'grafting-to' technique.
Grafting-from involves the chemical functionalization of a CNT surface to act as a macro
initiator for polymerization. The main advantage of this method is that the grafting density can be
controlled by the amount of surface functionalization of the CNTs. Li et al. [54] used a free
radical polymerization method to produce CNTs with grafted PE. They first chemically attached
α-alkenes to nanotubes and then with the use of a metallocene catalyst grew PE chains from their
surface. These nanotubes were dispersed in PE and the composites resulted in improved Young's
modulus, elongation at break and thermal behavior because of the enhanced nanotube dispersion
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versus the non-functionalized counterparts. Multiple groups [55-57] have functionalized the
surface of CNTs with atom transfer radical polymerization initiators, allowing for controlled
polymerization from the surface of nanotubes.
Grafting-to involves the chemical attachment of functional polymers to the surface of
CNTs. CNTs can be pristine, oxidized or pre-functionalized depending on the functionality of the
polymer to be grafted [20]. Yang et al. [58, 59] have used this technique to improve interfacial
adhesion in CNT composites with PP and PE. CNTs were surface functionalized with -COOH
through acid treatment and ultrasonication. Reactions were then carried out with ethyldiamine
and then the respective polyolefin-grafted-maleic anhydride (MA) to form CNT-grafted-PP and
PE respectively. Composites with these grafted CNTs had improved mechanical performance.
However, there is no mention of the impact of the functionalization procedure on electrical
performance of the composites. Various hyperbranched polymers have been synthesized with
aromatic functional end-groups to be grafted to the surface of CNTs [60].
2.2.2.2 Non-Covalent Functionalization
While covalent functionalization approaches have been shown to improve nanotube
dispersion, the chemical modification introduces surface defects, which can negatively affect
mechanical and transports properties. The use of non-covalent functionalization approaches is
thus favorable since it does not impact the structure or extended π conjugation of the nanotubes in
polymer composites. Non-covalent functionalization involves wrapping or adsorption of
macromolecules to the surface of nanotubes through carbon-hydrogen group (CH)-π interactions,
π-π stacking, or various other electrostatic and hydrophobic interactions [20, 61].
Physically adsorbed polymers to the surface of CNTs have been shown to improve
dispersion in various organic solvents and polyolefin matrices. Baskaran et al. [61] used a wide
variety of small and macro molecules to investigate the impact of non-covalent/non-specific
functionalizations on nanotube dispersion in solvents and polymers. They found that the weak
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CH-π intermolecular interaction occurs generally between polymers and CNTs and is capable of
improving nanotube solubility and dispersion.
Ye et al. [62] have developed dendritic-like structures of hyperbranched polyethylenes
(HBPE) using a 'chain walking' palladium-diimine catalysts. They are capable of synthesizing this
complex, branch on branch structure polymers without having any end functionalities. HBPE is
capable of non-covalent CH-π interaction with the surface of CNTs and has been shown to
improve nanotube solubility in chloroform, tetrahydrofuran [40] and improved dispersion upon
solution blending with a polyolefin elastomer [48].
The use of matrix functionalizations capable of non-covalent interactions with nanotubes
offers another possible route for compatibilization. Maleic anhydride (MA) and various block
copolymers have been employed as matrix functionalizations in attempts to improve wetting and
adhesion of nanotubes with polyolefins [63-65]. Thomassin et al. [66] developed a matrix
functionalization approach by grafting aromatic moieties to PP. Aromatic moieties are believed to
non-covalently interact with CNTs through π-π stacking, improving interfacial adhesion and
disrupting van der Waals interactions between nanotubes. Similar procedures have been followed
for linear low density PE [49] and polymethyl methacrylate (PMMA) [67] confirming that the
addition of aromatic moieties as an effective compatibilizer for various polymers.

2.3 Polymer Blends containing Carbon Nanotubes
A polymer blend is a mixture of at least two polymeric materials that can be used to
develop materials with tailored properties. Given the range of properties that can be accomplished
using this approach, polymer blends are industrially significant materials. Thermodynamically
there are two classifications of blends; miscible or immiscible. Miscible blends are completely
homogeneous. Immiscible blends are characterized by limited solubility between the polymers
and results in the formation of two distinct phases. Most polymer blends are immiscible, and
display a separated phase morphology, with the capability of retaining important material
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properties from both phases [68]. Thermoplastic polyolefin (TPO) blends contain PP mixed with
an elastomeric component, to achieve improved low temperature impact resistance.
Inorganic nanofillers are commonly used to form ternary blends with TPOs for increased
stiffness, compatibilization and improved phase stability [69, 70]. Filler localization in ternary
polymer blends is important for both mechanical and electrical properties. Figure 2.4 below
shows 5 wt% of nanosilica localized in the dispersed phase (a) and in the matrix phase (b) in
various immiscible blends. It has been shown in blends with droplet/matrix morphology that
nanofillers such as clay and silica must localize exclusively in the matrix phase for reinforcement
[70-72].

Figure 2.4: Transmission Electron Microscopy (TEM) images of TPO blends containing 5
wt% nanosilica. a) PP/ethylene-propylene rubber-grafted-MA (80/20 wt %/wt %) with
filler residing in the droplet phase and b) PP/ethylene-octene copolymer (80/20 wt %/ wt %)
where the filler resides in the matrix phase. Adapted from [73].
Fillers such as carbon black and more recently CNTs have been added to produce
electrically conductive blends [74-76]. For electrical percolation to occur, the filler must reside
within the matrix phase or at the interface between the two immiscible phases. Co-continuous
blend morphologies are considered especially beneficial, given that they facilitate the formation
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of a sample spanning network. The importance of filler dispersion as discussed throughout
section 2.2 remains, and similar methods of compatibilization are beneficial for blends.

2.3.1 Immiscible Blend Morphology
The morphology of immiscible polymer blends is integral to the resulting properties [7779]. Blends can display a phase dispersed in a continuous matrix (droplet/matrix morphology) or
a co-continuous morphology [80]. While mechanical performance is greatly hindered with cocontinuous morphology, mechanical performance of droplet/matrix blends has been found to
improve with finer dispersed droplet formation [81]. Droplet size of the dispersed phase is
partially dictated by droplet break-up and coalescence [82]. It is known that droplet break-up is
facilitated by energy of the mixing process (shear rate), viscosity ratio of the components,
component viscoelasticity and interfacial tension. Coalescence involves joining of multiple
dispersed droplets through collision. Therefore, as the composition of the dispersed phase
increases, the size of the dispersed phase should increase [83, 84].
It has been shown that addition of nanofillers such as clay, silica and CNTs results in a
narrowing of dispersed droplet phase distribution and decrease in droplet diameter for immiscible
polymer blends (represented in Figure 2.5 below) [22, 69, 71, 75, 85-87]. The proposed
mechanisms for this vary based on the location of the filler within the matrix phase, the dispersed
phase or at the interface. If the filler resides at the interface it has been suggested that a decrease
in the interfacial tension results in the change in morphology [88, 89]. If the particles reside in the
matrix phase, it has been suggested that coalescence is hindered with addition of the nanoparticles
[69, 90]. Changes in polymer viscosity upon filler addition may play a role, resulting in better
droplet break-up.
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Figure 2.5: Scanning Electron Microscopy (SEM) images of a) unfilled and b) 7 wt%
nanosilica filled 80/20 wt%/wt% blends of PP/ethylene-octene copolymer, demonstrating a
decrease in etched droplet phase (dark) diameter upon addition of nanofiller. Adapted from
[73].
Sumita et al. [74] wrote the seminal paper on the impact of blend morphology on the
electrical conductivity. Carbon black was used as electrically conductive filler in various
immiscible polymer blends. It was concluded that the electrical conductivity was dependent on
two things; the concentration of filler within a phase and the continuity of that phase. This has
been referred to as "double percolation". The main conclusion is that if filler localization can be
controlled, electrical percolation can be reduced by increasing the blend component, where a cocontinuous morphology would result in the highest conductivity. Groups studying various ternary
blend systems have reported similar results since then [22, 91, 92].

2.3.2

Filler Localization
As mentioned above, upon addition to a polymer blend, fillers will reside in either the

matrix phase, the droplet phase or at the interface between the two. There are two main factors
that determine the localization of the filler; thermodynamic and kinetic effects.
2.3.2.1 Thermodynamic Effects
The thermodynamic affinity for the filler to locate within a particular component of a
polymer blend system is important in filler localization. Sumita et al. [74] used a 'wetting
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coefficient' derived from Young's equation to predict where the filler will localize. The wetting
coefficient (ωa) can be estimated using Equation 2.1 based on interfacial tensions between the
various ternary blend components (σi/j) from surface tension values (σi) of the individual
components involved.

ωa =

σFiller/Polymer1 -σFiller/Polymer2

(2.1)

σPolymer2/Polymer1

Filler partitioning criteria are as follows [74]:

If ωa > 1, filler will distribute within polymer 2

If -1 < ωa < 1, filler will reside at interface between phases
If ωa < -1, filler will distribute within polymer 1

The interfacial tension between components can be estimated using two approaches: the
harmonic and geometric mean equations. Equation 2.2 is the harmonic mean equation which can
be used to estimate interfacial energy between low energy materials and Equation 2.3 is the
geometric mean equation which can be used to estimate interfacial energy between high and low
energy materials. Experimental determinations of the dispersive (d) and polar (p) components of
the surface tension for various materials are temperature dependent and difficult to perform [77].
Harmonic Mean

σ1/2 = σ1 + σ2 -4 �
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(2.3)

Based on this approach filler localization has been predicted successfully in polymer
blends with similar melt viscosities. Many other groups have used the same prediction criterion to
successfully predict localization for fillers of various shape and surface chemistries [74, 93, 94].
20

Modifications allow for improved affinity between a particular polymer and filler.
Compatibilizers, filler modifications and matrix functionalization approaches have commonly
been attempted to localize filler within a particular phase [32, 69, 71, 94]. One difficulty
associated with this method is the accurate measurement of surface energy and prediction of
interfacial tensions between phases for modified CNTs and chemically modified polymers. These
measurements are difficult to complete and do not exist in the literature.
2.3.2.2 Kinetic Effects
Other factors than thermodynamics can influence filler localization. These include
polymer properties, compounding sequence and mixing time. These factors are referred to as
'kinetic' effects.
It has been shown that if there is a large discrepancy in polymer phase viscosities or
melting temperatures, the filler will tend to the polymer that has the lower viscosity or melting
point [95]. The order with which the filler is added to the various phases can dictate localization.
If the filler is first premixed within the thermodynamically less desirable phase, it is possible to
maintain in that phase by controlling the time of mixing [96].
In the limited studies conducted of TPO blends filled with CNTs, localizing within a PP
rich matrix phase or at the interface remains elusive [32, 75, 86, 97]. The transfer between
polymer phases for spherical fillers has been shown to be slower than that of high aspect ratio
fillers [85, 98]. Goeldel et al. [99] compared the impact of filler shape on kinetic transfer between
immiscible blend phases. They proposed a 'Slim-Fast Mechanism', where low interfacial stability
and fast transfer times between phases occur in fillers with high aspect ratios.

2.4 Use of AC Electric Fields for Reduced Percolation Thresholds in CNT/Polymer
Composites
Percolation thresholds for thermoplastics filled with CNTs range from loadings lower
than 0.5 wt% and as high as 8 wt% [20]. Composite ductility is less affected at lower filler
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loadings and material cost can be reduced. Therefore, achieving electrical percolation in
CNT/polymer composites at low filler loadings is of interest. A proposed method for realizing
this is through the alignment of CNTs within polymers [100]. Alternating current (AC) electric
fields have been shown to be effective in aligning CNTs suspended between electrodes [101,
102]. The following section will investigate the phenomena responsible for the motion of
polarizable particles subjected to an AC electric field.
The main phenomenon responsible for particle motion in an electric field is
dielectrophoresis (DEP). DEP is defined as the force that is exerted on a polarizable particle in
the presence of a non-uniform electric field [103]. The difference of the Coulomb forces caused
by the induced dipoles of a polarizable particle in the presence of a non-uniform electric-field
results in a net force being exerted on the particle. The movement of the particle by this force is
DEP. Assuming carbon nanotube bundles can be modeled as a prolate ellipsoid, the
dielectrophoretic force is directly proportional to the volume of the particle, the permittivity of
the suspending medium and the gradient of the electric field squared. DEP is also impacted by
field frequency. The speed of motion of the particle is related to the viscosity of the suspending
medium [101].
Particles in an electric field attract one another as they locally distort field lines, resulting
in 'pearl-chaining' (linear alignment of particles) [104]. This is known as mutual DEP and it is a
dipole-dipole interaction between particles in the presence of an external non-uniform electric
field. Electro-orientation occurs along the longest axis of a polarized particle, and will result in
alignment of particles along the electric field as the particles align with high and low potentials
[105].
DEP, mutual DEP and electro-orientation facilitate the formation of aligned structures of
CNTs in the presence of AC electric fields. Figure 2.6 shows a schematic of the mechanisms
involved in these phenomena. Opposing the alignment of CNTs by AC electric fields is random
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particle motion due to thermal energy in the system. This can be described as Brownian motion.
The impact of Brownian motion increases as the size of the particle decreases [101].

a)

b)

c)

Figure 2.6: CNTs in the presence of an AC electric field ( ) showing a) electro-orientation
b) mutual DEP and c) DEP. Adapted from [106].
The use of AC electric fields to align CNTs in polyolefins has not often been reported in
the literature, but is currently under investigation in our group with promising preliminary results
[107].
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Chapter 3 1
Non-Covalently Functionalized MWCNTs with a Hyperbranched
Polyethylene and their Composites with Polypropylene
3.1 Introduction
The realization of multi-walled carbon nanotube (MWCNT)/polyolefin composites as
valuable engineering materials is hindered by the tendency of MWCNTs to extensively aggregate
when melt compounded with non polar polymers. This aggregation is thermodynamically driven
by van der Waals and π-π interactions between MWCNTs [1]. Numerous covalent and noncovalent MWCNT functionalization approaches have been employed in an attempt to break-up
these interactions and improve dispersion in polyolefin composites. These approaches aim to
improve mechanical and electrical performance. Covalent functionalizations can efficiently
disperse nanotubes, but have been shown to disrupt the extended π conjugation, thus negatively
impacting the electrical properties of the nanotubes [1-5]. Non-covalent functionalization
approaches are based on carbon-hydrogen group-π (CH-π) and/or π-π interactions. They have
been shown to improve MWCNT solubility in various solvents, break-up filler/filler interactions
and enhance interfacial adhesion between a polyolefin matrix and the sidewalls of the MWCNTs,
without hindering electrical performance [6-9].
It has recently been shown that hyperbranched polymers that have a dendritic structure
are capable of non-covalent interactions with the surface of MWCNTs and can thus be used to
functionalize them [6, 10]. Dendrimers have a highly ordered, branched and globular structure
with valuable properties, but are intensive to synthesize. The industrially practical alternative is
hyperbranched polymers that have more irregular three-dimensional structures, but similar
resultant properties [11, 12]. Hyperbranched polyethylene (HBPE) has a complex and irregular

1

Portions of the work contained within this chapter have been published in Osazuwa O, Petrie K,
Kontopoulou M, Xiang P, Ye Z, Docoslis A. Compos. Sci. Technol. 2012; 72:27.
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dendritic structure containing many branches (methyl to hexyl and higher) and also branch on
branch structures. The complex structure can be controlled by ethylene pressure using a 'chain
walking' palladium-diimine catalyst. The resulting polymer can have extremely high molecular
weight (Mw ≈ 150 kg/mol) while maintaining a low viscosity, due to its conformation [13].
Recent work in our laboratory has shown that this non-covalent non-specific
functionalization of MWCNTs using HBPE is effective in improving the MWCNT dispersion
within polyethylene (PE) matrices [14]. In the present chapter, this procedure is employed in an
attempt to improve MWCNT dispersion by melt mixing within a polypropylene (PP) matrix. The
surface properties at various functionalization concentrations of HBPE with nanotubes are
investigated through adsorption experiments. The effectiveness of the HBPE functionalization on
MWCNT dispersion is characterized using optical microscopy and TEM imaging. The resulting
mechanical and electrical properties are reported.

3.2 Experimental
3.2.1 Materials
MWCNTs were used as supplied from Nanolab Inc. (purity: >95%, diameter: 30±15nm
and length: 1-5 µm). The specific surface area (SSA) of the MWCNTs was 300 m2/g based on
Brunauer-Emmett-Teller characterization. The average pore size of the MWCNTs as determined
by N2 sorption experiments is approximately 2.3 nm.
The HBPE used in this work was polymerized using a chain walking palladium-diimine
catalyst as outlined by Ye and Li [13]. Samples were supplied by Dr. Ye from Laurentian
University. The diameter of the HBPE molecules was determined by Dynamic Light Scattering
(DLS) to be 9.5±1.4 and 12.2±0.5 nm in tetrahydrofuran (THF) and toluene, respectively [10].
A PP homopolymer, PP 1042, by ExxonMobil was used as the matrix. Properties of this
material can be seen in Table 3.1. Irganox B225 is a hindered phenol antioxidant that was added
to each composite at 0.2 wt% for improved thermal stability.
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Table 3.1: Properties of polypropylene matrix.
Material

PP

Trade Name

Escorene® PP 1042

MFR (g/10min.)

1.9 @ 230oC

Density (kg/m3)

900

Melting Point (oC)

163

3.2.2 HBPE Functionalization Procedure and Characterization
Mixtures of HBPE and MWCNTs in THF with mass ratio between 0.0 and 3.0 were
prepared by adding HBPE into dispersions containing 2.0 mg MWCNT/ml of THF. The resulting
mixtures were sonicated for 1 hour, and then stirred overnight. The supernatant solutions were
vacuum filtered drop-wise through Teflon membrane with pore size of 0.22 μm. After being
washed twice with equal volumes of THF (6 ml) the filters were dried in a vacuum oven
overnight at room temperature.
Thermo gravimetric analysis (TGA) was carried out on dried samples using a Q500 TGA
by TA Instruments. Data from TGA analysis was used in order to determine the amount of HBPE
adsorbed onto the MWCNTs and to construct an adsorption isotherm.

3.2.3 Melt Compounding
Pristine and HBPE functionalized MWCNTs were melt mixed with PP in a DSM
Research 5ml co-rotating twin-screw micro-compounder at 190oC, 120 RPM and a mixing time
of 10 minutes under nitrogen purge. MWCNTs were first pre-mixed with the PP in a Carver hot
press at 200oC for 1 minute, by folding and hot-pressing 3 times. The resulting mixtures were
subsequently added in the twin-screw micro-compounder to produce composites containing 0.1 to
10 wt% (0.05 to 5.7 vol.% converted using densities of 0.9 and 1.65 g/cm3 for PP and MWCNTs
respectively). In the case of HBPE functionalized MWCNT, TGA analysis was employed to
specify the amount of bound HBPE onto the MWCNT, so as to ensure that the amount of actual
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MWCNT in the composites remained consistent. Neat PP was subjected to a similar processing
history, to provide a basis for comparison. It was determined from preliminary investigations that
the high temperature and mixing rate during compounding did not significantly impact the
complex viscosity of the PP. These preliminary frequency sweep experiments were performed on
a Reologica ViscoTech oscillatory rheometer using 20 mm parallel plate fixture at a 1 mm gap
and 190oC under a nitrogen purge in dynamic oscillation mode.

3.2.4 Composite Properties
3.2.4.1 Morphology
The macro-scale dispersion of MWCNTs in the melt blended composites was
investigated using an Olympus BX 51 optical microscope. Composite films were loaded on a
Linkam SCC 450 Hot Stage at 180oC and pressed to a thickness of 50 µm. Images were recorded
using transmitted light. Transmission electron microscopy (TEM) images were taken using a FEI
Tecnai 20 instrument to investigate the nanoscale dispersion. Ultra-thin films of the composites
were prepared by cryosectioning, using a Leica ultra-microtome.
3.2.4.2 Electrical conductivity
Volume resistivity was measured under direct current (DC) at room temperature using a
Keithley 8009 Resistivity Test Fixture connected to a Keithley 6517B Electrometer/High
Resistance Meter for an electrification time of 1 minute. Samples dimensions of 6 cm in diameter
and 0.5 mm thick were prepared by compression molding into discs of the melt-compounded
composites in a Carver press at 200oC for 1 minute.

3.2.4.3 Tensile testing
Tensile testing was performed using an Instron 3369 Universal testing apparatus. Tests
were performed according to ASTM D638 with a type-V die cut from melt compounded samples

36

that were compression molded in a Carver press at 200oC for 1 minute (dumbbell shaped
specimens with dimensions: 7.62 mm x 3.50 mm x 1.45 mm). A crosshead speed of 10 mm/min
was used at room temperature. A minimum of three trials were performed on each sample with
the average value with one standard deviation reported.

3.3 Results and Discussion
3.3.1 HBPE absorption on MWCNTs
The HBPE used in this work does not have any specific functionality. Therefore, the
driving force for HBPE to adsorb onto CNT is the extensive amount of CH–π interactions
between the hyperbranched structure of HBPE and the MWCNT sidewalls [6]. The globularshaped HBPE, which has a highly compact spherical chain architecture with “hydrodynamic”
diameter in THF of 9.5±1.4 nm (Figure 3.1 (a)) is non-covalently adsorbed on the MWCNT
sidewalls (Figure 3.1 (b)) [10].

Figure 3.1: a) Schematic of HBPE molecule with hydrodynamic diameter in THF and b)
partial surface coverage of MWCNT with HBPE through non-covalent, non-specific
functionalization. Adapted from [10].
An adsorption isotherm was constructed as follows to characterize the state of adsorption
of HBPE on the nanotubes and to obtain an estimate of the degree of surface coverage: Varying
amounts of HBPE were added to the MWCNTs, following the procedure described in the
experimental section, and were subsequently subjected to non-isothermal TGA experiments. The
resulting scans are shown in Figure 3.2. The amount of HBPE that was adsorbed onto the
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nanotubes was determined by the wt% loss from 200oC to 500oC for every weight ratio examined.
The average weight loss of the pure CNTs was subtracted from the weight loss of the
functionalized nanotubes. The differential amount represents the amount of HBPE that remains
bound to the MWCNT after functionalization.

Figure 3.2: TGA curves for pure MWCNTs, HBPE and MWCNTs coated with HBPE at
various weight ratios.

The resulting data obtained from this procedure were used to build an adsorption
isotherm, depicting the actual amount of adsorbed HBPE as a function of the original
HBPE:MWCNT ratio used for functionalization (Figure 3.3). The results suggest that after
washing with THF to remove all loosely bound polymer, only a fraction of the HBPE remains
adsorbed on the MWCNTs. A plateau appears around an applied HBPE:MWCNT mass ratio of 1.
This translates into an adsorbed amount of about 0.3-0.34 g of HBPE/g of MWCNT. No increase
is observed in the adsorbed HBPE amount beyond this mass ratio. Therefore the ratio of 1.0 is
used in the preparation of PP/MWCNT composites.
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Figure 3.3: Adsorption isotherm of HBPE on MWCNTs at room temperature in THF with
a concentration of 2mg MWCNTs/ml THF.

Further insight into the surface coverage of HBPE onto the MWCNTs can be obtained by
examining the adsorbed amount and molecular dimensions of HBPE along with the pore size of
the MWCNTs. The comparable magnitude of the "hydrodynamic" diameter of HBPE in THF
(9.5±1.4 nm) to the external dimensions of the MWCNTs (30 nm) along with the pore size of the
MWCNTs (1.47 nm) suggests that entrance and diffusion inside of the nanotubes is not likely.
Therefore, it is more probable that the HBPE is adsorbed to the sidewalls of the MWCNTs as
represented in Figure 3.1 b). Moreover the shape of the adsorption isotherm in Figure 3.3 appears
to closely follow a Type 1 or Langmuir isotherm. This indicates that the HBPE exists in a
monolayer around the MWCNTs [15, 16]. These results further suggest that HBPE resides on the
surface of MWCNTs. Based on the results of Figure 3.3 at the plateau of adsorption
approximately 35% of the carbon nanotube surface is covered by HBPE.

3.3.2 Composite characterization
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3.3.2.1 MWCNT Dispersion
Optical micrographs in Figure 3.4 offer insight into the state of dispersion of the
MWCNTs. Extensive MWCNT aggregation can be seen in PP/MWCNT composites containing 3
wt% MWCNTs, with aggregates larger than 100 µm (Figure 3.4 a) and b)). A macrocomposite,
rather than a nanocomposite is formed. These images also show areas devoid of filler, indicative
of poor distribution. When an equivalent amount of HBPE functionalized MWCNTs are added to
PP, it can be seen that the size and number of aggregates decreases, even though many micronsized aggregates still exist.

Figure 3.4: Optical micrographs of PP/3 wt% MWCNTs at 20x (a) and 80x (b) and PP/3
wt% HBPE-MWCNTs at 20x (c) and 80x (d).
A reduction in MWCNT aggregate size and number with HBPE functionalization is also
evident in the TEM images shown in Figure 3.5. Only a few individual nanotubes can be seen
within the PP composites, while most of the nanotubes still exist as aggregates. The aggregate
size remains similar upon increasing HBPE-MWCNT loading, whereas very large aggregates
exist in the composites containing high contents of pristine MWCNTs (Figure 3.5 a) and b)).
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Figure 3.5: TEM images of pristine (a,b) and HBPE-functionalized (c, d) MWCNTS at 3 (a,
c) and 6 wt% (b, d) loadings.
These findings suggest that the HBPE functionalization reduces filler/filler interactions,
by disrupting the van der Waals forces between MWCNTs to a limited extent, thus resulting in
smaller aggregates of MWCNTs in the polypropylene matrix. Interfacial interactions are also
likely improved with the addition of the HBPE, allowing for better stress transfer to the
MWCNTs during compounding. This leads to more efficient aggregate break-up upon melt
mixing. However, dispersion and distribution still remain problematic irrespective of MWCNT
functionalization, contrary to the findings from previous work on PE based composites [14]. This
suggests that HBPE is not as compatible with PP, as with PE, thus limiting the applicability of
this functionalization approach.
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3.3.2.2 Electrical Properties
MWCNT microstructure within a polymer composite plays an integral part in the
electrical performance of the materials. The formation of an interconnected percolating network
results in a transition from an insulating to conductive material as conductive pathways through
the material are created with the addition of more MWCNTs [17]. The 'percolation threshold' is
defined as the concentration of nanotubes above which the conductivity of the material increases
exponentially, and can be estimated by fitting the following power-law models above and below
the threshold [17, 18]:
𝜑𝑐 −𝜑 −𝑠

𝜎 = 𝜎𝑚𝑎𝑡𝑟𝑖𝑥 �
φ-φc

σ = m�

1-φc

t

𝜑𝑐

�

, 𝜑 < 𝜑𝑐
t

� ≈ m�φ-φc � , φ > φc

(3.1)

(3.2)

where φc is the percolation threshold in volume fraction of MWCNTs, φ is the volume fraction of
MWCNTs, σ is the conductivity of the sample, σmatrix is the initial matrix conductivity, s and t
are the critical exponent factors below and above percolation respectively and m is a constant.
Typical values are s ≈ 0.73 and t ≈ 2 [19].
Figure 3.6 below shows the electrical conductivities of the composites filled with pristine
and HBPE functionalized MWCNTs. The lines represent the model fit of Equations 3.1 and 3.2 to
the experimental data, with model parameters summarized in Table 3.2.
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Figure 3.6: Electrical conductivity of PP/MWCNT composites. Lines represent power-law
model fit (Equations 3.1 and 3.2).
Table 3.2: Power-law model parameters for electrical conductivities.
Sample

s

t

φc (vol. %)

φc (wt%)

PP/MWCNTs

1

2.9

3.4

6.0

PP/ HBPE-MWCNTs

1.1

2.1

4.1

7.3

Based on the model fits the percolation threshold occurs at 6 wt% and 7.3 wt% for the
pristine and HBPE functionalized MWCNTs respectively. These percolation threshold values are
slightly higher than other reported values for PP based composites [20-25]. It is commonly
accepted in the literature that percolation is attributed to the formation of an interconnected,
three-dimensional network [17]. It is surprising that the present samples do show a percolation
threshold, since all the MWCNTs exist in the form of aggregates. No extensive amount of
interconnectivity between nanotubes near the threshold can be seen from the TEM images of
Figure 3.5 b) and d).
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The transition to a more conductive material is most likely the result of the presence of
aggregates, some of which are in the order of hundreds of µm, comparable to the sample
thickness (500 µm) during volume resistivity measurements. The pristine MWCNTs in the PP
composites form aggregates large enough to span the electrodes measuring resistivity, creating
percolation without the formation of an interconnected network. A higher filler loading is
required for percolation using the HBPE functionalized MWCNT/PP composites as the size of
the aggregates is decreased with functionalization. This is represented in Figure 3.7. Percolation
by means of agglomeration in PP is rarely reported in the literature [19], but is likely the cause of
conductivity in cases where MWCNT dispersion is poor.

a)

b)

Figure 3.7: Visual representation of aggregates spanning electrodes (500 µm in gap), thus
causing electrical percolation for a) pristine MWCNT aggregates and b) HBPE-MWCNTs
(HBPE is represented by grey coverage on nanotubes).
Upon exceeding the percolation threshold, an increase in conductivity of approximately
10 orders of magnitude with respect to the unfilled matrix is achieved; with maximum
conductivity values approaching 10-5 S/m. These electrical conductivity values are lower than
what is expected theoretically for polymer composites with nanotubes [1, 26]. There are several
possible reasons for this decrease in electrical conductivity upon incorporation of nanotubes into
polymeric systems. Firstly, the synthesis (impurities, surface defects) and preparation method
(acid treatment and melt mixing can lead to shortening) of nanotubes prior to being used in
polymer composites has been shown to impact resulting conductivity [3, 17, 27, 28]. Inherent
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penetration of polymer onto the surface of the nanotubes during any form of processing could
also disrupt the extended π conjugation of the nanotubes, and the realization of highly conductive
MWCNT/polymer composites [1, 17, 23, 28].
In spite of the increase in the percolation threshold, the composites containing HBPEMWCNT have slightly higher conductivity. This highlights a potential benefit of this noncovalent functionalization approach as it does not compromise the surface properties of the
MWCNTs. The increase in conductivity with functionalization may be attributable to having
smaller aggregates, with more active surface area than the larger aggregates seen with pristine
MWCNTs.
3.3.2.3 Mechanical Properties
Figure 3.8 below illustrates the impact of HBPE functionalization of MWCNTs on the
mechanical properties of the resulting composites. It should be noted that only composites
containing 3 wt% are shown because higher nanotube loadings resulted in immediate failure upon
testing.

Figure 3.8: Effect of HBPE functionalization on elongation at break (bars) and Young's
modulus (line) for melt mixed composites of MWCNTs with PP1042.
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An increase in Young's modulus of approximately 15 and 25% for functionalized and
pristine MWCNT composites, respectively, is seen in comparison to the unfilled polypropylene
composite. This increase in stiffness is expected since the reinforcing effect of the addition of
nanotubes to polypropylene is well documented [2, 3, 20, 22, 24].
The addition of nanotubes to the base PP matrix resulted in a significant decrease in the
ductility of the composite. The elongation at break of the neat PP matrix was reduced by 48 and
62% upon addition of 3wt% of the HBPE functionalized and pristine MWCNTs respectively.
This decrease is likely attributable to the micron sized aggregates as observed in the optical
microscopy and TEM images, which act as defects in the polymer matrix. Composite ductility
was improved with HBPE functionalization of the nanotubes because of the reduction in
aggregate size with the addition of HBPE. This provides further support that the functionalization
method is capable of breaking-up filler/filler interactions and improving the interfacial interaction
between the base polymer and the nanotubes to a limited extent.
Mechanical properties were significantly reduced when filler loadings approached the
electrical percolation thresholds due to the formation of extremely large aggregates, making the
practical applications of these materials non-existent when ductility is required. This highlights
the difficulty in achieving MWCNT/PP composites that are electrically conducting, while
maintaining good mechanical properties.

3.4 Conclusions
A non-covalent MWCNT functionalization method using HBPE was outlined in this
chapter. The functionalization reduced the size of micron-size aggregates moderately. However
dispersion was still problematic. The composites had percolation thresholds of 6 wt% and 7.3
wt% for the pristine and HBPE functionalized MWCNTs respectively. It is proposed here that in
these composites the method of percolation is not the formation of a three-dimensional network
of interconnected, individual nanotubes, but rather the formation of large aggregates spanning the
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sample during resistivity measurements. Nanotube functionalization improved the composite
ductility in comparison to pristine nanotubes at filler loadings of 3 wt%. Drastic reductions of
ductility were noted at higher filler loadings. The following chapter will investigate an alternative
functionalization method for the improved electrical and mechanical properties of MWCNT/PP
composites.
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Chapter 4
Functionalized Polypropylene/MWCNT Composites
4.1 Introduction
Weak van der Waals and π-π interactions between the sidewalls of nanotubes in nonpolar polymer matrices results in aggregation and poor nanotube dispersion [1]. Non-covalent
functionalization approaches for improving weak interfacial tension and disrupting filler/filler
interactions are preferred over covalent methods because of the preservation of desired electrical
properties of the nanotubes [2-8].
The use of hyperbranched polymers that are non-covalently adsorbed to the sidewalls of
MWCNTs can improve their dispersion in organic solvents, polyolefin elastomers and
polyethylene (PE) [9-12], but resulted in micron-sized aggregates when melt mixed in
polypropylene (PP), presumably because of decreased compatibility (refer to Chapter 3). This
functionalization approach was only marginally successful in improving mechanical properties in
PP composites, reducing the applicability of these materials when ductility is important.
As an alternative to nanotube functionalization, matrix functionalization avoids altogether
the complications and costs associated with MWCNT modification. For example PP-graftedmaleic anhydride (PP-g-MA) and various block copolymers, have been tested for their potential
to act as coupling agents in formulations containing MWCNTs and PP [13-15]. Thomassin et al.
[16] developed a matrix functionalization approach for PP that incorporates the addition of
aromatic moieties to the polymer backbone. This procedure resulted in improved nanotube
dispersion, attributed to π-π stacking of the aromatic functionalities on the polymer with the
surface of the MWCNTs (π orbitals of MWCNTs with the π electrons of conjugated pyridine).
This non-covalent interaction improved adhesion of the nanotubes with the PP matrix, without
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disrupting the extended π conjugation required for the electrical properties of MWCNTs.
However the properties of the resulting composites have not been characterized in detail.
CNT alignment has been demonstrated to improve composite conductivity at a reduced
filler loading [17]. Alignment involving the formation of filler networks through the polymer can
be achieved by mechanical means, or application of an external magnetic or electric field [18,
19]. The effects of matrix type, frequency and electric potential during the application of external
electric fields in carbon black-containing composites have been reported in detail [20-23]. Similar
studies using MWCNTs are scarce [17]. Additional research is required to determine if this is a
viable option for improved electrical performance of PP/MWCNT composites.
The following chapter employs the grafting of aromatic functionalities to the backbone of
a maleated PP, through a reactive melt-compounding approach. The resulting amino-pyridine
(Py) grafted derivative is characterized, and its impact on MWCNT dispersion and the resulting
mechanical and electrical properties of melt-mixed PP composites is reported. A preliminary
study on the response of MWCNTs to an externally applied alternating current (AC) electric field
in a melt state PP composite is also reported.

4.2 Experimental
4.2.1 Materials
MWCNTs were used as supplied from Nanolab Inc. (purity: >95%, diameter: 30±15nm
and length: 1-5 µm). The specific surface area (SSA) of the MWCNTs was 300 m2/g based on
Brunauer-Emmett-Teller characterization. The average pore size of the MWCNTs as determined
by N2 sorption experiments is about 2.3 nm [10].
A PP homopolymer, Pro-fax® PD 702 by LyondellBasell was used as the matrix. This PP
grade was selected to better match the viscosity of the maleated PP. Fusabond® PMD 511D is a
PP-g-MA that was used for the grafting reaction with 4-aminomethylpyridine (AMP) (98%
purity, supplied by Aldrich). The properties of the polymers used in this work can be seen in
52

Table 4.1. Irganox B225 is a hindered phenol antioxidant that was added to each composite at 0.2
wt% for improved thermal stability.
Table 4.1: Properties of polymers.
Material

PP

PP-g-MA

Trade Name

Pro-fax® PD702

Fusabond® PMD 511D

MFR (g/10min.)

35@230oC

25 @ 190oC

Density (kg/m3)

900

900

Melting Point (oC)

165

159

Graft Content (wt%)

-

0.25-0.5

4.2.2 Grafting of aminomethylpyridine to PP-g-MA
PP-g-MA was reacted with an equimolar amount of AMP (assuming 0.5 wt% MA grafts)
to form polypropylene-graft-aminomethylpyridine (PP-g-Py). The reaction was carried out in a
Haake Rheomix E3000 at 190oC, 45 RPM for 10 minutes. PP-g-MA was mixed in the
compounder for 1 minute prior to addition of AMP to allow for dehydration. A Fourier transform
infrared (FTIR) spectrometer (Vertex 70 FTIR by Burker Optics) was used to confirm the
grafting reaction and conversion. Thin films of the resulting composites were compression
molded in a Carver hydraulic press at 200oC for 1 minute under high pressure for use in the FTIR
spectrometer. The resolution for each spectrum was 2 cm-1 with 24 co-added scans.

4.2.3 Melt Compounding Procedure
MWCNTs were melt mixed with mixtures of PP/PP-g-MA or PP-g-Py in a DSM
Research 5ml co-rotating twin-screw micro-compounder at 190oC, 120 RPM and a mixing time
of 10 minutes under nitrogen purge. MWCNTs were first pre-mixed with the PP in a Carver hot
press at 200oC for 1 minute, by folding and hot-pressing 3 times. The resulting mixtures were
subsequently added in the twin-screw micro-compounder to produce composites containing 0.5 to
5 wt% (0.3 to 2.8 vol.% converted using densities of 0.9 and 1.65 g/cm3 for PP and MWCNTs
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respectively). Neat PP was subjected to a similar processing history, to provide a basis for
comparison.

4.2.4 Composite Characterization
4.2.4.1 Rheology
Investigation of the linear viscoelastic properties was carried out using an oscillatory
rheometer (Anton Paar MCR 301 with CTD 450 oven attached) using a parallel plate measuring
system (PP25). The complex viscosity was measured versus frequency at a strain of 2% and
190oC.
4.2.4.2 Morphology
The dispersion of MWCNTs in the melt blended composites was investigated using an
Olympus BX 51 optical microscope. Molten composite films were compressed to a thickness of
50µm in a Carver hot press at 200oC for 1 minute prior to microscopy. Images were recorded
using transmitted light. Scanning electron microscopy (SEM) images were taken using a JEOL
JMS-840A scanning microscope. Samples were first cold fractured in liquid nitrogen and the
fracture surface was gold coated. Transmission electron microscopy (TEM) images were taken
using a FEI Tecnai 20 instrument.

Ultra-thin films of the composites were prepared by

cryosectioning, using a Leica ultra-microtome.
4.2.4.3 Raman Spectroscopy
A Jobin-Yvon/Horiba micro-Raman Spectrometer equipped with a 632 nm He/Ne laser
and an Olympus BX41 microscope system was used for Raman studies. Spectra were collected in
backscatter mode with a 100x objective lens, 200µm pinhole and slit with a filter in place
attenuating the laser power by a tenth to prevent polymer melting during testing. The average of
three trials is presented following an exposure time of 15 minutes.
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4.2.4.4 Thermal Analysis
Thermal analysis was performed using a TA Instruments Q100 Series differential
scanning calorimeter (DSC) calibrated with Indium and Zinc standards. Each sample was
weighed to 8.5±0.2 mg and sealed in an aluminum pan. Samples were heated to 200oC and held
for 5 minutes to eliminate the thermal history, then cooled and reheated using a ramp of
10oC/min. to -35 and 200oC respectively. The melting temperature (Tm), crystallization
temperature (Tc) and heat of fusion (ΔHm) were determined from the second heating scan. ΔHm
was used to determine the composite crystallinity (Xm) based on a ΔHm value of 177 J/g for fully
crystalline PP [24]. Samples were normalized with respect to the actual amount of PP being tested
when determining crystallinity.
4.2.4.5 Electrical Conductivity
A Keithley 8009 Resistivity Test Fixture connected to a Keithley 6517B
Electrometer/High Resistance Meter was used under DC current at room temperature, for samples
having a volume resistivity above 106 Ωcm. The total electrification time was 1 minute. Samples
having dimensions 6 cm in diameter and 0.5 mm thick were prepared by compression molding
the previously melt compounded composites into discs in a Carver press at 200oC for 1 minute.
For samples exhibiting resistivity below 106 Ωcm (limit of high resistance meter), an Agilent
34401A 6 Digit Multimeter was used to measure the resistance. Samples were first gold coated on
both sides to create a conductive contact with the surface of the sample, and the measured
resistance was converted to volume resistivity using Equation 4.1 below:

(4.1)
where ρ is the volume resistivity, R is the resistance from the multimeter, A is the surface area of
the sample and ℓ is the thickness. It is important to note that after gold coating the samples all
edges were trimmed to ensure only conductive pathway was through the sample.
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4.2.4.6 Tensile Testing
Tensile testing was performed using an Instron 3369 Universal testing apparatus. Tests
were performed according to ASTM D638 with a type-V die cut from melt compounded samples
that were compression molded in a Carver press at 200oC for 1 minute (dumbbell shaped
specimens with dimensions: 7.62 mm x 3.50 mm x 1.45 mm). A crosshead speed of 10 mm/min
was used at room temperature. A minimum of three trials were performed on each sample with
the average value with one standard deviation reported.

4.2.5 Application of AC Electric Field
Composites were electrified in the presence of an AC electric field inside of a custom
electrode cell (Figure 4.1). The cell was preheated to 180oC using a hot plate and materials were
loaded into the teflon well/electrode spacer (thickness: 600 μm, diameter: 6 cm). Temperature
was maintained using a feedback control system and monitored with an external thermocouple. A
thin coating of mold release was baked onto the surface of the electrodes for easy removal of the
sample. The AC fields were generated with a Hewlett-Packard 33120A function/arbitrary
waveform generator. The generated signal was amplified using a Trek 623B high voltage power
amplifier. Electrification of composites occurred for 2 hours under a sinusoidal electric potential
of 300 Vpp, 1 KHz and 180oC. A schematic of the setup can be seen in Figure 4.2. Tektronix TDS
1002 digital storage oscilloscopes were used to monitor voltage output from the generator and
amplifier, as well as potential difference across the cell and current through the system. A
physical resistor of 40 kohm was connected in series with the cell to prevent electrical short
circuits.
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a)

b)

c)
d)

Figure 4.1: Exploded view of custom electrode cell a) top teflon layer b) top electrode c)
teflon sample well d) bottom electrode.

Figure 4.2: Test circuit used for electrification of composites. Adapted from [17].

4.3

Results and Discussion

4.3.1 Synthesis and Characterization of PP-graft-aminomethylpyridine
Scheme 4.1 shows a representation of the reaction of PP-g-MA with AMP to form the
amino-pyridine derivative, PP-g-Py. The reaction takes place through nucleophilic attack of the
amino group to the anhydride, forming an acid-amide during melt mixing at 190oC. This is
followed by either reacting further to form a diamide or further condensation to form the desired
cyclic imide [11]. Previous work with the melt amination of polymers suggests that due to the
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high temperatures and long reaction time used, formation of the cyclic imide is favored and all
MA functional groups are converted [11, 25-27].

Scheme 4.1: Schematic of reaction of PP-g-MA with AMP to form PP-g-Py. Adapted from
[11].
Figure 4.3 shows the shift in FTIR absorbance spectra upon the melt-state reaction of PPg-MA with AMP. The characteristic absorption band of anhydride functionality can be seen at
approximately 1783 cm-1, corresponding to the symmetrical stretching of the carbonyl of the
cyclic anhydride. The slight peak at approximately 1714 cm-1 for the PP-g-MA is representative
of symmetric stretching of the carbonyl of a carboxylic acid that can be attributed to a small
portion of MA that has hydrolyzed [16, 27]. Upon reaction, the complete disappearance of the
anhydride absorption band and appearance of the characteristic peak for cyclic imide (1783 cm-1
indicative of symmetrical stretching of carbonyl group of cyclic imide) confirms the reaction was
carried out to complete conversion and that aromatic moieties were grafted to the polymer chain
backbone.
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imide

anhydride

Figure 4.3: FTIR spectra of PP-g-MA and PP-g-Py. Insert shows close-up of spectra from
1650 to 1850 cm-1.
Given that functionalization reactions may result in changes in molecular weight, and
therefore viscosity, it is important to investigate the complex viscosity before and after addition
of the pyridine grafts. Figure 4.4 shows that there is no significant difference in matrix viscosity
between PP-g-MA and PP-g-Py. The minor decrease in viscosity in PP-g-Py may be attributable
to the bulkier side groups with the addition of aminomethylpyridine [11]. The role of polymer
matrix viscosity on primary aggregate break-up during melt mixing has been well documented.
The higher the viscosity during melt mixing, the more shear force that is generated and thus more
energy is put into breaking up aggregates and likely contributes to increased shortening of
nanotubes [28, 29]. Differences in matrix viscosities are not expected to be a factor in varied
nanotube dispersion and the resulting composite's mechanical and electrical properties.
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Figure 4.4: Complex viscosity versus frequency of PP-g-MA and PP-g-Py at 190oC.
4.3.2 MWCNT Dispersion
Comparison of the optical micrographs in Figure 4.5 a) and b) reveals that using PP-g-Py
as the matrix results in a drastic reduction in the number and size of aggregates upon melt mixing
with 1 wt% of MWCNTs compared to the pure PP homopolymer. This suggests that PP-g-Py is
effective in improving nanotube dispersion. Furthermore, the potential of PP-g-Py to act as a
compatibilizing agent when added to a neat PP was investigated. As seen in Figure 4.5 c) and d),
addition of 50 wt% and 25 wt% of PP-g-Py was sufficient to achieve reduction in the aggregate
size, whereas smaller quantities (Figure 4.5 e)) resulted in progressively larger aggregates. Given
that in all compatibilization procedures it is advantageous to use the minimum amount of a
compatibilizer possible to keep costs low and to avoid altering the mechanical properties, the
composition containing 25 wt% PP-g-Py was selected for all the following work done within this
chapter.
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e)

Figure 4.5: Optical micrographs of a) PP b) PP-g-Py c) PP/PP-g-Py (50/50) d) PP/PP-g-Py
(75/25) e) PP/PP-g-Py (90/10) containing 1wt% MWCNTs.
Figure 4.6 compares optical micrographs of PP/PP-g-Py at a composition of 75/25
containing varying amounts of MWCNTs with composites of PP/PP-g-MA at the same
composition. It can be seen that even at 3 wt% MWCNT loading the matrix containing PP-g-Py
contains less aggregates. These results suggest that the introduction of the aromatic moieties to
the polymer chain provides improved adhesion between the polymer and the nanotubes, thus
resulting in better stress transfer between polymer and filler during melt compounding. The
reduction in aggregate size with the introduction of pyridine to the polymer chains is further
evidenced in SEM images shown in Figure 4.7. Introducing pyridine grafts results in fewer and
smaller aggregates, and the nanotubes appear to be more evenly distributed. On the other hand
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large aggregates of up to over 20 μm are present in the MA composites (Figure 4.6 and Figure 4.7
top row).

a)

b)

100 μm
d)

c)

100 μm
e)

100 μm

100 μm
f)

100 μm

100 μm

Figure 4.6: Optical micrographs of PP/PP-g-MA (75/25) (a,b,c) and PP/PP-g-Py(75/25)
(d,e,f) with 0.5wt% (a,d), 1.5 wt% (b,e) and 3wt% MWCNTs (c,f).

Figure 4.7: SEM images of PP/PP-g-MA (a,b), PP/PP-g-Py (c,d) with 3wt% MWCNT.
Magnification of 4500x (a,c) and 12000x (b,d).
TEM images shown in Figure 4.8 provide further support for the improvement in
MWCNT dispersion with the addition of PP-g-Py. Significantly smaller aggregates and more
individually dispersed nanotubes are present. Furthermore, the formation of interconnected
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nanotubes at the 3 wt% loading is visible. This is in large contrast to what was seen for the PP
grade used in the previous chapter where interconnectivity between nanotubes was not visible and
aggregation and poor distribution were a major concern. It must be noted that the PP system used
in this chapter has significantly lower viscosity. This may facilitate penetration of the polymer
into the MWCNT aggregates, thus favoring break-up.

a)

b)

500 nm

500 nm

c)

d)

500 nm

500 nm

Figure 4.8: TEM images of PP/PP-g-MA (a,c) and PP/PP-g-Py (b,d) with 3wt% MWCNTs
at magnifications of 14500x (a,b) and 25000x (c,d).
Based on the results from imaging, pyridine functionalization resulted in improved macro
and nanostructure of MWCNTs. Raman spectroscopy was also used to provide further evidence
of improved interactions between nanotubes and the introduced aromatic functionality. The
characteristic peaks of MWCNTs are at approximately 1335 (disorder induced D-band) and 1583
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(G-band) cm-1. The G-band is assigned to the tangential mode and is associated with the sp2hybridized carbon network of the MWCNTs. The signature peaks of PP do not exist in this range,
therefore shifts to higher values in the G-band and broadening of the peak can be attributed to the
penetration of polymer chains into MWCNT bundles causing increased "hydrostatic"
compression on the nanotubes [3, 11, 30-33]. Figure 4.9 shows the high frequency Raman spectra
associated with the G-band for MWCNTs, as well as for PP composites with and without pyridine
functionalization.

Figure 4.9: Raman spectra of PP/PP-g-MA, PP/PP-g-Py at 3wt% MWCNT loading and
pristine MWCNTs.
The vertical dotted line has been added to highlight the shift to higher Raman values
upon melt compounding in PP. For PP/PP-g-MA and PP/PP-g-Py, a shift in the wave number of 3
cm-1 and 8 cm-1 is seen respectively, with a broadening of both peaks. This suggests that PP can
penetrate the aggregates, thus resulting in aggregate break up. The addition of the aromatic
functionality to the PP backbone caused a more pronounced shift, suggesting there is increased
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polymer/filler interaction. This is likely attributable to the non-covalent π-π interaction between
pyridine groups and nanotube side-walls [3, 30-34].

4.3.3 Electrical Properties
Equations 3.1 and 3.2 from Chapter 3 were fit to the experimental data for composite
conductivity. Figure 4.10 shows the conductivity values with the power-law models fit above and
below percolation. The introduction of MWCNTs at 3wt% loading resulted in an increase in
composite conductivity by approximately 13 orders of magnitude. The maximum value of
conductivity achieved was similar regardless of the type of PP matrix and was on the order of 10-2
S/m. Conductivity values are higher compared to what was seen in the previous chapter and better
than previous reports using nanotubes from the same manufacturer in other polyolefin matrices
[10, 11].

Figure 4.10: Electrical conductivity measurements for PP/PP-g-MA and PP/PP-g-Py at
various volume fractions of MWCNTs. Lines represent power-law model fit above and
below percolation (Py: solid, MA: dashed).

65

PP/MWCNT composites do not exhibit the super-conductive properties commonly
expected based on the theoretical maximum conductivity of nanotubes. Production method and
purity of MWCNTs have been shown to impact nanotube conductivity [1, 35]. Achieving a
maximum conductivity in these PP composites of around 10-2 S/m allows for semi-conductive
applications and is higher than what is required for dissipation of static charges (10-2 to10-9 S/m)
[36].
Table 4.2 summarizes the model parameters and derived percolation thresholds for the
PP/MWCNT composites. The percolation threshold for both matrices was approximately 1.2
wt%. These values are lower than what is regularly reported for PP. Lower matrix viscosity likely
results in less nanotube breakage and shortening during compounding, thus maintaining high
aspect ratios [2, 29, 37-39].
Table 4.2: Power-law model parameters for electrical conductivities
Sample

s

t

φc (vol. %)

φc (wt%)

PP/PP-g-MA

2.1

3.3

0.67

1.22

PP/PP-g-Py

2.4

2.8

0.65

1.19

MWCNT microstructure within a polymer composite plays an integral part in the
electrical conductivity of the materials. For the PP/PP-g-MA samples where large aggregates of
nanotubes are present, the percolation is likely due to the formation of interconnected networks of
aggregates spanned by few individually dispersed nanotubes. However, the improved dispersion
of MWCNTs in the PP/PP-g-Py composites suggests that percolation occurs by the formation of
an interconnected conductive network primarily comprised of evenly dispersed and distributed
nanotubes. An important aspect of the addition of the aromatic functionalities is that nanotube
dispersion is improved without masking or hindering the conductive properties of the composites.
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4.3.4 Mechanical Properties
It has been shown that MWCNTs can act as reinforcing fillers for polymer composites,
increasing their modulus, while greatly reducing ductility [5, 40-42].

Figure 4.11 a) shows a

graphical representation of the Young’s modulus of the composites at various filler loadings, as
determined from tensile testing. A significant increase in composite moduli can be observed
regardless of functionalization upon addition of even a small amount of MWCNTs. The matrix
containing PP-g-Py resulted in significantly higher moduli at 1.5 and 3 wt% loadings. This may
be attributed to improved dispersion of the MWCNTs resulting in better stress transfer from the
polymer to the nanotubes. This improvement in composite stiffness with functionalization is more
prominent at higher loadings. Aggregation is very pronounced in the PP/PP-g-MA based
composites (see Figure 4.6), while the functionalization with PP-g-Py results in a significant
improvement in dispersion.
Figure 4.11 b) examines the differences in composite ductility at various filler loadings
upon matrix functionalization. In PP composites that do not contain aromatic side groups,
addition of even 0.5 wt% MWCNT results in a severe decrease in elongation at break by around
89%. This is indicative of large aggregates acting as defects in the polymer matrix causing poor
ductility. Conversely, upon matrix functionalization addition of 0.5 wt% MWCNTs shows a
decrease in elongation at break of 40%. Addition of more nanotubes results in further decline in
ductility, however showing significant improvement with the addition of aromatic functionality to
the PP chains. This improvement can be attributed to enhanced interfacial adhesion between the
polymer and the nanotube resulting in the break-up for filler/filler interactions and the formation
of fewer aggregates of reduced size.
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a)

b)

Figure 4.11: (a) Young's modulus and (b) elongation at break for Py and MA functionalized
PP containing various amounts of MWCNTs.
Increased crystallinity, which occurs through heterogeneous nucleation of PP in
composites with MWCNTs may also play a role in increasing composite strength [2, 30, 37, 43].
However, only a slight increase in crystallization with addition of MWCNTs can be seen from the
thermal properties exhibited in Table 4.3. The largest increase in crystallization occurs upon
addition of a small amount of MWCNTs, with reduced effects at higher loadings. Pyridine
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functionalization had no significant impact on crystallization in comparison to similar loadings of
MWCNTs.
Table 4.3: Summary of thermal properties of composites showing melting temperature
(Tm), crystallization temperature (Tc) and Crystallinity (Xm).
Tm (oC)

Tc (oC)

Xm (%)

PP/PP-g-MA (75/25)
+ 0.5 wt% MWCNT
+ 1.5wt% MWCNT
+ 3.0 wt% MWCNT

163
164
166
168

115
127
126
127

47%
51%
52%
53%

PP/PP-g-Py (75/25)
+ 0.5 wt% MWCNT
+ 1.5wt% MWCNT
+ 3.0 wt% MWCNT

164
164
165
168

121
125
127
125

48%
51%
53%
53%

Sample

4.3.5

AC Electric Field Driven MWCNT Alignment
Figure 4.10 above shows that the composites investigated had maximum conductivities of

the order of 10-2 S/m. Higher conductivities are desirable in engineering applications that require
lightweight, less expensive alternatives to metals. The ability to achieve electrical percolation at
lower MWCNT loadings is also of interest to improve mechanical properties and reduce material
cost. As discussed in Chapter 2, alignment of conductive filler in the presence of an external AC
electric field offers a promising means to produce composites capable of fulfilling applications as
conductors at reduced filler loadings.

This section investigates the potential of this approach to

impart improvement in the conductive properties of the PP/MWCNT composites developed in
this chapter. The impact of matrix functionalization on the composite response is also
investigated.
A decrease in the voltage drop across the sample is recorded when composites are
subjected to an AC field. This is indicative of a decrease in the resistivity of the sample being
tested since the setup used is under constant current. A decrease in resistivity is the result of the
formation of a conductive network of MWCNTs by induced polarization forces [17]. Figure 4.12
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shows a representative response of electric potential across the electrode cell recorded with time,
upon application of 300 Vpp for composites containing 0.5 wt% MWCNTs. PP composites with
0.5 wt% MWCNTs show a drastic decrease in resistance which represents an over 50% decrease
in the amount of filler required for percolation from unaligned samples (see Table 4.2 above).
Percolation time is defined as the time between the first moment the electric field is
applied and the time when the first drop in composite resistivity occurs [17]. Figure 4.12 shows
that percolation begins instantaneously upon application of the electric field. This is likely
attributable to the high voltage (300 Vpp) and low viscosity PP matrix that were used in this
experiment, which facilitates movement of the filler [19-21]. Samples containing 1 wt% and 3
wt% MWCNTs resulted in an immediate decrease in potential difference across the electrode cell,
and are not included in Figure 4.12 for that reason. The nanotube concentrations in these
composites were closer to the electrical percolation thresholds in Table 4.2, which is likely the
cause of the immediate decrease in potential. It should also be noted that the pyridine
functionalized matrix resulted in a longer time for the voltage (or sample resistivity) to reach an
equilibrium value. Due to the similarity in composite viscosity, it is possible that the longer time
to reach a minimum voltage is the result of improved dispersion of MWCNTs with matrix
functionalization. Since the electric field-induced interactions between filler molecules scale with
volume, it is predicted that the large aggregates present in the PP-g-MA matrix are able to form
conductive bridges at a faster rate than better dispersed nanotubes [17].
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Figure 4.12: Change in voltage across MWCNT/PP composites in the melt state upon
application of an external AC electric field.
The resistivity values of the aligned composites in the melt state can be measured online
using the following relations [17]:

|𝑍| =

𝐸∠𝜃𝐸
𝐼∠𝜃𝐼

=

𝐸
𝐼

(∠𝜃𝐸 − ∠𝜃𝐼 ) = 𝑍∠𝜃𝑍

(4.2)

where |𝑍| is the magnitude of impedance from the capacitor (sample), E is the voltage across the
electrode cell, I is the current through the system and ? ?𝑍 is the phase angle by which voltage

lags current in the capacitance system. Resistance can then be calculated using Equation 4.3 and

converted to resistivity using Equation 4.1.
𝑅 = �𝑍� cos 𝜃𝑍

(4.3)

Figure 4.13 shows that after 2 hours of electric field application a resistivity on the order
of 103 Ωm (conductivity of 10-3 S/m) is achieved for composites that were initially below the
percolation threshold, and therefore non-conductive (Table 4.2). This corresponds to similar

71

conductivity values as the maximum ones reported in Figure 4.10, however at a much lower filler
concentration.

Figure 4.13: Resistivity of PP/PP-g-MA and PP-g-Py (75/25) measured inline after 2 hours
of AC electric field application (melt), upon quenching (solid) and for samples not exposed
to AC electric field (no field).
After removing the electric field and quenching from the melt state, only a fraction of the
improvement in conductivity is maintained. Osazuwa et al. have reported similar results [17].
This suggests that upon quenching from the melt state, only a fraction of the electrode spanning
nanotube networks remains intact, presumably because of rapid diffusion in a low viscosity
matrix. The disruption of the aligned chains because of crystallization and the resulting volume
change that occurs during cooling also plays a role. Sample resistivity is better preserved at a
higher nanotube loading.

4.4

Conclusions
Aromatic moieties have been grafted to PP chains and have shown to improve the

interfacial adhesion between melt mixed PP and MWCNTs. This non-covalent interaction
resulted in improved MWCNT dispersion without disrupting the electrical properties of the
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nanotubes. Percolation was found to occur at 1.2 wt% loading for both matrices and had a
maximum conductivity value on the order of 10-2S/m. MWCNT reinforced composites exhibited
improved strength and ductility with Py functionalized PP. It was also shown that application of
an external AC electric field can induce lower percolation thresholds, and achieve low resistivity
values.
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Chapter 5
Composites of Polypropylene and Ethylene-Octene Copolymer blends
with MWCNTs Prepared by Melt Compounding
5.1 Introduction
Polypropylene (PP) is commonly utilized for a variety of important industrial and
everyday applications because of its low density, high stiffness and low cost. However, PP shows
brittle performance at reduced temperatures. Impact modifiers such as ethylene/propylene rubber
(EPR), ethylene/propylene diene terpolymer (EPDM) and metallocene-catalyzed ethylene/αolefin copolymers (ECs) are commonly employed to improve the low temperature impact
resistance of PP in Thermoplastic Olefin (TPO) blends [1-5]. ECs are preferred because they are
easily processed and form a finely dispersed phase when melt mixed with a PP matrix [2]. The
mechanical properties of these immiscible polymer blends are directly related to their
morphology [6-8]. Blend morphology is dictated by the counter-acting mechanisms of droplet
break-up and coalescence. These mechanisms are influenced upon melt compounding by blend
composition, viscosity ratio, mixing time, shear rate and thermodynamic considerations [9].
Finely dispersed and distributed droplets of EC in a PP matrix result in improved impact
properties while maintaining composite strength in comparison to co-continuous matrix
morphology [2, 3, 6].
Rigid fillers, such as talc, glass fibers, silica, and more recently nanofillers such as
nanosilica, organoclay, carbon black and multi-walled carbon nanotubes (MWCNTs) have been
studied as a means to reinforce polymer blends [6, 10-16]. The degree of improvement in
stiffness with the addition of nanofillers depends on filler dispersion and has been shown to
frequently come at the expense of ductility [6, 10, 12, 17]. Nanofiller localization to the matrix
phase is integral for the effective reinforcement of TPO blends [10]. Matrix and filler
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functionalization approaches have been employed to achieve selective localization of a filler
within a particular blend phase [6, 10, 16, 18, 19].
The introduction of electrically conductive nanofillers (carbon black and MWCNTs) into
polymer blends not only offers potential reinforcement, but has been shown to reduce the
electrical percolation threshold in many systems if the filler is localized in the matrix phase or at
the interface of the blends [20, 21]. This decrease in electrical percolation is governed by the
concentration in the filler rich phase and the continuity of that phase, which is commonly referred
to as "double percolation" [20].
Blends with MWCNTs containing polymers with polar components have been previously
studied [15, 21-24], while studies of commercially relevant TPOs remains scarce due to the
difficulty to disperse nanotubes in non-polar matrices and controlling filler localization[16, 2527].

In the present chapter a ternary TPO blend system, comprising of the PP matrix

characterized in detail in the previous chapter, and an EC, filled with MWCNTs is studied. The
effect of grafting of aromatic moieties to the PP chains on blend morphology and MWCNT
localization is investigated. The electrical performance of these blends is reported as a function of
compounding time and composition.

5.2 Experimental
5.2.1 Materials
MWCNTs were used as supplied from Nanolab Inc. (purity: >95%, diameter: 30±15nm
and length: 1-5 µm). The specific surface area (SSA) of the MWCNTs was 300 m2/g based on
Brunauer-Emmett-Teller characterization. The average pore size of the MWCNTs as determined
by N2 sorption experiments is about 2.3 nm [28].
A PP homopolymer, Pro-fax® PD 702 by LyondellBasell was used in this work.
Fusabond® PMD 511D is a polypropylene-grafted-maleic anhydride (PP-g-MA) that was used for
the grafting reaction with 4-aminomethylpryridine (AMP) (98% purity, supplied by Aldrich). The
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procedure to make PP-grafted-aminopyridine (PP-g-Py) is outlined in the previous chapter. A
high melt flow index, injection molding grade ethylene-octene copolymer Engage® 8407 (EOC)
was used as the elastomeric phase for the blended composites. The properties of all polymers can
be seen in Table 5.1. Irganox B225 is a hindered phenol antioxidant that was added to each
composite at 0.2 wt% for improved thermal stability.
Table 5.1: Properties of polymer materials.
Material

PP

PP-g-MA

EOC

Trade Name

Pro-fax® PD702

Fusabond® P MD 511D

Engage® 8407

MFR (g/10min.)

35 @ 230oC

25 @ 190oC

30 @ 190oC

Density (kg/m3)

900

900

870

Melting Point (oC)

165

159

65

Co-monomer Content (wt%)

-

-

40

Graft Content (wt%)

-

0.25-0.5

-

5.2.2 Melt Blending Procedure
The polypropylene phase used in the TPO blends, containing weight ratios of PP/PP-gMA or PP/PP-g-Py (75/25) was prepared as described in the previous chapter. For convenience in
the rest of the chapter, the abbreviation PP corresponds to the mixture of PD702 and PP-g-MA or
PP-g-Py. Two mixing procedures were used: The first involved the addition of MWCNTs in the
mixer after the PP and EOC were pre-blended. In the second procedure MWCNTs were premixed with the PP in a Carver hot press at 200oC for 1 minute, by folding and hot-pressing 3
times. MWCNTs were then melt mixed with the PP matrix in a DSM Research 5ml co-rotating
twin-screw micro-compounder at 180oC, 120 RPM and a mixing time of 8 minutes under
nitrogen purge. Corresponding amounts of EOC were then added to the compounder to produce
blends containing 0.5 to 3 wt% (0.3 to 1.7 vol.% converted using densities of 0.9, 0.87 and 1.65
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g/cm3 for PP, EOC and MWCNTs, respectively) and were blended for the designated time (1, 2,
4, 8 minutes). Neat PP/EOC blends were subjected to a similar processing history, to provide a
basis for comparison.
5.2.3 Composite Characterization
5.2.3.1 Rheology
Measurements of the linear viscoelastic properties (LVE) were carried out using an
oscillatory rheometer (Anton Paar MCR 301 with a convection CTD 450 oven attached) using a
parallel plate measuring system (PP25). The complex viscosity, storage and loss modulus were
measured versus frequency in the linear viscoelastic region at a strain of 2% and 190oC.
5.2.3.2 Morphology
The dispersion of MWCNTs in the melt blended composites was investigated using an
Olympus BX 51 optical microscope. Composite films were loaded on a Linkam SCC 450 Hot
Stage at 180oC and pressed to a thickness of 50 µm. Images were recorded using transmitted
light. Blend morphology was investigated using scanning electron microscopy (SEM). Images
were taken using a JEOL JMS-840A scanning microscope. Samples were first cold fractured in
liquid nitrogen after 1 minute of cooling. The elastomer phase was then selectively etched using
toluene at 70oC for 2 hours. The fracture surface was gold coated prior to imaging. SigmaScan
Pro image analysis software was used to estimate the average diameter of the etched elastomer
phase. Contrast and brightness were varied to isolate etched elastomer phases, with residual
removal and dilation filters applied. Transmission electron microscopy (TEM) images were
taken using a FEI Tecnai 20 instrument to investigate blend morphology and filler localization.
Ultra-thin films of the composites were prepared by cryosectioning, using a Leica ultramicrotome. Samples were first stained with ruthenium tetroxide (RuO4) prior to imaging to
increase the contrast between the phases [29].
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5.2.3.3 Electrical Conductivity
A Keithley 8009 Resistivity Test Fixture connected to a Keithley 6517B
Electrometer/High Resistance Meter was used under DC current at room temperature for samples
having a volume resistivity above 106 Ωcm and an Agilent 34401A 6 Digit Multimeter was used
for samples exhibiting resistivity below this, as outlined in detail in Chapter 4.

5.3 Results and Discussion
5.3.1 Blend Morphology
An EOC, with similar MFI as the PP phase was selected for the TPO blends in this
Chapter. As shown in Figure 5.1, EOC has lower viscosity than PP in the entire shear rate range
relevant to compounding. This should facilitate droplet break up during melt mixing.

Figure 5.1: Complex viscosity versus frequency for blend components at 190oC.
Representative SEM images in Figure 5.2 show matrix/droplet morphology for (PP/PP-gPy)/EOC blend compositions of 80/20 and 70/30, while a co-continuous morphology is obtained
at a 50/50 composition. The EOC phase becomes the continuous phase with PP droplets at a
composition of 30/70 PP/EOC. The complex viscosity values at shear rates of 80-100 s-1 from
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Figure 5.1 were used to estimate the type of morphology obtained at the various blend
compositions (droplet/matrix or co-continuous) using Equation 5.1 below:

η 1 ϕ2

∙

η 2 ϕ1

≅1

(5.1)

where η is viscosity and ϕ is the volume fraction of polymer phases 1 and 2 respectively. If the
quantity on the left is greater than unity or less than unity, phase 2 or 1 is likely to be continuous,
respectively. If the left side is approaching unity, it is likely that both phases are continuous [30].
The model in Equation 5.1 predicts a continuous PP phase exists until approximately 60/40
(PP/EOC) at the investigated shear rates. A co-continuous morphology should be present at a
blend composition of 50/50, and a continuous EOC phase at 30/70.
The (PP/PP-g-Py)/EOC 80/20 blend contains well-dispersed, fine EOC droplets, which
are ideal for improved mechanical properties [2] and was therefore chosen for the investigation of
the effect of blend time on filler localization.

Figure 5.2: SEM images of a) 80/20 b) 70/30 c) 50/50 and d) 30/70 (PP/PP-g-Py)/EOC blends
at 4 minutes of blending time.
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5.3.2 Partitioning of MWCNTs
Droplet phase morphology and localization of fillers impacts the resulting properties of
ternary nanocomposites. It has been shown that it is desirable in PP rich blends with EOC that
the filler reside exclusively in the matrix phase for composite reinforcement and at the interface
for decreased electrical percolation thresholds [10, 14, 15, 27, 31]. TEMs images (Figure 5.3)
revealed that when MWCNTs are added to premixed blends of PP/EOC (70/30), the filler tends to
localize in the EOC phase. Research from other groups has also shown that MWCNTs
preferentially locate in the EOC phase for TPO blends [16, 27].

a)

b)

500 nm

500 nm

Figure 5.3: TEM images of PP/EOC (70/30) with 3wt% MWCNTs a) PP/PP-g-MA and b)
PP/PP-g-Py. Darker droplets are EOC dispersed in PP.
The grafting of aminomethylpyridine to the PP backbone appears to have only a slight
effect in MWCNT localization, as more nanotubes can be seen outside of the elastomer droplets
and along the interface (circled). Filler localization in the elastomer phase will not result in bulk
composite reinforcement [10, 12, 14, 16, 25].
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As mentioned in section 2.3.2, preferential filler localization may be attributed to
thermodynamic or kinetic effects. Viscosity mismatch and melting point differences may
influence the localization of the filler. Lower viscosities and lower melting points of one phase
are generally considered favorable for filler partitioning in that particular phase. In the present
case the blend was already pre-melted inside the compounder. Therefore the differences in the
melting point are likely not the reason. EOC has lower viscosity at the compounding temperature
(see Figure 5.3). However the viscosity differences are not significant at shear rates relevant to
compounding (between 50 and 100 s-1).
The migration of MWCNTs to the EOC phase can be explained by the tendency of the
system to minimize interfacial energy by the filler arranging into a particular blend phase. A
wetting coefficient (ωa) can be estimated using Equation 5.2 based on interfacial tensions
between the various ternary blend components (σi/j) from surface tension values (σi) of the
individual components involved.

𝜔𝑎 =

𝜎𝑀𝑊𝐶𝑁𝑇/𝐸𝑂𝐶 −𝜎𝑀𝑊𝐶𝑁𝑇/𝑃𝑃
𝜎𝑃𝑃/𝐸𝑂𝐶

(5.2)

Filler partitioning criteria are as follows [20]:

If 𝜔𝑎 > 1, MWCNTs distribute within PP phase

If -1 < 𝜔𝑎 < 1, MWCNTs reside at interface between phases
If 𝜔𝑎 < -1, MWCNTs distribute within EOC phase

Table 5.2 exhibits interfacial tension values used in this work, where the total surface
tension value is the sum of the dispersive (d) and polar (p) component. All values are from the
specified reference in Table 5.2, extrapolated to 180oC with the assumption that the percent
polarity is independent of temperature.
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Table 5.2: Surface tension values
Component

σd (mJ/m2)

σp (mJ/m2)

MWCNT 1

18.6

26.7

PP 2

20.5

0.9

EOC 3

15.6

1.9

The interfacial tension between the components can be estimated using the harmonic and
geometric mean equations. Equation 5.3 is the harmonic mean equation which can be used to
estimate interfacial energy between low energy materials and Equation 5.4 is the geometric mean
equation which can be used to estimate interfacial energy between high and low energy materials.
In this work, both will be used to predict wetting coefficients [32].

Harmonic Mean

σ1/2 = σ1 + σ2 -4 �

d
σd
1 σ2

d
σd
1 +σ2

+

p p

σ1 σ2
p

p

σ1 +σ2

�

(5.3)

Geometric Mean

𝑝 𝑝

𝜎1/2 = 𝜎1 + 𝜎2 − 2 ��𝜎1𝑑 𝜎2𝑑 + �𝜎1 𝜎2 �

(5.4)

Table 5.3 shows the estimated values of interfacial tension and wetting coefficients. It
can be seen that for both methods of interfacial tension estimation, the wetting coefficient is less
than -1. Due to the lack of data, it is impossible to estimate the interfacial tension values and
wetting coefficients for the blends that contain PP-g-Py, but based on the imaging results
functionalization with pyridine did not affect significantly the wetting coefficient.

1

Value from ref. [37] extrapolated to 180oC with assuming percent polarity is independent of temperature.
Weighted average value for PP and PP-g-MA from ref. [20] and [38] extrapolated to 180oC with assuming
percent polarity is independent of temperature.
3
Value from ref. [39] extrapolated to 180oC with assuming percent polarity is independent of temperature.
2
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Table 5.3: Interfacial tension values and corresponding wetting coefficients

σMWCNT/EOC

Harmonic Mean
(mJ/m2)
21.8

Geometric Mean
(mJ/m2)
14.5

σMWCNT/PP

24.3

18.8

σPP/EOC

1.3

0.7

ωa

-1.9

-5.9

These results confirm that MWCNTs are thermodynamically driven to partition within
the EOC phase. It was decided therefore to attempt a kinetic approach in an effort to achieve
localization of the filler within the PP matrix. This involves pre-blending the MWNCTs with the
PP, and subsequent addition of the EOC component. The morphological evolution of the blends
was subsequently monitored as a function of time.

5.3.3

Kinetic Approach to MWCNT Partitioning
The effect of various blending times on the morphology of 80/20 blends of PP/EOC with

both MA and Py functionalities, with and without 3 wt% MWCNTs can be seen in Figure 5.4.
When comparing Figure 5.4 rows a) and c) it can be concluded that the Py functionalization has
an insignificant effect on the size of the dispersed phase. This is expected since there is an
insignificant change in viscosity with Py functionalization as shown in Figure 5.1. Detailed image
analysis (Figure 5.5) confirms that the average diameter of the dispersed phase at various
blending times does not change with Py matrix functionalization. A slight increase in droplet
diameter and polydispersity is also detected above 4 minutes of blending time for both unfilled
MA and Py functionalized matrices. This can be attributed to droplet instability and increased
coalescence at the highest blend time. On the contrary, in the presence of the nanofiller the
morphology appears more stable and with a slight decrease in average dispersed droplet size. This
87

has been seen in other ternary blends upon addition of nanofillers [10-12, 16, 27]. A possible
explanation for the observed decrease involves the modification of interfacial tension between the
blend components in the presence of the nanofiller [10, 12, 16, 33, 34]. The composites based on
PP-g-Py had overall the smallest droplet size. This may be associated to the presence of a few
MWCNTs that span EOC droplets and reside at the interface, thus potentially altering the
interfacial tension between the blend phases.
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a1)

a2)

20μm

20μm

b1)

b2)

20μm

20μm

c1)

c2)

20μm

20μm

d1)

d2)

20μm

20μm

Figure 5.4: SEM images of 80/20 blends of PP/EOC (a,b) (PP/PP-g-MA) and (c,d) (PP/PP-gPy) at blend times of 2 minutes (1) and 8 minutes (2). Rows b) and d) contain 3 wt%
MWCNTs. Dark holes correspond to etched EOC phase.
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Figure 5.5: Detailed image analysis of 80/20 blends of PP/EOC after various blending times.
Migration to the EOC phase after various blending times can be seen in Figure 5.6. It
appears that after 2 minutes for both the MA and Py functionalized matrices, MWCNTs have
already begun to migrate. The majority of MWCNTs have migrated to the dispersed EOC phase
after 4 minutes of blending. The PP/PP-g-MA matrix shows almost all MWCNTs in the EOC
phase after 8 minutes, while the PP/PP-g-Py matrix still contains some MWCNTs spanning
dispersed droplets in the PP phase.
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a1)

a2)

a3)

500 nm
b1)

500 nm
b2)

500 nm
b3)

500 nm

500 nm

500 nm

Figure 5.6: TEM images of PP/EOC (80/20) with (a) PP/PP-g-MA and (b) PP/PP-g-Py
containing 3 wt% MWCNTs at blend times of (1) 2 minutes, (2) 4 minutes and (3) 8 minutes
These results confirm that the MWCNTs are thermodynamically driven to locate within
the EOC phase, and a kinetic approach for localizing nanotubes in the PP matrix phase is not
effective.
In the system under study, there exists only a small amount of aromatic functionality
grafted to PP chains. This functionalization approach appears to be marginally effective in
maintaining MWCNTs in the PP phase in comparison to PP-g-MA. Similar amounts of PP-g-MA
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have been shown to be significantly more effective in localizing siliceous fillers, such as
nanosilica in a PP matrix phase [6, 10]. The increased filler-matrix interaction between the MA
functionality and the surface silanol groups of the nanosilica is likely more effective in selectively
partitioning the filler in the matrix phase in comparison to the current system with MWCNTs.
Additionally nanosilica comprises of spherical primary particles. On the contrary CNTs have high
aspect ratios, which may also play a role in the ability for nanotubes to be distributed exclusively
in either phase [27, 35]. Goeldel et al. [35] have proposed a Slim-Fast Mechanism where high
aspect ratio nanofillers rapidly localize in the thermodynamically desirable phase due to low
interfacial stabilities, and are unlikely to reside at the interface of the immiscible phases.
The use of an exclusively PP-g-Py matrix phase, which would provide improved
interactions with the MWCNT should be tested in the future. Coupling the Py matrix
functionalization with a partial surface modification of the MWCNTs to achieve exclusive PP
matrix partitioning of the nanotubes should also be investigated.

5.3.4 Electrical Properties
An important consideration is the ability to produce electrically conductive thin films at
reduced percolation thresholds for thin-film applications. In this section the effect of blending
time (blend morphology and nanotube location) and blend composition on electrical conductivity
are investigated with both MA and Py grafted PP matrices.
5.3.4.1 Effect of Blend Time
Figure 5.7 shows the measured conductivity of 80/20 blends of PP/EOC and 3 wt%
MWCNTs with MA and Py functionalized matrices. It can be seen that the conductivity values
are very high, approaching 10-1 S/m after 1 and 2 minutes of blending time with EOC. These
values are within the range of conductive materials. After 4 minutes of blending, there is a 2
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orders of magnitude drop in conductivity. It is likely that the migration of the MWCNTs from the
PP phase to the EOC phase occurs primarily between 2 to 4 minutes of blending time. As this
happens, the MWCNTs are confined within the droplets and are less likely to span the entire
sample and form conductive networks. Another possible consideration is nanotube shortening at
higher blend times limiting potential network formation [36].
It is also important to note that there is a pronounced increase in conductivity for the Py
functionalized matrix. The presence of Py functionality by itself is not responsible for this
increase, as discussed in the previous chapter. Therefore, the observed increase in conductivity is
likely attributable to a higher number of nanotubes residing in the PP matrix phase as filler/matrix
interactions are stronger, resisting partitioning in the EOC phase. These nanotubes would be
capable of spanning droplets, creating a more conductive network.

Figure 5.7: Conductivity measurements for 80/20 PP/EOC blends with 3wt% MWCNTs at
various blending times.
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5.3.4.2 Effect of Composition
Blend morphology and composition within nanocomposites with conductive fillers plays
an integral part in the electrical performance of the materials [20]. The formation of an
interconnected percolating network results in a transition from an insulating to conductive
material as conductive pathways through the material are created with the addition of more
MWCNTs [36]. The electrical percolation threshold can be estimated by fitting the power-law
models from Equation 3.1 and 3.2 in Chapter 3.
Figure 5.8 shows the experimental and subsequent power-law model fit of different
PP/EOC blend compositions at various MWCNT loadings.

Figure 5.8: Electrical conductivity versus MWCNT loading at various PP/PP-g-Py/EOC
blend compositions with lines representing model fit according to power law model.
From Table 5.4, the maximum values of conductivity at 3 wt% MWCNT loading
decrease with larger fractions of EOC in the system. This is in agreement with previous
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observations in the literature [27], possibly because of the migration of the MWCNTs to the EOC
phase.
Table 5.4: Percolation threshold and maximum electrical conductivity values at various
blend compositions of PP/PP-g-Py/EOC.
Sample

φc (wt%)

Maximum σ (S/m)

PP

1.19

1.3x10-2

80/20

1.05

4.5x10-3

70/30

0.92

1.2x10-4

50/50

0.81

5.3x10-4

30/70

0.95

3.7x10-5

Previous work [28] has shown that EOC/MWCNT composites have generally lower
conductivities, in the range of 10-4 S/m. Further increase of the amount of EOC in the blend
results in a dilution effect with a smaller effective concentration of MWCNTs in the EOC,
therefore reducing conductivity even further.
It can also be seen in Table 5.4 and Figure 5.8 that the percolation threshold decreases as
the blend morphology transitions from droplet/matrix to co-continuous morphology (80/20 to
70/30 to 50/50). This is an interesting result because it suggests that percolation can be achieved
in TPO blends with MWCNTs at reduced loadings; as the MWCNTs preferentially locate in one
of the blend phases, smaller amounts are required to achieve percolation, consistent with the
concept of "double percolation"[20, 21].

5.4 Conclusion
Ternary TPO blends with MWCNTs were melt compounded in this study. The addition
of MWCNTs resulted in a decrease in average droplet diameter for TPO blends with
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droplet/matrix morphology. It was found that the MWCNTs were thermodynamically driven to
the EOC phase and a kinetic approach to partitioning the filler in the matrix phase for mechanical
reinforcement was ineffective. The grafting of aromatic moieties to PP chains resulted in minimal
improvement in partitioning MWCNTs in the matrix phase as evidenced by TEM and improved
electrical conductivity at lower blending times. Electrical percolation thresholds were reduced
with the addition of EOC to co-continuous matrix morphology.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
Multi-walled carbon nanotubes (MWCNTs) were non-covalently functionalized with
hyperbranched polyethylene (HBPE). Approximately 35% of the surface of the nanotubes was
covered upon functionalization with HBPE as determined through adsorption experiments. The
HBPE functionalization of the MWCNTs resulted in a reduction in aggregate size when melt
compounded with a polypropylene (PP) homopolymer. The reduction in aggregate size with
nanotube functionalization resulted in a shift to higher electrical percolation thresholds and more
highly conductive composites. The maximum conductivity values of the composites remained
unchanged with HBPE functionalization, confirming that the non-covalent approach does not
disrupt the conductivity of nanotubes. MWCNTs resulted in increased Young's modulus in
comparison to unfilled composites at compositions up to 3 wt% MWCNTs. Addition of HBPE
onto MWCNTs resulted in composites with improved ductility when compared to pristine
MWCNT/PP composites. This can be attributed to aggregate break-up and improved interfacial
adhesion with HBPE functionalization.
The addition of aromatic moieties to PP chains was also investigated as a compatibilizing
method to facilitate the dispersion of MWCNTs in melt compounded composites of PP. Aminopyridine (Py) functional groups were grafted to PP in a melt-state reaction between PP-g-maleic
anhydride (MA) and 4-aminomethylpyridine (AMP). Conversion was confirmed by FTIR. Matrix
viscosity was not affected upon Py grafting. The non-covalent interaction between Py side groups
and nanotubes for the matrix functionalization was more efficient in achieving improved
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dispersion and breaking up aggregates than the previously explored HBPE functionalization.
Improved nanotube dispersion with Py matrix functionalization was confirmed via various
microscopy techniques and Raman spectroscopy. Electrical percolation was achieved at MWCNT
loadings of approximately 1.2 wt%. There was no change in the electrical percolation threshold
between the Py functionalized matrix and its MA counterpart, despite their different
morphologies. This suggests that percolation can be achieved through contacts between
individually dispersed MWCNTs, or between aggregates that are interconnected with nanotubes.
Composites with conductivity on the order of 10-2 S/m were achieved with Py matrix
functionalization, increasing the potential conductive applications for these materials. The
strength of the composites was improved with addition of the nanotubes while ductility was better
maintained with the Py functionalized matrix.
TPO blends containing PP/EOC/MWCNTs were investigated. All PP compositions
contained either 25 wt% PP-g-MA or PP-g-Py as a compatibilizer. The addition of MWCNTs
resulted in a slight decrease in average droplet diameter for TPO blends, which had
droplet/matrix morphology. MWCNTs were first dispersed in PP and a kinetic approach was
employed using 80/20 PP/EOC blends to monitor the MWCNT migration to the EOC phase.
After 2 minutes of blending time MWCNTs had begun to preferentially locate in the EOC phase.
Values of wetting coefficients were estimated from the interfacial tensions of the blend
components. These predictions confirmed that the MWCNTs partition in the EOC phase to
minimize interfacial energy. The blends containing PP-g-Py showed a slightly higher amount of
MWCNTs in the PP phase, connecting dispersed EOC droplets. This likely contributed to the
increased conductivity experienced for Py functionalized blends. Decreases in the electrical
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percolation threshold were achieved by varying blend composition. A co-continuous blend
morphology resulted in the lowest percolation threshold.

6.2 Recommendations for Future Work
1. Systematic study to investigate the impact of sample thickness on electrical conductivity
of polymer/MWCNT composites is required. This would be important to supplement the
commonly used but misguided assumption that electrical percolation is exclusively
achieved by the formation of a three-dimensional network of dispersed nanotubes. It is
believed that nanotube aggregation produces artificially high levels of conductivity, due
to measurement methods involving thin films.
2. The use of PP-g-Py for improved dispersion of other nanofillers capable of similar noncovalent interaction, such as graphene, in PP would be of interest.
3. The influence of matrix viscosity and electric field strength on percolation time upon
application of an external AC electric field for PP/MWCNT composites should be
investigated. Novel approaches to maintain aligned MWCNT networks should be
explored. Also, testing methods need to be developed to determine the mechanical
properties in the direction of alignment. A review article summarizing the mechanism
behind electric field alignment of MWCNTs in polymer composites and the current state
of research would benefit future contributions in this field.
4. Investigate alternative approaches for partitioning MWCNTs exclusively in PP phase for
TPO blends. Producing blends with the PP phase entirely composed of PP-g-Py may
reduce interfacial energy to allow MWCNT to localize in that phase. Using HBPE
functionalized nanotubes may also be a possible solution. If this can be achieved, the
effect of MWCNT addition on mechanical and impact properties of TPO blends should
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be reported. The impact of nanotube length on partitioning in immiscible polymer blends
could be of interest.
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