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Abstract (German, English and French)

Die Modifizierung von natlrlichen Polymeren zur Erreichung von z.B. elektrischer
Leitfahigkeit kann deren Anwendungsbereiche essentiell erweitern. In dieser Arbeit
wurden  kohlenstoff-basierte = Zusatzstoffe =~ wie  Kohlenstofffasern,  rezyklierte
Kohlenstofffasern und Kohlenstoff-Nanoréhren (MWCNTs) mit unterschiedlichen
biobasierten Polymeren: Polymilchsaure (PLA), Poly(B-hydroxybutyrat-co-valerat),
Polyethylen (Bio-PE) und Polyamide kombiniert, mit dem Ziel, die elektrische Leitfahigkeit
von Spritzgufteilen wesentlich zu erhéhen. Mikroskopische Analysen zeigten, dass durch
den Schmelze-Misch-Prozess eine effektive Verteilung und Individualisierung der meisten
Fillstoffe in der Polymermatrix erreicht werden konnte. Lediglich in PLA haben die
MWCNTs bei niedrigem Gehalt eine bevorzugte Ausrichtung gezeigt, und in Bio-PE
konnte die effektive Individualisierung der MWCNTSs nicht demonstriert werden. Bei guter
Fullstoff-Polymer Wechselwirkung, gezeigt durch verbesserte Zugfestigkeit, hat die
Anwendung von leitfahigen Fullstoffen mit hoherem Verhaltnis von Lange zu
Durchmesser zur Verbesserung der elektrischen und mechanischen Eigenschaften des
Verbundwerkstoffes bei gleichem Flllstoffgehalt gefiuihrt. Die niedrigste elektrische
Perkolationsschwelle wurde mit dem Zusatz von MWCNTs in PLA erzielt, was aber
gleichzeitig mit der Verringerung von Zugfestigkeit und einer unregelmafligen Variation
der thermischen Stabilitat einherging. Die Schnellkiihlung des Materials durch das
Spritzguss verfahren begrenzte den Effekt von Nanoréhren auf die Polymerkristallisation
von PLA und Bio-PE. Schliefl3lich unterschieden sich die thermische Expandierung und
Formbestandigkeitstemperaturvariationen durch den Zusatz von MWCNTs bei
Messungen auf der Oberflache von denjenigen im Volumen des Verbundwerkstoffs.

Tailoring the properties of natural polymers is vital to widen the range of future
applications. In this thesis, carbon-based fillers (carbon fibres, recycled carbon fibres and
carbon nanotubes) are added to various bio-based polymers: poly(lactic acid) (PLA),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), polyethylene (Bio-PE) and polyamide, to
improve their electrical conductivity. Microscopic observations indicated that the process
of extrusion followed by injection moulding achieved an effective distribution and
dispersion of most fillers within the polymer matrix. Solely, in PLA the nanotubes showed
a preferential alignment at low loadings, and in Bio-PE the dispersion of the nanotubes
could not be demonstrated. In case of good filler-polymer interaction (showed by
increased tensile strength), the use of conductive filler with high aspect ratio induced an
improvement of composite electrical and mechanical properties at equal filler loading. The
lowest electrical percolation threshold was reached with the addition of the nanotubes in
PLA, however it was simultaneous to a decrease in tensile strength and to an irregular
change in thermal stability. The quick cooling happening during injection moulding limited
the effect of nanotubes on crystallisation of PLA and Bio-PE. Finally, the variations in
thermal expansion and deflection temperature under load due to the addition of nanotubes
and measured at the composite surface differed from the one measured for the bulk.

Keywords: thermoplastics, nanocomposites, carbon, electrical conductivity, nanothermal.

La modification des propriétés des polymeéres synthétisés a partir de biomasse est
cruciale pour diversifier leurs applications. Dans cette thése, différents matériaux de
remplissage a base de carbone (fibres, fibres recyclées et nanotubes) sont ajoutés a des
polyméres bio-sourcés : acide polylactique (PLA), poly(B-hydroxybutyrate-co-valerate),
polyéthylene (Bio-PE) et polyamide, afin d’améliorer leur conductivité électrique. L’analyse
de la structure des composites obtenus a montré que le procédé d’extrusion suivi de
l'injection par moulage permet une distribution homogéne et la dispersion de la plupart
des matériaux de remplissage testés. Cependant, dans le PLA, les nanotubes ont montré



a faible concentration un alignement préférentiel et dans le Bio-PE la dispersion des
nanotubes n’a pas pu étre démontrée. Lorsque le matériau de remplissage conducteur
d’électricité et le polymére interagissaient (augmentation de la résistance a la traction),
l'utilisation d’'un matériau avec un plus grand rapport longueur sur diamétre entrainait une
amélioration des propriétés électriques et mécaniques des composites a taux de
remplissage égal. La limite de percolation électrique la plus basse a été obtenue par
'ajout de nanotubes dans du PLA, cependant c’était simultané & une diminution de la
résistance a la traction ainsi qu’a une variation irréguliere de la résistance a la
dégradation thermique du composite. De plus, le rapide refroidissement li¢ au procédé
d’injection par moulage a limité I'effet des nanotubes sur la cristallisation du PLA et du
Bio-PE. Enfin, les variations en expansion thermique et en température de fléchissement
sous charge liées a I'ajout de nanotubes et mesurées a la surface des composites ont
différé de celles mesurées sur le volume.
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1 Introduction

Since the beginning of the 20" century petroleum oil based polymers (synthetic polymers)
have been widely used in the production of plastic materials, which are now omnipresent
in our everyday life (e.g. phones, bags, toothbrushes...). Polymers are classified in two
groups, depending on the link existing between the polymer chains once it is formed. In
thermosetting and elastomeric plastics the polymer chains are covalently linked, whereas
in thermoplastics the polymer chains are interacting through physical interactions and
therefore can be reshaped when heating them to their melting temperature. Different fillers
and additives are often added to thermoplastics to adjust the properties and thereby widen
their applications. The resulting plastics are also called thermoplastic composites.

1.1 Thermoplastic composites

In industry, many different types of polymers, fillers and additives are available for the
production of thermoplastic composites. Common thermoplastic polymers are
polyethylene, polyamide and polypropylene. Since resource sustainability concerns have
arisen, notable efforts have been made in reducing the ratio of oil-based polymers in the
composites. One way to achieve this is replacing them with bio-based polymers obtained
from chemical or biological transformation of renewable resources such as plant biomass
[1-3].

1.1.1 Bio-based polymers

The demand for bio-based polymers is expected to grow significantly during the next few
years. Some of these bio-based polymers can also be biodegradable, i.e., degraded by
microorganisms under specific conditions. Plastics mainly made of bio-based polymers or
biodegradable polymers are referred to as bioplastics. Based on the year 2012 capacities,
the bioplastic production in Europe has been forecasted to increase up to 400 % by 2017
[4].

The two most common types of bio-based and biodegradable polymers introduced to the
industry today are poly(lactic-acid) (PLA) and poly(B-hydroxyalkanoate) (PHA) [5-7]. PLA
is a semi-crystalline polyester based usually on the polymerization of L-lactic acid as
produced through fermentation of corn starch [8,9]. Some D-lactic acid monomers can be
introduced in the polymer structure as well [10]. PLA has already been successfully
established for applications ranging from textiles, medical appliances to food packaging
[11,12]. At low crystallinity, PLA has a glass transition temperature around 60-65°C and
becomes sticky at ambient temperature. To ease the extrusion and injection process, the
compounds are often thermally annealed, which increases its crystallinity and thereby its
glass ftransition temperature [13]. PHA can be obtained from various gram-positive
bacteria of the genus Bacillus as intracellular reserve material [7]. One of the most widely
used PHA is the poly(B-hydroxybutyrate-co-valerate) (PHBV), a copolymer of poly(B-
hydroxybutyrate) PHB and poly(B-hydroxyvalerate). The copolymerization provides lower
crystallinity compared to the homopolymer PHB. Compared to neat PHB the PHBV blend
is less brittle and has a lower melting temperature without any decrease in the
degradation temperature [14,15].

It is also possible to synthesize thermoplastics from biomass, for example: polyethylene
and polyamide. One hundred percent bio-based polyethylene (Bio-PE), is produced
through the fermentation of sugars into ethanol, followed by polymerization process [3,16].
Completely as well as partially bio-based polyamide (Bio-PA) can be obtained through
polycondensation of castor oil derivatives [3,17].
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Similar to thermoplastic oil-based polymers, bio-based polymers properties can be
modified by the addition of fillers and additives. Some examples are: glass and carbon
fibres, natural fibres, clay, montmorillite, pigments, and impact modifiers. These fillers are
used to enhance mechanical, thermal, electrical properties of the composites or modify
composite weight, price or colour. Thereby new application sectors as technical
composites, household items, or packaging materials are accessed. As an example,
natural fibres or particles, as obtained from hemp, flax or wood can be used to enhance
some of the polymer properties, such as increasing the composite stiffness, reducing the
composite weight or change its color [18-20].

Besides filler selection, design of such composites also requires consideration of two
important composite characteristics: the composite structure homogeneity and the filler-
polymer interaction.

1.1.2 Addition of the fillers

Composite structure homogeneity is dependent on the filler distribution and dispersion in
the composite. The distribution of the filler characterizes the homogeneous repartition
within a composite, and filler dispersion describes the degree of separation of the filling
particles/fibres from each other. If one composite contains filler agglomerates, which are
homogeneously present in the whole material, the filler would have a good distribution but
a bad dispersion in the composite. If the filler particles/fibres are well separated from each
other but are more present in one region of the composite (e. g. in the centre or on one
side), the filler would have a good dispersion but a bad distribution. The level of dispersion
directly influences the composite properties. Therefore, the production of thermoplastic
composite containing fillers is usually done in two steps. The fillers are mixed first in the
polymer matrix before being formed in the final product shape. The mixing step is
designed to guaranty that the filler is homogeneously distributed and dispersed in the
polymer matrix. In the industry of thermoplastic packaging products, a very common
process is the melt-mixing on an extrusion line (‘compounding”) [21,22]. During
compounding high shear forces are applied to the material through a co-rotating twin-
screw extruder to allow homogeneous distribution and dispersion of short fibres in the
polymer matrix [23].

While the structure of the composite is mostly determined during melt-mixing, subsequent
mould processes may also have an additional effect on the composite structure [24,25].
Different shaping processes such as injection moulding, compression moulding, extrusion
and film blowing can be employed depending on the object to be produced. Injection
moulding is known as the most common procedures in thermoplastic industry [26]. It is a
discontinuous process allowing the production of finished-3D products by injecting melted
material into a mould. It is often used in the production of bottle caps, packaging,
automotive parts. In injection moulding, filler can be redistributed and reoriented
depending on mould geometry and filler shape. In the case of fibrous or platelet fillers, one
expects the formation of two distinct regions: a skin layer and a core region [26-29]. In the
skin layer, fillers are aligned in the injection direction due to the higher shear and quick
cooling [26]. The production process determines most of the composite structure however
the filler type can also induce variations in temperature and melt viscosities affecting the
structure of the composite as well. For example, the influence of the addition of wood
fibres on the process of thermoplastic biocomposites with extrusion and injection moulding
was studied [18,21]. The authors compared melt temperatures, melt pressures and
machine load, all determined during extrusion, as well as the injection pressure and
dosing time as recorded during injection moulding of different composites to obtain
information on the compatibility of the filler with the polymer with respect to melt viscosity.
Thus, under constant extrusion parameters increases in melt pressure and machine load
were interpreted as increase in melt viscosity. Similarly, an increase in injection pressure,
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at constant injection moulding production parameters indicated an increase in melt
viscosity [18]. However, it was also observed that filler could induce variations in the
temperatures applied to the material during the process, due to friction between the filling
elements [18]. Additionally, the dosing time, which is the time needed to fill in the mould
during injection moulding, can be determined during production to obtain information on
the granule geometry and packing.

The second critical issue for composite manufacturing is the interaction between the filler
and the polymer [27-31]. It will determine the adhesion between the components and
thereby affect its properties. Filler-polymer adhesion can be improved by using polymers
with higher affinity to the filler or by surface modifications such as grafting and oxidation
[12,25,28,31,32]. It was also suggested that polymers with longer chain are more likely to
interact with fillers [27,33]. Filler—polymer affinity can be determined by calculating the
wetting or spreading parameter, which is related to surface tensions of the filler, of the
matrix and of the filler-matrix interface. Surface tension, also called surface free energy,
consists of dispersive and polar surface free energies [34]. They can be calculated from
the measured contact angle 6 between the surface of drops of liquids with various polarity,
and the surface of the solid filler. This contact angle results from the balance between
cohesion forces of the liquid and adhesion forces between the liquid and the solid phases
[35]. The value of this contact angle is usually directly interpreted in terms of wetting of the
solid surface by the liquid. For contact angle inferior to 90° high wetting happens, with 0°
meaning a prefect wetting. For higher contact angle the wetting of the surface is
unfavourable. When the surface tensions of the solid and liquid phases are known, the
wetting can be predicted. Zisman [36] explained that the higher the solid surface tension
and the lower the liquid surface tension, the better the wettability. However, if the solid
part has a lower surface tension than the polymer matrix, the wetting will be hindered
[37,38]. This is further supported by a low polymer-filler surface tension [37].

1.1.3 Main composite properties

The main characteristics for thermoplastic composites are usually those describing the
composite mechanical and thermal behaviours. When homogeneous composite structure
and good filler-polymer interaction are reached, mechanical and thermal properties of the
composite are expected to vary with the filler loading and reach a value between the
polymer and the filler properties. The properties investigated to detect mechanical
reinforcement are commonly tensile strength, Young’s modulus, flexural strength and
modulus and impact strength. The improvement of these properties is strongly related to
the quality of polymer-filler interaction. Thus, an increase in tensile strength is indicative of
a good filler-polymer interaction quality. If the filler is not interacting with the polymer
matrix, it can create defects in the composite and mechanical properties of the composite
will decrease with the addition of fillers. Thus, the addition of fillers with higher mechanical
stiffness can induce an increase in composite stiffness, and new applications as technical
plastics can be accessed. Mathematical models have been presented to predict the
Young’s modulus of reinforced polymers [39—-41]. A frequently used one is the Halpin-Tsai
equation for short fibres reinforced polymers [39,40]. This model assumes a uniform
distribution of fillers, perfect bonding between the fillers and the matrix, and a void-free
matrix. It was found to give close results to the experimental data for randomly oriented
nanofillers by Mallick et al.[40] and Kanagaraj et al.[42]. This model is a good opportunity
to assess the effective use of the short fillers properties in the composite mechanical
reinforcement. Thermal stability refers to the description of composite thermal
degradation. It is usually described by the degradation start with the onset temperature
(temperature at which more than 5wt% of the composite is degraded) and by the
degradation area with the temperature and speed of maximal degradation. If the sample is
sensible to oxidation, the results will differ between measurements in air (representing
atmospheric condition) and measurements in inert gas (e.g. Ny).
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Because of the very low conductivity of many polymer matrices, plastics are generally
electrically insulating materials [43]. This is of great interest for the insulation of cables
however can be problematic for packaging of electronic items and dangerous goods
containers or for automotive components [11,43—47]. Indeed, due to low conductivity,
electrical charges may accumulate at plastic product surfaces resulting in detrimental
effects that range from the electrostatic attraction of dust to the induction of inconvenient
electrical shocks to handlers and electronic systems. To prevent the accumulation of
surface charges, it is recommended to use a material classified at least as static
dissipative or conductive depending on the application [43]. Such materials are of great
interest for the production of electron magnetic interference (EMI) shielding packaging.
Commonly, this corresponds to volume conductivity respectively higher than 10° S m™ or
10° S m™, see Figure 1 [11,37,43].

Insulating Dissipative Conductive
‘L‘ 3\5 -‘J"‘

109 103
> volume conductivity [S m™?] >

Figure 1: Classification of materials depending on their electrical volume conductivity.

Composite electrical conductivity is expected to increase when adding filler more
conductive than the polymer. However, the increase takes place only when a conductive
network is formed by the filler through the entire composite. The filler loading
corresponding to the conductivity increase, which can also be determined as the peak of
the conductivity first derivative regarding filler loading, is called the electrical percolation
threshold [43,48,49]. When the filler content is further increased, composite conductivity is
expected to increase until it reaches an upper conductivity limit, which can also be
determined by level of electrical conductivity.

In some cases, the conductivity will depend on the current applied on the composite. This
is usually detected by measuring the voltage potential obtained at different current
intensities. If the current-voltage slope is constant, the composite behaves as ohmic
resistor (follow Ohm’s law, Equation 1). It means that the electrons are directly transferred
by the conductive fillers through the composite. Thus, its resistance can be determined
directly from measurement with constant current intensity as presented in Equation 1.

v
1

Where R is the resistance of the sample (Q2), AU the potential difference at the terminals
of the sample (V) and / the current applied at the terminals of the sample (A).

R Equation 1

Non-linear relation between current-voltage potential is indicative of the fact that other
conduction mechanisms are happening such as tunnelling and hopping [50]. In tunnelling
the electron is transferred through an insulating layer, for example a polymer layer
between two semi-conductive/conductive materials, this implies that the voltage potential
between the two materials is high enough and the polymer layer thin enough to allow
direct transfer. In the hopping mechanism, the electron needs first to hop an energy
barrier and then is further transferred by tunnelling [37,50]. Moreover, for thermoplastic
composite, the passage of current can induce a heating of the polymer, which reduces the
overall composite resistance [51].

Depending on the location of the measurement points, two types of conductivity are
usually distinguished: surface and volume conductivities. The conductivity measured is a
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surface conductivity if all electrodes are in contact with one surface of the sample as in the
study of Moon et al.[9], while it is a volume conductivity if the electrodes are applied on
opposite surfaces [38,52-54]. The concepts of surface and volume conductivities are
commonly used to ease the distinction between the two setups even if the current is
always passing through a volume [43]. Volume conductivity is expressed in S m™ while
surface conductivity can be expressed in S, in S cm2orin S sq”, where sq (square) refers
to the “surface” area involved in the measurement [43]. Surface conductivity is widely
used to characterize thin layers or films. For homogeneous materials, the surface
conductivity can be calculated by dividing the volume conductivity by the thickness of the
sample exposed to the current and vice versa [43]. However, due to the skin layer-core
region organisation in injection moulding composites, the structure of the composite near
its surface can differ from the core and therefore it is expected that the two conductivities
are not proportional.

Various methods are presented in the literature to measure volume or surface electrical
conductivity of thermoplastic composites [9,28,38,52,53,55-57]. These methods are here
classified into three groups: (1) two-point, (2) four-point and (3) ring electrode methods.
The two-point method consists in measuring the sample resistance with two electrodes
simply applied on two locations on the sample. Sample conductivity is then calculated
from the measured resistance as defined by Ohm’s law (Equation 1). However, if the
sample is more conductive than the wires or than the contacts between the electrodes
and the sample, the measurement with the two-point method does not reflect anymore the
sample properties [53,55,56]. To ensure that the resistance measured is really reflecting
the sample properties one can decrease the resistance between the electrodes and the
sample. This can be done with a conductive paste such as silver paint. Another way is to
use four electrodes and measure the voltage potential AU with equipment independent
from the current source. This method is called the four-point method. This way, the
measured voltage corresponds exclusively to the part of the circuit exposed to the current,
i.e., the sample. The advantages of this setup are that the contact quality between the
source-electrodes and the sample does not influence the voltage potential measured
between the sensor electrodes and low resistivity can be quantified [43]. The ring
electrode measurement method is a standardized method (IEC 60093-199) widely used
for film or sheet characterization. This method clearly distinguishes the determination of
the surface conductivity from the volume conductivity [31,55,57]. The volume conductivity
is obtained when the current is applied through the electrodes « 1 » and « 3 » as shown in
Figure 2, and the electrode « 2 » is insulating (linked to the ground 0V). The surface
resistance is obtained when the current is applied through the electrodes « 1 » and « 2 »
and the electrode « 3 » is linked to the ground (0V) [31]. In presence of exterior
electromagnetic waves, the measurement of low current can present important variation
as external electromagnetic waves are added to the signal. To prevent this, shielded
cables are used and the system can be placed in a “Faraday cage”[43].
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Figure 2: Installation of the ring-electrodes to determine the sample surface or volume
conductivity.

To enhance composite electrical conductivity permanently, conductive fillers such as
metallic fibres and powders, carbon fibres (CF), carbon black (CB), as well as powders of
layered minerals or metal coated polymer, are used [37,43]. Depending on the filler type
and loading, the composites can reach volume conductivities above 10°S m™” and
thereby enter the group of electrically conductive materials (Figure 1) [37,43]. Blending
with electrically conductive polymers or adding surfactants is also possible, however these
blends are less stable than those with rigid fillers and will not be discussed here [43].
Carbon-based fillers are currently preferred over other conductive fillers notably because
of their lightness. This work will focus on the effect of different carbon-based fillers on
thermoplastic composite properties.

Various theories have been developed to predict the electrical behaviour of two and three
dimensional percolation systems [58-62]. Based on the percolation theory of Dubson and
Garland and the symmetric and asymmetric theories of Bruggeman on effective media
characterization, Mc Lachlan et al.[58] proposed the General Effective Media (GEM)
model. They used this model with success to predict electrical percolative conductivity
behaviour under direct or alternative current (respectively dc and ac) for various filler
types: such as CB or SWCNT [59,63,64]. Celzard et al.[60] compared three models: one
mean-field approach considering an homogeneous effective medium, one approach
considering the packing of the conductive filler together with empirical filler density and an
approach using the excluded volumes due to filler geometry. This last approach was
presented as the most adapted model to predict electrical behaviour for polymer carbon
fibre composites [60]. Lisunova et al.[65] explained discrepancies between the statistical
percolation theory and experimental values in the case of CNT filled polymers by the
packing and the agglomeration of the CNT in the composites. This packing was compared
to the one observed when considering colloidal systems and they proposed another
model for percolation threshold behaviour [65—67]. More recently, Combessis et al.[61]
used the Kirkpatrick’'s model and Nan’s Law to approximate the fraction of filler in volume
corresponding to the percolation threshold for MWCNT filled epoxy resin. However, they
reported that the percolation threshold calculated with Nan’s law showed large differences
with experimental data for composites containing fibrillar fillers [61]. They suggested that
the processing method was strongly affecting the percolation threshold regardless of the
chemical nature of the polymer [61].

1.2 Carbon-based fillers in thermoplastic composites

Carbon-based fillers are available in many different shapes: fibre, tube and platelet, and at
different dimensions with length varying from some meters (continuous carbon fibres) to
some nanometers (fullerene). Carbon fibres and carbon nanotubes will be further
considered here.
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1.2.1 From carbon fibres (CF) to carbon nanotubes (CNT)

Carbon fibres result from the progressive stabilization of polyacrylonitrile fibres by heating
them in air up to 300°C followed by carbonization at high temperature (1000 to 3000°C) in
an oxygen-free furnace. Carbon fibres are widely used in combination with thermoplastics
and thermosets to reinforce polymer mechanical properties [68]. For injection moulding,
the continuous carbon fibres are cut to a length of 6 mm. They are available with various
surface modifications (called “sizing”), to enhance filler-polymer interaction and thereby
mechanical properties [31,43]. Recycled carbon fibres (RCF) of various origins are also
considered for composite reinforcement, and can as well enhance the thermoplastics
electrical conductivity [43,68]. Recycled carbon fibres can be obtained from old composite
parts containing continuous carbon fibres by melting or degrading the polymer matrix with
high temperatures (up to 500°C) and milling or directly by milling unused continuous
carbon fibres together.

With the rapid development of nanofiller production, research on conductive composites
has been focusing on the utilization of carbon-based nandfillers, especially on carbon
nanotubes (CNTs), carbon black and carbon nanofibres [37,69,70]. Carbon nanotubes are
particularly attractive as they combine many outstanding properties including mechanical
strength and stiffness as well as thermal and electrical conductivities that are superior to
those of most other fillers [71-73]. The first production of CNTs was realized using an arc
discharge method. It consisted in inducing carbon nanotube growth by applying an electric
arc discharge between two graphite electrodes at low pressure and neutral atmosphere.
The electrical arc induced the sublimation of carbon from the electrodes, which
reassembled in nanotubes. Since then, further methods have been developed that are
mostly based on physical processes in which the carbon vaporization can be induced by
different energy sources such as electric arc-discharge, laser ablation, or solar energy
[46,74]. There are also chemical methods to produce CNTs, such as catalytic
decomposition of hydrocarbons by electrolysis, heat treatment, or solid pyrolysis [46].
Depending on the production parameters and methods, CNTs with one, two or more
concentric graphitic layers are obtained; they are respectively called single, double and
multi-walled carbon nanotube (SWCNT, DWCNT and MWCNT). Among above, MWCNTSs
are the cheapest to produce and unlike SWCNTSs, they also offer opportunities for surface
modification without detrimental effects on the inner layers [70]. A more recent method
called “catalytic chemical vapour deposition” (CCVD, Figure 2) consists in growing carbon
nanotube on catalyst particles by heating up methane in a furnace chamber. This method
has been reported as the most common technique to produce multi-walled carbon
nanotube (MWCNT) at relatively low temperature and large scale, compared to high
temperature processes such as arc discharge and laser furnace processes [46,75,76].
MWCNTs produced by CCVD are found to show more defects than when produced with
high temperatures processes, however the MWCNTs can be chemically purified
afterwards to remove remaining catalyst, and high temperature-treatments under N, can
be used to repair possible irregularities in the carbon structure [75].
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Figure 3 : Description of thermal “catalytic chemical vapour deposition” process (CCVD) to
produce multi-walled carbon nanotubes.

1.2.2 Composite structure and CNT entanglement

The carbon fibres distribution and dispersion is generally assessed by scanning electron
microscopy on fractured sections of a given composite material, or by optical microscopy
using thin films with low filler loading [31,52,57,77]. In the case of MWCNTs, SEM or light
microscopy is as well used to observe the macro dispersion of MWCNTs and detect
eventual MWCNTs aggregates [23,30]. However, these methods are suboptimal to
recognize individual nanometric fillers, which leads to the use of alternative microscopy
methods as transmission electronic microscopy on thin films (TEM) or atomic force
microscopy (AFM) [23,24,31,78]. AFM consists in scanning sample surface with a tip fixed
on a cantilever or probe that can interact with the sample in a continuous way through
direct contact called “contact mode”, or in a discontinuous way through oscillation called
“tapping mode”. The movements of the probe are measured by the reflexion of a laser on
the back of the probe. This method provides images of the composite surface, however,
the topography measurement is also influenced by the variation in material stiffness,
whereas with SEM and TEM the observations are influenced by the composite electrical
conductivity [31]. These methods are all operating at high spatial resolution.

One of the main issue encountered when using CNT in thermoplastic composites is a
poor dispersion in the polymer matrix resulting from bundling and entanglement of the
CNTs, leading to unnecessary high percolation thresholds and unnecessary high CNT use
[24]. Thus, the effect of processing condition and melt viscosity on CNT distribution and
dispersion has been widely described in the literature. Various mixing preparation
methods have been tested among which melt-mixing being most suitable for industry
[23,25]. With SEM imaging on fractured surfaces, Valentino et al.[30] detected changes in
the distribution by melt-mixing of MWCNT in HDPE and in LDPE. They suggested that the
presence of aggregates observed for LDPE was due to inappropriate mixing
temperatures. In their study, Villmow et al.[26] observed the dispersion of MWCNTs by
TEM on cut slides of the original injection moulded plates. Thereby they reported that
MWCNTSs present in the skin layer were increasingly oriented when higher injection speed
and lower melt temperature were selected [26]. Aguilar et al.[52] and Pegel et al.[24]
detected that secondary agglomeration of MWCNTs could happen in solution casting,
extrusion or pressing and was supported by the use of lower polymer viscosity, shearing
stress, pressing speed or high melt temperatures [24,52]. Pegel et al.[24] reported that
high shearing forces are needed to disperse CNT. In melt-mixing, shear forces can be
increased using high rotation speeds and highly viscous mixtures [23]. The latter was
exploited in extrusion by loading the polymer with higher concentrations of CNTs to
produce masterbatches, followed by diluting them with neat polymer to achieve the
desired concentration [23,25]. Entangled MWCNTs were efficiently dispersed this way,
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however excessively high shearing forces were suggested to induce CNT degradation
[23]. Another way to modify melt viscosity and CNT distribution was presented by
Kordkeilli et al.[79]. They reported that when mixing wood flour and SWCNT in maleic
anhydride grafted polyethylene, the SWCNT were found to fill the void between the wood
flour particles and the polymer matrix. Al-Saleh et al.[37] and Leute et al. [43] also
suggested that when volume filler such as wood flour is present in the composite, the filler
distribution is limited to the remaining regions of polymer matrix, and the fillers can form a
network at lower loading.

1.2.3 Composite properties, filler aspect ratio and filler surface modification

MWCNT were found to induce high improvement in composite mechanical properties at
lower loading when compared to carbon fibres [32,74]. As for carbon fibres, the effect of
MWCNTSs on the properties has been reported to vary with filler-polymer interaction. Nuriel
et al.[34] found similar wettability tendencies for unmodified carbon fibres, carbon
nanofibres and MWCNTSs, by polyethylene glycol (PEG) and by polypropylene (PP).
Wetting took place for both polymers with all carbon-based components, but they found
lower contact angles with PP, which were interpreted as better wetting [34]. The limit of
liquid surface tension able to wet completely or partially MWCNT surfaces was set at
200 mJ m?, with partial wettability starting at 130 mJ m? [80,81]. To enable good
wettability and thereby CNT-polymer interactions, CNT surface is usually modified in the
case a polar polymer such as PLA is used as a matrix [9,52,82]. Moreover, it has been
reported that improved filler-matrix adhesion leads to improved filler dispersion
[12,25,37,38]. Sathyanarayana et al.[74] suggested that modified CNTs induced strong
increase in mechanical properties in the case of polar polymers. They could also induce
increases in Young's modulus for polyolefines such as PE and PP as reported by
Kanagaraj et al.[42] and Bao et al.[83].

Similarly, literature on MWCNT-filled composites mostly reports increase in thermal
stability from TGA measurements, along with higher loadings [2,84-86]. Ge et al.[2]
suggested three mechanisms to explain the improvement observed for polyacrylonitrile
filled with oxidized MWCNTSs: (1) well dispersed MWCNTs may delay the release of the
gas produced during thermal degradation, (2) polymer molecules interacting with MWCNT
show reduced degradation, (3) higher thermal conductivity due to the MWCNT network
dissipates heat within the composite. In the review by Corcione et al. [84] the authors
generalized the plausibility of these mechanisms to explain improvements in thermal
stability for CNT-filled polymers. Corcione et al. [84] suggested that energetic stabilization
of degradation products by - 1 electronic interaction with MWCNTs could happen in
ethylene-vinyl acetate copolymer (EVA)-based nanocomposite presented by Beyer et al.
[85].

Concerning composite electrical conductivity, some general tendencies are derived from
the literature. Conductive fillers with higher aspect ratio always presents lower percolation
threshold when polymer type and the production process are not changed
[9,28,38,52,53,55-57]. In the case of MWCNT, the reported electrical conductivities and
percolation thresholds in thermoplastics are often differing [38,52,53,55-57]. The
variations observed were generally related to differences in MWCNTs dispersion, in the
polymer matrix conductivity, or in the nanotube surface modification. Thus, Novais et
al.[57] obtained higher conductivities on compressed plates by adding unmodified
MWCNTs to PLA instead of PLA-grafted MWCNTSs. Bauhofer and Kovacs [87] suggested
that the presence of a polymer layer at CNT surface limited composite electrical
conductivity. As a consequence, percolation threshold increased and the electrical
conductivity of the composite decreased [25,53]. These results show that chemical
modification of the MWCNT surfaces enabling stronger filler-polymer interaction and
supporting filler dispersion can induce degradation of MWCNTSs, prevent direct contact
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between the nanotubes and limit the formation of conductive aggregates profitable to the
conductive network [24,38,74]. Additionally, Byrne et al.[25] reported that the addition of
electrically inert particulate filler to the composite can support the improvement in
MWCNT—filled composite conductivity. This is probably related to a change in filler
distribution as reported by Leute et al.[43] and Al-Saleh et al.[37] in presence of wood
flour. Tunnelling and hopping effects were also suggested to induce variations in
conductivity depending on the current applied for composite filled with CF, CB, carbon
nanofibres and CNTs [37,87-90].

Moreover, with the development of the melt-mixing process techniques for CNTs it was
reported that efficient nanotube dispersion of unmodified nanotubes could be obtained by
extrusion. Surface modification may not be necessary to disperse the tubes in polymer
such as PLA or polycarbonate, as shown in the studies by Mack et al.[28], Villmow et
al.[23], and Novais et al.[57]. These authors used unmodified MWCNTSs in polycarbonate
and PLA to produce composites by melt mixing followed by compression moulding or
injection moulding, obtaining reasonable dispersion. Besides the secondary
agglomeration described by Pegel et al.[24] and Aguilar et al.[52], and happening during
composite processing was reported to induce an increase in electrical conductivity. The
author explained this by the improved nanotube—nanotube contact.

This raises the question of the interest of MWCNT surface modification in the design of
electrically conductive composite. Thus, if enhanced electrical conductivity is a priority, the
use of unmodified MWCNTs can be of greater interest, but will possibly be detrimental to
mechanical and thermal stability. The few studies found on the effect of unmodified
carbon nanotubes on composite mechanical properties reported slightly increasing or
decreasing tensile strength [28]. Regarding the effect of unmodified MWCNTs on
thermoplastic composite thermal stability, many studies reported an improved thermal
stability of the composites using unmodified MWCNTs, compared to the neat polymer [8—
10,91]. However, the improvement varied with the amount of added MWCNTSs, and with
the range of applied temperature. Schartel et al.[92,93] reported for polyamide 6 that the
addition of unmodified MWCNTs did not affect the polymer thermal decomposition. In their
study Wu et al.[91] added unmodified MWCNTs to PLA and observed no variation in
temperature at which 5wt% of the material is degraded (T4) but an increase of around
10°C of the temperature at which maximum degradation speed is observed (Tgmax) When
5 wt% MWCNTSs were added. In this study, the unmodified MWCNTs induced even higher
Tamax, compared to modified MWCNTSs. This result was unexpected as the dispersion of
the unmodified MWCNTs was very poor compared to the one of the modified MWCNTSs.
The authors explained their result by the higher increase in thermal conductivity of
unmodified MWCNTSs in regards to the effect of MWCNT dispersion at high loadings.

Besides electrical and mechanical behaviours and thermal stability, another important
behaviour to control in thermoplastic composite is the thermal behaviour. This is of
importance to understand the dependence of composite properties to variations in
temperature but also to select composite processing conditions.

1.3 Carbon nanotubes effect on semi-crystalline polymer thermal
behaviour

One way to characterize the effect of temperature on composites is to assess the variation
in composite properties after exposing the composite to heat for a given time in a furnace.
This heat treatment is also called annealing and depends on the temperature selected
and the treatment time. It is applied to plastics notably to reduce or remove residual
stresses and strains, and improve some physical properties. However it was also reported
that thermal annealing of filler-polymer composite could induce a migration of the filler up
to a complete separation of the filler from the polymer matrix [62,63,65,66]. This
phenomenon was further described through the analysis of variations in composite
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electrical conductivity due to annealing. The annealing was first reported to increase
percolation threshold and decrease conductivity [63,65]. For example, Lisunova et al.[65]
observed a decrease in electrical conductivity with annealing temperature, when
annealing MWCNT filled ultrahigh molecular weight polyethylene at temperatures higher
than the polymer melting point. They related this to an effect of positive temperature
coefficient (PTC) on resistivity [65]. The segregation of the filler happening during
annealing was then related to various modification of the composite state such as the
relaxation of polymer chains, the diffusion of the conductive fillers to melted crystalline
areas or polymer thermal expansion [65]. Recently, Combessis et al.[48] described the
migration of MWCNT during annealing in ethylene-co-vinyl acetate (EVA). They observed
strong increases in electrical conductivity at constant MWCNT low loading (0.1 wt%) over
annealing time. This phenomenon is called dynamic percolation. It was attributed to two
successive mechanisms: entropic polymer chain relaxation followed by filler auto-
assembly. Filler auto-assembly consisted in the diffusion of filler and aggregates through
the matrix, which was found to possibly result in phase separation visible to the naked
eye. Badard et al.[62] further studied MWCNT migration in silicone oil. They observed that
at short time after stopping the stirring, dynamic percolation happened but with further
annealing time the percolation network turned into isolated macro-clusters, which settled.
They concluded that little aggregation of the fillers obtained through annealing in samples
filled with conductive filler fraction near percolation lowered the percolation threshold.
However, further segregation resulted in insulating materials, which can explain the
results related to the PTC effect on composite resistivity in the literature. Badard et al.[62]
also suggested that large scale diffusion of filler aggregates would be prevented by the
presence of a percolating path and controlling annealing time in solid compound could
allow blocking the migration of MWCNT clusters in an optimal conductive networking.

In the case of thermoplastic composite made with semi-crystalline polymers during melt-
processing, the polymers experience an additional thermal transition called crystallisation.
During crystallisation, the polymer chains can arrange to form crystals and induce the
presence of crystalline and amorphous regions in the polymer matrix resulting in local
changes of the composite properties. Therefore, for semi-crystalline polymers, annealing
around crystallisation temperatures can also be used to increase the crystallinity of the
polymer matrix. Polymer crystallisation process can be nucleated in presence of fillers. It
is then called heterogeneous nucleation. Macroscopic fillers were found to nucleate
polymer crystallisation as reported by Feller et al.[94] for long stainless-steel fibres in
isotactic PP. However, nanofillers (talc, sodium stearate, carbon nanotubes...) were found
to emphasize this effect due to their higher aspect ratio [95-97]. Therefore, MWCNTs
ability to nucleate semi-crystalline polymer crystallisation has been intensively studied
[25,27,70,77,97-100].

1.3.1 Polymer crystallisation and MWCNT

Crystallisation can happen during melt cooling, solid stretching or solution evaporation. If
the polymer mobility allows it, the crystalline region will form one big crystal, called
spherulite. Under specific shearing forces and elongation stress, polymer chains
organized in shish-kebab structures. These structures consist of one linear polymer chain
(shish) aligned in the elongation or shearing direction surrounded by folded polymer
chains remaining in a plane perpendicular to the shish and thereby forming the kebab
[97,101]. This induced great improvement of the mechanical properties of the composite
and was even experimented as nanotube surface modification by growing polymer kebab
at CNT