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Abstract

The main objective of this PhD thesis was to attempt the use of the enormous potential
of hybrid carbon conductive nanoparticles and their extraordinary mechanical and thermal
properties to obtain polymer nanomaterials, based on condensing polyesters (PET, PTT) and
thermoplastic elastomers (PTT-PTMO) by in situ polymerization. The influence of the
addition of carbon nanotubes, graphenes, and mixtures of both, on the mechanical, electrical
and processing properties was observed. In addition, the effect of different varieties of
graphene on barrier properties of thermoplastic polyesters has been examined. To obtain
polymer hybrid nanocomposites, two kinds of single walled carbon nanotubes, and six
different types of graphenes, varying in flake size, but also in the number of platelets were
used. Investigated materials are classified as nanocomposites, a new group of engineering
materials with promising, but not fully known physical properties, requiring the use of
appropriate methods of production due to the size and properties of the dispersed phase.

The subject of research presented in the doctoral thesis was to confirm the possibility
of obtaining polymer hybrid nanocomposites containing nanoparticles differ in shape (aspect
ratio) (1D and 2D), which due to the high aspect ratio and a specific high surface area show a
strong tendency to agglomeration, which is difficult to provide the effective distribution in the
polymer matrix. Resulting in the process of chemical synthesis of the polymer matrix (in situ)
polymer hybrid nanocomposites were characterized by a high degree of uniformity of the
structure and improved physical properties. Efficiency of in situ polymerization in obtaining
hybrid nanomaterials has been evaluated through synthesis of thermoplastic polyesters (PET
and PTT) along with thermoplastic elastomers (PTT-PTMO). The effect of the addition of
nanofillers, either of each individual, as well as mixtures of both, on the properties of the
polymer matrix was assessed by morphology analysis, phase transitions and crystal structure,
thermal stability, barrier properties (for 2D nanoparticles), mechanical strength and electrical
conductivity.

Implementation of this PhD thesis has brought a lot of new information about
obtaining and characterization of polymer nanocomposites. Conditions for preparing 1D and
2D nanoparticle dispersions in a liquid substrate has been established using ultrasonic
vibration alternately with a mechanical stirrer (and additionally for 2D nanostructures a few
hours' use of weak ultrasounds) and conducting the synthesis depending on the type of
polymer matrix. It was also shown that the addition of single-wall carbon nanotubes and
graphene nanoplatelets with a concentration of not higher than 0.6 wt % to the condensation
polymers allows obtaining lightweight, electrically conductive composite materials with
improved thermal stability and improved mechanical properties. Additionally, for
nanocomposites based on PTT-PTMO the positive hybrid effect has been observed, for both,
improvement in mechanical properties and electrical conductivity. The observed synergistic
hybrid effect may be a response to the demands posed by modern materials for various
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industries and are the result of the phenomena occurring in the polymer in the presence of
carbon nanoparticles and the effects on the verge of a filler- filler and filler-polymer. The
knowledge gained in the course of the carried out work is an important cognitive and
contribute to the development and application of this new group of composite materials.
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“Hybrydowe nanokompozyty polimerowe z udziatem nanoczastek we¢glowych. Synteza in
situ 1 wlasciwosci fizyczne”

Praca doktorska

Sandra Paszkiewicz

Streszczenie

Glownym celem niniejszej pracy doktorskiej byta préba wykorzystania ogromnego
potencjalu hybrydowych nanoczastek weglowych przewodzacych prad elektryczny i ich
nadzwyczajnych wilasciwosci mechanicznych i cieplnych do otrzymania nanomateriatow
polimerowych, na bazie poliestrow kondensacyjnych (PET, PTT) oraz elastomerow
termoplastycznych (PTT - PTMO) metoda polimeryzacji in situ. Oceniono wptyw dodatku
nanorurek weglowych, grafendéw oraz mieszaniny ich obu, na wilasciwos$ci mechaniczne,
elektryczne oraz ich przetworstwo. Dodatkowo zbadano wptyw réznych odmian grafenéw na
wlasciwosci  barierowe  poliestrow  termoplastycznych. Do  otrzymania badanych
nanokompozytow wykorzystano dwa rodzaje jednosciennych nanorurek weglowych oraz
sze$¢ roznych odmian grafendw, rdznigcych si¢ wielkoscig ptatkow, ale tez iloScig phytek.
Badane materiaty zaliczane sa do nanokompozytoéw, nowej grupy materialdéw inzynierskich o
obiecujacych, lecz nie w pelni poznanych wlasciwosciach fizycznych, wymagajacych
zastosowania odpowiednich metod produkcji ze wzgledu na rozmiary oraz wlasciwosci fazy
rozproszonej.

Przedmiotem badan przedstawianych w rozprawie doktorskiej bylo potwierdzenie
mozliwo$ci otrzymania hybrydowych nanokompozytéw polimerowych, zawierajacych
nanoczastki réznigce sie ksztaltem (wspdiczynnikiem ksztattu) (1D oraz 2D), ktore ze
wzgledu duzy wspotczynnik ksztattu oraz duza powierzchnig¢ wiasciwg wykazuja silng
tendencje do aglomeracji, co stanowi trudnos¢ w zapewnieniu efektywnej ich dystrybucji w
osnowie polimerowej. Otrzymane w procesie syntezy chemicznej osnowy polimerowej (in
situ) hybrydowe nanokompozyty polimerowe charakteryzowaty si¢ wysokim stopniem
jednorodnosci struktury oraz polepszonymi wilasciwosciami fizycznymi. Efektywnosé
polimeryzacji in situ w otrzymaniu nanomateriatbw hybrydowych zostala oceniona w
zastosowaniu do nanokompozytoéw na bazie poliestrow termoplastycznych (PET, PTT) oraz
elastomerow termoplastycznych (PTT-PTMO). Wplyw dodatku nanonapehniaczy, zaréwno
kazdego z osobna, jak 1 mieszaniny ich obu, na wiasciwosci osnowy polimerowej badano na
podstawie analizy morfologii, przemian fazowych oraz struktury Kkrystalograficznej,
stabilnos$ci termicznej, barierowosci (tylko dla nanoczastek 2D), wytrzymalo$ci mechanicznej
i przewodnictwa elektrycznego.

Realizacja niniejsze] rozprawy przyniosta wiele nowych informacji na temat
otrzymywania 1 charakterystyki nanokompozytow polimerowych. Ustalono warunki
przygotowania dyspersji nanoczastek 1D oraz 2D w cieklym substracie z wykorzystaniem
drgan mieszadta ultradzwickowego naprzemiennie z mieszadtem mechanicznym (oraz
dodatkowo dla nanostruktur 2D wykorzystanie wielogodzinnego oddziatywania stabych
ultradzwigkéw) oraz prowadzenie syntezy zaleznie od rodzaju osnowy polimerowe;.
Wykazano ponadto, Zze dodatek jednosciennych nanorurek weglowych oraz nanoplytek
grafenowych o stezeniu nie wyzszym niz 0.6 % wag. do polimeréw kondensacyjnych
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pozwala na otrzymanie lekkich, elektrycznie przewodzacych materiatow kompozytowych o
podwyzszonej stabilno$ci termicznej i polepszonych wiasciwosciach mechanicznych.
Dodatkowo dla nanokompozytéw na bazie PTT-PTMO zostat zaobserwowany pozytywny
efekt hybrydowy, zarowno w przypadku poprawy wlasciwosci mechanicznych jak i
przewodnictwa elektrycznego. Zaobserwowany synergiczny efekt hybrydowy moze stanowic¢
odpowiedz na wymagania stawianymi nowoczesnym materialom przez rdézne galezie
przemystu i sg wypadkowa zjawisk zachodzacych w polimerze w obecnosci nanoczastek
weglowych oraz oddziatywan na granicy nanonapetniacz- nanonapelniacz oraz
nanonapetniacz - polimer. Wiedza uzyskana w toku przeprowadzonych prac ma duze
znaczenie poznawcze i stanowi wktad do rozwoju i aplikacji tej nowej grupy materiatow
kompozytowych.
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Preface

One of the most currently developing directions of cognitive and applied works is the
research on nanocomposites, particularly on polymer nanocomposites. Polymer
nanocomposites are obtained by modifying the traditional materials by dispersing the fillers in
a polymer matrix with dimensions of a few nanometers. They are therefore complex systems
with two or more phases (continued and dispersed) with an explicit separation surface from
which the dispersed component is characterized by at least one dimension in the nanometer
scale [1] [2]. The study of interfacial interactions at the nano level are among the most
important topics of research and development in the field of materials science [1] [3]. The
interest in such materials stems from the fact that the introduction of the filler nanoparticles,
having at least one dimension not exceeding 100 nm, to polymer matrix enables to design and
manufacture of materials with extremely high or new physical properties, with very limited
involvement of the filler. Introduction to the polymer matrix the "nanofiller”, depending on its
type, has to make the improvement of mechanical properties, thermal, optical and barrier.
Polymer nanocomposites, consisting of additives and polymer matrices, including
thermoplastics, thermosets and elastomers, are considered to be an important group of
relatively inexpensive materials for many engineering applications. Two or more materials are
combined to produce composites that possess properties that are unique and cannot be
obtained each material acting alone. Significant improvement in properties of composites
depends mainly on: the size and shape of the nanofiller particles, specific surface area, the
degree of development of the surface, the surface energy and the way the spatial distribution
of nanoparticles in the polymer matrix [2]. As nanofillers may be used materials differing
with regard to the chemical nature (organic and inorganic), the physical structure (such as
amorphous, crystalline) and particle shape (1D-linear rods, such as carbon nanotubes, 2D-
lamellar, e.g. nanoclay (MMT), 3D-"powder") [2]. The major advantages of polymer
nanocomposites include: increased stiffness (without loss of toughness), increased thermal
and dimensional stability, increased fire resistance, improved barrier effect, good optical
properties and for nanocomposites involving carbon nanotubes and graphene - an additional
electrical conductivity. Except those mentioned advantages, the nanocomposites have certain
drawbacks, which include high cost, difficulty in obtaining a high and uniform level of
dispersion in the polymer and nanofiller tendency to agglomerate [1] [3].

So far, the greatest interest among researchers and innovative groups aroused
nanocomposites containing carbon nanotubes. The discovery in 2004, the new carbon
allotrope, namely graphene, due to its extraordinary physico-chemical properties attracted
much attention on nanocomposites with its participation. Graphene is an atomically thick,
two-dimensional (2-D) sheet composed of sp2 carbon atoms arranged in a honeycomb
structure [4] with a carbon—carbon bond length of 0.142 nm [5]. Electrons in graphene behave
like massless relativistic particles, which contribute to very peculiar properties such as an
anomalous quantum Hall effect and the absence of localization [6]. Graphene has indicated a
variety of intriguing properties including high electron mobility at room temperature (250 000
cm?/Vs) [7] [8], and unlike CNT, chirality is not a factor in its electrical conductivity,
exceptional thermal conductivity (5000 Wm™ K™) [9], and superior mechanical properties
with Young’s modulus of 1 TPa and ultimate strength of 130 GPa [8]. These properties in
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addition to extremely high surface area (theoretical limit: 2630 m%g) and gas impermeability
[10] demonstrate graphene’s great potential for improving electrical, mechanical, thermal, and
gas barrier properties of polymers. Graphene does not occur free-standing because of its
instability and tendency to form three-dimensional structures (for example, fullerenes and
nanotubes). Graphenes can be obtained from graphite, but that the loosened structure of
graphite has become the graphene, it is necessary to use micromechanical methods [11]. A
type of 2D graphitic nanofiller consisting of stacked graphene layers are graphite
nanoplatelets (GNP), also called graphite nanosheets (GNS) and graphite nanoflakes (GNF),
or just simply exfoliated or expanded graphite (EG). The stacked layers are bonded to each
other by weak Van der Waals forces with a constant interlayer distance of about 0.34 nm.
Carbon nanotubes, similarly as graphene, have extremely high strength properties: tensile
strength, up to ~ 500 GPa and the elastic modulus reaches 7-8 TPa. With a small diameter (1-
80 nm) and a large aspect ratio (L/D exceeds 10 000) are potentially attractive material for
reinforcing polymers, ceramics and metals [12] [13] [14], which was also confirmed by
previous studies of the research team of the Institute of Materials Science and Engineering
WUT on PTT nanocomposites reinforced with carbon nanotubes (MWCNT, SWCNT) [15]
[16].

Interesting from the point of view of their impact on the enhancement effect seems to
be the introduction of two types of carbon nanofillers such as graphene (a plate filler - 2D)
and CNT (a fibrous filler / linear 1D). This is confirmed by some of the literature data, where,
for example, the strengthening effect (increase in elastic modulus and hardness) was observed
after the introduction of a few layer functionalized graphene (0.6 wt%) into the matrix of
PVA and PMMA [17] [18]. The PVA composites reinforced with few layer graphene
(FLG)/SWCNT (0.2/0.4 wt %, E = 9.33 GPa, H = 366 MPa) had significantly higher values
of the Young's modulus and hardness than the composites containing SWCNT (0.6 % by
weight, E = 7.8 MPa, H = 290 MPa) and an unmodified PVA (E = 0.66 GPa, H = 38 MPa)
[19]. In the case of thermoplastic composites changes in physical properties can be attributed
not only to the extraordinary characteristics of graphene and carbon nanotubes, but also to
their effects on the crystal structure of the polymer. The effect of the addition of filler on the
ability to crystallize of semicrystalline polymers was already noted. The secretes of the
dispersed phase distributed in polymer matrix become active nucleation centers, stimulating
the growth of crystallites. The amount of the crystalline phase substantially affect the
mechanical properties of the composite [20] [21]. Reducing the size of the precipitates and the
increase in their number in the volume of the system leads to an increase in nucleation,
thereby resulting in smaller crystallites. Fine-grained structure gives better results in
mechanical properties. Another effect of the introduction of graphene (similarly as in the case
of CNT) may be changes of physical changes temperatures. This is due to the fact that the
presence of nanoparticles in the polymer, influence the mobility of the polymer chains, which
in some cases resulted in increasing the glass transition temperature T4 and crystallization
temperature Tc. For instance, the addition of 1 wt %. of functionalized graphene into
poly(acrylonitrile) caused an increase in Ty of 50 °C, in the case of nanocomposites based on
poly(methyl methacrylate)/ GNS (0.05 wt %) of approximately 30 °C [19]. In the case of
nanocomposites based on PVC containing GNS and / or CNT increasing of degree of
crystallinity of the polymer after the introduction of nanofiller was observed [20]. The

8



synergic effect of addition of three types of carbon nanostructures graphene nanoplatelets
(GNPs), carbon black (CB) and CNTSs originates not only from the dispersion promotion of
fillers due to the unique geometric structure of the individual conductive carbon material, but
also from the effective link of both the narrow and broad gaps between graphite sheets by the
spherical CB and long flexible CNTs, resulting in the formation of excellent conducting
network in the matrix [22].

According to the specific application, CNT/graphene derivatives/polymer
nanocomposites can be classified as structural or functional composites. For the structural
composites, the unique mechanical properties of CNTs and EG/FLG, such as the high
modulus, tensile strength and strain to fracture, are explored to obtain structural materials with
much improved mechanical properties. As for hybrid CNT/GD/polymer functional
composites, many other unique properties of nanofiller, such as electrical, thermal, optical and
damping properties along with their excellent mechanical properties, are utilized to develop
multi-functional composites for applications in the fields of heat resistance, chemical sensing,
electrical and thermal management, photoemission, electromagnetic absorbing and energy
storage performances, etc.

It is an open question to completely understand the synergistic effect brought about by
the combinations of nanofillers with different shapes. As an outlook, the variation of the
graphene derivatives (expanded graphite - EG, few layer graphene- FLG) to CNT ratio may
lead to even more improved mechanical, electrical and barrier properties by adjusting an
optimum microstructure.

The aim of this work is to develop the novel electrically conductive hybrid graphene
and carbon nanotubes polymer nanocomposites while maintaining balanced mechanical and
thermal properties. The main objective will be to examine the effect of the addition of
graphene and carbon nanotubes on the morphology, interphase interaction, mechanical and
electrical properties of nanocomposites, and as a result to conclude the graphene and carbon
nanotubes polymer strengthening mechanism. Also, identify the characteristics of specific,
indicating the functional nature of the obtained nanocomposites.



INTRODUCTION

1. Carbon nanotubes

1.1. General characterization

Carbon nanotubes (CNT) first reported by lijima [23] possess high flexibility [24], low
mass density [25] and large aspect ratio (typically ca. 300-1000). Owning superior mechanical
properties, such as a Young’s modulus of 1.0 TPa [26] [27] a theoretical critical strain of 20%
or higher, and ideal tensile strength of about 100 GPa [28] carbon nanotubes (CNTs) have
been perceived as the strongest material in nature for about 2 decades. The unique
combination of mechanical, electrical, and thermal properties that make nanotubes excellent
candidates to substitute or complement the conventional nanofillers in the fabrication of
multifunctional polymer nanocomposites. Depending on their structural parameters, SWCNT
can be metallic or semiconducting, which further expands their range of applications.

Carbon nanotubes are long cylinders of covalently bonded carbon atoms. The ends of
the cylinders may or may not be capped by hemifullerenes [29]. There are two basic types of
CNT: single-walled carbon nanotubes (SWCNT) and multiwalled carbon nanotubes
(MWCNT) (Figure 1). SWCNT can be considered as a single graphene sheet (graphene is a
monolayer of sp2-bonded carbon atoms) rolled into a seamless cylinder. The carbon atoms in
the cylinder have partial sp3 character that increases as the radius of curvature of the cylinder
decreases. MWCNT consist of nested graphene cylinders coaxially arranged around a central
hollow core with interlayer separations of ~0.34 nm, indicative of the interplane spacing of
graphite [30]. A special case of MWCNT is double-walled carbon nanotubes (DWCNT) that
consist of two concentric graphene cylinders. DWCNT are expected to exhibit higher flexural
modulus than SWCNT due to the two walls and higher toughness than regular MWCNT due
to their smaller size [31].

Fig. 1 Schematic diagrams showing different types of CNTs: a) SWCNT, b) DWCNT and ¢) MWCNT [32]

The nanotubes can be filled with foreign elements or compounds, e.g., with C60
molecules, to produce hybrid nanomaterials which possess unique intrinsic properties, such as
transport properties [31]. These hybrid nanomaterials currently have limited availability, but
as production increases this might be a new opportunity for polymer nanocomposites.

The various ways of rolling graphene into tubes are described by the tube chirality (or

helicity or wrapping) as defined by the circumferential vector, C, =na, + ma, (Figure 2),
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where the integers (n, m) are the number of steps along the unit vectors (abl and ab2) of the
hexagonal lattice [33]. Using this (n, m) naming scheme, the three types of orientation of the
carbon atoms around the nanotube circumference are specified as arm chair (n ) m), zigzag (n)
0 or m) 0), or chiral (all others). The chirality of nanotubes has significant impact on its
transport properties, particularly the electronic properties. All armchair SWCNT are metallic
with a band gap of 0 eV. SWCNT with n -m ) 3i (i being an integer and #0) are semimetallic
with a band gap on the order of a few meV, while SWCNT with n — m # 3i are
semiconductors with a band gap of ca. 0.5-1 eV [34]. Each MWCNT contains a variety of
tube chiralities, so their physical properties are more complicated to predict.
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Fig. 2 Schematic diagram showing how a hexagonal sheet of graphene is “rolled” to form a carbon
nanotube with different chiralities (A: armchair; B: zigzag; C: chiral) [33] [35].

1.2. Processing of carbon nanotubes for composite materials

CNTs (single- or multi-walled) can be produced using different methods, which
mainly involve gas phase processes. The optimal conditions for nanotube generation using
electric arc-discharge technique involve the passage of a direct current (80-100 A) through
two high-purity graphite (6-10 mm OD) electrodes separated by ~1-2 mm, in a high-purity
He and Ar atmosphere (500 Torr) [36], metal powders (only for producing SWCNTS); thus
the costs associated with the production of SWCNTs and MWCNTSs are high. Although the
crystallinity of the material is also high, there is no control over dimensions (length and
diameter) of the tubes. Unfortunately, by-products such as polyhedral graphite particles (in
the case of MWCNTS), encapsulated metal particles (for SWCNTSs), and amorphous carbon
are also formed [37]. High-power laser vaporization (YAG type) of pure graphite targets
inside a furnace at 1200 °C, in an Ar atmosphere is capable of generating MWCNTS [38]. In
order to generate SWCNTSs using the laser technique, it is necessary to add metal particles as
catalysts to the graphite targets. Unfortunately, the laser technique is not economically
advantageous because the process involves high-purity graphite rods, the laser powers
required are high (in some cases two laser beams are required), and the amount of nanotubes
that can be produced per day is not as high as some of the methods discussed above. In
electrolysis method, which involves a liquid phase process is able to produce MWCNTS [39].
The liquid-phase electrolytic method has not been widely used probably because the nanotube
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yield is difficult to control. In addition, the technique has not been able to produce SWCNTSs.
However, additional studies need to be carried out because this route may be advantageous
owing to the low cost involved. Hydrocarbon (e.g., methane, acetylene, naphthalene, etc.)
decomposition over metal catalysts (e.g., Co, Ni, Fe, Pt and Pd deposited on substrates such as
silicon, graphite, or silica), is able to produce fullerenes, CNTs, and other sp2-like
nanostructures. This process is also known as chemical vapor deposition (CVD). Compared
with arc and laser methods, CVD might offer more control over the length and structure of the
produced nanotubes, and the process appears scalable to industrial quantities. In addition to
high-energy lasers, arc-discharge, and thermal routes, solar energy offers an alternative to
produce CNTSs. In this method to produce SWCNTs and MWCNTS a solar energy is focused
on carbon-metal target in an inert atmosphere [40]. This method is potentially advantageous
but further research needs to be carried out because the quality of the products is highly
sensitive to the pressure, carrier gas, and carbon-metal ratio.

The chemical modification and solubilization of carbon nanotubes represent an
emerging area in the research on nanotubes-based materials. Understanding nanotube
suspensions is vital to controlling various solvent-based processes (phase separation, chemical
derivatization, etc.) associated with preparing nanotube/polymer composites because the
initial nanotube dispersion can impact the nanotube dispersion in the polymer matrix [29].
Local strain in carbon nanotubes, which arises from pyramidalization and misalignment of the
m-orbitals of the sp2- hybridized carbon atoms, makes nanotubes more reactive than a flat
graphene sheet, thereby paving the way to covalently attach chemical species to nanotubes
[41]. This covalent functionalization of nanotubes can improve nanotube dispersion in
solvents and polymers and furthermore can provide a means for engineering the
nanotube/polymer interface for optimal composite properties. A noteworthy drawback of
covalent functionalization is the disruption of the extended © conjugation in nanotubes. While
the impact of disrupted m conjugation is limited for mechanical and probably thermal
properties, the impact on electrical properties is expected to be profound because each
covalent functionalization site scatters electrons. Noncovalent functionalization is an alternate
method for tuning the interfacial properties of nanotubes [42] [43].

2. Polymer nanocomposites containing carbon nanotubes

The polymer nanocomposites using carbon nanotubes as a filler were first reported in
1994 [44]. Earlier nanocomposites used nanoscale fillers such as carbon blacks, silicas, clays,
and carbon nanofibers (CNF) to improve the mechanical, electrical, and thermal properties of
polymers. The combination of high-aspect ratio, small size, strength, stiffness, low density,
and high conductivity makes CNTSs perfect candidates as fillers in polymer composites. The
properties of polymer nanocomposites containing carbon nanotubes depend on several factors
in addition to the polymer: synthetic process used to produce nanotubes; nanotube purification
process (if any); type and amount of impurities in the nanotubes; diameter, length, and aspect
ratio of the nanotube objects in the composite (isolated, ropes, and/or bundles); nanotube
orientation in the polymer matrix [29]. Fabrication of carbon nanotube/polymer composite
methods have predominantly focused on improving nanotube dispersion because the better
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nanotube dispersion in the polymer matrices is, the greater improvement in properties has
been found.

2.1. Preparation of CNT/polymer nanocomposites

The widely applied methods to produce nanotubes/polymer composites are as follows:
solution blending, melt blending, in situ polymerization and others: latex technology, solid-
state shear pulverization and coagulation spinning methods. Solution blending is the most
common method for fabricating polymer nanocomposites because it is both amenable to small
sample sizes and effective. This method involves three major steps: disperse nanotubes in a
suitable solvent, mix with the polymer (at room temperature or elevated temperature), and
recover the composite by precipitating or casting a film. To obtain metastable suspensions of
nanotubes or nanotube/polymer mixtures in different solvents high-power ultrasonication can
be used. However, high-power ultrasonication for a long period of time shortens the nanotube
length, i.e., reduces the aspect ratio, which is detrimental to the composite properties [45].
One variation of the solution blending method uses surfactants to disperse higher loadings of
nanotubes [46] [47]. But using surfactants to improve nanotube dispersion can be problematic
because the surfactant remains in the resulting nanocomposite and might degrade transport
properties and they can also alter the polymer matrix [48]. One alternative to surfactant-aided
dispersion is nanotube functionalization to improve dispersion and interfacial adhesion to the
polymer matrix. The next method of preparing CNT/polymer composites, melt blending, is
generally less effective (in comparison to solution blending) at dispersing nanotubes in
polymers and is limited to lower concentrations due to the high viscosities of the composites
at higher nanotube loadings. Melt blending uses high temperature and high shear forces to
disperse nanotubes in a polymer matrix and is most compatible with current industrial
practices. To improve the processability, electrical, magnetic and optical properties of CNTs,
some conjugated or conducting polymers are attached to their surfaces by in situ
polymerization. As in the solution mixing, functionalized nanotubes can improve the initial
dispersion of the nanotubes in the liquid i.e. monomer, solvent and consequently in the
composites. Furthermore, in situ polymerization methods enable covalent bonding between
functionalized nanotubes and the polymer matrix using various condensation reactions. Zhu et
al. [49] prepared epoxy nanocomposites by this technique using end-cap carboxylated
SWCNT and an esterification reaction to produce a composite with improved tensile modulus
(E is 30% higher with 1 wt % SWNT). On the other hand, Nogales et al. [50] used an in situ
polycondensation reaction process to achieve low percolation thresholds in SWCNTs and
thermoplastic poly(butylene terephthalate) (PBT) composites and the percolation threshold is
about 0.2 wt % of SWCNTSs. Furthermore, Hernandez et al. [51] prepared PET/SWCNTs
nanocomposites by two different methods: direct mixing and in situ polymerization and
samples prepared by in situ polymerization show a low percolation threshold for electric
conductivity of @ = 0.048 wt % of SWCNT. High-performance structural composites based
on CNTs and polymer have also been prepared by in situ polymerization. Jia et al. [52] first
synthesized PMMA/CNT composites by in situ polymerization of MMA with CNTs present.
Later, Park et al. [53], Velasco-Santos et al. [54], and Jang et al. [55] polymerized in situ
polyimide (PI)/SWCNT, PMMA/MWCNT, and liquid crystalline epoxide (LCE)/MWCNT
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composites. PI/SWCNT composite films were anti-static and optically transparent with
significant conductivity enhancement (10 orders) at a very low loading (0.1 vol %). However,
Wisniewska et al. [56] [57] presented the influence of the presence of carbonaceous
nanoparticles on the course of radical polymerization and the properties of reaction products.
It has been shown that SWCNTs distinctly changed the course of polymerisation of vinyl
monomers and, depending on their kind, SWCNTS’ reactivity occurred as an inhibitor in S
polymerisation and a retarder in MMA polymerization.

Note that as polymerization progresses and the viscosity of the reaction medium
increases, the extent of in situ polymerization reactions might be limited. Instead of avoiding
the high viscosities of nanotube/polymer composites, some researchers have decreased the
temperature to increase viscosity to the point of processing in the solid state. Solid-state
mechanochemical pulverization processes (using pan milling [58] or twin-screw pulverization
[59]) have mixed MWCNT with polymer matrices. Pulverization methods can be used alone
or followed by melt mixing. Nanocomposites prepared in this manner have the advantage of
possibly grafting the polymer on the nanotubes, which account in part for the observed good
dispersion, improved interfacial adhesion [58], and improved tensile modulus [58] [59]. An
innovative latex fabrication method for making nanotube/polymer composites disperses
nanotubes in water (SWCNT require a surfactant, MWCNT do not) and then adds a
suspension of latex nanoparticles [60] [61]. Freeze-drying and subsequent processing of this
colloidal mixture produces composites with uniform dispersion of nanotubes even in a highly
viscous matrix like high molecular weight polystyrene [60]. This method allows to prepare
polymers that can be synthesized by emulsion polymerization or formed into artificial latexes,
e.g., by applying high-shear conditions. To obtain nanotube/polymer composites with very
high nanotube loadings, a “coagulation spinning” method to prepare composite fibers
comprising predominately nanotubes has been developed [62]. This method disperses
SWCNT using a surfactant solution, coagulates the nanotubes into a mesh by wet spinning it
into an aqueous poly(vinyl alcohol) solution, and converts the mesh into a solid fiber by a
slow draw process.

In common with conventional fiber composites, both mechanical properties, such as
stiffness and strength, and functional properties, such as electrical, magnetic and optical
properties, of polymer/CNT nanocomposites are linked directly to the alignment of carbon
nanotubes in the matrix. Nanotube alignment can be achieved prior to composite fabrication
where aligned nanotubes are incorporated into a polymer matrix by in situ polymerization
[63] [64]. Furthermore, in situ polymerization can be carried out in the presence of an external
field (e.g., a magnetic field [65]), where viscosity of the nanotube-monomer suspension
affects the degree of alignment. Carbon nanotubes can also be aligned during or after the
composite fabrication by mechanical stretching [66], spin-casting [67], wet spinning, melt
fiber spinning [68], and electrospinning [69] [70], where the last two methods allow you to
obtain the greatest degree of alignment.

The physical properties of nanotube/polymer nanocomposites, are determined from the
nanotube and polymer characteristics as well as from the microstructures produced while
fabricating and processing these nanocomposites. The optimal microstructure for one physical
property might not be the best microstructure of another physical property.
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2.2. Influence of carbon nanotubes on selected properties of polymer nanocomposites

Mechanical properties

Carbon nanotubes exhibit excellent mechanical properties with tensile strength of 50-
200 GPa and Young’s modulus of 1 TPa. The combination of these unique mechanical
properties along with the high aspect ratio, low density and high surface area make CNTSs an
ideal candidate for reinforcement in composite materials.

Both SWCNTs and MWCNTs have been utilized for reinforcing thermosetting
polymers, such as epoxy and polyurethane resins, as well as thermoplastic polymers,
including polyethylene, polypropylene, polystyrene, polyesters, etc. In general, the tensile
modulus and strength of polymer-rich nanotube composites are found to increase with
nanotube loading, dispersion, and alignment in the matrix. In addition to dispersion, there are
other major requirements that need to be satisfied for effective reinforcement of CNTSs in
composites : they include a high aspect ratio and interfacial interactions between carbon
nanotubes and polymer matrix. However, the results at low concentrations of nanotubes tend
to stay far behind the idealized theoretical predictions of the rule of mixtures [71] and the
Halpin-Tsai model [72]. For instance, Haggenmueller et al. [68] received an improvement in
the tensile modulus of PE fiber from 0.65 to 1.25 GPa for PE/0.5 wt % SWCNT (aspect ratio
~380) composite. Assuming the modulus of SWCNT is 1 TPa, the Halpin-Tsai model would
predict the modulus of nanocomposite to be ~16 GPa at this nanotube loading. At higher
nanotube concentration, the scope of improvement in mechanical properties can be limited by
high viscosity of the prepared nanocomposites. The differences between the predictions and
the experimental results occur from the imperfect dispersion and poor load transfer.
Nanotubes agglomeration impact the diameter and length (observed decrease in aspect ratio, a
parameter in model) and reduce the modulus of the filler (another parameter in model) with
respect to isolated nanotubes. For example, polystyrene nanocomposites reinforced with well-
dispersed 1.0 wt % CNTSs of a high aspect ratio had more than 35 % and 25 % increases in
elastic modulus and tensile strength, respectively [73].

Indeed, dispersion is the foremost important issue in producing CNT/polymer
nanocomposites. Many different techniques have been employed for CNT dispersion i.e.:
ultrasonication, calendaring process, ball milling, stir and extrusion etc. The technique
employed for CNT dispersion can influence, to a large extent, on the mechanical properties of
CNT/polymer nanocomposites. A good dispersion not only determine the mechanical
performance of composites but also makes more filler surface area available for bonding with
polymer matrix and prevents the aggregated filler from acting as stress concentrator. It should
be also noted, that the dispersion states of CNT in polymer matrix depends strongly from the
magnification and scale. For conventional composites, ‘‘dispersion” is generally defined as
even distribution of fillers in a matrix medium without aggregates. In contrast, for
CNT/polymer nanocomposites, dispersion has two aspects: (a) disentanglement of CNT
bundles or agglomerates, which is nanoscopic dispersion and (b) uniform distribution of
individual CNTs or their agglomerates throughout the nanocomposites, which is more of a
micro- and macroscopic dispersion [74]. A smaller diameter of CNT can enhance the degree
of CNT alignment due to the greater extensional flow; and a higher CNT content decreases

15



their alignment because of the CNT agglomeration and restrictions in motion from
neighboring CNTs [75]. However, note that the aligned composites have very anisotropic
mechanical properties, i.e., the mechanical properties along the alignment direction can be
enhanced, whereas these properties are sacrificed along the direction perpendicular to this
orientation.

As for fiber-reinforced polymer composites, the external load applied to CNT/polymer
composites have to be transferred to the CNTSs, allowing them to take the major share of the
load [76]. Functional moieties on nanotubes typically provide better interfacial load transfer
via bonding and/or entanglement with the polymer matrix. The chemical bonding between
SWNT and the obtained polymer matrix with only ~0.3 % grafting density, predicted by
molecular simulation, can increase the shear strength of a polymer-nanotube interface by over
an order of magnitude [77]. Experimentally, a 145 % increase in tensile modulus and 300 %
increase in yield strength with 1 wt % fluorinated SWCNTSs in a poly(ethylene oxide) matrix
was obtained [78]. In fact, at low SWCNTSs loadings (<0.5 wt %) the experimental Young’s
moduli of these composite fibers approximate the Halpin-Tsai predictions for an aligned
composites, and the tensile strength is higher than the theoretical rule of mixture estimate.
This suggests that the covalent bonding at the nanotube/polymer interface can be very
effective in strengthening the material.

Electrical properties

Electrically conducting polymer nanocomposites with a volume conductivity higher
than 10™° S/cm are considered to be an important group of relatively inexpensive materials
that can be utilized in many engineering fields (Fig. 3a), for instance electrically conducting
adhesives, electromagnetic interference shielding materials for electronic devices, antistatic
coatings and films, thermal interface etc. [79] [80] [81].

The percolation theory can be used to explain the electrically conducting behavior of
composites consisting of conducting fillers and insulating matrices. When the conductive
filler content is gradually increased, the transition from insulator to conductor can be
observed. The critical filler content where the measured electrical conductivity of the
composites sharply jump up by several orders of magnitude due to the formation of
continuous electron paths or conducting networks is known as a percolation threshold. Below
the percolation transition range, electron paths do not exist and the electrical properties are
dominated by the matrix material. Above the percolation transition range, multiple electron
paths exist in the matrix so that the electrical conductivity of the composite often shows a
saturation plateau (Fig. 3b) [82] [83].

16



A o0k -

m

¢ Conducting adhesive and coating
£ LOBEHYD 4 Thermal interface and e
@ —a)y electromagnetic shielding materials z . "\,
Z 10002 . o . b= _‘L‘ !
= Conducting thin film, elastic electrode % Conducting Fller g .ok
o = ] - i
S ooE4 4L g e
- 4 5 gt \
= Antistatic coatings and films E ’:... '.. ] Perealation threshold
F o OLOOE-06 Lo
o5 8 "a®* e
H 'y i \'--.9!__.,«.}
2 e 4] Semiconducting materials, papers and
h textiles, household appliances shell
Loop-10 0¥ Conducting filler content

Insulating material

Fig. 3 Typical applications of conducting composites (A) and a schematic of percolation phenomenon and
conducting network in conducting composites (B) [74].

The concentration of the conducting filler must be above the percolation threshold in
order to achieve conducting networks in the composite. To achieve percolation threshold,
conventional conductive fillers such as carbon black (CB), exfoliated graphite and carbon
fibers that are usually micro-meter scale materials, need to added in content as high as 10-
50%, resulting in a composite with poor mechanical properties and a high density. To
minimize aforementioned problem the incorporation of CNT might give a solution. In
comparison to traditional conductive fillers, CNT possess unique advantages i.e. high aspect
ratio and excellent electrical conductivity, which in turn facilitate the formation of conducting
networks and thus transform the insulating polymer to a conducting composite at a low CNT
content, often as low as 0.5 wt % (or even lower) (Fig. 4).

o

Before percolation threshold At percolation threshold

Fig. 4 A schematic presentation for the arrangement of CNTs before percolation threshold and at
percolation threshold in polymer nanocomposites [84].

Fig. 5 presents the percolation threshold of CNTs based nanocomposites with different
polymer matrices [85]. The transition from insulator to a conductor for most polymer matrixes
is observed when the CNT concentration is below 5 wt %. However, the values of percolation
threshold for CNT/epoxy nanocomposites varied from 0.002 to 7 vol %. [76] [86] [87] [88],
influenced by processing techniques used, to produce the nanocomposites, type of the
nanotubes (SWCNTs or MWCNTSs) and nanotubes characteristics: aspect ratio [89],
dispersion [46] and alignments [90] [91]. Note that the well-dispersed CNTs gave rise to 50
times higher conductivities than the entangled ones [85] and generally have higher aspect
ratios than nanotube aggregates. There is a critical value of CNT aspect ratio, above which the
percolation threshold was sensitive to dispersion state, while below which the percolation
threshold increased rapidly with decreasing aspect ratio. Furthermore, slight aggregation
produces a lower percolation threshold by increasing the local interactions between nanotubes
[89] [92]. Alignment of the nanotubes in polymer matrix also affects the electrical
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conductivity and its percolation threshold. When the nanotubes are highly aligned in the
composites, there are fewer contacts between the tubes, which results in a reduction in
electrical conductivity and a higher percolation threshold as compared to those in a composite
with randomly oriented nanotubes [93].
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Fig. 5 Percolation thresholds of CNT/polymer nanocomposites [85].

Many reports have shown that functionalization of CNTs affects tremendously the
electrical conductivity of nanocomposites: proper functionalization facilitates the CNT
dispersion and the formation of conducting networks in composites, resulting in lowered
percolation threshold of nanocomposites. It is generally known that chemical
functionalization disrupts the extended z-conjugation of nanotubes and hence reduces the
electrical conductivity of isolated nanotubes. In addition, functionalization of CNTs using
acids of a high concentration can severely damage and fragment CNTSs into smaller pieces
with decreased aspect ratios. For instance, nanocomposites based on amino-functionalized
CNT showed a typical percolation behavior, although the conductivities were in general
lower than those containing pristine or untreated CNTs [94]. However, there are also several
researches which report that functionalization can improve the electrical properties of the
composites [95] [96] [97] [98]. It seems that the disadvantages of functionalization with
respect to SWNT conductivity are prevailed by the improved dispersion enabled by
functionalization.

The CNT/polymer nanocomposites commonly possess electrical conductivity in the
range of 10° to 10 S/cm above the percolation threshold [15] [51] [99]. With the increasing
content of CNT above the percolation threshold, the electrical conductivity can be marginally
enhanced, but the solution viscosity becomes too high to produce void-free composites with
CNT content higher than 1.0 wt %. This restrains the utilization of CNT/polymer
nanocomposites for applications where high CNT contents are necessary. Thus, processing
techniques that improves the electrical conductivity of nanocomposites below or near the
percolation threshold became relevant to producing highly conducting composites. Buldum et
al. [100] and Stadermann et al. [101] indicated, based on simulation results, that the contact
resistance of CNTs in polymer composites played an important role in enhancing the
conductivity of nanocomposites. Ma et al. [94] confirmed those studies and showed that the
nanocomposites with silver decorated CNTs exhibited a significantly higher conductivity
above the percolation threshold than those containing pristine CNTs. A high electrical
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conductivity value of 0.81 S/cm was achieved with 0.5 wt % of silver decorated CNT. It was
also shown that the silver nanoparticles were tightly attached onto the defect sites of CNT
surface, compensated the negative effect (caused by the amino functionalization) by
enhancing the conductivity of CNT and reducing the contact resistance of CNT junctions in
matrix.

Rheological properties

Rheology is the study of the flow behavior of a material under conditions in which
they flow rather than elastic or plastic deformation. The study of the viscoelastic properties of
CNT/polymer composites have both practical importance related to composite processing and
scientific importance as a probe of the composite dynamics and microstructure [29]. The
rheological properties of nanotubes/polymer nanocomposites depend on several major factors
such as: characteristics of the filler loading, aspect ratio and dispersion, polymer molecular
weight, and the interfacial interaction between the polymer and filler [102] [103] [104] [105].
The two commonly used techniques to characterize the rheological properties of
CNT/polymer composites is storage modulus and variations of viscosity as the function of
frequency. It has been observed [106] that with an increasing concentration of carbon
nanotubes the viscosity of the polymer system drastically changed above certain value (Fig.
6).
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Fig. 6 Increase of viscosity of aqueous oxidised-CNT suspension [106].

It was also observed, that at low frequencies, the fully relaxed polymer chains exhibit
the typical Newtonian viscosity plateau but with the increase of CNT content the low-
frequency complex viscosity significantly increases, indicating that the relaxation of polymer
chains in the nanocomposites is effectively restrained by the presence of CNT [105]. With the
increase of frequency and CNT loading the storage modulus also gradually increased,
indicating a transition from viscous liquid to solid-like behavior. The concentration at which
CNT/polymer nanocomposite shows a transition from a rheological state (where the viscosity
or storage modulus changes significantly with increasing filler content) to a solid-like
behavior (where the viscosity or storage modulus is insensitive or has only a slight variation
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with increasing filler content) is known as the rheological percolation threshold [103] [104]
[105].

The strong dependence between the rheological percolation threshold and temperature
was reported [107]. It has been suggested that that the superposition of the entangled polymer
network and the combined nanotube-polymer network rather than the nanotube network alone
dominates the rheological properties. Whereas, the electrical percolation threshold, which is
not dependent on the temperature, requires contacts of carbon nanotubes to form solid
conducting networks where the temperature effect becomes marginal. The content of CNTs
required to form a rheological percolation threshold should be much lower than that for
electrical percolation, so the polymer chains contribute strongly to the rheological response of
nanocomposites [103] [108].

The rheological response of CNT/polymer nanocomposites with CNTs content below
the percolation threshold can be used as an indirect measurement to show the dispersion of
carbon nanotubes in polymer matrix. In general, the better the dispersion of CNT, the lower
the viscosity is. For instance, it was already reported that the functionalization of CNT can be
successfully used to reduce the viscosity of the CNT/epoxy suspension [109] and to lower the
rheological percolation threshold of nanocomposites due to the better dispersion [110]. This
group also showed that for the nanocomposites containing functionalized CNT the storage
moduli at low frequencies were also higher, indicating better load transfer between the CNTs
network and the polymer. The effect of functionalization on re-agglomeration of CNTs in an
epoxy matrix can be affected by rheological changes. It was observed that the CNTs without
any functionalization started to re-agglomerate upon application of curing temperature,
whereas the amino-functionalized CNTs remained uniformly dispersed over the whole curing
process, indicating a beneficial effect of functionalization on the stability of CNTs dispersion
even at a high temperature [111].

Thermal properties

The thermal conductivity of a material is dominated by atomic vibrations or phonons,
and the conduction by electrons is generally irrelevant for insulating materials [112]. The
thermal conductivity of CNT/polymer nanocomposites depends on several factors such as
content, aspect ratio, dispersion of CNTs and their interfacial interactions with polymer
matrix. The exquisite thermal properties of CNTs including high thermal conductivity and
good thermal stability, led to the expectation that CNTs could make useful functional fillers to
rectify the thermal properties of polymers. Nanocomposites with good thermal conductivity
have potential applications in printed circuit boards, connectors, thermal interface materials,
heat sinks, and other high-performance thermal management systems. Some enhancements
have been observed when employed CNT as thermal conducting filler to polymer matrix. For
instance, SWCNT/epoxy nanocomposites showed 70 % and 125 % increases in thermal
conductivity at 40 K and room temperature, respectively, with 1 wt % SWCNTs [113], while
introduction of 0.1-1.0 wt % of MWCNTS to epoxy resin enhanced the thermal conductivity
of epoxy resin by about 40 % [114]. However, also some reports exposed that the thermal
conductivities of CNT/polymer composites showed only a marginal improvement compared
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with the electrical conductivities with the same CNT content were already presented. Taking
into consideration the differences in transport mechanisms between the thermal and electrical
conductivities of composites, Moniruzzaman et al. [29] proposed that the phonons (major
carriers for thermal conduction) were much more probably to travel through the matrix rather
than through the CNT networks because the different thermal conductivity of CNT and
polymer, i.e. about 10* W/(m-K) with Kent=10% and Kpolymer=10™" W/(m-K), is much smaller
than that of the electrical conductivity, i.e. in the range of 10*°-10" with ocnr= 10°-10° and
Gpolymer < 107 S/cm.

A significant influence of thermal conductivity of CNT/polymer composites
has aspect ratio due to two main factors: (i) for a given volume fraction, the number of CNT—
polymer—CNT contacts increases with decreasing aspect ratio, which in turn reduces the
influence of high interfacial thermal resistance between CNTs and polymer matrix [115], (ii)
increasing the aspect ratio of CNTSs shifts the phonon dispersion towards lower frequencies,
resulting in a better CNT-liquid thermal coupling [116]. Another important factor that affects
the thermal conductivity is the interfacial adhesion between CNT and polymer matrix. The
enhanced CNT—polymer interfacial interactions can inhibit the phonon transportation along
CNTs, and increased the interfacial thermal resistance by affecting the damping behavior of
the phonons’ vibration [117].

Besides the thermal conductivity, the addition of CNT to polymer matrix can also
rectify the thermal stability (thermal decomposition temperatures), glass transition and
melting temperature and as well as flame-retardant properties through their constraint effect
on the polymer segments and chains. Similar as described above for thermal conductivity,
many factors such as CNT type, aspect ratio and dispersion, its interfacial interactions with
polymer matrix governed these thermal properties. For instance, epoxy/silane functionalized
MWCNT with 0.25 wt % loading showed sharp transition temperature from 147 to 161 °C,
which was even higher than that of the nanocomposites containing CNTs without
functionalization [76]. However, when incorporated CNTs into thermoplastic matrix this
capability becomes more pronounced since CNTs can act as the nucleation agents for
crystallization of polymers. For example, Probst et al. found that carbon nanotubes can
nucleate crystallization of poly(vinyl alcohol) at concentrations as low as 0.1 wt% [118],
while Anand et al. [119] showed that melt compounded SWCNT act as effective nucleating
agents for PET crystallization. The crystallization behavior of polypropylene (PP) in the
presence of single walled carbon nanotubes (SWCNTSs) has also been reported [120] [121].
Nogales et al. also found that SWCNTSs did not influence the crystal structure of PBT [50],
but they did not evaluate the influence on crystallization rate. Velasco-Santos et al. [54] added
into poly(methyl methacrylate) (PMMA) matrix 1.0 wt % well-dispersed SWCNTSs and gave
rise to a 40 °C increase in glass transition temperature of PMMA, whereas Kashiwagi et al.
[122] observed the increase by 12 °C of the thermal decomposition temperature of
polypropylene at peak weight loss with 2 vol % MWCNTs. The flammability of
CNT/polymer composites was also observed and found that SWCNT have the highest
capability to reduce the mass loss rate of the composite MWCNT are the second most
effective in comparison to CNF and carbon black [123]. The mechanisms behind this
enhancement can be understood from two points: [123] [124] [125]: (i) the networks
containing CNT act as a heat shield for the neat polymer below the layer, thus significantly
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reducing the heat release rate of nanocomposites and (ii) the incorporation of CNT into a
polymer leads to an enhanced thermal stability of nanocomposites, thus effectively inhibits
the formation of cracks or openings that compromise the flame-retardant effectiveness of
nanocomposites during burning. Poorly dispersed CNTs or very low concentration of CNTs
resulted in the formation of a discontinuous layer consisting of fragmented islands with sizes
from 1 to 10 mm. Note that the functionalization of CNT will further reduce the flammability
of nanocomposites as it will not only enhance the dispersion of CNT in the polymer matrix,
but also enhance the thermal stability of nanocomposites.

The high cost of CNTSs, especially SWCNTSs, in comparison to other fillers like
graphite, CB and carbon fibers, limits the widespread applications of CNT-based conducting
composites. Therefore, nanocomposites containing hybrid fillers of CNTs and other
inexpensive particles were developed in recent years [126] [127] [128] [129]. Hybrid fillers
with unique geometric shapes and different dispersion characteristics may offer a new way to
lower the final cost of CNT-based nanocomposites with multi-functional properties.

3. Graphene and graphene derivatives
3.1. General characterization

Graphene is an atomically thick, two-dimensional (2-D) sheet composed of sp® carbon
atoms arranged in a honeycomb structure [4] with a carbon—carbon bond length of 0.142 nm
[5] (Fig. 6). Electrons in graphene behave like massless relativistic particles, which contribute
to very peculiar properties such as an anomalous quantum Hall effect and the absence of
localization [6]. Graphene has indicated a variety of intriguing properties including high
electron mobility at room temperature (250 000 cm?/Vs) [7] [8], and unlike CNT, chirality is
not a factor in its electrical conductivity, exceptional thermal conductivity (5000 Wm™ K™)
[9], and superior mechanical properties with Young’s modulus of 1 TPa and ultimate strength
of 130 GPa [8]. These properties in addition to extremely high surface area (theoretical limit:
2630 m?/g) and gas impermeability [10] demonstrate graphene’s great potential for improving
electrical, mechanical, thermal, and gas barrier properties of polymers.

A type of 2D graphitic nanofiller consisting of stacked graphene layers are graphite
nanoplatelets (GNP), also called graphite nanosheets (GNS) and graphite nanoflakes (GNF),
or just simply exfoliated or expanded graphite (EG). The stacked layers are bonded to each
other by weak Van der Waals forces with a constant interlayer distance of about 0.34 nm
[130].The thickness of GNPs varies from a few to several dozens of nanometers, as compared
to their diameter, usually in the microscale, which leads to the high specific surface area of
GNPs (with a theoretical value of 2630-2965 m?/g [131]) and high aspect ratios. The diameter
and thickness GNPs could be by a number of techniques, such as intercalation, oxidation, heat
treatment, microwave irradiation, ultrasonic treatment etc. [132] [133] [134] [135]. In
comparison to other classic 2D nanofillers, such as nanoclays, GNPs have lower mass density,
and are highly thermally and electrically conductive, due to the sp? hybridized carbons in the
monolayer graphenes within the GNPs. The graphene nanoplatelets also possess superior
mechanical properties with a reported modulus of 1.1 TPa and strength of 125 GPa [136].
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Therefore, GNPs, the cost-effective nanofiller, are truly ideal for improving polymer’s
properties and obtaining multifunctionalities for practical applications.

.......

Fig. 7 Graphene, the building block of all graphitic forms, can be wrapped to form the 0-D buckyballs,
rolled to form the 1-D nanotubes, and stacked to form the 3-D graphite [137].

3.2. Methods for preparation of graphene and graphene derivatives

There are different methods for preparation of graphene sheets that can be divided into
two main routes: bottom-up and top-down processes. In bottom-up processes, graphene sheets
are synthesized by a variety of methods such as: chemical vapor deposition (CVD) [138]
[139] [140] [141], arc discharge [142] [143], epitaxial growth on SiC [144] [145] [146] [147],
chemical conversion [148] [149] [150], reduction of CO [151], unzipping of carbon nanotubes
[152] [153] and many more. CVD and epitaxial growth often produce small amounts of large-
size, defect-free graphene sheets. These methods can be more attractive than for example
mechanical cleavage [7] for production of graphene sheets for fundamental studies and
electronic applications but are not adequate to provide large amount of nanofillers preferably
with modified surface structure for polymer nanocomposites. In top-down processes,
graphene and modified graphene sheets are produced by separation/exfoliation of graphite or
graphite derivatives (such as graphite oxide or graphite fluoride [154]). Generally, these
methods are suitable for large scale production required for polymer composite applications
and offer significant economic advantages over bottom-up methods. Fig. 8 shows a block
diagram which summarizes the different routes reported for production of graphene or
modified graphene starting from graphite or GO.
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Fig. 8 Top-down methods for production of graphene and modified graphene starting from graphite or
via graphite oxide (GO) [4].

Alkali metal [131] or acid [155] [156] intercalated graphite can be expanded upon the
heat treatment to produce thicker (~100 nm) form of 2-D carbon known as expanded graphite
(EG), which is commonly used as a filler for polymer composites. However, EG still bears
layered structure of graphite. Recently, a thinner form (~10 nm) of EG known as graphite
nanoplatelets (GNP) was produced by either thermal expansion of fluorinated graphite
intercalation compounds [157] or microwave radiation of acid-intercalated graphite followed
by pulverization using ball milling or ultrasonication [158]. Due to the large diameter and
rigidity of graphite flakes are preserved in this process, GNP can improve electrical
conductivity and mechanical properties of polymers at substantially smaller loadings than
graphite or EG [159] [160].

Direct exfoliation of graphite.

Recently, graphite has been directly exfoliated to single- and multiple-layer graphene
via sonication in the presence of polyvinylpyrrolidone [161] or N-methylpyrrolidone [11],
electrochemical functionalization of graphite assisted with ionic liquids [162], and through
dissolution in superacids [163]. The direct sonication method have the ability to be scaled up
to produce large quantities of single- and multiple-layer graphene or functionalized graphene
that can be used for composite applications. Nevertheless, separation of the exfoliated
graphene sheets from the bulk graphite might be a challenge. Fig. 9 summarizes different
routes of the graphite structure modification after different treatments.
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Fig. 9 Scheme of the graphite structure modification after different treatments [130].

Graphite oxide.

Currently, one of the most promising methods for large scale production of graphene
is exfoliation and reduction of graphite oxide. It was first prepared over 150 years ago by
Brodie [164]. However, graphite oxide was also produced using different variations of
Staudenmaier [165] and Hummers methods in which graphite is oxidized using strong
oxidants such as KMnO,4, KCIO3 and NaNO; in the presence of nitric acid or its mixture with
sulfuric acid. Analogous to graphite, which is composed of stacks of graphene sheets, graphite
oxide is composed of graphene oxide sheets stacked with an interlayer spacing between 6 and
10 A depending on the water content [136]. The model of Lerf-Klinowski [166] describes GO
as built of pristine aromatic “islands” separated from each other by aliphatic regions
containing epoxide and hydroxyl groups and double bonds as shown in Fig. 10. Graphite
oxide has an approximate C/O/H atomic ratio of 2/1/0.8 [164]. During oxidation graphene
oxide sheets undergo unzipping resulting in size reduction compared to the parent graphite
flake size [167].

Fig. 10 Structure of GO (a) consisting of aromatic islands separated by aliphatic regions containing
oxygen bonded carbons as described by the Lerf-Klinowski model [67].

A number of different methods currently exist for the exfoliation and reduction of GO
to produce chemically modified graphene. The term “chemically modified” is chosen because
complete reduction of graphene oxide to graphene has not yet been observed [4]. In chemical
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reduction methods a stable colloidal dispersion of GO is produced followed by chemical
reduction of the exfoliated graphene oxide sheets. Stable colloids of graphene oxide can be
obtained using variety of solvents such as water, alcohol (and other protic solvents), but also
polar aprotic solvents like isocyanate [168], octadocylamine [169] or treating with surfactants
[170] [171]. Colloidal graphene oxide or the organically treated version can chemically
reduced producing chemically reduced graphene (CRG) using hydrazine [168] [172],
dimethylhydrazine [173], hydroquinone [174] etc. Reduction of graphene oxide restores
electrical conductivity but it still remains: C/O atomic ratio of ~ 10/1 [170]. However, the
main drawback that limits application of this method is the hazardous nature and cost of the
chemicals used in reduction. An alternative method to produce chemically modified graphene
sheets without the need for dispersion in a solvent and which leads to restoration of the
electrical conductivity with reported electrical conductivity of a compacted film with density
0.3 g/cm® ranging between 10 and 20 S/cm [175] compared to 6000 S/cm for defect-free
single graphene sheets [176] is a thermal reduction process. Thermally reduced graphene
oxide (TRG) can be produced by rapid heating of dry GO under inert gas and high
temperature [175] [177] [178] [179]. Heating GO in an inert environment at 1000 °C for 30 s
leads to reduction and exfoliation of GO, producing TRG sheets. Exfoliation, which leads to
volume expansion of 100 - 300 times, takes place when the pressure generated by the gas
(CO,) evolved due to the decomposition of the epoxy and hydroxyl sites of GO exceeds van
der Waals forces holding the graphene oxide sheets together, producing very low-bulk-density
TRG sheets. About 30 % weight loss is associated with the decomposition of the oxygen
groups and evaporation of water [175]. 80 % of the TRG sheets are single layers with an
average size of about 500 nm independent of the starting GO size, but due to the structural
defects these sheets are highly wrinkled [175] [178]. TRG has C/O ratio of about 10/1
compared to 2/1 for GO [178] and high surface area of 1700 m?g. This ratio has been
increased up to 660/1 through heat treatment at higher temperature (1500 °C) or for longer
time [180].

4. Polymer nanocomposites containing graphene derivatives

The discovery of graphene and graphene derivatives with its combination of extraordinary
physical properties and ability to be dispersed in various polymer matrices has created a new
class of polymer nanocomposites that have shown immense potential applications in the fields
of electronics, aerospace, automobile, defense industries, green energy, etc., due to its
exceptional reinforcement in composites. Graphene based polymer nanocomposites can be
prepared in many different ways, but the most common synthesis strategies of preparing
graphene/polymer nanocomposites are three synthesis routes: 1. Solution mixing, 2. Melt
blending and 3. In situ polymerization.
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4.1. Synthesis of graphene/polymer nanocomposites

Solution mixing

Solution mixing is the most direct method to prepare polymer composites. The method
consists of three main steps: 1. The filler dispersion in a suitable solvent using for example
ultrasonication, 2. Incorporation of the polymer and 3. Solvent removal by distillation or
evaporation [181] [182]. During this preparation process, the polymer covers graphene sheets
and when the solvent is evaporated or distilled off, the graphene sheets reassemble,
sandwiching the polymer to form polymer nanocomposites [183]. The compatibility of the
polymer and nanofiller to the employed solvent plays the critical role in achieving a good
dispersion. The solution mixing can be used to obtain polymer nanocomposites with a range
of polymers such as: poly(vinyl fluoride) (PVF) [184], poly(ethylene) (PE) [185], poly(vinyl
alcohol) (PVA) [186] [187], Poly(methylmethacrylate) (PMMA) [188], Polyurethane (PU)
[189] etc. However, removal of the solvent is a critical issue. Due to the oxygen functional
groups, graphene oxide can be directly mixed with water soluble polymers like PVA. GO-
PVA composites have been prepared [182] by direct addition of PVA powder into the
exfoliated aqueous dispersion of GO. The fully exfoliated and clearly well-dispersed GO
sheets in the PVA matrix with only few restacks were observed with Field Emission Scanning
Electron Microscopy (FESEM). The molecular level of GO dispersion in PVA matrix has
been also confirmed by XRD.

The solubility and interaction between GO and polymer matrix can be improved by
chemical functionalization. Using solution mixing technique various types of polar polymers
like PAN, PAA, PMMA have been successfully mixed with functionalized graphene oxide (f-
GO) [190] [191]. Functionalization of graphene sheets may stabilize dispersion in water and
in organic solvents with reducing the agglomeration. Ultrasonication may help to receive a
homogeneous dispersion of graphene sheets, however long exposure time to ultrasounds may
induce defects in graphene which are detrimental to the composite properties [192].

The attached oxygen groups on the surface of graphene can break the conjugated
structure and localize m-electrons leading to decrease of both carrier mobility and carrier
concentration and modifying the electronic structure of graphene. Therefore GO is a typical
insulator exhibiting a sheet resistance of about 10* Q/sq or higher [193]. To restore the
conjugated network of graphene which results in recovery of its electrical conductivity and
other properties, the reduction process can be used. In situ reduction may be used to restore
the conductivity and prevent restacking since the presence of polymers in the solution mixture
during the reduction [194]. For instance, the dramatic enhancement of electrical conductivity
for the in situ reduced GO-Nafion nanocomposites by exposure to hydrazine has been
reported [195].This enhancement of electrical conductivity indicated a sufficient accessibility
of the inorganic GO sheets to the reducing agent, through the nanochannels formed by the
polymeric ionic domains. The chemical reduction has been successfully used to prepare other
polymers such as vinyl acetate/vinyl chloride copolymers [196]. However, the adequate
reducing agents are needed to be selected depending on the type of polymer as in situ
reduction may cause degradation of polymer [197].
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Melt blending

The second often used technique to obtain polymer nanocomposites, especially for
thermoplastic polymers, with graphene derivatives is melt blending process. This technique is
more practical and versatile and uses a high temperature and shear force to disperse fillers in
the polymer matrix. A range of composites based on polystyrene (PS) [198], polypropylene
(PP) [199] [200], poly(vinylidene fluoride) (PVDF) [201], have been prepared using this
technique. High temperature that softens the polymer matrix allows easier dispersion of
reinforcing phase. Melt blending is free from toxic solvents but is also less effective in
dispersing graphene in the polymer matrix especially at higher filler loadings due to the
increased viscosity of the composites [192]. Another disadvantage of this technique is rolling,
buckling or even shortening of graphene sheets during mixing due to the strong shear forces
which result in reducing its aspect ratios which is not beneficial for better dispersion [194].
Bao et al. [202] have successfully prepared graphene/poly(lactic acid) (PLA) nanocomposites
with improved properties. They observed well-dispersed graphene and significantly improved
crystallinity, rate of crystallization, mechanical properties, electrical conductivity and fire
resistance of obtained nanocomposites. On the other hand, Kim et al. [203] have noted that
addition of graphene to polyethylene didn’t improve electrical conductivity nearly up to 1.2
vol % of nanofiller loading.

In situ polymerization

To prepare polymer/graphene composites, the in situ polymerization technique is particularly
attractive, as it enables control over both the polymer architecture and the final structure of
the composites. This technique is often used to prepare graphene polymer nanocomposites
such as PMMA [204], Nylon 6 [205], PU [206], poly (butylene terephthalate) (PBT) [207],
epoxy [208] [209], polyaniline (PANI) [210], PE [211] etc. The key point of this approach
relies on good dispersion of graphene or its derivative in the monomer or solvent, followed by
in situ polymerization initiated either by heat or by the addition of a suitable compound. The
intercalation of monomers into the layered structure of graphite, during in situ polymerization,
increases interlayer spatial distance and exfoliates graphene platelets producing well-
dispersed graphene sheets throughout the polymer matrix after polymerization. In situ
polymerization technique enables the covalent bonding between the functionalized sheets and
polymer matrix through various chemical reactions. Major nuisance of this technique is the
viscosity increase with the progress of polymerization which hinders manipulation and limits
load fraction [181] [194]. Furthermore, in certain cases the process is carried out in the
presence of solvents, hence solvent removal is a crucial issue similar to the solvent mixing
technique [194]. The investigation of Zaman et al. [212] showed a general approach to make
highly dispersed graphene/polymer nanocomposites with good control over the structure and
achievement of the lowest electrical conductivity percolation threshold for epoxy ever
reported, by adopting in situ polymerization technique to prepare chemically modified
graphene/epoxy composites.
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4.2. Influence of graphene derivatives on selected properties of polymer nanocomposites

Mechanical properties

The experimental discovery of graphene as a new nanomaterial with its intrinsic strength of
~130 GPa and elastic modulus of 125 GPa, has opened an interesting and novel area in
material science in recent years. Defect-free graphene is the stiffest material ever reported,
however despite some structural distortion, the measured elastic modulus of CRG sheets is
still as high as 0.25 TPa [8]. Actually, better comprehension of chemistry and intrinsic
properties of graphene with different preparation approaches has led scientists to devise
graphene filled composites with enhanced mechanical, electrical, thermal and barrier
properties. Same as other composites, the range of the improvement is referred to many
factors such as the reinforcement phase concentration and the distribution in the host matrix,
interface bonding and the reinforcement phase aspect ratio. The foremost facet of these
nanocomposites is that all the property enhancements are obtained at a very low filler loading
in the polymer matrix [182]. Table 1 presents the percentage enhancement in the mechanical
properties of graphene based polymer nanocomposites in relation to the base polymer matrix.
It can be noted from the Table 1 that the incorporation of graphene to polymer matrices can
significantly affect their mechanical properties. Nevertheless, the extent of improvement is
different for different matrices. For instance, the tensile strength increase alters from ~0.9
MPa for graphene/epoxy at 1.0 wt % [213], 77 MPa for CRGO/PE at 3.0 wt % [214], and 150
MPa for functionalized CRGO/PVA at 3.0 wt % [186]. This variability is mostly due to the
structure and intrinsic properties of graphene, its surface modifications, the type of polymer
matrix and also different preparation process [215]. Despite the fact that graphene has the
highest theoretical strength, it has shown poor dispersion in polymer matrices due to
restacking as well as its low wettability, resulting in a decrease in mechanical properties of
reinforced nanocomposites. Graphene oxide is commonly used to improve mechanical
properties of graphene based nanocomposites, because of its excellent mechanical properties
(i.e. Young’s modulus of GO monolayer is 207.6 + 23.4 GPa [216]), abundant functional
groups which simplify strong interfacial interactions and load transfer from the host polymer
to GO and ability to significant change of Van der Waals interactions between GO sheets,
facilitating their easier dispersion in polymer matrices [217]. EI Achaby et al. [218] have
prepared graphene oxide nanosheets (GOn) / PVDF nanocomposite films by solution casting
method with various GOn contents in dimethylformamide (DMF). The GOn were
homogenously dispersed and distributed throughout the polymer matrix due to the strong and
specific interaction between carbonyl group (C=0) in GOn surface and fluoride group (CFy)
in PVDF. The property enhancements was related to the strong and specific interfacial
interaction that resulted in the adsorption of macromolecular chains of PVDF on to the GOn
surface.

The strong interfacial interaction between graphene platelets and polymer matrix is
relevant for effective reinforcement. Poor interfacial adhesion may result in lower composite
strength properties. Covalent and non-covalent functionalization of graphene based materials
can be used to promote the interaction between the matrix and graphene platelets. Hydrogen
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bond interactions and Van der Waals interactions were reported to be responsible for the
improvement of mechanical properties [219] [220] [221].

Not only physical interactions can improve the properties of composites but also the
chemical tailoring of the interface between filler and polymer matrix which may provide the
most effective increase of the interfacial shear strength for improving stress transfer due to the
formation of covalent bonds [182]. Cai D. et al [222] showed GO covalently bonded to PU
via the formation of urethane bonds (-NH-CO) from the reaction between the hydroxyl groups
(-OH) on the surface of the GO and -NCO groups on the ends of PU chains (Fig. 11) which
led to the increase in toughness by 50 % at 1 wt % loading without losing its elasticity.

NCO-[R,-0-NH-CO-R,-CO-NH-0-R,] -NCO

OH OH o
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NCO-[R,-O-NH-CO-R,-CO-NH-0O-R,]-NCO

Fig. 11 The schematic illustration for the formation of the covalent bonds between the GO and PU matrix
[222].

Except the intrinsic properties and interfacial interactions between graphene and
polymer matrix, a wrinkled topology of graphene can enhance mechanical interlocking and
adhesion to the host polymer [181] [215] [223]. It has been reported [224] that the wrinkled
structure of graphene, which was different from the rectangular shape assumed by the Halpin-
Tsai model, may play a significant role in reinforcement (experimental results showed 13%
higher value for Young’s modulus than the theoretically predicted from the model).

Besides the mechanical reinforcement, the improvement in creep [225], fatigue [217],
[226] [227], fracture toughness [217] [224], impact strength [228] of graphene/polymer
nanocomposites have been also reported.

Table 1 Mechanical properties of graphene-polymer nanocomposites [229].

Matrix Filler Filler Fabrication % increase compared to neat polymer Reference
loading  process Tensile Elastic Fracture Fracture
(wt %ea, strength modulus energy toughness
vol % b) (GIC) (KIC)
f-GP1 0.489b In situ ~-22.6 ~26.7 ~296 ~55.3 [209]
f-GP1 1.5a In situ ~7.7 ~55 [230]
TRGO2 0.1a In situ 20 25 [231]
f-GP1 . -15 21.6 200 100
GP3 4.0a In situ -23 7.4 1043 50 [232]
TRGO2 0.1a In situ 40 31 126 53 [224]
Epoxy f-GP1 1.0a In situ 30 50 Negligible [233]
TRGO2 0.125a In situ ~45 ~50 115 65 [217]
GNR4 0.3a In situ 22 30 Marginally [234]
increased
GO 0.1a In situ 12 ~4 29 28 [235]
GP3 1.0a In situ 0.9 22.6 [213]
GO 1.0a Solution ~0.5 ~3.6 [185]
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blending

Solution
TRGO2 1.0a blending -8.9 [203]
Melt
CRGO5 3.0a blending 77 87 [214]
Melt blend. ~49.1
PU 0.5a Sol. blend. ~98.4 [189]
f-GP1 In situ ~14.7
CRGO5 1.8 Solution 150 ~940 [186]
blending
PVA Solution
f-CRGO6 3.0a . 177 86 235 [236]
blending
GO Solution ~38.7 ~-9.35
PVAC £.GO7 0.7 blending 553 17 [237]
PP CRGOS 1.0 Melt 75 75 [199]
blending
GO . 15.0 29.9
PMMA CGROS 2.0a In situ 19 358 [204]

"Functionalized graphene, “Thermally reduced GO, *Graphene, “Graphene nanoribbons, >Chemically reduced
GO, °Functionalized CRGO, "Functionalized GO

Electrical properties

Table 2 summarizes the electrical and thermal properties of graphene based polymer
nanocomposites according to the literature data with respect to pure polymer matrix.

One of the most fascinating properties of single layer graphene is its very high
electrical conductivity. When graphene is used as nanofiller with the insulating polymer
matrix, it can provide percolated pathways for electron transfer, making the composites
electrically conductive. Graphene based composite materials exhibit a nonlinear increase of
the electrical conductivity as a function of the filler content at certain amount of filler loading,
known as percolation threshold. There is several factors that affect the electrical conductivity
and the percolation threshold of nanocomposites such as the filler’s concentration, processing
method, the presence of functional groups and aspect ratio of graphene sheets, distribution in
the matrix, wrinkles and folds etc. [181] [192]. The current flow in graphene based materials
takes place via tunneling between thin polymer layers surrounding the nanosize particles, and
this tunneling resistance claimed to be the limiting factor in the composite conductivity [238].
The single layer graphene (pristine graphene) has high electrical conductivity but the
difficulty in manufacturing large amount by mechanical exfoliation and thereby high cost
limits its use. To eliminate the oxygen functional groups and partially restore the electrical
conductivity, making reduced graphene oxide suitable for preparing conducting composites,
the reduction process of graphene oxide can be utilized. It has been already noted that
thermally reduced GO has higher electrical conductivity than chemically reduced GO due to
the absence of oxygenated functional groups [192]. Kim et al. [189] have showed that in
PU/graphene nanocomposites the lower percolation threshold of < 0.5 vol % was obtained for
thermally reduced graphene oxide while > 2.7 vol % for graphite. On the other hand, Shen et
al. [239] has revealed that electrical conductivity of rGO-g (2.5 x 10° S/m) (chemical
reduction using glucose) is higher by four orders of magnitude compared to the conductivity
of TRGO (2.8 x 10" S/m), much higher than that of GO (2.7 x 10" S/m). The lower
conductivity of TRGO was suggested to be due to the presence of oxygenated species and the
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smaller sp® domains created by thermal reduction of GO which makes it intractable to restore
the conducting network in reduced graphene.

Table 2 Electrical and thermal properties of graphene/polymer nanocomposites [229].

Matrix Filler Filler Fabrication Electrical properties Thermal properties Reference
loading process Percolation Surface % increase in Thermal
(wt 9%°, threshold resistance® thermal resistivity?
vol % ) (®-wt %, °- (Q)/Electrical conductivity (MQ)/Ther
vol %) conductivity” mal
(Sm™) conductivity
(Wim-K)
f-GP! 15° In situ ~25 [209]
Enox f-GP! In situ 0.244° [212]
POXY CcrGO? In situ 0.52° [240]
Graphene 1.0% In situ ) 23.8 [213]
CRGO? In situ 0.62 [241]
PMMA f-GO® In situ 0.26" 2.47x10™ [242]
4 Solution b
TRGO blending 0.16 [188]
PE TRGO*  10°  Solution 2.0x10% [203]
blending
Graphene In situ 3.8 [211]
Melt >0-5b
PU f.Gp! blend.
05 Sol. blend. <0.3 [189]
In situ >0.5
PVA  f-CRGO®  3.0° Solution 0.37° 0.9x10? [236]
blending
TRGO* Solution 45° [184]
blending
PVDF Solution
TRGO* . 0.016" [243]
blending
0.5 Solution 760
PBT Graphene 10 blending 50 [207]
2 Solution 8.38x10™
PANI CRGO 10.0a blending 11.92x10% [244]

"Functionalized graphene, “Chemically reduced GO, °Functionalized GO, “Thermally reduced GO,
*Functionalized chemically reduced GO.

Recently, Zhang et al. [188] have examined the effect of surface chemistry of
graphene (oxygen content) on electrical conductivity of PMMA/graphene nanocomposites. It
has been noted that the percolation threshold increases with increasing content of oxygen of
graphene sheets. PMMA nanocomposites with the lowest oxygen content in graphene showed
a dramatic increase in electrical conductivity from 3.33 x 10~ S/m with 0.4 vol % to 2.38 x
107% S/m with 0.8% and even up to 10 S/m at 2.67 vol % of graphene. This rapid transition
from insulator to semiconductor was due to the formation of an interconnected graphene
network. Despite above presented results the presence of oxygen-containing groups on
graphene surface has been proved to disrupt its graphitic sp? network and decrease its intrinsic
conductivity. In general, the higher oxygen content is, the lower intrinsic conductivity can be
observed. Furthermore, Pham et al. [241] reported an interesting study on simple,
environmentally friendly approach for preparing highly conductive poly(methyl methacrylate)
- reduced graphene oxide (PMMA-RGO) composites with low percolation threshold of 0.16
vol% and electrical conductivity of ~64.1 S/m at 2.7 vol % by self-assembly of positively
charged PMMA latex particles and negatively charged graphene oxide sheets through
electrostatic interactions, followed by hydrazine reduction. Whereas, the effect of temperature
on electrical conductivity of PVDF/graphene composite was investigated by Ansari et al.
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[245]. A gradual increase in resistivity with temperature followed by a sharp increase was
observed when PVDF reached the melting point. As the temperature approaches the melting
point of the polymer, the distance between particles increases (due to volume expansion of the
matrix), leading to a sharp increase in resistance. On the other hand, the PVDF/TRGO
composites showed the gradual decrease of resistivity with the increasing temperature and
above the melting point a dramatic decrease of resistivity. This negative temperature
coefficient behavior of PVDF/TRGO composite was ascribed to the higher aspect ratio of
TRGO that leads to contact resistance predominating over tunneling resistance. Generally,
contact resistance can predominate when the number of contacts increases either because of
an increase in the number of particles or an increase in the aspect ratio.

Thermal properties

The exceptional thermal properties of graphene-based fillers have been harnessed to improve
the thermal conductivity, thermal and dimensional stability and cause large shifts in the T of
the host polymer. Pristine graphene have shown high thermal conductivity due to the strong
C-C covalent bonds and phonon scattering; is known for the highest thermal conductivity with
room temperature value ~3000 W/m-K when suspended [9] [246] and approximately 600
W/m-K when supported on a SiO, substrate [247]. Unlike CNTSs, the sheet-like geometry of
graphene-based materials may provide lower interfacial thermal resistance and thus produce
larger conductivity improvements in polymer composites [248] [249]. Table 3 provides
comparison of thermal conductivity determined for graphene with the exceptional data
reported for CNTs [9] [250] [251] [252]. The geometry of GNPs and graphene filler may also
impart significant anisotropy to the thermal conductivity of polymer nanocomposites [253],
with the measured in-plane conductivity about ten times higher than the cross-plane
conductivity [254] [255]. Other factors such as aspect ratio, orientation and dispersion of
graphene sheets will also affect thermal properties of composites.

Table 3 Room Temperature Thermal Conductivity in Graphene and CNTs [9].

sample type K (W/mK) method comments ref
SLG ~4840-5300 optical Individual; suspended Baladin et al. [9]
MW-CNT >3000 electrical Individual; suspended Kim et al. [250]
SW-CNT ~3500 electrical Individual; suspended Pop et al. [251]
SW-CNT 1750-5800 thermocouples bundles Hone et al. [252]

Thermal conductivity studies of graphene-based materials were largely focused on
different polymer matrices such as: epoxy matrix composites [248] [254] [256] [257] [258],
PMMA [188] [259], PP [208], PC [260] etc. (Table 2).

Aside from being used to impart thermal conductivity, GNPs and various CMGs fillers
can also endow other unique properties such as thermal stability (as typically defined by the
maximum mass loss rate measured by thermogravimetric methods) to composites [261] [262]
[237], even GO can enhance the overall composite thermal stability versus the neat polymer
[263] [264] , despite being thermally unstable itself. Yan et al. [265] observed that inclusions
of GNSs into rigid polyurethane foam (RPUF) increase the T4 whereas decrease the Tan & of
PU, where both Ty
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and Tan & interpret the mobility and movement capacity of polymer molecule chain
segments. The presence of GNSs highly impedes the polymer chain motion via strong
interfacial interactions and acts as “physical crosslink” during the glass transition, which
evidently improves the stiffness and heat resistance of the nanocomposites.

A significant number of studies on nanoclay-filled composites have suggested
improved thermal stability trends with increased levels of exfoliation and interfacial adhesion
[266]. Increases in the onset of (non-oxidative) degradation of 20-30 °C and higher have been
reported with GO-derived fillers [221] [267] [268]. Thermal degradation stability
improvement of several polymer matrices, such as HDPE [228], poly (arylene ether nitrile)
(PEN) [269], polycarbonate (PC) [270] with graphene as nanofiller has been studied. For
instance, the degradation temperature of PS composite increased with graphene content and a
maximum increase of 16 °C was observed for the 20 wt % composite [271].

The negative coefficient of thermal expansion (CTE) of graphene [272] [273], along
with its high specific surface area and high stiffness, can significantly lower the coefficient of
thermal expansion (CTE) of a polymer matrix [274]. The reduction of CTEs, as high as 31.7
%, below T, was observed for incorporation of 5 % GO into epoxy [258]. Compared with
CNTs, GNPs were reported to decrease the CTE of PP in two directions instead of one when
aligned in the matrix [253].

Rheological properties

Investigation of nanocomposite rheology is important for the understanding of
processing operations but it can also be useful for nanocomposite microstructure examination
[275] [276] [277]. In linear viscoelastic rheology measurements, the low-frequency moduli
may supply information on the graphene dispersion; for example, the presence of a low-
frequency storage modulus (G°) plateau is indicative of rheological percolation due to
formation of a ‘solidlike’ elastic network of filler [278]. The onset of a frequency-independent
G can also coincide with other phenomena, like the loading at which a large decrease in the
linear viscoelastic strain limit is observed [279]. The percolation threshold determined from
linear viscoelastic rheology measurement can be used to approximately quantify dispersion in
terms of an equivalent aspect ratio of idealized platelets [279] [280]. In general, G™ has been
found to increase across the frequency range with dispersion of rigid nanoplatelets, coherent
with reinforcement. Additionally, changes in the dynamic moduli have been widely examined
in nanocomposites based of GNP and GO-derived fillers using dynamic mechanical analysis
(DMA) temperature scans [135] [256] [281].

Furthermore, orientation of chemically modified graphene (CMG) platelets may affect
the onset of rheological percolation, as well-dispersed, randomly oriented platelets would be
expected to percolate at lower concentration than well-dispersed, aligned platelets. One
method that promotes the randomization of filler orientation is thermal annealing above the T
of the polymer. For instance, Kim et al. [279] observed that the rheological percolation
threshold of a TEGO / polycarbonate composite was lowered from 1.5 vol % to 0.5 vol % by
annealing for several hours. In addition, orientation of the platelets, induced by high strain,
lowered the melt elasticity, while the following annealing steps were noted to restore the
solid-like behavior of the composites melt. Thence, annealing of the composites following
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molding operations may provide a way to improve properties that benefit from randomly
oriented (rather than aligned) platelets, such as the percolation threshold for electrical
conductivity.

Lower solution viscosity of composites have been reported with GNP nanofillers
compared to CNTs [248], which may be for solution-based processing techniques. It was
suggested that at sufficiently high concentration, entanglement of CNTs in polymer matrix
could result in unwanted large viscosity increases, whereas platelets can more easily slide past
one another thus moderating the viscosity increase [282]. Nevertheless, the solution
viscosities of CMG/epoxy composites have been found to increase essentially with filler
concentration, which could inhibit the formation of the crosslinked epoxy network [283]. It
has been already reported the functionalization, which enhance the compatibility of the
nanofiller with polymer matrix, may also help to moderate the solution viscosity of
composites with increased nanofiller loading [256]. In particular, GO composite solutions
may exhibit electro-rheological properties, a characteristic of insulating colloidal particles in
insulating media where increases in solution viscosity due to morphological changes can be
observed upon application of an electric field [264].

Barrier properties

The incorporation of graphene derivatives i.e. GNPs, GO etc. can significantly reduce gas
permeation through a polymer nanocomposites compared to the neat polymer matrix. A
percolating network of platelets can create a ‘tortuous path’ which inhibits molecular
diffusion through the matrix, thus resulting in significantly reduced permeability (Fig. 12)
[274]. However, some recent studies on permeability of CMG/PS nanocomposites suggest
that at low loading (e.g. <0.05 wt %) the reduction in permeability of the composite is mainly
caused by a reduction in gas solubility in the composite, with diffusion effects becoming more
momentous at higher loading [284]. The platelets orientation may further enhance barrier
properties perpendicular to their alignments, whilst higher aspect ratios of platelets correlate
with increased barrier properties [274].
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Fig. 12 (a) Illustration of formation of a ‘tortuous path’ of platelets inhibiting diffusion of gases through a
polymer composite (Nielsen model). (b) Measurements of oxygen permeability of CMG/PS (‘PGN’) and

montmorillonite/PS (‘PCN’) composites as a function of filler loading, compared with two theoretical
models of composite permeability [284].
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Graphene derivative fillers have been widely investigated in various permeation studies [189]
[228] [253] [261] [279] [284]. For nanocomposites based on thermoplastic matrices results
include a 20 % reduction in oxygen permeability for PP with 6.5 wt % of GNP [253], and a 39
% reduction in the nitrogen permeability of a PC/TEGO nanocomposite at ~3.5 wt % loading
[279]. As shown in Fig. 10, PS/CMG nanocomposite were reported to exhibit a lower oxygen
permeability than PS composites with exfoliated montmorillonite at the same loading [284].
In comparison to this study, a phenyl isocyanate-functionalized GO platelets were noted to
confer improved barrier properties relative to TEGO, with up to a 99 % reduction in nitrogen
permeability observed at approximately 3.7 wt % loading in comparison to an 81 % reduction
for TEGO at equivalent loading. Peculiarly, the barrier properties in this study correlated with
modulus improvement implying better filler alignment or higher aspect ratio for the
functionalized GO composites [189].

5. Polymer hybrid nanocomposites with carbon nanomaterials

Hybrid composites have lately attracted the attention of researchers with different
mixtures being tried out e.g. MWCNT with carbon black [19] [285] few layer graphene with
single walled CNT and nanodiamonds [19] and MWCNT with graphene platelets [213] etc.

Graphene, a single-atomic layer of carbon hexagons, can be stacked into graphite or
rolled up into cylindrical CNTs. They are mutually complementary in both structure and
properties and yet share many common properties such as ultrahigh mechanical strength and
electrical conductivity [229]. However, they still possesses their drawbacks. CNTs have
superior mechanical properties but only when dispersed uniformly and forming a network to
achieve sufficient percolation for electrical conductivity. Whereas, graphene has remarkably
high electron mobility at room temperature but causes problem of its restacking [286] [287].
Zhang et al. [288] classified the graphene-CNT hybrids into three types, CNTs adsorbed
horizontal to the graphene sheets (GNS), CNTs adsorbed perpendicular to the GNS and CNT
wrapped with GNS.

Yang et el. [213] design a strategy to improve the mechanical properties and thermal
conductivity of epoxy multi-graphene platelets (MGPs) filled composites by combining one-
dimensional multi-walled carbon nanotubes (1-D MWCNTSs) and 2-D MGPs. They showed,
that the long and tortuous MWCNTS can bridge adjacent MGPs and inhibit their aggregation,
resulting in an increased contact surface area between MGP/MWCNT structures and the
polymer (Fig. 13). A remarkable synergetic effect between the MGPs and MWCNTSs on the
enhanced mechanical properties and thermal conductivity of these epoxy composites was
demonstrated. Kumar et al. [289] have reported a remarkable increase in thermal and
electrical conductivities of polyetherimide (PEI) containing the hybrid ternary systems of
GNPs and MWCNTSs in equal amounts at a fixed loading of 0.5 wt %. In the case of thermal
conductivity, composites containing hybrid fillers exhibited a 45 % increase whereas
composites with only GNPs or MWCNTSs exhibited improvement of 22 % and 9 %,
respectively as compared to pure PEI. Additionally, Sumfleth et al. [285] studied the potential
of CB and MWCNT as conductive fillers in an epoxy polymer. It was observed that ternary
systems including CB and MWCNT were produced resulting in a hybrid structure and
revealed an electrical behavior similar to the binary MWCNT system. The different behaviors
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of the carbon nanoparticles-modified systems were compared using percolation theory. Since
the conductivities at high filler contents and the percolation exponent of the ternary
CB/MWCNT-epoxy and the binary MWCNT-epoxy were similar, it was likely that MWCNT
dominated the percolation dynamics and the formation of the network structure in ternary
CB/MWCNT-epoxy. Besides that, CB might shortcut some parts of the MWCNT network
branches.
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Fig. 13 The model of microstructural scheme in epoxy composites with various weight ratios of MWCNTSs
and MGPs [213].

Whereas, Ma P.-C. et al. [290] reported that that when CB nanoparticles were added
into the nanocomposites containing CNTSs, the gaps between the CNTs were effectively filled
and the CNTs were linked together, resulting in the formation of solid conducting networks
(Figure 14). A low percolation threshold was achieved with hybrid fillers of 0.2 % and 0.2 %
CB. It was observed that the distinct geometric shapes and aspect ratios as well as different
dispersion characteristics of the two conducting fillers offered unique synergy, giving rise to
the enhanced electrical conductivity of nanocomposites and also great enhancement of the
ductility and fracture toughness of hybrid nanocomposites while maintaining high flexural
modulus and strength. Furthermore, a synergistic effect between two-dimensional few-layer
graphene (FLG) and one-dimensional MWCNT on the electrical conductivity was found
[291].

37



Fig. 14 Schematics of conducting networks in nanocomposites containing hybrid fillers of CB and CNT
with the individual filler contents below the respective percolation thresholds: (A) CB only; (B) CNT only;
(C) hybrid fillers of CB and CNT [290]

A synergistic effect of combining SWNTs and GNPs (maximizing at a ratio of
approximately 3:1 of GNPs:SWNTSs) was reported, with TEM observations by the authors
used to attribute the effect to the morphology of the filler blend in which the SWNTSs bridged
across adjacent GNP platelets, forming an extended network of filler in direct contact (Fig.15)
[248].
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Fig. 15 Combination of graphite nanoplatelets (GNP) and single-walled carbon nanotubes (SWNTS)
synergistically improve the thermal conductivity of epoxy. TEM studies established the presence of
SWNTs bridging between dispersed GNPs (as shown in the schematic, inset) which may be responsible for
the effect [248].

A synergistic effect on the electric conductivity enhancement of epoxy composites was
achieved by the addition of three fillers including GNPs, CB and CNTs [292]. The synergy
originated not only from the dispersion promotion of fillers due to the unique geometric
structure of the individual conductive carbon material, but also from the effective link of both
the narrow and broad gaps between graphite sheets by the spherical CB and long flexible
CNTs, resulting in the formation of excellent conducting network in the matrix. The
percolation threshold of the nanocomposites filled with GNP0.7CB0.1CNTO0.2was only 0.2 wt
%, while those with GNP0.9CBO0.1 and GNPs were 0.5 wt % and 1 wt % respectively. In
order to fully understand the synergistic effect among the three kinds of carbon conductive
fillers, a schematic illustration has been provided by authors (Fig. 16) [292].
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GNP/CB GNP/CB/CNT

Fig. 16 SEM image of the GNP0.7CB0.1CNTO0.2/EP composite (a) and schematic illustrations for the
synergistic effect among GNPs, CB and CNTSs (b). Three specimens of each type were tested, and the
standard error was+5 % [292].

It is an open question to completely understand the synergistic effect brought about by
the combinations. As an outlook, the variation of the graphene derivatives (EG, FLG) to CNT
ratio may lead to even more improved electrical properties by adjusting an optimum
microstructure.

6. Applications of polymer hybrid nanocomposites

Among the potential areas of application of nanocomposites containing carbon nanofillers
dominate electrotechnical, electronic, automotive, aerospace and sports industry. Owning to
their unique electrical and mechanical properties as well as large surface area (especially in
case of graphene nanosheets) hybrid carbon nanostructures have emerged as a new class of
promising materials attractive for potential applications in actuators, solar cells, field-
emission devices, field effect transistors, supercapacitors and batteries [293] [294] [295] [296]
[297] [298] [299]. Recently, the combination of one-dimensional CNTs and two-dimensional
GN sheets to design hierarchically structured composites has been extensively studied in
lithium ion batteries [296], supercapacitors [300] [301] and transparent conductors [302]
[303] and [304]. A simple approach was developed for preparing a flexible GN/MWCNT (16
wt % MWCNTSs) film with MWCNTSs uniformly sandwiched between GN sheets [305].
GN/MWCNT film shows high specific capacitance (265 F-g* at 0.1 A-g’}), good rate
capability (49 % capacity retention at 50 A-g') and excellent electrochemical stability (3%
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capacity loss after 2000 cycles). Such performance indicated that the GN/MWCNT film could
be an important electrode in the fabrication of flexible energy storage devices.

Fig. 17 Photograph of the flexible GN/MWCNT film (16 wt % MWCNTS) [305].

Great improvements in performance have been observed in these materials as CNTs can
bridge the defects for electron transfer and expand the layer distance between GN sheets.
Therefore, the inclusion of CNTSs is expected to improve the unique potential of GN film as a
freestanding electrode for supercapacitors. A particularly attractive option is to design and
develop hybrid films based on graphene sheets as electrodes for energy-storage applications
[306] [307]. In this context, it is critical to tailor the hybrid film properties by controlling their
composition and architecture at nano/micrometer scale. For energy storage applications,
therefore, it is highly desirable to use one-dimensional (1D) carbon nanotubes (CNTS) to
physically separate 2D GNs to preserve graphene's high surface area. Yu et al. [308] reported
their recent investigation of the fabrication of large-area multicomponent hybrid films by
sequential self-assembly of functionalized 2D graphene sheets and 1D CNTSs via electrostatic
interactions onto various substrates, suitable for electrochemical measurements. The resultant
hybrid films exhibited a nearly rectangular cyclic voltammogram, even at a high scan rate of 1
V/s with an average specific capacitance of 120 F/g.

Significant property enhancement has been observed in these materials with the
existence of CNTs which are believed to bridge the defects for electron transfer and, in the
meantime, to increase the basal spacing between graphene sheets. Recently, a novel 3D
carbon material, consisting of parallel graphene layers stabilized by vertically aligned CNTs
in between the graphene planes, has been designed by computational mode. Monte Carlo
simulations revealed that this novel material doped with lithium cations can reach hydrogen
storage capacity of 41 g-L %, which would meet the D.O.E’s volumetric target for mobile
applications under ambient conditions [309].
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Fig. 18 Pillared graphene: a building-like three-dimensional structure for hydrogen storage [309].

Since the intrinsic dielectric constant of most polymers is very low, the integration of
carbon nanotubes (CNTSs) into the polymers provides an attractive and promising way to reach
a high dielectric constant owing to their outstanding intrinsic physical performances.
However, these CNT-based composites usually suffer from high dielectric loss, low
breakdown strength and the difficulty to tailor the dielectric constant. Therefore, Wu et al.
[310] designed and fabricated a new class of candidates composed of graphene oxide-
encapsulated carbon nanotube (GO-e-CNT) hybrids. The obtained GO-e-CNT—polymer
composites not only exhibit a high dielectric constant and low dielectric loss, but also have a
highly enhanced breakdown strength and maximum energy storage density. Moreover, the
dielectric constant of the composites can be tuned easily by tailoring the loading of GO-e-
CNTs.

Furthermore, Jha et al. [311] demonstrated the potential of 2D graphene — 1D carbon
nanotube hybrid nanomaterials as catalyst support material for the dispersion of 3D
nanocrystalline PtRu electrocatalysts for direct methanol fuel cell (DMFC) applications since
it’s attracting much attention and interest due to its potential application in portable and small
devices.

Although the nanocomposites market is largely focused on applications now under
development in carbon nanotubes, which have had more time for development than
applications in graphene, researchers in the nanocarbon field are expecting that with time
graphene applications will eventually become increasingly important. The aim of many
research studies is nowadays to develop novel polymer hybrid nanomaterials, consisting of
carbon nanofillers with different shapes (1D and 2D) in polymer matrices. Hybrid
nanocomposites will give potentially novel properties through synergetic effects between
fillers and the matrix.
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The above data indicate the huge potential posed by the polymer nanocomposites and
their importance in the twenty-first century technology materials.

7. The aim and main objectives of dissertation

Based on the literature review the following thesis of this PhD dissertation has been
established, that it is possible to obtain uniform distribution of graphene and carbon nanotubes
in polymer matrix by mechanically dispersing them in liquid substrate (monomer), and then
conducting polycondensation process in the presence of graphene or/and carbon nanotubes.
To prepare nanocomposites, several types of graphene derivatives (expanded graphite, few
layer graphene) and single walled carbon nanotubes will be used. The greatest improvement
in properties (obtaining functional materials) in the polymer nanocomposite can be obtained
only when nanofillers are de-agglomerated, uniformly dispersed in polymer matrix and
interphase interactions provide the greatest possible interaction strength between the dispersed
phase (reinforcement), and the polymeric matrix.

The main objective of the study is to investigate the effect of the addition of graphene
and carbon nanotubes with graphene on the morphology, interphase interaction, electrical,
mechanical and barrier properties of nanocomposites and consequently draw conclusions
about the creation the percolation paths and strengthening mechanism of polymers with
graphenes and carbon nanotubes. Also the specific features that indicate the functional nature
of the obtained nanocomposites will be identified. Determination of the conditions for
obtaining nanocomposites with the participation of graphene and carbon nanotubes with
graphene during the synthesis of polyesters and copolyether-esters may form the basis for the
development of the technology and obtain these materials in a pilot scale or industrial scale.

The cognitive objective is mainly to establish the impact of the chemical structure and
the structure of graphene and carbon nanotubes and their reciprocal arrangement in the
polymer matrix, interphase interactions on the strengthening mechanism of nanocomposite
(mechanical properties) and the mechanism of the creation of structures that affect the
permeability to gases and vapors and electrical conductivity. Another objective is to
investigate the effect of carbon nanotubes and graphene on the supermolecular structure of the
polymers constituting the matrix of the nanocomposite.

To achieve the overall goal of the project the following partial objectives are defined:

o Characterization of graphene/CNT system;

e Study on the dispersion state of the nanoparticles in the nanocomposites and its
dependence on the processing conditions (flow, flow-capillary dimensions,
temperature and pressure molding);

« Determining the proper mixing and dispersion of nanofillers in the polymer system
obtained by in situ polycondensation process, including the knowledge necessary to
carry out the reaction in an industrial environment;

e The study of the manufacturing process of the functional material (improved
mechanical and barrier properties), taking into account the desired shape of the final
product;
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e The study of physical and processing properties of prepared nanocomposites and
analysis of the possibility of their utilization;

e The study of the effect of graphene and carbon nanotubes addition on mechanical,
electrical and barrier properties of polymer hybrid nanocomposites;

e The study of the supermolecular structure of the obtained nanocomposites;

e Testing of the properties of the final materials and the comparison of these
nanocomposites with commercially available materials.

The general plan of research is to prepare polymer nanocomposites by in situ
polycondensation based on poly(ethylene terephthalate) (PET), poly(trimetylene
terephthalate) (PTT) and poly(trimethylene terephthalate-block-tetramethylene oxide) block
copolymer (PTT-PTMO) with poly(trimetylene terephthalate) as a rigid segment. The interest
of the research was also focused on the enhancement of the dispersion of the nanoparticles in
the hybrid systems by mean of graphene/CNT in polymers and the interfacial adhesion
between the filler and the matrix material.
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EXPERIMENTAL
8. Reagents for polymer synthesis

For both polyesters: poly(ethylene terephthalate) (PET), poly(trimethylene terephthalate)
(PTT) and poly(trimethylene terephthalate-block-tetramethylene oxide) (PTT-PTMO)
elastomer synthesizes the following chemicals were used as presented in Table 4.

Table 4 The list of raw materials and reagents used for synthesis of polymer composites

Name Designation at work Producer
dimethyl tereftalate DMT Sigma-Aldrich
1,2-ethanediol ED Sigma-Aldrich
1,3-propanenediol PDO Sigma-Aldrich
poly(tetramethylene oxide) glycol PTMO Terathane 1000,
with molecular weight of 1000 g/mol DuPont, USA
zinc acetate Zn(CH3COOQ), (catalyst)  ZC Sigma - Aldrich
antimony trioxide Sh,0s AT Sigma - Aldrich
tetrabutyl orthotitaniate TBT Fluka
Irganox 1010 (phenol stabilizer) Irganox Ciba-Geigy,
Switzerland

9. Specification and characterization of nanoparticles

The single walled carbon nanotubes (SWCNT, purity of 90wt%) were purchased from
Cheap Tubes Inc. (Brattleboro, USA). From providers’ data: the SWCNTSs were produced in a
high-yield catalytic process based on chemical vapour deposition (CCVD) with an outer
diameter of 1-2nm, inner diameter of 0.8-1.6nm and about 5-30um of length.

The single walled carbon nanotubes KNT 95 were purchased from Grafen Chemical
Industries (Grafen Co.), a leader in the fabrication and application of carbon nanomaterials
located in Ankara, TURKEY. From providers data: diameter: <2 nm, EC: > 100 S/cm, length:
5 — 30 pm, purity: >95%, surface area: 380 mzlg.

Expanded graphite (EG 1) (added to PET), provided by Polymer Institute SAS was
prepared by thermal expansion (SGL Carbon SE, Germany); average thickness of the
expanded agglomerates was 450-560 nm. Graphene platelets size ranged from 16 um to 46
um (99 %). C1s XPS spectra in 40eV of EG I: sp2-C: 67.13 %; sp3-C: 5.93 %; C-O: 2.78 %;
n-n*. 10.46 %, m-n*: 13.71 %. Expanded graphite Il added to poly(trimethylene
terephthalate) was also provided by Polymer Institute of Slovak Academy of Science with
platelets size of around 50 um. XPS analysis provide following information: C1s: 99.21 %
and O1s: 0.79 %. Additionally, to determine the effect of particle size on barrier properties of
EG500 (flake size of 500 um was applied, obtained in an analogous manner as EG | and EGII.
The preparation process of nanofillers provided by Polymer Institute of SAS is described at
[312]

Graphene (<1nm) was purchased from ANGSTRON Materials (Dayton, Ohio, USA).
From providers data: a graphene powder that has less than three graphene layers, and has x-y
dimensions of 10 um at most. The carbon content is ~97.0 %, and the oxygen content is
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~2.10%. Graphene has a specific surface area of 400 — 800 m?/g and true density < 2.20
g/cm®. This product is suitable for conductive composites, barriers, energy cells, solar cells,
transparent electrodes, nanocomposites, heat radiation, capacitors, conductive inks, and
organic semiconductor applications.

Few layer graphene (FLG) was provided by Institut de Chimie et Procédés pour I’Energie,
I'Environnement et la Santé (ICPEES), Strasbourg, France. The synthesis of FLG consists of
mechanical ablation of pencil lead on a harsh glass surface with simultaneous ultrasonication
followed by a purification to remove the inorganic binder present in the pencil lead. The
detailed characterization of the nanofiller used in the thesis is presented in [313].

10. Equipment for the preparation of polymers and polymer composites

The equipment for polymer composites preparation consisted of: equipment for
dispersion of carbon nanofillers, consisted of dispersing devices (Fig. 19 a and b); equipment
for synthesis of polymers and composites, consisted of polycondensation reactor and cooling-
receiving device. Preparation of carbon nanofillers in liquid substrates was carried out using
two types of mixers: ultra-high speed stirrer high (Ultra-Turrax® T25) and ultrasonic
homogenizer (Sonopuls HD 2200, Bandelin). Additionally, in case of graphene derivatives,
ultra-low power sonic bath was used.

Mechanical stirrer is equipped with a dispersing head and an electric motor which
drives it. Launching the mixer causes, that the system gets dispersed axially between the two
planes of the head, the outer stationary (stator) and implementing internal rotation at very high
speed set point setting (rotor).

In this way the fluid flow is forced in both direction of rotation, and radially through
the slots in both planes (Fig. 19c¢).

Fig. 19 The equipment for preparation of nanofiller dispersion in liquid substrates: a) high-speed stirrer
(Ultra-Turax T25) and sonicator (Homogenizer HD 2200, Sonoplus); b) an ultra-power lower sonic bath
(BANDELIN, Sonorex digitec; c) scheme of dispersion process using high-speed stirrer.
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Acceleration which marks dispersed system generates very high shear forces and the
shear occurring in the intensive turbulence and further mixing of the dispersion. With respect
to the liquid substrate and carbon nanofillers introduced to the system, the effect of the
mechanical stirrer is to seclude existing beams/sheets and ensuring the distribution of
nanoparticles in the entire volume of the substrate. In an ultrasonic homogenizer to obtain a
good dispersion of nanoparticles in liquid media, a high density of ultrasonic energy on the
sonotrode is used. The generator converts the collected mains voltage with a frequency range
of 50 - 60 Hz into the voltage of high frequency of 20 kHz. It provides a high frequency
constant in time and an ultrasound high power. Connected to the generator, transducer,
equipped with a high oscillatory system, converts the supplied energy from the generator to
mechanical vibrations at a constant frequency (20 kHz), while the transmitter is assembled
with the sonotrode. Through it and its tip occurs repeated mechanical reinforcement of the
amplitude of the ultrasound, influence on a substance in which it is immersed.

The use of ultrasonic vibration on the dispersion is to restack the existing
agglomerates of nanotubes and nanosheets.

Nanocomposites and pure polymers were prepared by in situ polymerization in the
polycondensation reactor (Autoclave Engineers, Pennsylvania, USA) capacity of 1000cm?
(Fig. 20).

During the synthesis the reaction mixture is in the cylinder which is made of stainless
steel and equipped with an anchor stirrer. The rotational speed of the stirrer is regulated and
torque measurement is based on measuring the power consumed by the motor which drives
the stirrer.The progress of the polymerization reaction phase is determined by the increase of
torque stirrer. Thermocouple placed in the cylinder allows the direct measurement of the
temperature of the reaction mixture. The heating cylinder is divided into three zones of
temperature control in each stage of the synthesis of the polymer / composite. Directly from
the cylinder is led out the cooling system that allows discharging condensation by-products,
e.g. water, alcohol, glycol, etc., resulting in the individual process steps. To control the
pressure in the reactor is used an inert gas (nitrogen) and the vacuum pump depending on the
needs. If required pressure introduced into the reactor is nitrogen, it is applicable during the
extrusion stage of the finished polymer. When vacuum is required, high-performance vacuum
pump equipped with a valve needle is used, allowing the gradual lowering of the pressure.
This counteracts the rapid increase in the volume of the reaction mixture and clogging of the
condenser system.
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Fig. 20 Photo (a) and a scheme (b) of polycondensation reactor used to prepare polymers and polymer
nanocomposites: 1) horseshoe agitator; 2) and 3) condensers’ system; 4) vacuum pump, 5) valve control
system and pressure generation in the cylinder with a nitrogen inlet 6) nozzle.

The obtained product in the ductile form can be extruded from the rector with the
nozzle, equipped with separate heating system. The polymer in the form of a strand falls down
by gravity into the water bath and then is wound on a spool driven electrically. The prepared
material is granulated, dried and subjected to further processing operations.
All equipment used for the synthesis of polymer composites is the equipment of the
Department of Polymer Materials WUT.

11. Synthesis of polymers

Synthesis of thermoplastic polyesters

The syntheses of thermoplastic polyesters: poly(ethylene terephthalate) and poly(trimetylene
terephthalate) (Fig. 21) were performed in steel reactor (Autoclave Engineers, Pennsylvania,
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USA) with a capacity of 1000 cm®. Due to the similarities between the synthesis processes of
both polymers their scheme for PET can be used describes both.

1 step — Transestrification between dimethyl terephtalate (DMT) and ethanediol to bis(2-
hydroxyethyl) terephthalate.

(@] (o]
n HSCO_QOQ_OCW + 2n HOCH,CH,0H
DMT
- 2n CH;0H
catalyst

0 i
n HOCH2CH2CO—COC—OCH2CHQOH

2 step- Polycondensation of bis(2-hydroxyethyl) terephthalate to poly(ethylene terephthalate).

i I
n HOCH2CH20—c—Qc—OCHECHZOH

l (n-1) HOCHzCHzOH
ED

o
J

i
HOCH 2CH2—OTCA®70—O—C H,CH 201LH
PET

In case of synthesis of PTT transesterification reactions took place between dimethyl
terephtalate (DMT) and 1,3-propanediol resulting in formation bis(3-hydroxypropyl)
terephthalate (BHTP) that then undergo a condensation polymerization reaction, leading to
the formation of poly (trimethylene terephthalate) with the effluence of 1,3-propanediol as a
by- product.

The substantial differences in obtaining thermoplastic polyesters included the use of
different catalysts. In case of PET, zinc acetate and antimony dioxide were used as catalyst in
transestryfication and polycondensation reactions respectively. Whereas in case of
poly(trimetylene terephthalate) and in both steps of in situ polymerization, tetrabutyl
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orthotitaniate was used as catalyst. The second fundamental difference accounted for the
values of polycondensation process temperatures. PTT was synthesized at the temperature of
260 °C, while PET at about 15°C higher temperature, i.e. 275°C.

Ot

Fig. 21 Molecular formula of synthesized polyesters: x=2 - PET, x=3 - PTT.

The amounts of reactants used in the synthesis were selected depending on the
assumed amount of the final product, according to the calculations (Table 5).

The polymerization process was conducted in two stages. In the first stage, the
dispersion of SWCNTS/EG or hybrid system (EG+SWCNTSs) in ED, DMT and zinc acetate
catalyst was charged intolL steel reactor (Autoclave Engineers Inc, USA) equipped with a
vacuum pump, condenser, and cold trap for collecting the by-products. Transesterification
reaction took place between dimethyl terephtalate (DMT) and ethanediol under nitrogen flow
at atmospheric pressure and in a temperature range of 160+180°C. The ethanediol was used in
50 mol % excess over the dimethyl ester. The methanol formed during the transestrification
was distilled off and collected. The first stage of the polymerization process was finished
when the amount of formed methanol was close to the theoretical one. Then the second stage
was begun: antimony dioxide as catalyst was added, the pressure was gradually lowered to
about 0.1 hPa and the polycondensation was carried out at temperature of 275°C and under
continuous stirring (stirrer speed 40 min™*). The progress of the polymerization was monitored
by measuring the changes of viscosity of the polymerization mixture, i.e. an increase in torque
stirrer values during the polycondensation. The reaction was considered complete when the

viscosity of the system increased to 14Pa-s. The obtained polymer/nanocomposite was
extruded from the reactor under nitrogen flow in the form of polymer wire.

Table 5 The amount of raw materials used to obtain 100g of PET and PTT

Estimated weight of the obtained polymer (PET) 100 g
DMT mass: mDMTzMDMT(mpET/MpET) 101.04 g
ED mass: mEDzMED(mpET/MpET) 48.44 g
OC mass: 0.25 wt % Mpmt 0.25¢
TA mass: 0.25 wt % mpyT 0.25¢
Amount of effluent CH;0H obtained during transestrification (theoretical) 33.3g

Mpmr= 194 g/mol, Mper= 192 g/mol (molar weight of mer); Mgp=1.5 x 62= 193 g/mol; Mchson= 2 X 32= 64
g/mol; (used multipliers are due to the reaction stechiometry)

Estimated weight of the obtained polymer (PTT) 100 g

DMT mass: mDMTzMDMT(mpTT/MpTT) 94.17 g
PDO mass: mpDonED(mpTT/MpTT) 73.78 g
TiBu mass: 0.25 wt % MpmT 0.24¢g
Amount of effluent CH;OH obtained during transestrification (theoretical) 31.07¢

Mpmr= 194 g/mol, Mprr= 206 g/mol (molar weight of mer); Mppo=2 X 76= 152 g/mol; Mchson=2 X
32= 64 g/mol; (used multipliers are due to the reaction stechiometry)
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Synthesis of block copoly(ether-ester) (PTT-block-PTMO)

PTT-PTMO block copolymer was synthesized according to the same procedure as previously
described for PET and PTT.The only difference was that when the first step of reaction was
completed, poly(tetramethylene oxide) glycol with molecular weight of 1000 g/mol was
added. The chemical formula of the synthesized copolymer is shown in Figure 22.

Multiblock poly(ether—ester) (PEE) based on poly(butylene terephthalate) (PBT) as rigid
segments and poly(tetramethylene oxide) (PTMO) as soft segments have been intensively
studied [314] [315]. Due to their excellent mechanical properties, like strength and elastic
properties in a wide temperature range they are of special interest. The PBT-block-PTMO
copolymers are available as commercial products (Elitel™, Arnitel, Hytrel®, DSM etc.).
Recently a study on a novel family of polyester thermoplastic elastomers based on PTT has
been conducted [316] [317].

O (0] O

o)
%o—(—cm%—o—c—@—'c%o—&wzﬂ—o—c—@—ﬂ

—GTT}X—' —éPTMO—T?y—

PTT rigid segment PTMO flexible segment

Fig. 22 Chemical structure of block copoly(ether ester) (PTT-block-PTMO).

1 step — Transestrification between dimethyl terephtalate (DMT) and 1,3-propanediol to bis(2-
hydroxypropyl) terephthalate (BHPT). During this stage, except of BHPT its low molecular
weight oligomers can be formed.

0 o}
n H3CO—f|L|'4©7{|?|.—DCH3 + 2n  HOCH,CH,CH,OH
PDO
DMT
Q
160°C - 2n CH;0H
catalyst

T i
n HoGHQCHQCHzcoﬁch—OCHQCHQCH20H

2 step- Polycondensation of bis(3-hydroxypropyl) terephthalate and its oligomers with
poly(tetramethylene ether glycol terephthalate) (PTMO-T) unit to PTT-block-PTMO
copolymer. The obtained block copolymer is presented as a random copolyester (TT units and
PTMO-T units).
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where X, y- degree of polymerization of rigid and flexible segments respectively [316].

The amounts of reactants used in the synthesis were selected depending on the
assumed amount of the final product, according to the calculations (Table 6). Nanocomposites
were synthesised by melt transesterification and subsequently polycondensation as follows. In
the first stage, an appropriate amount of nanofiller (Graphene Ang, SWCNT) was dispersed in
250 ml of PDO using ultra-high speed stirrer high (Ultra-Turrax® T25) and ultrasonic
homogenizer (Sonopuls HD 2200, Bandelin). Completed time of dispersing was 30 min.
Additionally, in case of Graphene Ang, ultra-low power sonic bath was used for 8h. Then the
dispersion of nanofillers in PDO, DMT and TBT catalyst was charged intolL steel reactor
(Autoclave Engineers Inc, USA) equipped with a vacuum pump, condenser, and cold trap for
collecting the by-products. The transesterification reaction was carried out under a constant
flow of nitrogen at 165°C in the presence of catalyst (TBT, 0.15 wt% in relation to DMT) for
one and half hour. During the reaction, methanol was distilled off. The conversion of the
transesterification reaction was calculated by monitoring the amount of effluent methanol.
When the reaction of DMT with PDO reach conversion level of 90 %, PTMG was introduced
in the reactor, together with Irganox 1010 (0.5 wt% of total comonomers mass) and second
portion of catalyst (TBT, 0.10 wt% in relation to DMT), and in subsequent step the reaction
mixture was heated slowly under reduced pressure. The second step, melt polycondensation
was carried out at 250 °C and under reduced pressure of 15-20 Pa. The stirring torque change
was monitored in order to estimate the melt viscosity of the product. Synthesis was finished
when melt rich a fixed value of melt viscosity corresponding to high molecular weight
copolymer. The obtained nanocomposite was extruded from reactor under nitrogen, cooled to
room temperature in water bath and granulated. The neat PTT-PTMO copolymer was
synthesized following the same procedure, without nanofillers. The content of rigid segments
based on PTT was 50 wt% and the content of soft segments based on PTMO was 50 wt%.
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Table 6 The amount of raw materials used to obtain 100g of PTT-block-PTMO

Estimated weight of the obtained polymer (PTT-block-PTMO) 100 g
DMT mass 58.16 ¢
PDO mass 289¢
PTMO mass 48¢g
Catalyst mass: TiBu 0,25 wt % mpmt 0.15¢g
Stabilizer mass: 0,5 wt % mpge 059

Calculations performed for a copolymer having a weight ratio of soft segments to the rigid
of: PTT/PTMO 50:50 wt/wit;

Substrates molar mass was calculated from the stoichiometric reaction of the polymers for PTT-b-
PTMOT - 1881.9 g/mol; x=5.48 x — amount (in moles) of PTT on y=1 soft segment of PTMOQOT);
Mpmt=194 g/mol, Mprmo=1000 g/mol; Mprr=206 g/mol; Mppo — 76 g/mol;

12. Samples preparation

Before the preparation of test samples the obtained composite materials were
granulated and dried in a vacuum drier at 120 °C for 4 hours . Due to the high sensitivity to
moisture of the polyesters during processing, drying of the composites based on PET and PTT
took place immediately before the processing process.

Samples for determining the mechanical properties were made using injection molding
machine Boy 15 (Dr. BOY, Germany) with a mold clamping force of 150 kN. The polymer
material was injected into a 10-soccet mold (Fig 23 a). The dimensions of the measured
profiles correspond to the standardized dimensions (profile type 3) according to the PN-1SO
37 standard, while expanded the grip parts of the dumb bell shape samples (Fig. 23 b). It was
due to the better samples deposition in the jaws of the testing machine, and the possibility of
using surface for other indications/ measurements. The injection molding parameters (Table
6) were selected depending on the type of polymer matrix and based on the guidelines of the
PN-EN ISO 294 standard, and the plastic melting point was determined on the basis of DSC
measurements.

The above mentioned dumb bell shape samples were used to determine the tensile
measurements. The cut out sections of samples were used to determine the density and for
thermal analysis (DSC, TGA). Before performing the measurement samples of tested
materials were conditioned according to the standard PN-EN ISO 291 + AC1.

Samples for X-ray scattering (WAXS) and dielectric spectroscopy were carried out
using a hydraulic press (Collin P 200E) at a temperature of 15 °C (260 °C for PET and for
PTT at 245 °C) higher than the melting temperature determined by DSC. Terms of pressing:
pressure 15 bar, warm-up time 1 min, pressure 1 min, cooling 1 min. To prevent the molten
material from sticking to the plates, kapton tape was used for polyesters (PET, PTT) and
PTFE tape for PTT-b-PTMO. The obtained amorphous films for dielectric test (crystallization
tests, the electrical conductivity) of a thickness of 200-250 um were sputtered of thin film of
gold having a diameter of 2 cm.
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Fig. 23 Photo of 10-soccet injection molding form to prepare samples for tensile tests, designed in the
Department of Polymer Materials (a), the dimensions of the custom specimens for determinations of
mechanical properties (b).

Table 6 The injection molding process parameters of polymer nanocomposites and polymers (copolymers)
on the injection molding machine Boy 15

. Temp. of heating zones Form
Material 0 temperature Pressure [MPa]

[ C] [Oc]

I I Il injection hold

PET 245 260 270 30 70 25
PET/EG 245 260 270 30 70 35
PET/SWCNT 245 260 270 30 70 35
PET/EG+SWCNT 245 260 270 30 70 35
PTT 235 240 245 30 70 25
PTT/EG 235 240 245 30 70 30
PTT/SWCNT 235 240 245 30 70 30
PTT/EG+SWCNT 235 240 245 30 70 30
PTT-PTMO 210 215 220 30 60 20
PTT-b-PTMO/G 210 215 220 30 65 25
PTT-b-PTMO/SWCNT 210 215 220 30 65 25
PTT-b-PTMO/G+SWCNT 210 215 220 30 65 25
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13. Investigation methods
13.1.  Morphology and structure

The structure of nanocomposites was observed by scanning electron microscopy
(SEM, JEOL JSM 6100). The samples were cryofractured in liquid nitrogen, and then vacuum
coated with a thin gold film before the test. Transmission electron microscopy (TEM) analysis
was carried out by a JEOL JEM-1200 Electron Microscope using an acceleration voltage of
80 kV. The TEM samples (thickness of about 100-150 nm) were obtained by cutting of tensile
specimen’s perpendicular to flow direction under cryogenic conditions using Reichert
Ultracut R ultramicrotome with a diamond knife.

Raman spectroscopy experiments were performed by using a Renishaw Raman InVia
Reflex Spectrophotometer, with excitation at 785 nm (diode laser), and a resolution of 2 cm™.

13.2.  Thermal properties

Thermal and thermo-oxidative stability of investigated polymer nanocomposites were
evaluated by thermogravimetry (TGA 92-16.18 Setaram) using the system to measure the
simultaneous TG-DSC. Measurements were carried out in inert atmosphere (argon) an
oxidizing atmosphere i.e. dry, synthetic air (N2 : O, = 80 : 20 vol %). The study was
conducted at a heating rate of 10 °C/min in the temperature range from 20 to 700 °C.
Measurements were conducted in accordance with the principles contained in the PN-EN ISO
11358:2004. The thermal decomposition Kinetics was examined by Freeman-Carroll method
[318] using equation:

i) = n = (Eo/R) jrte (1)

where: o is the degree of conversion. The degree of conversion is given by o =(mg-m)/(mo-
m¢), where m is the weight of sample and the subscripts 0 and f to the values at the beginning
and at the end of the weight loss event of interest. Furthermore, do/dt denotes the
decomposition rate or weight loss rate, E, stands for the activation energy, n is order of
reaction, R is the gas constant, and T symbolizes the absolute temperature.

By plotting a graph of Aln(da-dt)/AlIn(1-o)) versus AT Y/AIn(1-0), a straight line was
obtained, and the slope and intercept are equal to —E./R and n, respectively

The thermal transitions of the polymers were measured with differential scanning
calorimetry (DSC, TA Instrument Q-100).
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Fig. 24 Scheme of determination of the glass transition temperature, melting temperature and
crystallization in DSC method.

The heating and cooling rate was 10°C/min and sample weight of 10 + 0.2 mg. An
indium standard was used to calibrate the temperature and the heat of fusion. The first cooling
and second heating scans were used to determine the melting and crystallization peaks. The
heat of fusion was determined by integration of the normalized area of melting endotherm.
The glass transition temperature (Tg) for the polymer samples was taken as the midpoint of the
change in heat capacity (ACp/2). The degree of crystallinity of the samples was calculated by
the following equation: x_ = (AHm/AH;); where AH}, is the enthalpy change of melting for a

100% crystalline sample (for PET: AH,’=140 J/g [319] and for PTT: AH,°=146 J/g [319] and
AHy is derived from melting peak area on DSC thermogram.

13.3.  Determination of physical properties

The intrinsic viscosity [n] of the samples was determined at 30 °C in mixture phenol /
1,1,2,2-tetrachloroethane (60/40 by weight). The polymer solution had a concentration of 0.5
g/dl. The measurement was carried on a capillary Ubbelohde viscometer (type Ic, K =
0.03294). The following procedure was used to eliminate the influence of the nanofiller
presence on measured [n] values. Nanocomposites samples were dissolved in mixture phenol/
phenol/1,1,2,2-tetrachloroethane (60/40 by weight), then filtered to separate nanofiller. The
samples were precipitated by adding methanol and recovered by filtration. Finally, the
precipitated solids were dried in vacuum at 60 °C for 24 hours. Through Mark-Houwink
equation, that relates the limiting viscosity number with molecular weight, the Mv has been
calculated using formula 2:

7= KM @

where K and a are constants specific to the solvent and temperature. The viscosity
average molecular weight (Mv) of neat PET and its composites was calculated using
following constants: K=3.72-10" dl/g and 0=0.73 [320], whereas for PTT and its
nanocomposites: K=5.36-10" dl/g and ¢=0.69 accordingly to the literature [321].
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Size-exclusion chromatography (SEC) was performed on a system equipped with a
Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector working at 40 °C,
a Waters 2707 autosampler, and a PSS PFG guard column followed by a 2PFG-linear-XL (7
mm, 8300 mm) columns in series at 40 °C. HFIP with potassium trifluoroacetate (3 g L™) was
used as eluent at a flow rate of 0.8 mL min™. The molecular weights were calculated against
poly(methyl methacrylate) standards (Polymer Laboratories, M, = 580 Da to M, = 7.1 x 10°
Da).

The melt flow rate (MFR) was measured by using a melt indexer (CEAST, Italy) as
weight of melt flow in grams per 10 min, at temperature of 205 °C, and at orifice diameter
2.095 mm and under 21.18 N load, according to ISO 1133 specification.

The density was measured at 23 °C on hydrostatic balance (Radwag WPE 600C,
Poland), calibrated for standards with known density. Additionally, degree of crystallinity
(Xc) was quantified based on the density measurements.

Weight % crystallinity was quantified using the formula:

Xc, =&M. 100% (3)
P (pc _pa)

where: p- measured density of semicrystalline sample, p,- density if the sample is completely
amorphous, pc- density if the sample is completely crystalline. For thermoplastic polyesters
the following values of p, and p. were used: for neat PET and its composites: p,=1.33 g/cm®,
pc=1.40 g/cm?® [319], while for neat PTT and its composites: p,=1.299 g/cm?, p=1.432 g/cm®
[319].

13.4.  Tensile properties

Tensile measurements were performed on Instron 5566 universal tensile testing frame,
equipped with a 5 kN Instron load cell, an contact optical long travel extensometer and the
Bluehill 2 software. Pneumatic 1 kN Instron side action grips were used for specimens
clamping. The measurements were performed at room temperature on using a cross-head
speed of 5 mm/min for thermoplastic polyesters (PET, PTT) and 100 mm/min for
thermoplastic elastomers and a grip distance of 20 mm. The tensile properties were
determined on injection moulded dumbbell-shaped bars (ISO 37 type 3). The Young’s
modulus, yield stress (elastic limit) and yield strain, stress and elongation at break of the
nanocomposites were determined. The results are based on data collected from 6 specimens
for each sample and the means value and standard deviations were calculated.

13.5.  Electrical conductivity

Broad band dielectric spectroscopy

Circular gold electrodes (20 mm in diameter) were deposited by sputtering the metal onto
both free surfaces of the sample film. The complex permittivity & =&'—ig”, where &'

represents the permittivity and &” the dielectric loss, was measured as a function of frequency
(10" Hz<F<10° Hz, being F the frequency of the applied electric field) and temperature (-150
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°C up to 150 °C) by using a Novocontrol broadband dielectric spectrometer. Temperature
control was obtained by a nitrogen jet (QUATRO from Novocontrol) with a temperature
error, during every single sweep in frequency, of 0.1 K. Electrical conductivity was derived
by o(F)=¢g,22F&" where g, is the vacuum permittivity. The study was performed in

cooperation with Instituto de Estructura de la Materia CSIC in Madrid, Spain.

13.6. Gas barrier properties

Oxygen permeability was measured using a Mocon-Ox-Tran 2/10 instrument (23°C and 0%
humidity rate RH). Oxygen permeability was performed using 5 cm? samples of investigated
polymer films in accordance with ASTM D3985-05 and ISO 15105-2 Standards. All film
samples were additionally conditioned for 3h in the test chamber of OX-Tran apparatus in test
parameters (23°C and 0% humidity rate RH). The measurement was automatically terminated
when apparatus obtained stable subsequent results.

Gas permeability (according to DIN 53 380) is the amount of gas, reduced to standard
conditions, which penetrates within 1 day by 1 m? of the film at a predetermined temperature
and at the pressure differential. The gas permeability test method also describes the American
standard ASTM D1434-82(2003) — Standard Test Method for Determining Gas Permeability.

Studies on composites based on poly (trimethylene terephthalate) have been made using the
equipment to study gas barrier TotalPerm company ExtraSolution (Italy). The measurement
was carried out in accordance with PN-EN ISO 4080:1998 / AC: 2000. Tests were performed
on samples with a diameter of 10cm.

The film thickness was determined with the precision thickness gauge MG-401 (Elmetron,
UK) with an accuracy of £1 pm.

S7



RESULT AND DISCUSION

14. Principle of preparation of polymer nanocomposites by in situ method

14.1. Kinetic of one shot polycondensation. Mass transfer and viscosity aspect

One of the objectives of this study was to establish the conditions for preparing the polymer
composites containing carbon nanoparticles during in situ polymerization method, i.e.
introducing a filler into the polymer during its synthesis. Scheme of the preparation of the
composites is shown in Fig. 25.

Immediately before the beginning of the synthesis nanoparticles were dispersed in one
of the substrates used in the reaction. In the case of composites based on both polyesters: PET
and PTT, nanoparticles were stirred respectively in ethanediol or propanediol. Dispersion of
nanofillers was prepared by dispersing the desired amount of EG, SWCNT or other form of
carbon nanofiller used in the dissertation, in approximately 250-300 mL of glycol through
ultrasonication for 15 min using laboratory homogenizer (Sonoplus HD 2200, with frequency
of 20 kHz and 75% of power 200W) and subsequent intensive mixing for 15 min with high-
speed stirrer (Ultra-Turax T25). Additionally, to improve the dispersion/exfoliation of
graphene derivatives (EG, Graphene Ang etc.) in ED/PDO an ultra-power lower sonic bath
(BANDELIN electronic GMbH & Co. KG, Sonorex Digitec, with frequency of 35kHz and
power 140W) was applied for 8 hours. The use of vibration of laboratory homogenizer with
ultrasound frequency was to break down the existing agglomerates of nanotubes or
nanosheets, and in case of high speed shear forces to distribute nanoparticles in the entire
volume of the system. As a result of intensive stirring, the temperature of the system rose,
thereby reducing its viscosity and, consequently, facilitated the distribution. During the
preparation of composites based on polyesters the obtained dispersion of nanoparticles,
immediately after mixing, was introduced to the reactor together with other raw materials,
wherein the synthesis of the polymer was carried out.

SUBSTRATES CATALYST

| STAGE OF
SYNTHESIS: <—— | DISPERCE

IN SUBSTRAT
APPROPRIATE CONDITIONS!

temppre —tme—stirreT
tnEue ﬂ

Il STAGE OF
SYNTHESIS
PREFPARATION OF
(growth of polymer NANOFILLER DISPERSION
chains) I MONOMER
—APPROPRLITE
CONDITIDNS * By sonication
temp., pressurg| time, stirrer
tor By mechanical stirring
POLYMER / NANOFILLER
COMPOSITE

Fig. 25 Scheme of preparation procedure of polymer composites containing carbon nanofillers.
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Within the framework of the research were prepared and tested 12 kinds of polymer
composites, differing from one another the type of polymer matrix (PET, PTT, PTT-PTMO)
and the type of nanofillers (EG, Graphene Ang, FLG, SWCNT) and their weight content in
the polymer. For the comparative purpose (as a reference) were synthesized pure (unfilled)
polymer samples. All received polymeric materials and their symbols used in the text are
included in Table 7.

Table 7 Statement of composites based on thermoplastic polyesters and thermoplastic elastomers made

and examined at work

POIymer Type_ of Wt % content of Name of the composite comments
matrix nanofiller nanofiller
0 PET reference
Single-walled 0.025 PET/0.025 SWCNT
carbon nanotubes 0.05 PET/0.05 SWCNT
(Cheaptubes) 0.1 PET/0.1 SWCNT Dispersion in ED
0.2 PET/0.2 SWCNT
0.4 PET/0.4 SWCNT
0.025 PET/0.025 EG
PET 0.05 PET/0.05 EG
Expanded graphite 0.075 PET/0.075 EG . Lo
EG (?) P 0.1 PET/0.1 EG Dispersion in ED
0.2 PET/0.2 EG
0.4 PET/0.4 EG
PET/0.025 EG+0.025
Hybrid system of 0.025+0.025 SWCNT Dispersion in ED
SWCNT+EG (1) 0.05+0.05 PET/0.05 EG+0.05 SWCNT
0.1+0.05 PET/0.1 EG+0.05 SWCNT
0 PTT reference
Séng'e'wa”eg 0.025 PTT/0.025 SWCNT-KNT
CaEH?Sh”SE‘r’itt‘;)es 0.05 PTT/0.05 SWCNT-KNT o
(Grafen Co.) 0.1 PTT/0.1 SWCNT-KNT Dispersion in PDO
0.3 PTT/0.3 SWCNT-KNT
0.5 PTT/0.5 SWCNT-KNT
Expanded graphite 0.1 PTT/0.1EG . L
EG (Il) 0.3 PTT/0.3 EG Dispersion in PDO
0.5 PTT/0.5 EG
Few-layer 0.1 PTT/0.1 FLG (Strasbourg)
PTT Graphene (FLG) 0.3 PTT/0.3 FLG (Strashourg) Dispersion in PDO
(Strashourg) 0.5 PTT/0.5 FLG (Strasbourg)
0.05 PTT/0.05 EG 500
Expanded graphite 0.1 PTT/0.1 EG 500 . _
500 1 (EG 500) 0.3 PTT/0.3 EG 500 Dispersion in PDO
0.5 PTT/0.5 EG 500
1.0 PTT/1.0 EG 500
0.1 PTT/0.1 G (1nm)
Graphene 0.3 PTT/0.3G (1nm) . L
AngstroF;] (<1nm) 0.5 PTT/0.5 G (1nm) Dispersion in PDO
1.0 PTT/1.0 G (1nm)
PTT/0.1EG+0.05SWCNT-
Hybrid system of 0.05+0.1 KNT Dispersion in PDO
SWCNT+EG (1) PTT/0.1EG+0.1SWCNT-
0.1+0.1
KNT
0 PTT-PTMO Reference
Graphene 0.1 PTT-PTMO/0.1G
PTT-PTMO Angstron (<1nm) 82 IIDD-'II-'TI'-FIDD-'II-'II\\A/I%//((J)%S Dispersion in PDO
1.0 PTT-PTMO/1.0G
Single-walled 0.1 PTT-PTMO/0.1SWCNT- Dispersion in PDO
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carbon nanotubes KNT

(High purity) 03 PTT-PTMO/0.3SWCNT-
(Grafen Co.) ) KNT
Hybrid system of 01+0.3 PTT-PTMO/0.1SWCNT-
SWCNT KNT+ B KNT+0.3G Dispersion in PDO
Graphene 0.340.1 PTT-PTMO/0.3SWCNT-
Angstron (<1nm R KNT+0.1G
PTT-PTMO/0.5SWCNT-
0.5+0.1 KNT+0.1G

While working on the development of the conditions for receiving polymer
nanocomposites by in situ an important issue was to investigate whether the presence of
carbon nanotubes, graphene nanoplatelets and mixtures of both in the reaction mixture affects
the course of the synthesis of the polymer. When developing the synthesis of nanocomposites
based on polyester matrix earlier experience of the research group [3] on the use of this
method for the preparation of nanocomposites with the participation of the CNT. The various
stages of the preparation process of the composite have been analyzed, the technological
aspects (such as the ability of the obtained composite extrusion of the reactor and its further
processing) and the viscosity of the obtained composites.

In the case of syntheses of polyester and poly(ether-ester) block copolymer based
composites), in the initial stage of the process (transesterification reaction) no phenomena has
been observed indicating that the presence of of the carbon nanoparticles in the reaction
mixture can disturb an ester exchange. The duration of the ester interchange, depended on the
amount of substrates involved in the synthesis, and the intensity of the condensation of
methanol were comparable during the preparation of filled and unfilled polymers.
Observations for different polymer matrices (PET, PTT and PTT-block-PTMO are presented
in Fig. 26 a-c. In any case, the amount of released methanol corresponds to the conversion
level of 90 %.
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Fig. 26 The time required to condense the appropriate amount of methanol as a function of the wt %
content of nanofiller a) for PET nanocomposites, b) PTT nanocomposites and c) PTT-PTMO
nanocomposites.

The process of the second stage of the synthesis showed some differences depending on the
type and concentration of carbon nanoparticles (CNT, EG, Graphene etc.), observed both for
composites based on PET and PTT and PTT-PTMO block copolymer. These differences are
related to an increase in viscosity of the reaction mixture. Observations were conducted by
measuring the time of increase of the torque of the stirrer (a gradual increase in viscosity of
the system), at a constant speed, since the first change was noted (indicating that the
polymerization reaction proceeds) until it reaches a certain value at which the synthesis was
terminated (0.35 a.u. at a speed of 40 rpm for PET; 0.28 a.u. at a speed of 20 rpm for PTT,
0.28 a.u. at a speed of 20 rpm for PTT-PTMO). In each case were preserved reproducible
process conditions, i.e. comparable the temperature, pressure and stirring speed. For the
composites synthesis, the time needed to achieve the required viscosity depended on the type
and concentration of nanoparticles (Fig. 27).
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Fig. 27 Time dependence of the viscosity of the polymer growth (measured by the increase in torque
stirrer to achieve an appropriate value at a given speed) from a) the type and concentration of carbon
nanoparticles composites PET / CNT + EG, b) the type and concentration of carbon nanoparticles for
composites PTT / CNT + EG c) the type and concentration of carbon nanoparticles for composites PTT-
PTMOJ/CNT + G.

The presence of both types of nanofillers, both single-wall carbon nanotube, expanded
graphite, as well as mixtures of both, resulted in a marked acceleration of PET
polycondensation process, even at very low concentrations. Torque growth time decreased
more than tripled in the case of nanotubes nanocomposites and graphene platelets, while
almost four times decreased in the case of mixtures of two nanofillers. So effective decrease
of the reaction time can suggest a strong catalytic activity in the case of poly (ethylene
terephthalate) as a matrix.

The presence of various nanoparticles practically did not affect the process extension

of the synthesis of poly(trimethylene terephthalate). At their smallest concentrations only
slight elongation of reaction time was observed, however, the measurement error in
estimating approximately = 2 min. Therefore it can be assumed that the observed differences
are within the measurement error. Increasing the concentration of single-wall carbon
nanotubes in a mixture with expanded graphite gradually increased time of torque growth to
about 12min for the highest concentration of nanofillers.

The slowdown of the polymerization reaction is more pronounced in the case of
composites PTT-PTMO matrix containing both SWNT and graphene (and a mixture of
SWCNT + G), even at very low concentrations. The cause of disturbance of the
polymerization process may be that the presence of nanoparticles in the reaction mixture with
a very high aspect ratio and dimensions slightly larger dimensions macromolecules limiting
the mobility of the formed polymer chains. This hindered mobility leads to slow down the
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merge of oligomeric particles into long macromolecules and consequently to extend the
polymerization time. The presence of the carbon nanoparticles, especially carbon nanotubes
(best seen in the synthesis of PET) which showed the highest surface area, decreased the
ability of molten polymer to flow, which at certain concentrations pose some technical
problems. There is a high probability that the polymer melt with nanotubes acquires
thixotropic properties, which was not observed in the case of carbon nanoplatelets, as well as
in case of a mixture of carbon nanotubes and nanoplatelets. This resulted in the need to
increase the temperature of the melt, resulting in degradation of the polymer proceeded, and
the resulting materials were subjected to further characterization. Preparation of composites
with higher concentrations of nanofiller is possible by making modifications to the tooling
design, taking into account the geometry of the flow paths of the resulting composite melt.
On the one hand, the presence of nanoparticles in the polymer melt impeded its flow, on the
other hand, a sign of intrinsic viscosity [n] of nanocomposites showed a decrease in its value
(the higher the concentration of the CNT, EG etc.), in comparison to values obtained for the
polymers without filling (Tables 8,10,12 (with SWCNT), Tables 20, 22, 24 (with graphene
derivatives) and Tables 35, 37, 39 with hybrid systems) and thus a lower molecular weight
composite. This relationship is observed for each type of polymer used as a matrix for
composites. It should be noted that the presence of carbon nanotubes and nanoplatelets in the
reaction mixture increases the viscosity from the beginning of the synthesis, but this increase
is small enough that there is not observed the resistance to mixing (i.e., higher torque). As a
result, the torque, on the basis of which is controlled synthesis procedure, at various stages of
the process is the same for both the synthesis of the polymer without the addition of
nanofillers, and composite. This makes conducting polycondensation under the same
conditions, and ending it with the same torque stirrer, resulting polymer without filling in
reality will have a higher molecular weight (higher intrinsic viscosity) than that containing the
nanoparticles, which may affect the physical properties of the obtained composites. The
molecular weights calculated from measurements of [n] for composites based on
thermoplastic polyesters (Tables 8, 10, 12 (with SWCNT) and Tables 20, 22, 24 (with
graphene derivatives) are comparable or slightly lower than the molecular weight determined
for the neat polyesters (PET, PTT) without filling. The increase of the molecular weight of the
polymer matrix can be possible by using of post-polycondensation process in the solid state. It
may therefore be a way to increase the molecular weight of the composite, but it needs to
provide an appropriate apparatus for this purpose. Observations on the effect of the addition
of nanofillers on the viscosity of the system, in addition to measuring the torque growth time,
the intrinsic viscosity and the melt flow rate, also related to the determinated values of melt
viscosity as a function of frequency using a rheometer ARES (Chapter 15.3, page 82 for
SWCNTs and Chapter 16.3, page 106). In addition the changes in melt viscosity associated
with the addition of carbon nanostructures in a poly(trimethylene terephthalate), and
thermoplastic elastomer matrix for comparison, wherein the rigid segment consisted of PTT
were studied. Results of this study are presented in the section on CNT contents on physical
properties of polymer nanocomposites.

All observations made during the synthesis of nanocomposites with different types and
concentrations of carbon nanoparticles and polymers are of great significance from the
perspective of development and improvement of methods for in situ synthesis.
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14.2.  Dispersion and deagglomeration processes

As mentioned in the introduction, one of the difficulties in the technology of the
polymeric nanocomposites based on the thermoplastic matrix is to obtain a homogenous
dispersion of nanofiller. Developed in this dissertation the in situ polycondensation method,
preceded by dispersing nanoparticles (nanotubes, nanoplatelets and mixtures of the two) in the
liquid substrate, aims to provide a high uniformity of nanofillers in the entire volume of the
material. The analysis presented below is the basis of the results of studies assessing the
effectiveness of the method used in the context of the possibility of its application to
polyesters and ester block copolymers and the structure of the resulting composite.

The main purpose of dispersing carbon nanotubes and graphene nanoplatelets in one
of the substrates in the in situ polymerization method is to obtain as little agglomerated
nanoparticles structure and ensure an uniform distribution throughout the volume of nanofiller
reaction mixture. The use of two types of dispersants (high shear mixers and ultrasound),
interacting directly on the nanotubes, and additionally in case of nanoplatelet an ultrasonic
bath, was to dismantle and de-separate the existing aggregates and agglomerates of carbon
nanotubes/nanoplatelets. The efficiency of their use is analyzed based on the state of
dispersion of nanoparticles at different mixing times, using scanning and transmission
microscopy. The main analysis indicates indirectly on uniform distribution of nanoparticles
was dielectric spectroscopy method. With its use has been shown experimentally that the
selected 8-hour working time of an ultrasonic bath influence on the formation of conduction
paths. Additionally, the gas barrier properties analysis showed the dispersion a certain quality
has been obtained.

Nanocomposites were analyzed in which the carbon nanoparticles (1D, 2D, 1D and 2
D) were suspended in a liquid substrate: in case of PET in 1,2-ethanediol, in case of PTT and
PTT-b-PTMO in 1,3-propanediol. Nanofiller were introduced into a suitable glycol, then
stirred for 15 min using a high speed stirrer (22 000 rpm) and for 15 min using ultrasonic
agitator (30% power). During the dispersion, solution was cooled in ice-water (the
temperature of the dispersion does not exceed 80 °C). While mixing the solution with the
added carbon nanotubes and / or nanoplatelets with a high speed stirrer and ultrasonic, initial
agglomerates are partially deagglomerated. Thus prepared dispersions of nanoparticles were
used to obtain nanocomposites. It is expected that further separation of nanoparticles may
occur during the synthesis of the matrix when forming the polymer chains are intercalated
between individual nanotubes in a bundle and between the plates.

The use of shear forces and high energy oscillations for the separation of nanofiller
particles and their uniform distribution in the polymer can be seen as a factor of damaging the
surfaces of the nanotubes and their length causing shortening. Therefore, based on the
experience of Institute of Materials Science and Engineering WUT in studies on polymer
nanocomposites with carbon nanotubes, it has been shown, that in case of carbon nanotubes,
to avoid significant damage during dispersing, only vibrations of the ultrasound frequency and
the high-speed shear mixer were used, while in the case of graphene nanoplatelets suitable
was to use ultra-low-power sonic bath. In fact, the effectiveness of dispersion strongly
depends on both the method and process time. The usage of ultra-power lower sonic bath is
rather effective in order to split the existing agglomerates of expanded graphite nanosheets,
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and to distribute the additive in the entire volume of liquid substrate. For this purpose the
synthesis with the participation of expanded graphite was prepared, in which the percolation
threshold was set at 0.05 wt% in the nanocomposites of PET / EG using ultrasonic bath for 8
h [322]. Additionally, two synthesis have been prepared without using ultrasounds: PET/0.05
wt % of EG (previously it found to be the percolation threshold) and PET/0.075 wt % of EG
(above percolation threshold). Both synthesis proved to be non-conductive, when ultrasonic
bath was not applied (Fig. 28). The experiment clearly indicates the validity of the use of
ultra-low power sonic bath by the time selected experimentally on the basis of own research
in the Department of Polymer Materials. The use of ultrasonic waves for 8 h probably resulted
in increase the interlayer distance (further exfoliation) and thus led to an even distribution of
graphene nanoplatelets in the entire volume of the nanocomposite.
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Fig. 28 Alternating current conductivity, 6(F) as a function of frequency (F) for PET/EG nanocomposites
with different EG concentrations when ultra-low power sonic bath was applied and when it wasn’t.

The above characteristics of the methods of dispersion preparation and presented below
the analysis, that does not allow a quantitative assessment of dispersion quality of the carbon
nanoparticles in the substrate, gives an overview of the validity of the use of this stage of
preparation of the composite, the obtaining of a homogenous dispersion at this stage of the
process, is crucial to the structure of obtained nanocomposites.

15. Polymer nanocomposites containing carbon nanotubes

15.1. Morphology of polymer matrices vs. nanofiller

Single-walled carbon nanotubes used in this study were characterized using scanning
electron microscopy (SEM) and Raman spectroscopy. The purity of the samples was first
characterized using SEM, which provided visual information of the ratio of SWCNTs to
carbonaceous impurities. The SEM images of both types of carbon nanotubes are shown in
Figure 29 (a and b for Cheaptubes and KNT 95 respectively). In this system, it was presumed
that fiber-like areas correspond to bundled SWCNTSs, while the other particles and lumps
correspond to carbonaceous impurities. It can be clearly seen that SWCNT Cheaptubes are
fully covered with carbonaceous impurities. On the other hand, SWCNT KNT 95 possessed
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the highest purity, which is visibly seen from SEM analysis and is confirmed by Raman
spectroscopy.

...........

1.00um b) SU70-ZUT 5.0kV 3.5mm x50.0k SE(U)

Fig. 29 SEM images of: a) SWCNT Cheaptubes, b) SWCNT KNT 95 (as received).

It is well known that the G-band of SWCNTs shows multipeaks around 1580 cm ™. For
purity evaluation using Raman spectroscopy, the G-band peak around 1593 cm ', which
derives from the longitudinal optical (LO) phonons of semiconducting SWCNTSs [323], was
used for two reasons: first, the G-band intensity is less sensitive to excitation laser energy than
the RBM intensity, because of a loose resonance condition due to the large phonon energy.
Secondly, a recent theoretical study predicted that there is no significant diameter dependence
of the G-band intensity for the LO phonon of semiconducting SWCNTSs, while the RBM
intensity is more sensitive to the diameter and chirality for SWCNTSs with diameter of 0.8-
2.0nm [323]. The overtone of the D-band, the so-called G'-band, was also predicted to
depend on the chirality [324]. Thus, the G-band around 1593 cm™* is more appropriate than
the other Raman modes for the comparison of purity of SWCNTs with different diameter
distributions.

Raman spectra of the samples are presented in Figure 30 a. In the spectra, radial
breathing modes (RBMs), the D-band, and the G-band were observed between 100-400 cm *,
1250-1350 cm ™%, and 1500-1600 cm %, respectively. For comparison purpose, normalized
Raman spectra has been presented in Figure 30 b to observe carbonaceous impurities, such as
graphitic and/or amorphous carbon particles, that SWCNT Cheaptubes contain in high
amount. Because both the SWCNTs and carbonaceous impurities have the same n electron
system, the carbonaceous impurities also exhibit a black color and absorb visible light
similarly to the SWCNTs. However, their contribution to the G-band Raman intensity is
significantly different. Actually, the Raman signal from SWCNTs in a raw soot is about 30
times higher than that of carbonaceous impurities due to a resonance effect. After normalizing
the Raman shift the amount of carbonaceous impurities has been visibly seen in SWCNTSs
Cheaptubes. Thus, it is reasonable to suppose that carbonaceous impurities act as an optical
absorber and any observed difference in the G-band intensity can be mainly attributed to a
difference in the amount of carbonaceous impurities present. Because the absolute Raman
intensity depends on the equipment and the specific measurement method, use of the G-band
intensity to measure purity requires a common standard sample that gives a stable, uniform
purity. As shown in Figures 29a and 29b the SWCNTs KNT 95 sample had extremely high
purity and a highly stable G-band intensity.
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Fig. 30 Raman spectra of SWCNT KNT 95 and SWCNT Cheaptubes (laser excitation 785 nm) and
normalized Raman spectra for both types of SWCNT.

Raman and SEM were used for purity evaluation and could be associated with the
ratio of SWCNTSs and carbonaceous impurities in a sample. These methods complement each
other. Thus, it was concluded that it is better to combine Raman and SEM for SWCNT purity
evaluation and to compare the results in accordance with their intended use.

As mentioned earlier the natural tendency of carbon nanostructures to agglomerate
(due to van der Waals interactions) is an underlying reason of difficulties in preparation of
composites based on thermoplastic matrices, which can be characterized by a high degree of
homogeneity of the nanophase. Effectiveness of using of the in situ polycondensation method,
preceded by dispersing the carbon nanotubes in the substrate, can be assessed qualitatively on
the basis of an analysis structure using microscopic techniques. By taking into consideration
the development of methods for the preparation of in situ polymer composites it was assumed
that dispersing the carbon nanotubes in one of the substrates with the use of mechanical forces
and vibrations of the ultrasonic frequency, and then carrying out the synthesis of the polymer
matrix in the presence of the nanoparticles, allow to obtain uniform distribution in the mass,
and increasing during the process of the polymer chains will intercalate between bundles of
nanofibers, supporting their separation.

Analysis of the PET nanocomposites structure with the addition of single wall
nanotubes shows a high degree of dispersion of nanoparticles in the matrix (Fig. 31).
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At the observed fractures uniformly distributed nanoinclusions in the polymer can be
distinguished. Further microscope analysis, especially by using a transmission microscope,
indicates the presence of various forms of dispersion of carbon nanotubes, although all of the
samples showed a crystalline structure. The use of lower magnification allowed to observe a
rather homogeneous distribution of nanofiller, which confirms that in the case of
poly(ethylene terephthalate) using in situ synthesis yield the desired effect, although the
nanotubes still probably remain incompletely separated. However, in the thin films studied by
TEM microscopy places where SWCNT bundles are arranged in a network are also visible.
On SEM micrographs also can be observed the so called nanofibers “pulling” from the matrix
even at the length of few micrometers, so that nanotubes appear to lie on the surface of the
samples. On the basis of performed microscopic analysis is difficult to assess the degree of
adhesion between the two phases of the composite, however, the surfaces of nanotubes
forming a network are probably not coated with the polymer, and the degree of "pulling™ them
from a material suggests very weak interactions polymer — filler. Poor adhesion and the
presence of various forms of dispersion, may also be explained by the purity of the carbon
nanotubes used, as suggested above mentioned SEM and Raman analysis. The observed
micrographs of SWCNT correspond to their quality (mainly purity) and this, in combination
with their other properties thereof (e.g., electrical conductivity), should influence the resulting
properties of the composite.

Morphology of PTT nanocomposites containing SWCNT was investigated by using
SEM and TEM analysis. Figure 32 b shows SEM micrographs of fracture surfaces of PTT
nanocomposites with nanotubes. As mentioned above, CNTs often tend to bundle together by
van der Waals interaction between the individual nanotubes with high aspect ratio and large
surface area and lead to some agglomerations, which prevent efficient load transfer to
nanotube. Moreover, most of the nanotubes show pulling out and sliding at the surface of
nanocomposite, suggesting a limitation of load transfer to nanotube. Individual nanotubes
with some entanglements or bundles of CNTSs, apparently pulled out from the matrix during
fracturing are observed on the surface. SEM analysis of the fracture surfaces of PTT/SWCNT
nanocomposites indicates rather homogenous distribution of carbon nanotubes in the PTT
matrix. In the case of prepared composites in the observed TEM micrographs some
nanoinclusions can be distinguished that are uniformly distributed in the polymer with small
agglomerate. To identify the key mechanism for increasing mechanical properties micrograph
analysis was performed using a scanning electron microscope (ULTRA 55 SEM) (Fig. 32
¢ and d). The images of the cracks visible in the polymer matrix clearly indicate evidence
of fiber bridging and even some broken nanotubes were seen. These two SEM micrographs
demonstrate the potential of carbon nanotubes to significantly improve the mechanical
properties (eg. fatigue performance) of structural polymers that are widely used in engineering
systems.
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Fig. 32 TEM, x 200.000 (a) and SEM images of PTT/0.3 SWCNT nanocomposites (b). Additionally
micrographs ¢ and d from SEM ULTRA 55 was prepared to observe combination of some nanotubes that

are bridging the crack and some tubes that are simply pulled out of the matrix.

SEM analysis of the fractures structure of composites based on PTT-PTMO (Fig. 33
a-d), revealed that the distribution of the SWCNT in polymer matrix has a rather high
homogeneity. At the observed fractures single nanofibers uniformly distributed in the polymer
can be distinguished. Considering the high propensity of the CNT (especially SWNTSs) to
clump together to form bundles, as mentioned in the theoretical part, the observed effect
confirms the efficiency of mechanical mixing in combination with high-frequency vibration in
eliminating existing agglomerates. There are no visible agglomerates, only at the highest
concentration of nanotubes in the matrix there are locally small aggregates consisting of
several entangled nanofibers (Fig 33 c). On the other hand, most of the nanotubes observed on
the fracture surface were embedded in a polymer with both ends (Fig. 33 a, d). This suggests
that during the preparation of brittle fracture of composite sample appears the "pulling" of the
single nanofiber from polymer matrix. However, on micrograph 33 b nanotubes characterized
by a distinct thickening are visible, most likely demonstrating the fact that their surface is
covered with adsorbed polymer layer, which varies in thickness. In addition, observations of
the surface morphology of the nanocomposite PTT-PTMO/0.3 wt % of SWCNT demonstrate
a clear influence of nanotubes on crystallization. Sites with visible nanotubes at fracture
surface exhibited significantly finer crystalline structure than is the case where the amount of
nanotubes was lower. Fig 33 b shows the clear boundary confirming the existence of
interactions between the nanofiller particles and the polymer, which had a significant impact
on improving the mechanical properties of nanocomposites (an increase of Young's modulus
of 40 MPa) (Table 19, page 91).

69



\ P g -
> D N e -
) EHT= 500kV WD= 5mm Signal= 1.000 SignalA= InLens

Mag= 1550 KX  1um EHT= 500kv WD= Smm Signal= 1.000 Signal A =InLens
File Name = PTT-PTMO-0.3SWNT_10.tif Signal B = SE2 b) Date :14 Apr 2014 File Name = PTT-PTMO-0.3SWNT_30.tif Signal B = SE2

...........

C) SU70-ZUT 5.0kV 4.5mm x20.0k SE(U) d) SU70-ZUT 5.0kV 4.1mm x15.0k SEU) " " 3'00um

Fig. 33 SEM of PTT-PTMO/0.3 SWCNT nanocomposite.

b)
Fig. 34 TEM micrographs of PTT-PTMO/0.3 SWCNT nanocomposites.

The observations made by SEM analysis were supported by TEM, that provides
information about the dispersion state of carbon nanotubes but also it helps to explain the
improvement in mechanical properties of PTT-PTMO/SWCNTs nanocomposites. TEM
images of the film section of the material showing SWCNTs protruding from the polymer
matrix suggestive of strong adhesion between the nanotubes and the polymer matrix.
However, some agglomerates of CNTs were also seen (Fig. 34 a). TEM micrographs show the
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CNTs aligned perpendicular to the crack bridging the crack. Some broken and pulled out of
matrix carbon nanotubes were also easily visible (Fig. 34 b).

On the basis of microscopic analysis, presented for the polyesters filled with carbon
nanotubes, it can be concluded that the developed method of preparing composites containing
carbon nanotubes yielding the desired results, i.e. composite materials are characterized by a
high homogeneity of the nanoinclusions distribution regardless of the nanofiller structure (the
presence of entanglements and agglomerates) before the process. This was confirmed both in
the case of nanotubes with higher and lower purity. Providing a suitable process for the
dispersion of nanoparticles in the substrate which is followed by a condensation
polymerization process, it is possible to obtain materials in which a dispersed phase size of
the precipitates is less than 100 nm. On this basis, materials prepared by in situ synthesis can
be classified as polymer nanocomposites, and their physical properties due to the presence of
carbon nanotubes are the subject of discussion in the following sections of PhD dissertation.
The effectiveness of this method, although high, has a high relation with the chemical
structure of the polymer, as evidenced by the higher degree of dispersion in PTT and slightly
lower in the case of PET. Determination of this relationship, however, requires further study.
This method is relatively simple to apply on an industrial scale and provides a wide choice of
options in terms of both the polymer and the nanofiller.

15.2. Phase structure and percolation model confirmation

The use of carbon nanotubes to modify the electrical properties of polymers has
attracted a considerable amount of research interest. Most polymeric materials are non-
conductive and through dispersing a conductive reinforcement within the matrix, it is possible
to form a conductive composite material. When a certain volume fraction of conductive
materials is added to the polymer, electrical spanning clusters form and there is a drastic
increase in the bulk electrical conductivity. This phenomenon is known as electrical
percolation. The percolation threshold, the volume fraction at which the drastic increase in
conductivity is observed, is sensitive to the reinforcement geometry of the conductive particle.
The large aspect ratio and small size of carbon nanotubes can result in exceptionally low
electrical percolation thresholds for nanotube/polymer composites. Larger aspect ratios result
in a higher statistical probability of forming a conductive pathway within the matrix. As a
consequence, the electrical properties of the polymer can be changed drastically without
substantially changing the mechanical properties. The electrical properties of the
nanocomposite are sensitive to the length of CNTs, dispersion and functional groups attached
to the nanotubes.

In this dissertation thesis the effect of the addition of carbon nanotubes to the polyester
PET and PTT and PTT-PTMO elastomer on their electrical conductivity has been discussed.
Interesting from the point of view of their impact on the electrical conductivity seems to be
the introduction of SWCNT to thermoplastic elastomer based on PTT (PTT-PTMO) to
observe the difference in creating percolation paths in thermoplastic polyester (PTT) and in
multiblock copolymer (PTT-PTMO), where PTT was a rigid segment.

Unfilled poly (ethylene terephthalate) has a conductivity of the order of 8.6-10°
S/cm, and a poly (trimethylene terephthalate) 1.4-10™ S/cm, so they are excellent insulators.
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The use of in situ polycondensation method allows to obtain conductive nanocomposites
filled with a relatively low loading (less than 0.5 wt %), which has been confirmed for the
three types of polymer matrices. According to the classical theory of electrical percolation for
composites insulator - metal showing, at a certain critical concentration of conductive phase
pe, the behavior close to the percolation threshold, there are the following relationships
defined by Bergman and Imry [325]:
o(F.p)~F’ @)
g'(F,p)~F" ()

where: ¢ — electrical conductivity, S/cm; F — frequency, Hz; ¢” — dielectric constant , s and y —
exponents. Close to the percolation threshold the sum of the exponents is equal to unity. The
dependence of conductivity and dielectric constant of the frequency is related to, inter alia, the
phenomenon of polarization between the conductive beams in the studied phase of a mixture.
[326]. For the composite PET/SWCNT with a concentration of less than 0.2 % the
dependence of the conductivity o in the entire range of the frequency F is a linear function
and indicates on the non-conductive the nature of these systems (Fig. 35 a). However, in the
case nanocomposites with nanofiller content of 0.4 wt % at low frequency, o does not exhibit
the above presented relationship up to a certain critical frequency value (0.1 Hz). The
occurrence of plateau is characteristic for insulator - conductor transition at a threshold
concentration of the conductive phase, in other words - the electrical percolation threshold.
Above this concentration the electrical properties of the composite are dominated by the
conductive paths existing in material, formed by the carbon nanotubes. The data shows that
for the composite PET / SWCNT the threshold concentration of the conductive phase for
which the electrical percolation threshold is observed is 0.4 wt %. From studies conducted on
nanocomposites with SWCNT have been observed to have lower percolation threshold [51]
[327] as compared to results obtained for PET/SWCNT. Electrical properties of the
nanocomposites have been found to be strongly dependent on processing conditions (sintering
temperature, sintering pressure, and dry mixing duration). Alignment of the nanotubes during
the manufacturing process of nanocomposites has a significant effect on the electrical
properties of the nanocomposite. From the SEM and Raman analysis the low purity of
SWCNT Cheaptubes has been observed. Lots of impurities observed in SWCNT while added
into polymer nanocomposite, affected the electrical conductivity, and low percolation
threshold was obtained, whereas the greater improvement and much lower percolation
threshold was expected.
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Fig. 35 Alternating current conductivity, ¢(F) as a function of frequency (F) for a) PET/SWCNT
nanocomposites, b) PTT/SWCNT nanocomposites and ¢) PTT-PTMO/SWCNT nanocomposites with
different SWCNT concentrations. Presented here conductivity measurements for PET and PTT based
composites were done for amorphous films.
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The crystallization behaviour of polymers i.e. degree of crystallinity, crystallization
temperature, size and shape of crystallites is a combined result of processing methods and
conditions. Any change in this behavior will affect the electrical conductivity, mechanical and
thermal properties, and even barrier properties (since permeation rates of polymer films
strongly depends on crystallinity) of prepared composites. In case of electrically conductive
nanoreinforecements, crystallization can alter the electrical conductivity and percolation
threshold. Low percolation threshold is desirable in order to obtain low cost, good
processability and satisfactory mechanical performance. There have been already published
many studies on how various factors affect the electrical conductivity and percolation
threshold [328] [329] [330]. Therefore, the electrical conductivity measurements of polymer
nanocomposites based on PET and PTT were performed on amorphous samples. The
influence of crystallinity on electrical conductivity and percolation threshold has been
analyzed on the example of PET/EG nanocomposites, which will be later described in
Chapter 6.1. Since for PTT-PTMO block copolymer it is impossible to prepare this
amorphous film, the electrical conductivity measurements were examined for semicrystalline
samples with a crystalline (PTT) phase content of about 16.9-18.0 % (according to DSC
measurements, Table 11).

The results of electrical conductivity measurements of poly(trimethylene
terephthalate) (Fig. 35 b) filled with high purity SWCNT purchased from Graphene Co.,
reported that for SWCNT/PTT nanocomposites percolation thresholds was below 0.1 wt%
CNTs. To compare the electrical percolation threshold for MWCNT/PTT composites was
found at an loading between 0.3 and 0.4 wt % of MWCNT [15]. A significant change in the
properties of conductive composites based on polyesters is probably related to the previously
described morphology, in particular the creation of the entangled nanotubes spatial structures,
which play the role of the above-mentioned conductive paths. This effect is especially
interesting in the context of further applications of the composite materials, even a very low
content of SWCNT (0.05 wt%), increases the ability of PTT to conduct electrical current by
six orders of magnitude and is sufficient to prevent the accumulation of electrostatic charge
on the surface of the sample. This property can be used in the design and implementation of
enclosures for electronic devices [326]. Whereas at the content of nanotubes at 0.3 wt %,
composite has a conductivity of 1.6-10™ S/cm and is an excellent material for the manufacture
of conductive polymer fibers. Low percolation thresholds of PTT/SWCNT nanocomposite
indicate a very good dispersion of CNTs in the matrix while still preserving the carbon
nanotube aspect ratio.

Studies of electrical conductivity have shown that the PTT-PTMO/SWCNT
composites showed significantly lower electrical conductivity than when the polymer matrix
was neat PTT (Fig. 35c). However unlike PTT, PTT-PTMO block copolymers show at low
frequencies characteristic conducting behavior (the presence of a frequency independent
component, Gqc) associated with the presence of PTMO. Such behavior may be due to ionic
conductivity [331]. Even with the smallest loading of nanoparticles (0.1 wt % of SWCNT) a
slight increase in conductivity for thermoplastic elastomers was observed, similarly as in case
of 0.3 wt % of SWCNT. Comparing the nanocomposites with the same content of nanofiller
(PTT/0.3 and PTT-PTMO/0.3) a marked decline of ¢ by about 4 orders of magnitude is
observed, but on the other hand, the copolymer itself has higher conductivity than neat PTT.
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A slight increase in electrical conductivity for prepared nanocomposites is due to the fact that
thin films based on PTT-PTMO were semicrystalline with crystalline phase content of about
16.9 % (determined from DSC), whereas the values of electrical conductivity in case of PTT
based composites were measured for thin amorphous films. However, in [322] for PET/EG
nanocomposites it was proved that semicrystalline PET/EG nanocomposites have lower
conductivity (about 2 orders of magnitude) if compared to amorphous samples, but the
percolation threshold remained the same. Therefore taking into account the thermoplastic and
elastic behavior of PTT-PTMO block copolymers arising from their multiphase structure,
which is a consequence of the chemical nature and incompatibility of the two types of the
contributing segments rigid and flexible built into polymer chains, the effect associated with
this behavior on electrical conductivity might be observed. Although in each case the
nanotubes were dispersed in the substrate forming a different phase, (DMT + PDO) forming
the polyester hard phase, while PTMO the polyether soft phase, during the synthesis of the
copolymer, occurred intermixing substrates with each other, and the phase separation in the
polymer could have affected the location and separation of nanoparticles in the matrix.

15.3. Influence of CNT structure and their contents on physical properties of polymer
nanocomposites

The obtained nanocomposites were characterized determining the intrinsic viscosity,
density, weight degree of crystallinity determined from the density measurement (for PET,
PTT), melt viscosity as a function of frequency (for PTT/CNT and PTT-PTMO/CNT),
examining the effect of the presence of a CNT on their thermal stability in air and argon, and
mechanical properties.

For PET based composites can be observed the initially increase in intrinsic viscosity
[n] with an increase of CNT concentration (up to 0.05 wt %) in the composite, as compared
with the value obtained without filling the polymer (Table 8), however the content of 0.1 wt%
showed a gradual decline in the value of intrinsic viscosity, nanocomposites wherein with the
highest concentration of carbon nanotubes were characterized by a significant decrease [n],
compared to pure PET, which indicates that the resulting composites have lower molecular
weights. Though lots of impurities on surface of SWCNTSs, the interfacial bonding with the
PET matrix supposed to be high enough to affect the intrinsic viscosity and molecular weight.
However, it seems that these interactions are not strong enough to disperse the SWCNT as
individual particles into the PET matrix, especially with higher loading of nanoparticles.
Therefore, some fluctuations of intrinsic viscosity and molecular weight with the increasing
content of carbon nanotubes were observed. The presence of CNT in the polymer melt
hindered its flow and the introduction of a concentration higher than 0.5 wt % was not
possible using the method of in situ due to the fact that the polymer extrusion from the reactor
was impossible. This is the main problem in all nanocomposites, where nanoparticles, as a
result of their high surface area, have substantially increased surface tension and thus easily
create agglomerates. For all the nano-reinforcement contents considered, the experimental
density measured for samples prepared by injection moulding is higher than the density of
neat poly(ethylene terephthalate). This means that the added SWCNT partially occupies the
free volume of the PET network, concluding that a densification of the polymer, determined
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by an increase of its bulk density, is mainly associated to a loss in the free volume. The
increase in weight degree of crystallinity determined from density measurement, especially in
case of PET/0.4 wt % SWCNT, was four times higher than in pure PET. This increment of
density could be also explained by the fact that the nanotubes can play a role of nucleation
agent.

Table 8 Physical properties of PET/SWCNT composites

ml M, x 10* d XCu
Sample

di/g g/mol glem® (%)
PET 0.553 221 1.337 10.6
PET/0.025 SWCNT 0.606 251 1.342 175
PET/0.05 SWCNT 0.611 2.54 1.354 35.7
PET/0.1 SWCNT 0.571 231 1.348 26.8
PET/0.2 SWCNT 0.512 1.99 1.359 42.1
PET/0.4 SWCNT 0.517 2.02 1.361 45.7

M, - viscosity average molecular weight; d-denstity measured at 23°C; Xc,, weight degree of crystallinity
estimated from density measurement

Considering the known strong dependence of the PET crystallization rate on its
molecular weight, an evaluation of the effect of SWCNTs on PET crystallization requires
comparison at similar molecular weights. Since the fluctuations in intrinsic viscosities (or
molecular weights) have been observed, also on the crystallization characteristics of in situ
prepared PET/SWCNT nanocomposite samples similar effect has been suspected. The
crystallization temperatures (T;), the apparent melting temperatures (Tn,) and the
corresponding enthalpies (AH. and AHp,) are also reported in Table 9. Fig. 36 shows the DSC
cooling and heating (from the 2nd heating) scans of PET/SWCNT nanocomposite samples.
During cooling from the melt, the SWCNT containing samples show crystallization
exotherms earlier than neat PET, as also seen from the corresponding T, values indicated in
Table 9. It is found that the nanocomposite sample containing SWCNTSs at a concentration as
low as 0.05 wt% crystallizes 6 °C earlier than neat PET. The T, values continue to increase
with increasing SWCNT concentration. In other words, there is a saturation of the nucleant
effect at low SWCNT concentrations, resulting in diminishing dependence on the increasing
SWCNT induced nucleation, possibly because of the large surface area and good dispersion
of SWNTs. The melting temperature and enthalpies of PET stay unaffected by SWCNTSs (Fig.
36 b).
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Fig. 36 DSC thermograms for PET and PET/SWCNT nanocomposites during the cooling and 2" heating.

Table 9 Thermal properties of neat PET and PTT/SWCNT nanocomposites determined by DSC

Ty Tm AHm T, AHc Xe
Symbol

°C °C J/g °Cc Jlg %
PET 85 257 47.0 214 46.9 335
PET/0.025 SWCNT 83 253 52.7 217 52.7 37.6
PET/0.05 SWCNT 83 252 53.5 220 53.2 38.0
PET/0.1 SWCNT 84 255 47.1 219 47.0 33.6
PET/0.2 SWCNT 80 254 51.4 221 51.4 36.7
PET/0.4 SWCNT 80 255 50.8 222 51.0 36.4

Ty - glass transition temperature;-T, - melting temperature; T, - crystallization temperature AHy, AH. - enthalpy of melting
and crystallization; x. - mass fraction of crystallinity determined from DSC

The intrinsic viscosity measurements for PTT-based composites showed that the
obtained composites have comparable values of molecular weights (38 500-39 600 g/mol) to
neat PTT (38 400 g/mol, Table 10). This result demonstrates that the interconnected or
network-like structures can be formed in PTT nanocomposites via the nanotube—nanotube or
polymer—nanotube interactions in the presence of CNT, resulting in receiving PTT
nanocomposites with enhanced properties. The addition of carbon nanotubes affected the
density of the obtained nanocomposites. Density was determined for samples prepared by
injection moulding. A significant increase in the weight degree of crystallinity determined
from density measurement has been observed. The greatest impact was observed at the lowest
(0.025 wt %) and the highest (0.5 wt %). In the first case it can be explained with the uniform
distribution of nanotubes forming crystallization agents, the growth of which is not hindered
in any manner. On the other hand, the increase in the degree of crystallinity along with the
increasing content of nanotubes is due to the higher bulk density of CNT relative to the
density of neat PTT of neat PTT. SWCNTs might also play a role of crystallization agents,
which was also observed in case of PET based nanocomposites. Observations on the effect of
carbon nanotubes on the structure of PTT were extended by using DSC.
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Table 10 Physical properties of PTT/SWCNT KNT 95 nanocomposites

Ml M, x 10* d, 23°C XCy
Sample

di/g g/mol glem® (%)
PTT 0.781 3.84 1.323 19.8
PTT/0.025 SWCNT 0.786 3.88 1.339 32.2
PTT/0.05 SWCNT 0.798 3.96 1.329 24.6
PTT/0.1 SWCNT 0.784 3.85 1.324 20.6
PTT/0.3 SWCNT 0.795 3.94 1.329 24.6
PTT/0.5 SWCNT 0.785 3.87 1.337 30.6

M, viscosity average molar weight; d — density ; Xc,, weight degree of crystallinity estimated from density
measurement

The effect of the presence of SWCNT in PTT matrix on the melting and crystallization
processes was studied by DSC. Table 11 summarizes data obtained from heating and cooling
DSC scans for PTT and PTT/SWCNTSs nanocomposites which are presented in Figure 37.
PTT/SWCNTs nanocomposites exhibit a negligible increase (1 °C) in the glass transition
compared to neat PTT. Introduction of CNTs can separate the long polymer chain into shorter
cooperatively rearranging (CRR) segments [332]. The shift of T, toward higher temperatures
can be a result of the lower mobility of these shorter CRR segments. Recently, for
semicrystalline polymers such PTT, PET, PEEK [332] [333] [334], a three phase model
consisting of crystalline, mobile amorphous phase (MAP) and rigid amorphous phase (RAP)
was used to describe the structural formation of PTT at various conditions. The RAP exists at
the interface of crystal and amorphous phase as a result of the immobilization of a polymer
chain due to the crystal. In semicrystalline nanocomposites, the RAP fraction sometimes
exists at the surface of nanofillers in the polymer nanocomposites material. Here, the melting
temperature and degree of crystallinity of the PTT/SWCNTSs nanocomposites (Table 11) were
not significantly affected by the presence on the SWCNTs. The degree of crystallinity of
nanocomposites increase very slightly around 1.4-3 %. Nanocomposites have narrower
crystallization peaks than those of neat PTT, indicating the nucleation effect of the CNTSs for
the PTT matrix. In PTT/SWCNTs nanocomposites the crystallization peak temperature (T¢)
increase by about 13-20 °C. The addition of nanofiller in polymer composites changes the
thermal properties of the materials due to the formation of interfacial connections between the
filler surfaces and polymer. The connections, which may be physical adsorption or chemical
bonding, or a combination of both, restrict the mobility of the polymer chains. Here, the
introduced high-purity SWCNT into PTT matrix are effective nucleating agent, giving similar
effect as in case previously described PET/SWCNT nanocomposites. These can be a result of
their high aspect ratio or their strong interactions with PTT chains. Comparison of the results
obtained for PET and those studied here for PTT nanocomposites prepared by in situ
polymerization seems to indicate that the preparation method in addition to the type of carbon
nanotube can affect the crystallization behavior of polyesters.
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Fig. 37 DSC thermograms for PTT and PTT/SWCNT nanocomposites during the cooling and 2" heating.

Table 11 Thermal properties of neat PTT and PTT/SWCNT nanocomposites determined by DSC

Tq Tm AHp, T AH, X
Symbol

°C °C Jig °C Jig %
PTT 53 231 458 167 46.2 31.4
PTT/0.025 SWCNT 53 230 47.9 180 47.1 32.8
PTT/0.05 SWCNT 53 232 48.2 183 47.9 33.0
PTT/0.1 SWCNT 53 231 48.4 180 48.7 33.2
PTT/0.3 SWCNT 54 231 51.3 186 50.7 35.1
PTT/0.5 SWCNT 54 232 50.2 187 49.5 34.4

Ty - glass transition temperature;-T,,, - melting temperature; T, - crystallization temperature; AH,,, AH; - enthalpy of melting
and crystallization; x. - mass fraction of crystallinity determined from DSC.

Multiblock copoly(ether-esters) (PEE) included in the group of thermoplastic
elastomers, characterized by functional properties similar to vulcanized rubber, and a typical
method for processing thermoplastics. These types of copolymers have the ability to phase
micro- and nanoseparation and reproducible processing conditions, thereby obtaining a shape-
memory properties and elastic recovery after deformation. Their specific characteristics are
the result of the domain structure in a condensed state which consists of two phases: soft and
hard. The amorphous phase is a homogenous mixture of PTMO-T with PTT segments that
have not crystallize. Hard phase is formed by the crystallization of rigid segments and has a
high melting point. In order to investigate the effect of CNTs on the properties and structure
of the block copolymer a series composites based on PTT-PTMO was synthesized, for which
the ratio of rigid PTT segments to the soft PTMO segments was 50:50 wt %, for comparison
with PTT based nanocomposites. Both series of nanocomposites contained high purity
nanotubes SWCNT KNT 95.

Table 12 summarizes the physical properties of the synthesized composites. The
presence of nanotubes in the melt polymer hinders its flow (measurements using ARES
rheometer shown below, Fig. 39 a) on the other hand, inherent viscosity determination of
nanocomposites showed a comparable values to neat PTT-PTMO block copolymer suggesting
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that molecular weight of copolymer in obtained nanocomposites are also comparable. The
introduction of carbon nanotubes to the reaction mixture increased the viscosity from the
beginning of the synthesis, however, the growth was so low that undetectable to the stirrer. As
a result, the torque value by which the course of the synthesis was monitored at various stages
of the process was the same as for the synthesis of both unfilled polymer and composite. This
meant that polymerizing at the same conditions and finishing it with the same stirrer torque,
the materials could be obtained with comparable molecular weight values. However, the
carried out melt viscosity analysis with the selected composites showed that they have a
higher melt viscosity than the polymer without filler (discussed in more details in the section
on the influence on the rheological properties of the nanotubes, pages 82-83). A slight
increase in the density of the obtained nanocomposites shows that the presence of
nanoparticles in the polymer accelerates the formation of the crystalline phase, as confirmed
by DSC studies.

Table 12 Physical properties of PTT-PTMO/SWCNT nanocomposites

Sample SWCNT ] d

wt % dl/g glem®
PTT-PTMO 0 1.30 1.172
PTT-PTMO/0.1 SWCNT 0.1 1.33f 1.181
PTT-PTMO/0.3 SWCNT 0.3 1.34f 1.176

[n] - intrinsic viscosity, f-measured after filtration of SWCNTSs; d — density at 23 °C

In the multiblock ether-ester copolymers as a result of intermolecular interactions
occurs phase separation. The consequence of this is that the resulting material has two
characteristic temperatures: Ty — corresponding to the glass transition temperature of
amorphous PTMO-rich phase, and Ty, — corresponding to the melting of the PTT crystalline
phase. Figure 38 shows DSC thermograms for series of PTT-PTMO/SWCNT composites, the
results for all composites are summarized in Table 13. The addition of single-wall carbon
nanotubes do not affect the values of Tq. In contrast, slight increase in T, was observed in
the case of the composite with 0.1 wt % content of SWCNT. However, due to the very low
increase, we can say that the difference was within the margin of measurement error.
However, their presence in the polymer affects the shift effects associated with crystallization
(Fig. 38 a). This shift towards higher temperatures of 29-31 °C is significant and relevant to
the processing of these materials. While the presence of nanoparticles in the polymer
accelerates the formation of the crystalline phase, it does not significantly increase its content,
which can be inferred from the melting enthalpy AH,, and designated on the basis of the
degree of crystallinity of the tested composites. It proves that CNTs present in the melt as
solid particles only promote nucleation. Observed, for the prepared composites based on PTT-
PTMO, the elongation and reduction of the crystallization peak width compared with the
thermogram of the unfilled copolymer, can provide a greater diversity in terms of crystallite
size and generally rather their fine grain.
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Fig. 38 DSC thermograms for PEE and PEE/SWCNT nanocomposites during the cooling (a) and 2™
heating (b).

Table 13 Thermal properties of neat PTT-PTMO and PTT-PTMO/SWCNT nanocomposites determined
by DSC

Tgl Tm AHm Tc AHC Xc
Sample

°C °Cc Jig °C Jlg %
PTT-PTMO -67 205 25.8 126 26.2 17.7
PTT-PTMO/0.1 SWCNT  -67 205 26.3 155 27.2 18.0
PTT-PTMO/0.3 SWCNT  -67 204 24.7 157 25.7 17.4

Tq1 - glass transition temperature of soft phase;-T,, - melting temperature of polyester crystalline phase; T, - crystallization
temperature of polyester crystalline phase; AH.,, AH. - enthalpy of melting and crystallization of polyester crystals,
respectively; x. - mass fraction of crystallinity.

Analysis of the effect of the addition of carbon nanotubes on the physical change in
studied/obtained composites allows to formulate several conclusions, common to the all
investigated materials. Namely, the presence of nanoparticles in the polymer melt accelerates
the crystallization process and it is important, if refers it to the very small range of
concentration and temperature shift changes of the matrix is not proportional to the
concentration of nanofillers, i.e., no significant differences were observed for the following
concentrations, even if the difference between them is multiple. Analysing the impact of
CNTs on the increase in the amount of crystalline phase should also be remembered that
investigated nanocomposites had comparable molecular weights to homopolymers, which
affects the mobility of macromolecules and their alignment in the lamellae. Thus, in addition
to the interactions of the nanoparticles, increase of crystallinity in the case of composite
PET/SWCNT and PTT/SWCNT can also partly be due to this phenomenon. In the case of
PTT-PTMO/SWCNT composites no significant effect of the presence of the nanotubes in the
matrix on the degree of crystallinity was observed, which was comparable to the degree of
elastomer crystallinity without nanofiller.
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Influence of CNT loading on rheological properties of PTT and PTT-PTMO
nanocomposites

The smaller the particle size of fillers smaller than micrometer, the more effect of
Brownian motion of the particles is crucial. It is thought that the Brownian motion of CNT
particles results in more outstanding viscoelastic rheological behavior than short fiber with
micro-scale size. There are a few reports on rheological behavior of CNTs/polymer
composites. Potschke et al. [335] investigated rheological properties of the
CNT/polycarbonate (PC) composites. It was found that viscosity increase of the
nanocomposites filled with CNTs was much higher than viscosity changes of polymer
composites filled with carbon fibers or CBs. The rheological behavior of aqueous dispersed
CNTs was studied by Kinloch et al. [336] under consideration of the interaction between the
nanotubes. It was reported that dispersion state of CNTs was highly sensitive to applied strain
in the linear viscoelastic region and the storage and loss moduli were independent of
frequency. It was shown that viscosity increased to the highest point when fibrous fillers such
as carbon fibers were added and to the lowest point when spherical fillers were added.
Agglomerates of the fillers caused higher viscosity [337] since the presence of agglomerates
leads to higher filler loading. However, Mitchell et al. [110] examined the linear viscoelastic
properties of nanocomposites prepared with pristine SWNTs and organically modified
SWNTs in polystyrene (PS) matrix. It was found that the nanocomposites filled with
functionalized CNTs had better dispersion of the CNTs and showed higher storage modulus
and complex viscosity at low frequency.

As it was mentioned before, the rheological properties of polymer nanocomposites
with carbon nanotubes depend on several major factors such as: characteristics of the filler
loading, aspect ratio and dispersion, polymer molecular weight, and the interfacial interaction
between the polymer and filler. It is necessary to understand the effect of CNTs dispersion
and their quality (purity, length etc.) on various properties of the CNTs filled composites.
Therefore, in this study, two different specimens with SWCNT (KNT 95) based on PTT
(thermoplastic polyester) and PTT-PTMO (thermoplastic elastomer, where PTT was the rigid
segment) were prepared.

It was observed, that at low frequencies, the fully relaxed polymer chains exhibit the
typical Newtonian viscosity behavior (neat PTT and PTT-PTMO) but with the increasing
concentration of CNT the low-frequency complex viscosity significantly increases with CNTs
content, indicating that the relaxation of polymer chains in the nanocomposites is effectively
restrained by the presence of CNT (Fig. 39). The increase in melt viscosity, could be
attributed to increased CNT-polymer and CNT-CNT interactions. The researchers postulated
that rheological properties are important for controlling material properties and their
processing. Similar observations of the rheological behavior of CNT nanocomposites have
also been reported using different polymer matrices, including nylon-6 [338], polyethylene
[339] and polyester [340]. These results also indicate that using the in situ polycondensation
method allowed to obtain polyester based nanocomposites displaying conductive properties at
a relatively low filling rate (below 0.5 wt %). However, it needs to be noted that this method
has certain limitations resulting from the fact that adding more nanotubes than 0.5 wt %
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caused polymer viscosity to grow significantly, which made its extrusion from the reactor
impossible and can brought about some difficulties in processing.
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Fig. 39 Melt viscosity versus frequency for a) neat PTT and PTT/SWCNT nanocomposites at 250 °C and
b) neat PTT-PTMO copolymer and PTT-PTMO/SWCNT nanocomposites at temperature of 220 °C.

Effect of carbon nanotubes on the thermal stability of the polyester composites
(PET, PTT)

For most polymers, the introduction of nanofillers to the polymer matrix increases the
thermal stability of both the oxidizing environment and in an atmosphere of inert gas. The
effect of the addition of carbon nanotubes on the thermo-oxidative and thermal stability for
PET composites containing SWCNT Cheaptubes and for PTT composites containing high
purity SWCNT KNT 95 was analyzed, using the method of thermogravimetric analysis. The
weight loss (TG) and the DTG (derivative TG) curves under air and argon atmosphere of all
studied nanocomposites are shown on Figures 40-41. In Tables 14-15, temperatures
corresponding to the 2 (5 for PTT), 20 and 50 % weight 10sS (T20, T10%, Tsow) and the
temperature at maximum of weight loss rate at each step (peak on DTG curve) are presented.

The thermal degradations of aromatic polyesters PET and PTT have been studied
extensively under a variety conditions [341]. As it can be seen on TGA curves (Fig. 40-41)
the PET and PTT degradation process takes place in two steps in the air and in a single step in
argon atmosphere. The study of the thermal decomposition kinetics of polyalkylene
terephthalates [342] have shown that the first step of the decomposition of PET and PTT in
both argon and air atmospheres is an overlapping of two decomposition processes. The first
process is caused by degradation of the polymer chain implying an end group initiation
mechanism affected by the molecular weight of polyester. The second degradation process is
mainly caused by the thermal degradation of the products formed during the first
decomposition process and it is not affected by the molecular weight (end groups) of
polyester. Besides the first small weight-loss process (weight loss 2%) in argon for PTT is
highly sensitive to molecular weight and the weight loss during this step decreased steadily
with increasing molecular weight [343]. The second degradation step in air atmosphere in the
temperature range 485-600 °C for PET and 450-600 °C for PTT, is due to the decomposition
of some thermostable species formed during first degradation step. These may include
decomposition of crosslinked carbonaceous structures and also carbon nanotubes. For
nanocomposites, the temperature of the maximum weight loss rate (Tprgz) at post-
major/second weight loss step is shifted to higher temperatures.
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For the unfilled poly(ethylene terephthalate), subjected to heating in an oxidizing
atmosphere, the weight loss begins at 366 °C (Fig. 40, Table 14) and initially proceeds quite
quickly, while SWCNT additive shifts the decomposition start temperature of 6 °C towards

higher temperatures.

This effect can be determined that is practically within the limits of measurement error. In the
case of carbon nanotubes in the PET matrix stabilization effect is greater at the higher
concentration of CNTs. With further increase of temperature the degradation of all tested
materials is of comparable rate and temperature of approximately 570 °C followed by
practically all of their distribution (share of less than 1% ash).
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Fig. 40 Weight loss and derivative weight loss versus temperature for the PET/SWCNT nanocomposites in

air (a) and in argon (b) at a heating rate of 10°C/min.

Table 14 Temperatures corresponding to 2,10 and 50% weight loss and the temperatures at maximum of

weight loss rate for the nanocomposites obtained in air and argon atmosphere

Symbol

T2%- OC TlO%- OC T50%- OC TDTGl: OC TDTGZ- OC

Measurement carried out in an oxidizing atmosphere

PET 366 402 438 440 539
PET/ 0.1 SWCNT 374 405 440 440 545
PET/ 0.2 SWCNT 372 406 440 440 549
PET/ 0.4 SWCNT 364 406 440 442 560

Measurement carried out in argon

PET 387 413 442 441 -
PET/ 0.1 SWCNT 380 412 441 440 -
PET/ 0.2 SWCNT 383 413 442 441 -
PET/ 0.4 SWCNT 385 414 444 443 -
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The presence of SWCNTSs does not affect the degradation process of PTT. PTT and its
nanocomposites show two degradation steps in air and one in argon atmosphere. The
temperatures associated with 5 wt% and 10 wt% weight loss of neat PTT and PTT/0.5
SWCNT were 372 °C and 381 °C in air and 374 °C and 383 °C in argon.
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Fig. 41 Weight loss and derivative weight loss versus temperature for the PTT/SWCNT nanocomposites in
air (a) and in argon (b) at a heating rate of 10°C/min.

Table 15 Temperatures corresponding to 5 and 10 % weight loss and the temperature at maximum of
weight loss rate for the PTT/SWCNT nanocomposites obtained in air and argon atmosphere

Symbol Tsos. °C Tiooe °C Ea kd/mol  Tprer, °C Toree °C
Measurement carried out in an oxidizing atmosphere
PTT 370 379 318.39 401 501
PTT/0.05SWCNT 372 382 323.87 404 508
PTT/0.1 SWCNT 372 381 314.90 402 500
PTT/0.3 SWCNT 374 383 318.01 404 511
PTT/0.5SWCNT 372 381 316.60 404 514
Measurement carried out in argon
PTT 373 382 331.79 404 -
PTT/0.1 SWCNT 373 382 334.68 404 -
PTT/0.2 SWCNT 373 382 325.58 405 -
PTT/0.5 SWCNT 374 383 331.66 406 -

The temperature of maximum rate of weight loss (Tprs, peak on DTG curve) was
studied, to determine the thermal stability of the PTT/SWCNT composites in detail. The
temperature of maximum rate of weight loss Tpte: of neat PTT in air and in argon were 401
and 404 °C, respectively. In case of nanocomposites with highest concentration of SWCNT
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the values of Tpre; in air and argon were comparable to pure polymer. On the other hand, the
increase of 13 °C in Tprg, Was observed when the concentration of SWCNT was 0.5 wt %.

Freeman-Carroll method can determine kinetic parameters for the thermal degradation
of composites by using only one heating rate (equation 1, page 54). Activation energies
determined by this method have not been changed in both air and argon atmosphere. Only
PTT/0.05SWCNT showed a slight increase (5 kJ/mol) over the value obtained for neat PTT.
The other nanocomposites with higher content of SWCNTs showed even an decrease in
activation energy.

In general it can be concluded, that in both polyesters: poly(ethylene terephthalate) and
poly(trimetylene terephthalate) addition of SWCNT didn’t affect strongly the thermal stability
of prepared nanocomposites. The observed small effect of the addition of carbon nanotubes to
enhance the heat resistance of the polymer matrix may result from a number of phenomena:
changes in the structure of the obtained composites, i.e. changes in the amount and quality of
the crystal structure, changes in the polymer chain mobility and distribution of heat in the
material. Since in both PTT and PET matrices no explicit effect on the degree of crystallinity
and molecular weight was observed, therefore little effect on the thermal stability was
obtained.

Effect of carbon nanotubes on the thermal stability of the thermoplastic
elastomer nanocomposites (PTT-PTMO)

Introduction into the composite, filler with high thermal conductivity may facilitate
heat distribution in the material and thereby improve its heat resistance. Moreover, carbon
nanostructures as CNTs have electron affinities similar to those of fullerenes and they are
therefore capable of acting as radical scavengers in free radical chain reactions, including
polymerisation and the thermo-oxidative degradation of polymers [344]. Introduced into
polymer matrix CNTs can be able to exhibit an antioxidant effect in these materials because
their radical accepting capacity. The effect of the presence of SWCNT on the thermal and
thermo-oxidative decomposition of obtained nanocomposites based on PTT-PTMO block
copolymer has been investigated during heating in air and argon atmosphere. The weight loss
(TG) and its derivative of weight loss (DTG) curves are shown in Fig. 42.

Analysis of the values of the characteristic temperatures of decomposition, including
the temperature of 5 and 10% weight loss and the temperature at the maximum weight loss
rate (Tprc) of neat PTT and SWCNTs-filled nanocomposites (Table 16) showed that the
presence of carbon nanotubes does not affect the thermal stability in an inert atmosphere (Fig.
42 b), regardless of CNTs content, whereas in oxidizing atmosphere an effect on thermo-
oxidative stability of the polymer has been observed.
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Fig. 42 Weight loss and derivative weight loss versus temperature for the PTT-PTMO/SWCNT
nanocomposites in air (a) and in argon (b) at a heating rate of 10°C/min.

As a criterion for assessing the thermo-oxidative stability the temperature of 10%
weight loss (T109) has been assumed. In the initial decomposition stage the stabilizing effect
of CNTs is noticeable, which presence shifts the decomposition process toward higher
temperatures as compared to unfilled polymer. For composites containing 0.1 wt % of
SWCNTSs the shift of this temperature by 24 °C was observed, while at nanofiller content of
0.3 wt % by 20 °C. The smaller degree of improvement in case of nanocomposite with higher
amount of nanoparticles may be due to their inhomogeneous distribution throughout the
polymer matrix. In this PhD thesis only the influence of carbonaceous nanoparticles on
thermal and thermo-oxidative degradation of PTT-PTMO was analyzed. However, the
detailed mechanisms of thermal and thermo-oxidative degradation of copoly(ether-ester) were

already published in [345].

Table 16 Temperatures corresponding to 5 and 10% weight loss and the temperature at maximum of
weight loss rate for the PTT-PTMO/SWCNT nanocomposites obtained in an air and argon atmosphere

Symb0| T5%. OC TlO%- OC TDTGl: OC TDTGZ- OC

Measurement carried out in an oxidizing atmosphere

PTT-PTMO 331 352 400 499
PTT-PTMO/0.1SWCNT 363 376 402 510
PTT-PTMO/0.3SWCNT 358 372 406 515

Measurement carried out in argon

PTT-PTMO 371 382 408 -
PTT-PTMO/0.1SWCNT 372 382 408 -
PTT-PTMO/0.3SWCNT 369 380 408 -
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Testing the mechanical properties of polyester nanocomposites

Enhancement of mechanical properties is a general tendency for nanocomposites
because the nanoadditives act as reinforcement and the degree of reinforcement is dependent
on many factors, i.e the dispersion state and, above all, the quality of nanoadditives. For
example, the mechanical properties improvement was observed for the polyacronitrile/ CNTs
[346] composite fibers containing single wall carbon nanotubes (SWCNTSs), double wall
carbon nanotubes (DWNCTSs) and multiwall carbon nanotubes (MWCNTS). In thermoplastic
semicrystalline polymer nanocomposites, the presence of crystallinity in the polymer matrix
makes it is difficult to elucidate the influence of nanotubes directly on the mechanical
reinforcement mechanisms. In this PhD thesis, PET based composites containing CNTs
Cheaptubes and PTT based composited containing SWCNT KNT 95 have been examined.

As it can be seen in Fig. 43 for composites with higher content of CNTSs, the nature of
stress-strain curve has been changed, from enhanced curve with yield stress for neat PET to
curves with no yield stress for nanocomposites with higher content of CNTs characteristic for
brittle materials. Yield stress remained at the very same level for all nanocomposites and neat
PET. However, in case of brittle nanocomposites i.e. PET with carbon nanotubes’ content
higher than 0.05 wt % by the concept of oy instead of yield stress it will be understood by
elastic limit. The observed slight differences in o, are within the measurement error. The
agglomerates of the CNTs (showed on SEM micrographs in Fig. 31) reduce apparent volume
fraction of the polymer matrix. However, as the CNTs loading increases, stress at break of the
composites filled with CNTs firstly decreased to 33.9 MPa and then increased with an
increasing content of SWCNTSs up to ~68 MPa. Simultaneously with the increasing content of
nanoparticles, strain at break drastically decreases (almost 100 times in comparison to neat
PET). Moreover, an increase in Young’s modulus was observed. PET based nanocomposites
with 0.4 wt % of SWCNTs exhibited improvement in Young’s modulus of 28 %. The cause
of the observed improvement in mechanical properties of nanocomposites based on PET
might be due to both: a nanoparticles addition themselves and their nucleating behavior
(confirmed by density and DSC measurements, Tables 8 and 9).

Table 17 Tensile properties of PET/SWCNTs nanocomposites

E (] & () €p

Sample GPa MPa % MPa %
PET 2.08 £0.14 688+009 36+02 381+97 1213+ 124
PET/0.025 SWCNT 2.59+0.15 68.9+22 344023 33.9+19 724+86
PET/0.05 SWCNT 2.57+0.13 68.9+ 1.7 31405 66.6 + 4.1 3.6+ 0.6
PET/0.1 SWCNT 2.52+0.14 694+15 32+0.1 68.5+43 33+0.1
PET/0.2 SWCNT 2.42+0.19 70.5+ 1.5 3.0+0.1 69.4+ 2.3 3.1+0.1
PET/0.4 SWCNT 2.68 +£0.20 67.8+323 264023 67.8+3.1 284023

E — Young’s modulus; o - yield strength (elastic limit); &, — yield strain, oy (indicated with “x” in the figure), €,
- stress and strain at break respectively
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Fig. 43 Representative stress strain curves of PET/SWCNT nanocomposites.

The tensile properties of the synthesized PTT/SWCNTSs nanocomposites are listed in
Table 18 and representative stress-strain curves are shown in Figure 44. For the lowest
concentration of carbon nanotubes, by means of 0.025 and 0.05 wt %, no effect on Young
modulus has been observed. However, as the content of the SWCNTSs increase to 0.5 wt%, the
nanocomposites’ tensile strength and Young’s modulus increases. The highest increase was
observed for PTT/0.1 SWCNT, perhaps due to the best dispersion state. However, further
addition of SWCNTs (0.3 and 0.5 wt%) lowers Young’s modulus, but their values are still
higher than neat PTT. The values of elongation at break dramatically decrease in comparison
to the neat PTT (similar effect as for PET/SWCNT composites). SEM analysis of
PTT/SWCNT composites (Fig. 32, page 67) have shown that the CNTs are well distributed in
the polymer matrix for all concentrations, note that the increase of CNT content does not lead
to formation of visible agglomerates (except small entangled CNTSs structures) in the bulk
volume of the polymer. When two immiscible phases such PTT and SWCNTs meet, the
interaction between them occurs at their interfaces. At the interface, the net internal force of
each phase is not zero and will lead to the appearance of a tension called interfacial tension.
Interfacial tension is somewhat similar to surface tension in that cohesive forces are also
involved [347]. However, the main forces involved in interfacial tension are adhesive forces,
i.e., tension between phases. The interphase in PTT nanocomposites is influenced by the Van
der Waals forces between SWCNTs and PTT matrix. The increase of the tensile strength can
be attributed to strong interphase interaction between the matrix and the CNTs. The lower
values of tensile strength of nanocomposites with 0.3 and 0.5 wt % of CNTs compared with
PTT/0.1 wt % could be explained by poorer dispersion state (Fig. 32 a -d). For many polymer/
CNTs nanocomposites a critical CNTs content in the matrix could be found when the CNTs
reinforcement effect on randomly oriented polymer/ CNTs composites was studied. Below
this content, the reinforcement effect for polymer/CNTs composites increases with increasing
CNT content. Above this content, the strength of the polymer/ CNTs composites decreases,
and in some cases, even lower than that of the polymer matrix. At higher CNTs content, the
extent of improvement in mechanical properties might be limited by the high viscosity of the
composite and by poor load transfer between CNTs and polymer matrix resulted from
imperfect dispersion and not completely covered some surface of the CNTs by polymer
matrix due to the large specific area of CNTs. As will be noted in many reports, most of
randomly oriented polymer/CNTs composites show only a moderate or no strength
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enhancement, especially for composites containing untreated CNTs, mainly attributed to poor
load transfer between polymer matrix and CNTSs.

To summarize the observation on the effect of SWCNT addition to two polyester
matrices (PET and PTT), it can be noted that the high-purity CNTs (KNT 95) are more
efficient than the lower purity CNTs Cheaptubes in transferring applied load.

Table 18 Tensile properties of PTT/SWCNTSs nanocomposites

E Oy &y Op €p

Sample GPa MPa % MPa %
PTT 2.36 £0.05 50.2+9.5 3.6+0.2 28.6+9.7 178 +£32.4
PTT/0.025 SWCNT KNT 236+0.12 689+5.5 1.4+0.1 68.9 £5.6 3.81+0.1
PT/0.05 SWCNT KNT 2.38+0.13 58.8+9.2 1.3+£0.1 61.5+£53 2.64+0.1
PTT/0.1 SWCNT KNT 263+0.12 67.8+6.7 1.1£0.2 69.5+6.3 2.75+0.1
PTT/0.3 SWCNT KNT 252+0.02 69.2+69 1.1+£0.1 68.3+6.5 2.83+0.3
PTT/0.5 SWCNT KNT 2.46 +0.05 72.6+7.5 1.2+0.1 60.8+9.2 249+02

E — Young’s modulus; o - yield strength (elastic limit), e, — yield strain, o, (indicated with “x” in the figure),,
- stress and strain at break respectively
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Fig. 44 Representative stress strain curves of PTT/SWCNT nanocomposites.

Testing the mechanical properties of nanocomposites based on thermoplastic
elastomers

The addition of carbon nanotubes changes the stress-strain characteristics of PTT-
PTMO, as illustrated in Figure 45. Enhancing effect of nanofiller manifests itself as increased
strength of composites, but with increasing concentration of nanoparticles a gradual reduction
in elongation, however within boundaries of measurement error, is observed (Table 19). As a
result, composites exhibit higher stress at the same relative elongation (relative to the unfilled
copolymer) and are destroyed when reaching higher values of strain (from the highest
proportion of nanotubes at 0.3 wt %).
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Table 19 Tensile properties of PTT-PTMO/SWCNTSs nanocomposites

E G & Gp &p

Sample MPa MPa % MPa %
PTT-PTMO 118+15 13.6%02 448+ 09 20307  625+12
PTT-PTMO/0.1 SWCNT 142+39 142402 47.8+0.8 207406 617424
PTT-PTMO/0.3 SWCNT 166 +2.5 14.1+0.1 49705 199+02  639+13

E — tensile modulus; o, €, — yield stress and strain respectively, oy, €, - stress and strain at break respectively

In block copolymers, the nanometric structure of segregated flexible and rigid
segments is responsible for mechanical properties by means of: flexible segments of PTMO
for the elastic properties, whereas rigid segments of PTT for an increase in strength. These
semicrystalline thermoplastic elastomers can be treated as nanocomposites themselves as
reported in [16]. The crystallization of PTT rigid segment sequences play a critical role in
physical crosslinking formation and subsequently mechanical properties of these materials.
The incorporation of carbon nanofillers to thermoplastic elastomers can change the
macroscopic properties (for example tensile properties) due to the synergy between the
nanoparticles and crystalline lamellae of polymer matrix. However, this factor is insufficient
to obtain enhanced mechanical, good level of CNTs dispersion is also of great relevance.
Here, the introduction of small amounts of CNTs didn’t change the degree of crystallinity.
Composites and neat PTT-PTMO block copolymer have comparable content of crystalline
phase of 17 % (Table 12), so the enhancement in mechanical properties (modules increase)
results from the addition of the carbon nanoparticles. As can be seen, an addition of a small
amount of SWCNT to PTT-PTMO elastomer increases tension related to deformation,
limiting the free length of chains which are located between physical nodes of the network /
matrix (they create additional physical nodes). However, it is difficult to determine how the
elasticity of nanocomposites is changed, because the permanent set wasn’t examined here.
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Fig. 45 Representative stress strain curves of PTT-PTMO/SWCNT composites.
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16. Polymer nanocomposites containing graphene derivatives

16.1. Concept of graphene and expanded graphite used as nanofillers

In recent years, much attention was devoted to nanocomposites with lamellar
nanofillers. The conformational structure and dynamic behaviour of polymer chains in a
confined space formed by two plates of nanofiller mutually spaced by a distance less than the
radius of the rotational motion of the chain fragments was studied in detail [348]. As lamellar
fillers were used inter alia: montmorillonite, saponite and hectorite, however the most
commonly used was montmorillonite. Polymer nanocomposites with montmorillonite (with a
content <6 vol %) exhibited physical and thermal properties significantly better compared
with the properties of the polymer itself, and also for certain properties of the composite
properties superior to conventional mineral fillers. Improvement of these properties include
increasing the modulus of elasticity, ultimate tensile strength, hardness, thermal conductivity,
non- adhesion properties for paints and varnishes, as well as the reduction of linear expansion,
and permeability to water vapor and oxygen, the effects of low temperatures on the impact
strength [348] [349]. The discovery of graphene in 2004 as a new allotropic form of carbon
(previously the existence of such structures provide theoretical models) caused increased
interest on nanocomposites with its. The extremely mechanical properties of graphene: a high
Young's modulus of about 1 ~ TPa, and tensile strength of 130 GPa [8], with a high aspect
ratio and specific surface makes it with the carbon nanotubes a potentially attractive
reinforcement material for polymers. The research conducted so far, in which graphene was
the main point of interest, focused mainly on developing new methods of efficient synthesis
and understanding the physicochemical properties of the material (with a strong emphasis on
electrical conductivity) that this material could be used in various electronic circuits. Recent
studies indicate that the production of large quantities of graphene is less expensive than the
production of carbon nanotubes (CNT). The aim of this PhD thesis was to investigate the
method of nanocomposites preparation based on thermoplastic polymers (PET, PTT, PTT-
block-PTMO) with the participation of different varieties of graphene, differing form one
another, inter alia, the size of the plate surface and the number of platelets, during
polycondensation of matrix (in situ) and examine the impact of the content of different
varieties of graphene on the physical properties of the material. For the preparation of
nanocomposites have been used expanded graphite platelets with average sizes of 5, 50 and
500 pum, but also commercially available graphene (Graphene Angstron) with average
dimension x & y of ~10 um.

Expanded graphite (EG) can be obtained by exfoliating and reducing graphite oxide
(GO) as the result of the expansion of the graphene sheets from loosely bonded graphene
stacks. The differences in microstructures between these four different fillers can be clearly
noted. EG I used in this work consists of worm-like agglomerates with a size of about 200 um
as revealed by SEM images (Fig. 46 a). As reported elsewhere, these worm-like particles
consist on flattened balloon-like units made themselves of elementary graphite sheets [350].
Here relatively big stacks of densely packed EG particles are present. EG Il observed at
higher magnification showed completely different structure (Fig. 46 b). Graphene sheets were
strongly connected to each other, which suggest that the expansion of graphene sheets in case
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of EG Il was smaller than in EG |. These observations will be confirmed by the electrical
conductivity measurements of nanocomposites based on this two types of expanded graphite.
To summarize, the high surface area and the prevalent pores in EG facilitate the processing
and formation of in situ polymer/EG composites.

Fig 46 c shows the SEM photomicrographs of few layer graphene (FLG) provided by
Institut de Chimie et Procédés pour 1’Energie, I'Environnement et la Santé (ICPEES). At
magnification of 20k a lot of impurities were clearly observed. For FLG loose structure as in
case of EG | and EGII is not observed. It also suggests that the interlayer distance between
sheets was different than in case of above mentioned nanofillers.

Fig 46 d display the photomicrograph of the loose structures of graphene (Graphene
<lnm) in successively larger magnification. Evidently, loose structures containing multi-
pores in the graphene could be observed at this magnification. This micrograph also suggests
the thickness of the graphene platelets layer is less than 100 nm.

[/ e e |
R LN 5 o), | Ampnd
C) SU70-ZUT 1.5kV 2.1mm x20.0k SE(U) 2.00um d) SU70-ZUT 1.5kV 2.0mm x30.0k SE(U

Fig. 46 SEM image of: a) expanded graphite (EG 1), b) EG 11, c) FLG, d) Graphene Angstron (<1nm).

This assumption can be corroborated by Raman Spectroscopy experiments. Fig. 47
compares the Raman spectra as a function of excitation energy of the EGI , EGII and
Graphene Angstron (<1nm), three different types of graphene derivatives used to prepare
nanocomposites intended to be used for measurements of electric properties. The well-known
main groups of bands: the G band in the range of 1500-1600 cm*, as well as the D band in
the range of 1200-1500 cm™” is observed. The G band is related to the in-plane bond-
tangential stretching motion of pairs of sp®>-C atoms of the E»g phonons [351] [352] [353]and

93


http://www.sciencedirect.com/science/article/pii/S0266353802002014#FIGGR2

[354]. The D band (“disordered” band) is the breathing mode of the sp®-rings of the graphene
layer that is related to a series of defects: bond—angle disorder, bond-length disorder, and
hybridization [352] which are caused by heteroatom (hydrogen/oxygen) doping and structure
defects caused by plasma treatment [351] [353] and [355]. The assignment of the D and G
peaks is straightforward in the “molecular” picture of carbon materials. These bands are
present in all poly-aromatic hydrocarbons.

EGII exhibits the characteristic bands of carbon-based materials namely the disorded-
induced D-band, at ~1350 cm™, and the G-band at higher wave number values. The prominent
D-band in EGII is consistent with the existence of a great amount of carboxylic or hydroxyl
groups and amorphous carbon presents in the graphene surface. In contrast, EGI exhibits a
decrease in the D-peak intensity as a consequence of the reduction process on GO that leads
to EG, its conducting form. Nevertheless the less intense, although detectable, D-band
indicates a residual amount of surface groups, which may be responsible for an enhanced
interaction with the PET matrix. This effect suggests certain level of compatibility between
the graphene surface and the PET matrix enabling an appropriate EG dispersion which
facilitates the formation of a compact continuous network of EG particles throughout the PET
matrix as observed by SEM (Fig. 51). The amount of residual groups and impurities in EGII
also explains the properties of prepared nanocomposites (mainly lack of conductivity in case
of PTT/EGII nanocomposites Fig. 50).

Raman spectra for Graphene Angstron has a typical two bands spectrum of disordered
polycrystalline and noncrystalline graphitic carbons. The first one, at approximately
1360 cm™, exists only in defective carbons and is called "D-band", associated to disorder and
edges of these crystals. The band at 1600 cm™ can always be presented in vitreous carbon as a
superposition of two components: G (1580 cm™) and D' (1620 cm™). The G-band is called
"graphitic" and attributed to the graphite basal plane. On the other hand, the D' band is
attributed to second first order zone boundary phonon. It is well seen that Graphene Angstron
doesn’t possess the typical Raman spectra observed for graphene or few layer graphene. This
might explained the different SEM structure of nanofiller and no influence of graphene on
rheology of both PTT and PTT-PTMO polymer matrices. Probably, lots of functional groups
on the surface of Graphene Angstron provide better dispersion state (Fig. 55), improvement in
mechanical properties (Fig. 64) with no conductivity in both (PTT/Graphene and PTT-
PTMO/Graphene) (Fig. 50).

Graphene (<1nm)

Intensity (a.u.)

2D band,

T T : T T T :
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Raman shift (cm'l)

Fig. 47 Raman spectra of three types of graphenes used to prepare nanocomposites intended to be used for
measurements of electric properties.
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Expanded graphite (EG) is very attractive for its potential to increase the electrical
conductivity of insulating polymers at very low concentration. In our case the electrical
conductivity measurements of the samples were performed on nanocomposites with EGI,
EGII and Graphene Angstron.

Since, poly(ethylene terephthalate) (PET) is a semicrystalline polymer, which has
several properties such as good mechanical properties, chemical resistance, thermal stability,
low melt viscosity, and spinnability, but may exist both as an amorphous (transparent) and as
a semicrystalline polymer, the electrical conductivity of the PET based nanocomposites
exhibited a distinct behavior depending on the cooling procedure. Fig. 48 shows the electrical
conductivity for the nanocomposites with different amount of EG as a function of frequency
for samples submitted to either fast cooling (FC, Fig.48 a) or slow cooling (SC, Fig. 48 b).
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Fig. 48 (a) Alternating current conductivity, o(F) as a function of frequency (F) for EG-PET
nanocomposites with different EG concentrations: 0 (m), 0.025 (o), 0.05 (A) , 0.075 (0), 0.1 (¢), 0.2 (®) and
0.4(0) wt%, (a) Fast cooling samples and (b) Slow cooling samples [322].

Nanocomposite films obtained in the process of fast cooling (amorphous films)
showed higher conductivity than nanocomposites obtained in the slow cooling process
(semicrystlline films), but the percolation threshold remained at the same value of 0.05 wt %.
The degree of crystallinity of slow cooled samples determined from WAXS is presented in
Table 20. The results displayed in Fig. 48 a have been taken with electrodes of 20 mm in
diameter since it was observed that the reproducibility of the conductivity results was
improved under these conditions. Probably the existence of a polymer passive layer in the
surface of the nanocomposite films insulates the metal electrode from the conducting network.
The probability of contacting the electrode with the network increases with the area of the
electrode. In principle, the electrical conductivity of a material should follow a law as
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o(F)= og+A-F° where the presence of a frequency independent component, Ggc, IS
characteristic of a conducting behavior with a significant direct current (dc) conductivity. FC
nanocomposites with EG content higher than 0.05 wt % exhibit an absence of frequency
dependence indicating the presence of a 64 contribution significantly higher than that of the
polymer matrix. For EG content lower than 0.05 wt % the conductivity follows a o(F)~ F°
with s=1 what is characteristic of an insulating material with absence of 4. component in the
measured frequency range. A qualitatively similar behavior is observed for the EG
nanocomposites prepared by slow cooling (Fig. 48 b). Surprisingly the sample with 0.075 wt
% of EG exhibited the higher conductivity. Surprisingly the sample with 0.075 wt % of EG
exhibited the higher conductivity. This effect can be visualized in Fig. 49 which shows oy
values as a function of the EG concentration for both fast and slow cooled nanocomposites.
For the sake of comparison a value of ¢ (F) taken at F= 0.1 Hz has been considered for the
non-conducting samples. The most obvious feature is that FC nanocomposites exhibited
significantly higher conductivity values than the slow cooled ones. In both cases, a
characteristic percolative behavior was observed. Initially, for low concentrations, the
conductivity remained at the same level as the insulating PET matrix. Initially, for low
concentrations, the conductivity remained at the same level as the insulating PET matrix. At a
certain critical concentration around 0.05 wt %, the conductivity started a sudden increase.
The dc conductivity above the critical concentration of nanoadditive, o¢, can be analyzed in
terms of the percolation theory [356] by means of the standard scaling law given by cgco(®-
®,)", where t is a critical exponent. Although o, depends on the lattice in which particles are
accommodated, the critical exponent t depends only on the dimensionality of the system
[356]. This law can be applied upon considering both volume or weight % concentrations
[87]. Theoretical calculations, supported by a great amount of experimental observations
propose values of t between 1.6 and 2 for three-dimensional systems. The fitting of the
percolation equation to the experimental data is represented in Fig. 49 by the continuous lines.
For the SC series the 0.075 % wt EG sample was excluded from the fit. This analysis provides
t values of around 1.7 and ®. = 0.05 for the fast cooled samples and of t = 3.5 and with ®; =
0.05 for the slow cooled nanocomposites, respectively. While the t-value for the FC
nanocomposites was well within the expectations of the percolation theory, that one for the
SC nanocomposites was much beyond. As mentioned before, the SC sample with 0.075 wt %
of EG exhibited higher conductivity than the rest of the SC nanocomposites and has not been
considered for the fitting. In a first approach we attribute this effect to the crystallinity of the
nanocomposite which is for this sample of = 12 % being lower than those of the rest SC
samples. As a matter of fact the conductivity values for the 0.075 wt % sample are very close
for both SC and FC. Percolative behavior in composite materials with high values of the
critical exponents was frequently reported in the literature [357] [358] [359]. According to
percolation theory the insulator-conductor transition occured at the critical concentration at
which an infinite cluster of connected particles appeared. Two particles are usually considered
to be connected when they are in physical contact. In this framework a homogeneous
distribution of isotropic distribution is considered. Values of t-exponent higher than those
expected by percolation theory were found in composite materials in which tunnelling
conduction was present [359] or where anisotropy effects were significant [357]. In the later
case, large apparent conductivity exponents should be associated to anisotropic conducting
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heterogeneities in an insulating medium. In the present case, SC nanocomposites could
present two sources of anisotropy induced effects. On the one hand, cooling was performed at
such slow rate that crystallization of the PET matrix was possible (Table 21). On the other
hand, the cooling was accomplished under a certain pressure. Considering the anisotropic
nature of the EG nanoadditive (Table 21) one can suppose that the pressure could promote an
orientation of the EG platelets imparting certain level of anisotropy unlike the case in which
fast cooling at zero pressure was used. Accordingly, it was proposed that the semicrystalline
matrix and/or the effect of pressure as the main reasons for the difference in the percolative
behaviour between SC and FC PET/EG nanocomposites. Since the crystallinity of the SC
samples varies with the concentration, the deviation of the 0.075 wt % EG sample from the
percolative trend can be attributed to the low level of crystallinity of this sample which
approach its value to that of the FC one.
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Fig. 49 Logarithm of the dc electrical conductivity versus nanoadditive weight concentration for the fast

(FC, m) and slow (SC, o) cooled nanocomposites. The continuous lines are the predictions of percolation
theory [322].

The explanation of high conductivity of expanded graphite nanocomposites is: firstly,
its two-dimensional nature should result in good connectivity and so a great choice of
conductive paths for current to flow through and secondly, its planar nature should allow to
pack really close, giving low porosity. The obtained here percolation thresholds for
amorphous and semicrystalline PET/EG nanocomposites prepared by in situ polymerization
are much lower than those presented previously for PET/graphene nanocomposites prepared
by melt compounding [360] [361]. Li et al. [361] have shown that the electrical conduction
paths of graphene sheets in PET/EG nanocomposites prepared by melt-compounding is
formed at ~5 wt %.

Studies of the electrical conductivity showed that PTT/0.5 EG, PTT/0.5 Graphene Ang
and PTT-PTMO/0.5 Graphene Ang nanocomposites do not conduct electricity; even with the
highest concentration of nanoplatelet they remain insulators, since the values corresponding to
the measured at room temperature electrical conductivity (Fig. 50) show its dependence on
the frequency, which is typical insulators.
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Fig. 50 Alternating current conductivity, o(F) as a function of frequency (F) for PTT/EG and
PTT/Graphene Ang nanocomposites (a) and PTT-PTMO/Graphene Ang nanocomposites (b).

While for the PET / EG composite the percolation threshold with the participation of
graphene nanoplatelets of 0.05 wt % was observed. Based on analysis of SEM and Raman
spectroscopy can be concluded that the lack of electrical conductivity in this case may be the
result of the quality of the used graphene derivatives. Only EGI (added to PET), which Raman
spectrum confirms the effectiveness of the method of thermal reduction, allowed to obtain
conductive nanocomposites. In other cases, probably because of the numerous functional
groups and impurities on the surface of EGII and the Graphene Ang, failed to receive the
percolation threshold of less than 0.5 wt%. For this reason, hybrid nanocomposites with the
participation of this three types of graphene derivatives were prepared to investigate how the
combination of fillers with different shapes affect the properties of the starting material.

16.2. Morphology and phase structure

Morphology and phase structure of prepared nanocomposites based on thermoplastic
polyesters (PET, PTT) and thermoplastic elastomers (PTT-PTMO) containing graphene
derivatives were investigated by using SEM and DSC analysis. The measurements of physical
properties (intrinsic viscosity, density etc.) of nanocomposites complimented further analysis
of the influence of graphene derivatives on different matrices.

The dispersion of EG in ethanediol produced good exfoliation as shown in the SEM
images (Fig. 51 b) where individual EG particles are clearly visualized embedded in the PET
polymer matrix. It has been well documented that the effectiveness of nanoadditive dispersion
strongly depends on both the method and the process time. As revealed by the SEM images,
the use of a sonicator device seems to be rather effective in order to split the “as received”
existing worm-like agglomerates into graphite sheets and to distribute them in the entire
volume of ethanediol. SEM images also indicate that the expanded graphite nanosheets were
encapsulated by the PET matrix. This suggests a strong interaction between graphene sheets
and PET matrix. In order to further investigate the dispersion of expanded graphite in the PET
matrix, TEM measurements were also performed. Fig. 51 a shows the microstructure of PET
nanocomposites with 0.2 wt% of expanded graphite. The nanosheets appear to be completely
embedded in the polyester matrix indicating an exfoliated structure. The high dispersion level
of expanded graphite sheets can be attributed to a strong interaction between some residual
polar groups on the surface of graphene and the polar groups of PET.
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Fig. 51 TEM (x120.000) and SEM images of PET/0.1 wt % of EG I.

The molecular weight of polyesters and block copolymers during the synthesis were
controlled by monitoring the maximum viscosity that can be obtained previous to the
extrusion the polymers from the reactor. In our method, the maximum viscosity of the system
was set to 14 Pa-s (at a constant temperature of 275 °C and at a stirrer speed of 40 min™®). PET
prepared by polymerization without EG had a number-average molecular weight of about
19500 g/mol. Chen et al. [362] reported that, in polymeric nanocomposites, the viscosity
increases only after a certain range of volume fraction implying that at low volume fraction
(less than 0.4 vol %), nanofluids have lower viscosity than corresponding base fluid, due to
lubricating effect of nanoparticles. Accordingly, the molar weight of PET is expected to be
dependent on the EG content in the reaction mixture. In Table 20, the values of intrinsic
viscosities and molar weights of PET and PET/EG nanocomposites are presented. Both the
intrinsic viscosities and molar weights of PET nanocomposites whit an EG content lower than
0.2 wt % were higher than those of neat PET. Thus, the results in Table 20 suggest that even
though the viscosity of reaction mixture increased with EG content, for EG loadings below
0.2 wt % the viscosity was lower than the viscosity of reaction mixture without EG nanofiller,
in agreement with Chen et al. observations [362]. The molecular weight of PET prepared in
the presence of the highest studied EG content, 0.4 wt %, was 15600 g/mol. PET with this
molar weight still exhibits suitable rheological properties for extrusion. For the sake of
comparison let us remember that textile fibre-grade PET normally has a number-average
molecular weight ranging from 15000 to 20000 g/mol, which corresponds to an intrinsic
viscosity between 0.55 and 0.67 dl/g [319]. Moreover, it is worth to mention that the
polydispersity values (M,/M,) remain at the same level as those of neat PET.
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Table 20 Intrinsic viscosity and molecular weight of PET prepared in the presence of various EG loading.
Last column includes mass crystallinity values, X, for the slow cooled (SC) samples as estimated by Wide
Angle X-ray scattering

Ml M, x 10* M, x 10 M, x 10* My/M, Xe
Sample

dl/g g/mol g/mol g/mol (%)
PET 0.553 2.22 4.69 1.95 2.41 12
PET/0.025 EG 0.601 2.48 5.28 2.40 2.21 -
PET/0.05 EG 0.556 2.23 4.95 2.03 2.44 -
PET/0.075 EG 0.548 2.19 4.56 1.88 2.43 11.9
PET/0.1 EG 0.550 2.19 - - - 13.5
PET/0.2 EG 0.513 1.99 417 1.69 2.47 30.3
PET/0.4 EG 0.501 1.93 3.85 1.56 2.47 34.7
PET? 0.450 1.67 2.98 1.15 2.60 -

M, - viscosity average molecular weight. M,, - weight average molecular weight; M, - number average molecular
weight; M,/M, dispersity; PET? additionally synthesized neat PET with lower molecular weight

Nanofillers usually affect the ability to crystallize semi-crystalline polymers [363]
[364] [365] [366] distributed in the polymer matrix nanoparticles assisted by nucleation and
growth of crystallites. In the case of characterized in this work nanocomposites, there was no
significant effect of nanoparticles on the physical transitions in PET or they were very small.
Only for the highest content of EG in investigated nanocomposites based on PET it can be
stated repeatedly the increase of crystallization temperature (T.) and melting temperature (Tn,)
(Fig. 52). EG content does not significantly affect the degree of crystallinity of PET, which is
between 34.4-36.1 (Table 21). This is due perhaps to the fact that the sizes of individual
expanded graphite nanoplatelets were below the critical nucleation agents, as a result, may not
constitute active centers of growth of crystallites. It also describes the lack of changes in the
glass transition temperature (T4) of semicrystalline PET regardless of the EG content
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Fig. 52 DSC thermograms for PET and PET/EG nanocomposites during the cooling and 2" heating.
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Table 21 Thermal properties of neat PET and PET/EG nanocomposites determined by DSC

Ty Tm AH, T, AH, X
Symbol

°C °C Jig °Cc J/g %
PET 85 257 47.0 214 46.9 335
PET/0.025 EG 83 251 49.4 207 48.8 35.3
PET/0.05 EG 83 253 49.4 210 49.1 36.1
PET/0.1 EG 83 252 50.5 214 49.8 36.0
PET/0.2 EG 83 252 48.2 217 47.5 34.4
PET/0.4 EG 83 253 50.1 217 49.5 35.8

Ty - glass transition temperature;-T,, - melting temperature; T, — crystallization temperature; AH, AH. - enthalpy of melting
and crystallization; x. - mass fraction of crystallinity determined from DSC

To confirm the morphological features of EG in the PTT matrix, SEM images of the
fractured surfaces for the nanocomposite films were examined, as can be seen in 53 b. For
further investigation, the TEM analysis was used to assess the degree of exfoliation of the
expanded graphite platelets and the morphology of the nanocomposites (Fig. 53 a). From this
micrograph, the more or less transparent graphene platelets providing a high degree of
exfoliation of EG in a matrix has been observed. The fractured surface of PTT/EG composite
film with 0.3 wt % EG also exhibits the smooth fractured surface without exhibiting any
aggregates of graphene sheets. Nonetheless, it should be mentioned that the partial aggregates
of graphene sheets in the nanocomposites (Fig. 53 b) with higher EG contents are not
crystalline but disordered, as confirmed from density and DSC measurements of the
nanocomposites in Tables 22 and 23. In addition, the accordion-like structures detected in the
PTT/EG nanocomposites means that the graphene sheets of EG exist in a completely
exfoliated and disordered state in the matrix of nanocomposites due to the high shear force
generated during dispersion preparation followed by in situ polymerization. Direct evidence
of the exfoliation of expanded graphite was provided by TEM analysis of PTT/0.3EG
nanocomposites. The exfoliated morphology with clearly visible flakes (partially transparent)
were observed. The flakes size supported from TEM was around 0.5x1pm? which was
probably due to the in situ procedure and dispersion process before polymerization, that
causes wrapping and breaking of graphene sheets. It was observed that the expanded graphite
sheets were dispersed homogeneously in PTT matrix. The occurrence of this exfoliation
morphology may be attributed to the strong shear field in the mechanical stirrer and treatment
of ultrasounds, and the strong interactions between EGII and PTT.
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Fig. 53 TEM (x100.000) and SEM images of PTT/0.3 wt % of EG II.

Nanocomposites with concentrations of 0.1-0.5 wt % of EGIlI were prepared.
Additionally, for comparison purposes, unmodified PTT was synthesized and characterized in
the same manner as nanocomposites. In order to prepare high molecular weight polyesters, the
polycondensation of these oligomers ensued at higher temperature, with the simultaneous
application of high vacuum. The intrinsic viscosity of neat PTT was 0.781 dl/g. The presence
of the expanded graphite in the polymerization mixture affected the reaction, leading to the
decrease of intrinsic viscosity. As shown in Table 22, the intrinsic viscosity wasn’t affected
by the addition of EG. All obtained values of [n] are comparable to one another. Only the
PTT/0.3EG exhibited slightly higher value of intrinsic viscosity to around 0.783 dl/g. As can
be also seen in Table 22, the synthesized nanocomposite have also comparable molecular
weights to the neat PTT, and only slight increase with the addition of 0.3 EG to 3.85-10*
g/mol for PTT/0.5EG was observed. Even if the dumbbell shape samples were injection
moulded to obtain amorphous samples, some crystallites have been formed, as it can be seen
in increase of density. The prepared nanocomposites in comparison to the neat polymer
showed slightly higher density due to the increase number of crystallites with an increasing
content of nanosheets. Distinctive increase in weight degree of crystallinity was due to the
nucleating influence of expanded graphite, also confirmed by DSC analysis, Table 23.

Table 22 Physical properties of PTT/EG nanocomposites

] M, x 10* d Xy
Sample
di/g g/mol glem? %
PTT 0.781 3.84 1.323 19.8
PTT/0.1 EG 0.777 3.81 1.328 23.4
PTT/0.3 EG 0.783 3.85 1.329 24.4
PTT/0.5 EG 0.778 3.82f 1.332 26.5

M, - viscosity average molar weigh. f- measured after filtration of EG; d- density; Xc degree of crystallinity
estimated from density measurement

Figure 54 shows DSC heating and cooling thermograms of neat PTT and PTT/EG
nanocomposites with various EG contents. In the cooling thermograms of Figure 54 a the
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melt-crystallization temperatures (T,,) of PTT/EG nanocomposites are shifted to higher
temperatures, as the EG content in the nanocomposites increased up to 0.5 wt %. The melt-
crystallization exothermic area ( AHy,) also increased with increasing the EG content up to 0.5
wt %. Contrarily, in the heating thermograms of Figure 54 b, two thermal transitions are
observed apparently with increasing temperature, i.e., the glass transition and melting. The
glass transition temperatures (T4) and melting temperatures (Tm) of PTT/EG nanocomposites
remained practically unchanged, regardless of the EG content, as summarized in Table 23.
These results indicate that the overall crystallization rates of PTT/EG nanocomposites become
faster with the increasing content of EG content up to 0.5 wt %, which is due to the effective
nucleating agent effect of the graphene nanosheets of EG for PTT matrix component.
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Fig. 54 DSC thermograms for PTT and PTT/EG nanocomposites during the cooling and 2" heating.

Table 23 Thermal properties of neat PTT and PTT/EG nanocomposites determined by DSC

Ty Tm AH, T, AH, Xe
Sample

°C °C Jlg °C Jg %
PTT 53 231 45.8 167 46.2 314
PTT/0.1 EG 54 232 51.0 176 49.3 34.9
PTT/0.3 EG 54 231 47.7 173 46.9 32.7
PTT/0.5 EG 54 231 48.1 173 48.5 32.9

Ty - glass transition temperature;-T, - melting temperature; T, - crystallization temperature AH,,, AH. - enthalpy of melting
and crystallization; x, - mass fraction of crystallinity determined from DSC.

The dispersion and orientation of graphene platelets within the thermoplastic
elastomer was examined using SEM microscopy. In general, the surface of the cryuofracture
injection molded specimens exhibited a high degree of graphene sheets alignment along the
polymer. Figure 54a shows the SEM images for PTT-PTMO/0.3 wt % of Graphene Angstron,
whose particle distribution morphology includes overall projection and microdomain. Due to
the residual groups on the surface of graphene, after preparation process, it can be observed
that the graphene platelets are covered by polymer matrix (Fig. 55 b).
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The morphology of the ultramicrotomed nanocomposites was analyzed in detail using
transmission electron microscope (TEM). Exfoliated graphene-based materials are often
compliant, and when dispersed in a polymer matrix are typically not observed as rigid disks
(flate platelets), but rather as bent or crumpled/wrinkled platelets. Moreover, graphene has
been shown to ‘scroll up’ irreversibly when its polymer host is heated above its glass
transition temperature (Tg) [345]. Compatibility between the polymer matrix and graphene
platelets also can reportedly affect the platelets’ conformation. In Fig. 55 ¢ and d randomly
oriented, exfoliated platelets was observed possibly due to restacking of the platelets. The
processing technique by means of in situ polymerization could induce orientation of the
dispersed platelets, which can be beneficial for reinforcement but may also raise the
percolation threshold.

7)0 n-rlr

c) d) - =

Fig. 55 SEM (a and b) and TEM (c-d, x75.000) images of PTT-PTMO/0.3wt % of Graphene Angstron.

The thermoplastic poly(ether-ester) segmented block copolymer, containing 50 wt %
of PTT, as the rigid segment, and 50 wt % of PTMO as the flexible one, was used as polymer
matrix. The nanocomposites containing from 0.1 to 1.0 wt % of graphene nanoplatelets
(Graphene Angstron) were synthesised by a two-stage melt transesterification and
polycondensation. The physical properties of the obtained nanocomposites are presented in
Table 24. Values of [n] for copolymers in nanocomposites varied between 1.305 and 1.289
dl/g (from the lowest to the smallest concentration (Table 24), and are lower than the value
obtained for the neat PTT-PTMO block copolymer (1.325 dl/g). As can be seen in Table 16,
the obtained high values of [n] for matrix in nanocomposites show that the synthesized
copolymers have high molecular weights and comparable to neat copolymer, which were
confirmed by SEC analysis (Table 24). Only the slight increase in dispersity was observed for
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the highest concentration of nanofiller (1.0 wt %). Nanocomposites in comparison to the neat
copolymer have also slightly higher density due to the presence of nanofiller with higher
density.

Table 24 Physical properties of PTT-PTMO/Graphene Ang hanocomposites

[n] I\/IW Mn MW/Mn d
Sample

di/g g/mol g/mol glem?
PTT-PTMO 1.325 102 066 56 773 1.797 1.174
PTT-PTMO/0.1 G 1.305 - - - 1.174
PTT-PTMO/0.3 G 1.327 - - - 1.175
PTT-PTMO/0.5 G 1.322 101 002 57 543 1.755 1.176
PTT-PTMO/1.0 G 1.289 100 849 54 249 1.859 1.177

M,, - weight average molecular weight; M,, - number average molecular weight; M,,/M, dispersity; d - density

As mentioned earlier, the neat PTT-PTMO block copolymer has two phase
morphology: a PTT crystalline phase and PTMO-rich amorphous phase. It was found in many
semicrystalline systems that the addition of nano-additives have affected the crystalline
structure and crystallization rate. The effect of Graphene (<1nm) on the thermal behaviour of
the nanocomposites and neat PTT-PTMO block copolymer during heating and cooling is
examined by DSC (Figure 56, Table 25). As can be seen from the Table 25, the glass
transition temperature (T,), corresponding to the amorphous soft PTMO-rich phase, and the
meting point (Ty,) derived from the crystallized rigid PTT segments (T,) are not affected by
the presence of graphene nanoplatalets in polymer matrix. Degrees of crystallinity of the
nanocomposites are comparable to the neat PTT-PTMO block copolymer, with only slight
decrease with the highest concentration of nanofiller. However, the crystallization traces in
Fig. 54a indicate that graphene worked as a nucleation agent for the crystallization of PTT
segments. At the same cooling rate, the nanocomposites have higher crystallization
temperatures (Fig. 56 a, Table 25) with the increase of nanoplatelets content than neat PTT-
PTMO copolymer. Crystallization rate of a polymer is determined by the nucleation rate and
mobility of polymer chains. The introduction of nanoscale platelets produces a hindrance on
the molecular chains movement, which will reduce the tendency for molecular chains to be
crystallized, though the confined molecular chains may be well ordered in the lamellar space.
Hence, in our system only increase of crystallization rate was observed, but degree of
crystallinity is not affected by the presence of the graphene sheets. Similar effect was
previously observed for PTT-PTMO and PTT nanocomposites after introduction of carbon
nanotubes
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Fig. 56. DSC thermograms obtained during cooling (A) and 2nd heating (B) for PTT-PTMO/Graphene
Ang nanocomposites.

Table 25 Thermal properties of neat PTT-PTMO and PTT-PTMO/Graphene Angstron nanocomposites
determined by DSC

Tg Tm AHm Tc AHC XC
Sample

°C °C JIg °C J/g %
PTT-PTMO -67 206 25.8 126 26.2 17.7
PTT-PTMO/0.1 G -67 204 24.9 149 25.1 17.1
PTT-PTMO/0.3 G -67 205 25.6 149 25.2 175
PTT-PTMO/0.5 G -67 203 24.3 148 22.7 16.6
PTT-PTMO/1.0 G -67 203 24.1 151 23.6 16.5

Ty - glass transition temperature of polyether-rich soft phase,-T, - melting temperature of polyester crystalline phase; T -
crystallization temperature of polyester crystalline phase; AH,,, AH. - enthalpy of melting and crystallization of polyester
crystals, respectively; X. - mass fraction of crystallinity.

16.3. Rheology and processing

It is known that rheological properties of nanocomposites containing layered
nanofillers are related to the degree of exfoliation of nanofiller in polymer matrix and also to
the level of interfacial interaction between the nanofiller surface and polymer chains [367].
Usually, in nanocomposites the increase of melt viscosity is observed with increasing of
nanofiller content due to nanofiller—polymer interactions. The dependence of melt viscosity of
neat PTT and neat PTT-PTMO block copolymer and nanocomposites with graphene
(Graphene Angstron <1nm) based on this two matrices measured at different frequencies is
presented in Fig. 57 (a and b). In case of PTT, with an increase of frequency, the melt
viscosity of neat PTT and nanocomposites decreases. However, the addition of graphene
platelets caused the increase of melt viscosity in the function of frequency. The increase
wasn’t as significant as in case PTT/SWCNT nanocomposites, but still we can observe the
influence of graphene platelets on melt viscosity. However, the nanocomposite with 1.0 wt %
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of graphene exhibited melt viscosity low enough that it could be easily extruded from the
reactor and in the case of PTT / SWCNT nanocomposites, introducing more than 0.5 wt % of
nanotubes resulted in such high increase in the melt viscosity that it could not be extruded
from the reactor. As the filler loading increases, interaction between the graphene sheets and
the polymer matrix becomes larger due to the high aspect ratio of the nanofiller and causes an
increase in melt viscosity.
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Fig. 57 Melt viscosity versus frequency for a) neat PTT and PTT/Graphene Ang nanocomposites at 250 °C
and b) neat PTT-PTMO copolymer and PTT-PTMO/Graphene Ang nanocomposites at temperature of 220 °C.

Whereas, with an increase of frequency, the melt viscosity of neat PTT-PTMO
copolymer and nanocomposites decreases. In comparison to the neat PTT-PTMO copolymer,
the melt viscosity of nanocomposites at low graphene loading (<0.3 wt %) is slightly reduced,
and then increases at the highest graphene loading (1.0 wt %). However, the molecular
weights of matrices in nanocomposites (Table 24) were comparable to the molecular weight
of neat polymer. It is not clear what mechanism causes the reduction of melt viscosity in the
nanocomposites with low graphene loading. One possibility is acting of graphene sheets as
plasticizer, increasing the free volume and therefore decreasing the melt viscosity [368].
Whereas at higher graphene loading, the polymer—graphene and graphene-graphene
interactions are predominate and causes increase the melt bulk viscosity. The possible
mechanisms of selective adsorption [369], excluded free volume [370] and ball-bearing effect
[371] are also reported in literature to explain the decrease in melt viscosity when nanofillers
are introduced to the polymer matrix. Another possible explanation for observed melt
viscosity changes with graphene loading can result from lubricant behaviour of graphite
[372]. The graphene layers coupled by week van der Waals-like bonds can easily slide past
each other. At low graphene content, few layer graphene in the studied composites can act as
lubricant reducing melt viscosity.

16.4. Barrier properties

Barrier materials possess the ability to restrict the passage of gases and vapors through
their boundaries. Plastic films and sheeting, coatings and many others types of materials are
constructed to achieve economic and efficient barrier layer. Polymeric materials dominates
the barrier materials used in packaging industry, and are ranging from window films to
clothing, due to their superior properties and low cost. Polymeric packaging materials are
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used to surround a package completely, securing contents from gases and vapors, moisture,
and other effects from the outside environment, while providing pleasant and decorative
appearance. Atmospheric gases and water vapor if allowed to permeate in and out of a
package can alter the color, taste and nutritional content of the package good.

Since poly(ethylene terephthalate) (PET) has found a variety of application as fiber,
bottles, films etc. because of its low cost and high performance, many studies have been
already reported to develop nanocomposites based on PET with improved gas barrier
properties that are required for beverages and food packaging. The reduction in gas
permeability of PET nanocomposite depends on its crystallinity and nanofiller loading levels.
The relationship between the crystallinity and the oxygen permeability of PET, as well as the
filler model, which follows a standard, predictable pattern, and dependent upon filler loading
levels have been extensively studied [373] [374] [375]. As mentioned in introduction [Chapter
4.2, page 35] graphene and its derivatives has attracted strong scientific and technological
interest also in the area of gas barrier materials. Introduction of graphene or graphene
derivatives can be a new way to improve PET barrier properties. Graphene derivatives with
different flake size, different sheets amount etc. that can significantly reduce gas permeation
through a polymer nanocomposites compared to the neat polymer matrix. A percolating
network of platelets can create a ‘tortuous path’ which inhibits molecular diffusion through
the matrix, thus resulting in significantly reduced permeability.

In this work, for the obtained PET/EGI nanocomposites via in situ polycondensation the
oxygen permeability was studied. Neat PET films with various thicknesses where measured in
the same conditions. Table 26 lists the oxygen transmission rate (OTR) data for neat PET and
PET/EG nanocomposites. The study was carried out on thin amorphous films (with controlled
samples’ thickness) obtained in the same way as films for testing electrical conductivity
(described in Chapter 16.1, pages 93-96), where the degree of crystallinity was measured
through WAXS as reported in [322]. For comparison purpose, in first lines of table 26 are
presented the already reported OTR values for amorphous and crystalline PET films. It has
been seen that the permeability of oxygen decreased with an increase of the graphene
nanoplatalets content, if the sample thickness is comparable. The 0.025 wt % composition
showed a reduction of about 22 %, but 0.2 wt % reduced permeability about 71 % if
compared to neat PET. However in case of the highest content of expanded graphite sheets
(0.4 wt %) the slight decrease in OTR was observed. Graphene nanoplatelts themselves are
impervious to oxygen, providing barrier resistance. The volume occupied by the EG sheets
and amount of nanoparticles has influenced the actual three-dimensional arrangement and
dispersion. With the increasing concentrations of nanoplatelets, permeability increase
indicating there was sufficient platelets arrangement to provide resistance to permeability and
the torturous path required. The permeability depends on the aspect ratio and dispersion of
graphene nanosheets. Since the dispersion of EG ranged from exfoliation and agglomeration
of nanoplatelets at 0.4 wt % loading, the decrease in oxygen permeability can be observed.
The change in oxygen permeability of nanocomposites was controlled by the EG content,
nanostructure and sample thickness, since it was observed that the degree of crystallinity and
sample thickness play a critical role in enhancement of gas barrier properties of
nanocomposites.
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Table 26 Oxygen transmission rate of neat PET and PET/EG nanocomposite films

O, transmission

Sample VEtGOIA) Thlcl:]:ess rate (OTR) Reference
K cm®/m?-24h

PET amorphous 180 857 [376]

PET amorphous 200 21.25 [377]

PET oriented crystlline ¢, =0.22 200 9.67 [377]

PET oriented crystlline ¢, =0.16 200 19.37 [377]
88 81.34
PET - 151 48.6
339 40.67
PET/0.025 EGI 0.025 155 37.7
PET/0.05 EGI 0.05 172 33.9
PET/0.1 EGI 0.1 156 29.5
PET/0.2 EGI 0.2 156 14.2
PET/0.4 EGI 0.4 150 28.1

®Measured at 23 °C and 0% relative humidity; ¢, — volume fraction of crystallinity;

Moreover, in this work carbon dioxide and oxygen barrier properties for PTT
nanocomposites were studied. Poly(trimetylene terephthalate) is recently commercialized
polyester that combines the advantageous properties of polyesters and polyamides with main
application field in textile industry. Owing to unique properties such as excellent elastic
recovery, high thermal and chemical resistance and dyeability, PTT is now a potential
competitor of PBT and PET in textile, packing and engineering thermoplastic markets. PTT is
an important candidate for being compounded with various nanoparticles to further broaden
its utility [15]. Poly(trimetylene terephthalate) (PTT)/graphene derivatives nanocomposites
have been synthesized via in situ polymerization, with several different types of graphene
derivatives which resulted in exfoliated or intercalated morphology. Table 27 summarizes the
carbon dioxide and oxygen permeability of these PTT/graphene derivatives films as a
function of volume fraction of filler and nanofiller type. The permeability strongly depends on
the morphology of the nanocomposites.

Table 27 Carbon dioxide and oxygen permeability of PTT and PTT/graphene derivatives nanocomposite
films

. CO, transmission rate O, transmission rate
0,
Sample Wt % Nanofiller type em¥/mé-24h em¥me-24h

PTT 0 - 649.6 74.3
PTT/0.05 EG500 0.05 EG 500 um 35.5 -
PTT/0.1 EG500 0.1 EG 500 um 105.4 -
PTT/0.3 EG500 0.3 EG 500 um 254.3 -
PTT/1.0 EG500 1.0 EG 500 um 101.0 24.7
PTT/0.1 EGII 0.1 EGII 36.2 58.9
PTT/0.3 EGII 0.3 EGII 48.6 39.6
PTT/0.5 EGII 0.5 EGII 445 44.8
PTT/0.1 G Ang 0.1 Grafen 1nm 34.53 0.5
PTT/0.3 G Ang 0.3 Grafen 1nm 128.6 0.2
PTT/0.5 G Ang 0.5 Grafen 1nm 368.2 22.3
PTT/1.0 G Ang 1.0 Grafen 1nm 378.6 -
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PTT/0.1 FLG 0.1 FLG 28.6 13.7
PTT/0.3 FLG 0.3 FLG 36.7 2.3
PTT/0.5 FLG 0.5 FLG 44.6 2.1

For all nanocomposites based on PTT, significant enhancement in CO, and O,
impermeability has been observed, where four different types of graphenes were used with an
average dimension of x & y were as follows: EG500 ~500 um, EGII from SAS ~50 um,
Graphene from Angstron Materials ~10 pm, and FLG ~ 2 um. Neat PTT and its
nanocomposites exhibited better barrier properties in relation to oxygen than to carbon
dioxide. In case of nanocomposites based on PTT with expanded graphite with the largest
flakes’ size i.e. 500 pum, the lowest CO, transmission rate was obtained for the lowest
concentration of nanosheets (0.05 wt %). With and increasing content of EG500 an increase
in CO,TR was observed. However, PTT/1.0 EG500 exhibited almost the same value of
permeability to carbon dioxide as PTT with as low concentration as 0.1 wt % of EG500. It
was due to dispersion quality in case of nanocomposites based on nanofiller with large surface
flakes in case of lower concentration. However, an improvement in case of PTT/1.0EG500
was probably due to the large surface area of nanoflakes that were added in large amount. The
lower concentration of nanoparticles enables to uniformly disperse nanoplatelets in whole
volume of polymer matrix. EGII with flake size of ~50 pum exhibited a strong improvement
in CO, transmission rate but with an increasing content of this nanofiller, perhaps due to
poorer quality of dispersion, a slight decrease in barrier permeability was seen. On the other
hand, EGII gave also an enhanced in O2 barrier property, but in this case the lowest OTR was
observed for nanocomposite with 0.3 wt % of EGII. An addition of graphene derivatives with
smaller flakes’ size (FLG, Graphene Angstron) allowed to obtain even better improvement in
both CO, and O, transmission rates. In case of PTT/Graphene Angstron nanocomposites
almost a total impermeability to oxygen (0.5 and 0.2 cm®m?-24h for 0.1 and 0.3 wt % of
nanoplatalets respectively) was observed. Whereas, the lowest CO, transmission rate was
observed for PTT based nanocomposites with the lowest concentration of Graphene Angstron
i.e. 0.1 wt %. An increasing content of this nanofiller showed a decrease in carbon dioxide
permeability. Note that for few layer graphene based nanocomposites CO,TR exhibited the
lowest values. Furthermore, the oxygen barrier properties were also at the lowest level. More
than 35-folds improvement in O, transmission rate was observed for PTT/0.5FLG in
comparison to neat PTT.

It can be suggested that an addition of all graphene derivatives used in this PhD thesis
enables to obtain nanocomposites that are impermeable to gases like oxygen and carbon
dioxide. The smaller concentration in case of nanoflakes with large surface area was a critical
factor to obtain proper dispersion that constitute a barrier to the diffusion of the CO, and O,
molecules. However, the greater improvement in barrier properties was achieved for
nanocomposites based on nanoplateletes with smaller surface area. Graphene Angstron
allows to obtain nanocomposites based on PTT that were almost completely impermeable to
0O, molecules. The diffusion mechanism is not possible when nanosheets were homogenously
dispersed, since they create the tortuous paths to gases. In all cases graphene platelets really
do act as a barrier to the diffusion paths.
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16.5. Influence of graphene on thermal and tensile properties

Effect of graphene derivatives on the thermal stability of the polyester composites
(PET, PTT)

The mechanism of the improvement of thermal stability in polymer nanocomposites is
not fully understood yet. It is usually well accepted that the improved thermal stability for
polymer—graphene nanosheets nanocomposites is mainly due to the formation of char which
hinders the out-diffusion of the volatile decomposition products, as a direct result of the
decrease in permeability, usually observed in exfoliated nanocomposites. In the existing
literature [378] [379] [380] it was found that the addition of expanded graphite into the
polymer matrix (PVC, PLA) improves the thermal stability in both oxidizing and in an
antioxidant atmosphere due to the activity of graphene. Another example of antioxidant
activity of graphene, are nanocomposites based on polypropylene and reduced graphene oxide
(rGO). Yang et al. [381] have shown that rGO can serve as a promising and multifunctional
nanofiller in the preparation of polymeric composites with excellent performance and good
thermal stability.

In this work the influence of graphene nanoplatelets on thermal and thermo-oxidative
stability of nanocomposites based on PET and PTT measured by thermogravimetric method
has been observed. The obtained results are described below, presented in Figures 58 (for
PET) and 59 (for PTT) and all data are summarized in Table 28 (for PET) and Table 29 (for
PTT).

The studies of graphene influence on thermal and thermo-oxidative stability of PET
showed that even so small amount as 0.025 wt % of EG affected the thermo-oxidative
resistance of nanocomposite (Fig. 58). Obviously, in an inert atmosphere in the process of
degradation occurred at approximately 20°C higher than in an oxidizing atmosphere. The
nanocomposite containing 0.1 wt% of graphene nanosheets exhibit the highest temperature of
5 % mass loss in an inert atmosphere. However, the differences between the temperatures
corresponding to 5 and 10 weight loss and the temperature of maximum rate of weight loss
for obtained PET/EG nanocomposites and unmodified PET at 3 to 5°C are within the
measurement error. The values of activation energy (E,) of thermal decomposition for the
PET/EG nanocomposites are higher or comparable-(excluding sample containing 0.05 wt %
of EG) to the value determined for neat PET, for both, when the measurement was carried out
in an oxidizing atmosphere and in argon. The values of E, for the measurement carried out in
air ranged between 247-268 kJ/mol, while for the measurement carried out in argon these
values were in the range 304-318 kJ/mol. The results of research carried out in an oxidizing
atmosphere and in argon are presented in Table 28.
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Fig. 58 Weight loss and derivative weight loss versus temperature for the PET/EGI nanocomposites in air
(a) and in argon (b) at a heating rate of 10°C/min.

Table 28 Temperatures corresponding to 5 and 10% of weight loss, activation energy and the temperature
at maximum of weight loss rate for the nanocomposites obtained in air and argon atmosphere

SymbOI Ts%. OC TlO%- OC TDTGl,OC Ea. kJ/mol TDTGZ- OC

Measurement carried out in an oxidizing atmosphere

PET 386 402 438 256.42 538
PET/0.025 EG 390 404 438 267.67 537
PET/0.05 EG 372 394 438 226.78 538
PET/0.1EG 382 408 438 247.02 544
PET/0.2 EG 381 407 439 255.25 541
PET/0.4 EG 381 407 440 268.34 546

Measurement carried out in argon

PET 399 410 438 287.6 -
PET/0.05 EG 402 413 441 313.6 -
PET/0.1EG 402 413 441 315.8 -
PET/0.2 EG 406 415 441 304.9 -
PET/ 0.4 EG 406 415 441 317.7 -

In an oxidizing and inert atmosphere in the thermal degradation process PET/EG
nanocomposites showed improved thermal stability. In an inert atmosphere the degradation
process does not depend on the participation of EG. It can therefore be assumed that the
mechanism of thermo-oxidative stability of PET by graphene sheets is related to the
annihilation of free radicals by carbon planes [382] [383]. Probable mechanism of thermal
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degradation of PET is the free radical reaction. This phenomenon of improving the stability
has also been observed for composites with carbon nanotubes. So it can be assumed that the
mechanism of increasing the stability of PET is due to the transfer of free radicals on the
carbon planes and its deactivation. Expanded graphite therefore fulfills the role of antioxidant
operating at higher temperatures.

The influence of expanded graphite (EGII) on thermal stability of PTT based
nanocomposites has been presented in Fig. 59 and in Table 29. As can be seen in Fig. 59 the
degradation of neat PTT and PTT/EG nanocomposites followed the same mechanism as
previously described for PTT/SWCNTSs. Typical thermo-oxidative degradation temperatures
of 5 and 10% weight loss in air atmosphere were summarized in Table 29. Overall, the
thermo-oxidative degradation temperatures of the neat PTT and PTT/EG nanocomposites in
oxygen atmosphere were found to be similar to the corresponding degradation temperatures
under the argon gas condition. Furthermore, it should be mentioned that the thermo-oxidative
degradation temperatures of nanocomposites in air atmosphere in comparison with the neat
PTT are also close to that in argon atmosphere. For the nanocomposite with 0.5 wt % of EG,
the thermo-oxidative degradation temperatures corresponding to 5 % and 10 % weight loss
are 373 and 381 °C, respectively, are only 2 °C higher than those of neat PTT. However, at
the very same time the increase in activation energy of thermo-oxidative degradation
determined for first stage was observed. It is believed that the enhancement in the thermal
stability of PTT/EG nanocomposites under the oxygen athmosphere might be attributed to the
barrier effect of graphene sheets of EG, well dispersed in the PTT matrix, to the volatile
decomposed products as well as the oxygen permeating through the nanocomposites. The
other explanation for this enhancement might be due to the same mechanism of annihilation
of free radicals previously observed and described for PET/EG nanocomposites

TGA curves of neat PTT and its nanocomposites with different EG content under the
argon atmosphere are shown in Fig 59 b. Generally, graphene sheets of EG exhibits very high
thermal stability with only little weight loss up to 800 °C [384]. However, all nanocomposites
show thermal degradation at lower or similar temperatures as neat PTT. Thermal degradation
temperatures at 5% and 10% weight loss are given in Table 29. It was found that thermal
stability of the nanocomposites examined in argon atmosphere was only slightly enhanced by
the incorporation of EG, compared with the neat PTT. For instance, the thermal degradation
temperatures for 5% and 10% weight loss of the neat PTT are 373 and 382 °C, while for the
nanocomposite with 0.5 wt % EG, they slightly increase to 375 and 383 °C, respectively.
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Fig. 59 Weight loss and derivative weight loss versus temperature for the PTT/EGII nanocomposites in
air (a) and in argon (b) at a heating rate of 10°C/min.

Table 29 Temperatures corresponding to 5 and 10 % weight loss. activation energy and the temperature
at maximum of weight loss rate for the PTT/EG nanocomposites obtained in air and argon atmosphere

Symbol Tso. °C T10%. °C Ea kdJ/mol  Tpre, °C Tpre °C
Measurement carried out in an oxidizing atmosphere
PTT 370 379 318.39 401 501
PTT/0.1EG 372 381 323.76 401 494
PTT/0.3EG 373 382 325.72 402 500
PTT/0.5EG 373 381 329.01 402 500
Measurement carried out in argon
PTT 373 382 331.79 404 -
PTT/0.1EG 373 382 343.47 403 -
PTT/0.3EG 374 382 344.71 404 -
PTT/0.5EG 375 383 337.59 403 -

Effect of graphene on the thermal stability of composites based
thermoplastic elastomer (PTT-PTMO)

on the

In Table 30 are presented the results for the PTT-PTMO/Graphene Angstron
nanocomposites and neat PTT-PTMO block copolymer. Figure 60 shows TGA and DTG
curves of prepared nanocomposites with various graphene contents. Mechanisms of thermal
and thermo-oxidative degradation of copoly(ether-ester) have been widely discussed in the
literature [345], [385]. Destruction of copoly(ether-ester) begins with the flexible segment
PTMO. Oxygen mainly affects the carbon atom located in the o position relative to the ether
oxygen atom in ether [345]. Detailed studies have been done for PBT-PTMO copolymers,
however, for the PTT-PTMO, the mechanism is identical, differing only in decay fragments.
The thermal decomposition process of poly(1,4-tetraoksymethylene) (PTMO) chains has a
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radical nature and in the initial stage of PTMO chain decomposition is observed the secretion
of tetrahydrofurane (THF) aldehydes and low-boiling and volatile alkenes. At temperature
200 °C occurs the thermal oxidation of PTMO segment with releasing volatile substances.
The studies of the effect of graphene content on thermal decomposition of PTT-PTMO
nanocomposites proved, that in oxidized atmosphere the thermal degradation process
proceeds in two steps and starts at 322 °C (with 0.1 wt % of graphene) and at 357 °C (with 0.3
wt % of graphene), whereas in inert atmosphere proceeds in only one step starts at 366 °C
(with 0.1 wt % of graphene) and at 374 °C (with 0.3 wt % of graphene). Thermal degradation
profiles of PTT-PTMO nanocomposites displayed that thermal stability of the
nanocomposites was improved with the increase of graphene sheets content up to 1.0 wt %.
For the quantitative comparison of thermal stabilities between pure and PTT-PTMO
/Graphene composites, the thermal degradation temperatures of 5% and 10% weight losses
(Tse and T1o9) Were evaluated from the TGA thermograms (Fig. 60) and summarized in Table
30. The Tse, and Tig of PTT-PTMO block copolymer were determined to be about 331 °C
and 352 °C, respectively. In cases of PTT-PTMO/graphene composites the thermal
degradation temperatures increased with the increasing of graphene nanoplatalets content. For
instance, the Tso, Of the PTT-PTMO nanocomposite with 0.3 wt % Graphene Angstron was
357 °C, which is 26 °C higher than that of PTT-PTMO copolymer. Furthermore, PTT-PTMO
nanocomposite with even higher graphene content of 1.0 wt %, where poorer dispersion was
found, has higher thermal degradation temperatures than PTT-PTMO copolymer by 23°C.
This improved thermal stability of PTT-PTMO/Graphene Angstron nanocomposites is
believed to originate from the fact that graphene nanoplatelets, which were dispersed
homogeneously in the PTT-PTMO matrix, annihilate free radicals generated during thermal
decomposition of polymer matrix in nanocomposite, and thus retarding thermal degradation
of the nanocomposites.
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Fig. 60 Weight loss and derivative weight loss versus temperature for the PTT-PTMO/Graphene Ang
nanocomposites in air (a) and in argon (b) at a heating rate of 10°C/min.
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Table 30 Temperatures corresponding to 5 and 10% weight loss, activation energy and the temperature
at maximum of weight loss rate for the PTT-PTMO/Graphene Angstron nanocomposites obtained in air
and argon atmosphere

SymbOI Ts06. °C T10%. °C Ea, kJ/mol Toter, °Cc Toteo. °C

Measurement carried out in an oxidizing atmosphere

PTT-PTMO 331 352 - 400 499
PTT-PTMO/0.1 G 322 342 - 398 500
PTT-PTMO/0.3 G 357 368 - 397 499
PTT-PTMO/0.5 G 356 365 - 400 501
PTT-PTMO/1.0 G 354 365 - 401 495
PTT-PTMO 371 382 296.4 408 -
PTT-PTMO/0.1 G 366 383 288.9 406 -
PTT-PTMO/0.3 G 374 382 283.1 408 -
PTT-PTMO/0.5 G 373 383 2776 409 -
PTT-PTMO/1.0 G 373 383 2777 408 -

Testing the mechanical properties of polyester nanocomposites

The results of uniaxial tensile testing of the obtained PET/EG nanocomposites are
presented in Table 31. Figure 61 shows the representative stress—strain curves for neat PET
and nanocomposite samples. It was found that the Young's modulus of PET/EG
nanocomposites increased noticeably with the EG content. The lowest values of Young’s
modulus were obtained for 0.025 and 0.2 wt % of EG, however, they were still higher than
those obtained for neat PET. The greatest improvement in mechanical strength was obtained
for the nanocomposite with the highest concentration of nanoplatalets i.e. 0.4 wt % , as can be
seen in Table 31. Since there was only slight increase in degree of crystallinity (DSC
measurements, Table 21) and graphene nanoplatelets were dispersed homogeneously in whole
volume of polymer matrix (SEM, Fig. 51) it can be concluded that expanded graphite
nanosheets acted as the effective mechanical reinforcing nanoparticles.

Table 31 Tensile properties of PET/EG nanocomposites

E oy gy Ch €
Sample GPa MPa % MPa %

PET 2.08+0.14 68.8+0.9 3.6+0.2 38.1+£9.7 1213+ 124
PET/0.025 EG 2.15+0.08 74.0+£2.9 1.4+0.1 37.1+£79 268 +20.7
PET/0.05 EG 2.46+0.10 70.6 +£2.9 1.3+£0.1 37.3+£5.6 116 £20.4
PET/0.075 EG 2.41+0.08 69.3 £ 8.7 1.1+£0.2 67.8+1.2 478 £29
PET/0.1 EG 2.544+0.05 65.0+5.2 1.1+0.1 65.9+8.3 214 £32
PET/0.2 EG 2.27+0.11 63.7+1.8 1.2+0.1 61.2+3.1 4.1 £0.7
PET/0.4 EG 2.67+0.10 62.0+29 1.1+£0.1 60.8+23 3.6 £0.3

E—Young’s modulus;c,~yield strength (elastic limit);e, — yield strain, oy, ,-stress and strain at break respectively
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The yield stress of neat PET was measured to be 68.8 MPa, as can be seen in Table 31. For
PET/EG nanocomposites, the yield stress increased initially to be 74 MPa at 0.025 wt % EG,
and slightly decreased at higher EG contents. It should be noted that the stress at break values
of PET/EG nanocomposites with higher concentration of EG are within the measurement
error if compared to neat PET. Overall, it is reasonable to conclude that the noticeable
improvement of mechanical properties for PET/EG nanocomposites is owing to the
reinforcing effect of graphene nanoplatelets dispersed homogeneously in the PET matrix. For
PET/EG composites, the strain at break decreased with increasing the expanded graphite
content. This large decrease in strain at break of PET/EG nanocomposite can be explained of
the hardening effect of graphite nanoplatelets in the PET matrix.
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Fig. 61 Representative stress strain curves of PET/EG nanocomposites.

The mechanical behavior of the prepared PTT/EGII nanocomposites is displayed in
Figure 62 by representative stress—strain curves and in Table 32 that summarizes the obtained
results. As expected, an increase in Young's modulus was observed for all nanocomposite
systems investigated. The highest increase was obtained in PTT/0.3EG, probable due to the
best dispersion quality in this system. More interesting is the comparison of the strain at break
for the different systems, as shown in Table 32.While PTT without nanofiller presents typical
stress-stain behavior for semicrystalline polyesters, a clear embrittlement at graphene
nanoplatelets concentrations as low as 0.1 wt % that do not preserve the ductile nature of the
polymer matrix, was observed. Only a limited enhancement in yield stress can be noticed in
Table 32 and it was only observed for the lowest concentration of graphene sheets. The
fundamental concept of nanocomposites is based on the high aspect ratios and large interfaces
provided by the nanofillers and hence a substantial reinforcement achieved at small loadings.
However, the peculiarity of nanofillers to have very high specific surface areas and small
dimensions simultaneously leads to a preference for agglomeration in micrometric stacks or
bundles due to van der Waals interactions, ionic interaction, and/or hydrogen bonds. Another
important issue in nanocomposites is the variation of properties of the polymer matrix induced
by nanofillers. In fact, semicrystalline polymers, like PTT, can be relevantly affected in their
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crystalline structure as well as in their total crystallinity, as a consequence of the presence of
fillers (Tables 22 and 23) and that can result in differences in observed mechanical properties.
For comparison purposes, a series of PTT/Graphene Angstron nanocomposites was prepared.

Table 32 Tensile properties of PTT/EG nanocomposites

E Oy &y Op €p

Sample GPa MPa % MPa %
PTT 236+005 532+95 142403 286+9.7 178 +324
PTT/0.1 EG 2374012 493+45 1.46 + 0.1 472467 1.89 £023
PTT/0.3EG 267+0.13 48.6+5.3 0.95+02 463+55 228 £02
PTT/0.5EG 256+015 453 +7.9 0.83+04 454 +7.8 2.09 £0.4

E — Young’s modulus; Gy - yield strength (elastic limit); &, — yield strain, oy, &, - stress and strain at break
respectively
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Fig. 62 Representative stress strain curves of PTT/EG nanocomposites.

Representative stress—strain curves and their key tensile property dependence on
graphene concentration are shown in Fig. 63 and Table 33. With an increasing content of
graphene an obvious increase in yield stress was observed. Only specimen with the highest
loading of graphene (1.0 wt %) showed the increase in modulus. However, considerable
increase in elongation at break for samples with 0.05 and 0.1 wt % of Graphene Ang but with
an increasing loading of nanosheets (higher than 0.01 wt %) a strong decrease was observed.
This remarkable effect of graphene at small concentration is related to better dispersion of
nanoplatelets and stronger interfacial interaction between the PTT and Graphene Ang. The
results of this research underline the promising characteristic of Graphene Angstron, as
reinforcement for thermoplastic polymers at lower concentration of nanofiller. Even better
results are expected for PTT-PTMO block copolymer containing 50 wt % of PTT rigid
segments due to the change between polymer-nanoparticle interactions. Stronger interaction
will lead to a dramatic decrease in aggregation, improved dispersion and homogeneity.
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Table 33 Tensile properties of PTT/Graphene Ang 1nm nanocomposites

E Oy &y Cp &p
Sample GPa MPa % MPa %
PTT 2.36 £0.05 50.2+9.5 142+£03 28.6 £9.7 178 +32.4
PTT/0.05 Graphene  2.33 +0.07 56.5+4.5 0.99 £ 0.1 479+39 355 £23.6
PTT/0.1 Graphene 2.32 £0.05 55.2+24 1.00£0.1 29.6+2.8 255 £ 114
PTT/0.3 Graphene 2.26+0.10 55.1+£2.2 0.96 £ 0.1 32.1+3.1 432 +£4.1
PTT/0.5 Graphene 2.17 £0.11 55.1+2.1 0.96 £ 0.1 449+3.6 232 +£2.4
PTT/1.0 Graphene 2.42 +0.06 59.9+5.2 0.83+0.1 59.9+53 22 £0.1

E — Young’s modulus; oy - yield strength (elastic limit); e, — yield strain, oy, &, - stress and strain at break
respectively
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Fig. 63 Representative stress strain curves of PTT/Graphene Ang hanocomposites.

Testing the mechanical properties of nanocomposites based on multiblock
copolymer

The tensile properties of PTT-PTMO/Graphene nanocomposites are presented in
Table 34 and representative stress-strain curves are shown in Fig. 64. The tensile modulus
increases gradually from 118 to 151 MPa with increasing Graphene Angstron content from 0
to 1.0 wt%. The presence of graphene platelets lead to increase also the nanocomposites yield
stress and ¢(100%) (“modulus at 100%”) but yield elongation did not change significantly
when compared to the neat PTT-PTMO copolymer, only slight increase was observed. For
nanocomposites with 0.1, 0.3 and 0.5 wt % of graphene, the values of elongation at break are
higher or comparable to the neat PTT-PTMO copolymer. Only in case of PTT-PTMO/1.0 wt
% of graphene a significant decrease in strain at break was observed. As mentioned above,
nanocomposites have comparable values of degree of crystallinity (Table 25) with neat PTT-
PTMO copolymer. This can indicate that increase of modulus, stress at 100% and yield stress
is attributed to the presence of highly exfoliated or intercalated graphene structures and the
good interfacial bonding between the graphene sheets and the matrix.
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Table 34 Tensile properties of PTT-PTMO/Graphene nanocomposites.

E 6(100%) o, g o) €
Sample MPa MPa MPa % MPa %
PTT-PTMO 1183+1.5 12.69+0.06 13.6+0.2 44.8+0.9 20.3+0.7 625+ 12

PTT-PTMO /0.1 G 123.0+1.3  12.79+0.06 13.4=+0.2 504+1.3 20.3+0.1 594 +12
PTT-PTMO /0.3 G 131.7+#4.1 13.10+0.05 13.7+0.1 49.6 +0.1 19.8+0.2 594 + 14
PTT-PTMO /0.5 G 133.0+1.7 13.22+0.04 13.7+0.1 48.7+0.1 18.2+0.3 625 +23
PTT-PTMO/1.0G 151.8+1.6 13.81+£0.03 14.5+0.1 448+0.2 13.9+0.1 319 +53

E — tensile modulus; 6(100%) - stress at strain of 100%; Gy, &, — yield stress and strain respectively, oy, €, - stress and
strain at break respectively
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Fig. 64 Representative stress strain curves of PTT-PTMO/Graphene Ang nanocomposites.
17. Hybrid carbon nanofillers/polymer nanocomposites

Research on polymer nanocomposites has exploded over the last few years. The
prospect of a new materials technology that can perform as a low-cost alternative to high-
performance composites for applications ranging from automotive to food packaging to tissue
engineering has become irresistible to researchers around the world.

This PhD thesis is part of a larger project on the development of conducting
composites with enhanced mechanical properties based on different polymer matrices
(thermoplastic polyesters and thermoplastic elastomers) and hybrid composition of carbon
nanotubes and graphene nanoplatelets (i.e expanded graphite, graphene, few layer graphene
etc.). The introduction of layered nanofillers (such as graphene nanoplatelets, with one
dimension in the order of the nanometer range) or fibrous nanofillers (such as carbon
nanotubes, with two dimensions in the order of the nanometer scale) has opened a new area of
research. The improvements of properties using such nanofillers are really important, even if
not completely understood. Polymer-based nanocomposites, and especially polymer graphene
nanoplatelets and/or carbon nanotube nanocomposites, represent a radical alternative to
conventionally filled polymers. Because of the dispersion of nanometer-size sheets and/or
tubes, these nanocomposites exhibit markedly improved properties when compared with
unfilled polymers or conventional microcomposites.

In this thesis, thermoplastic polyester-based (PET, PTT) and elastomer-based (PTT-
PTMO block copolymer) nanocomposites containing hybrid fillers of CNTs and graphene
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derivatives were developed, aiming at enhancing the electrical conductivity of composites
with balanced mechanical properties and lowering the cost of the final product. The electrical
and mechanical properties of the nanocomposites were evaluated and favorably compared
with those of neat polymer matrices and those containing either CNTs or graphene
nanoplatelets alone.

17.1. Morphology of polymer matrix vs. hybrid 1D/2D type of carbon nanoparticles

The distribution of the nanofillers in the polymer matrices (PET, PTT and PTT-
PTMO) and their mutual interactions were studied using imaging techniques, scanning
electron microscopy (SEM) and transmission electron microscopy (TEM).

Nanofiller dispersion is a well-known challenge since CNT and graphene
nanoplatelets have an inherent tendency to agglomerate and good dispersion is an important
factor for mechanical reinforcement and creation electrical percolation paths. The main
reasons behind agglomeration is the van der Waals attraction and the large surface areas of the
nanofillers [386], for graphene nanosheets additional -t bonding also accounts for the
stacking of the individual sheets. All nanofillers (1D- nanotubes and 2D- graphene
derivatives) were mixed using procedures as written before for single nanofiller and followed
by mixing together for another 30 min (15 min with speed stirrer and 15 min with
ultrasounds) to avoid agglomeration before synthesis process.

In Fig. 65 a and ¢ a good distribution of the graphene sheets with agglomerates of
carbon nanotubes were observed. Both SEM and TEM analysis confirmed that expanded
graphite was well dispersed, but nanotubes due to lots of impurities were entangled with one
another and create aggregates. The morphology of fractured surfaces depicts the intimate
contact and high embedding with polymer matrices, indicating good interfacial bonding
between nanoplatelets and PET matrix. Interestingly, some of the nanoplatelets dispersed
almost as a monolayer as indicated in figure 65 ¢ (almost completely transparent nanosheets).
In general, nanoplatelets can be easily attracted to each other due to their very high specific
surface area and high surface energy. From the cryo-fractured surface (Fig. 65 a) and
ultramicrotomed films (Fig. 65 c) it can be seen that the nanoplatelets are well dispersed as
thin nanoplatelets. It indicates that the employed mechanical stirring plus the ultrasonic
treatment approach was proven to be an effective approach to obtain composites with well-
dispersed nanoplatelets in the PET polymer matrix. Importantly, the whole process of
preparation the dispersion is carried out just before polymerization reaction, which made the
processing simple and effective. In another way, one can say that, during dispersion process,
the PET molecules could more sufficiently intercalate galleries of nanoplatelets during in situ
polymerization, and as the intercalation process proceeds further, the exfoliated graphene
sheets might be further delaminated and exfoliated, which would allow more polymer
molecules to enter and enlarge the space between them. However, the agglomeration of
SWCNT was observed. The agglomerates of SWCNT disturbed the good connection between
graphene nanoplatelets. This might be an explanation of efficiency of using high speed stirrer
and ultrasounds. However, in case of PET hybrids agglomerates of SWCNT caused that
prepared nanocomposites weren’t conductive (Chapter 17.3, pages 134-136) even with the
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concentration of 0.1 wt % of EG, wherein in the nanocomposites, based on PET with EG
only, the percolation threshold was obtained at 0.05 wt %.

28KU X15., 808

C) _200 nm_ d) E)O nT

Fig. 65 Scanning and transmission electron micrographs of PET/0.1EG+0.05SWCNT nanocomposite: a)
SEM with visible agglomerate of carbon nanotubes; b) SEM of zoomed in agglomerate of SWCNT in
polymer matrix; ¢) TEM at 250 000x and d) TEM at 200 000x.

SEM and TEM were used to visually evaluate the degree of exfoliation and the
amount of aggregation of nanofillers in poly(trimetylene terephthalate) matrix. TEM analysis
tends to support the findings from SEM but also shows that the SWCNT nanoparticles are
well dispersed on the nanoscale in all systems. The efficiency of the hybrid system in
modifying the properties of the matrix polymer is primarily determined by the degree of its
dispersion in the polymer matrix. The aggregated EG morphology can be characterized with
SEM. Because of the difference in scattering density between the nanofiller and PTT,
nanoplatelets aggregates can be easily imaged in SEM. However at the same time well-
dispersed carbon nanotubes are clearly visible. More direct evidence of the formation of a true
nanocomposite is provided by TEM of an ultramicrotomed section. Figure 66 a shows
micrograph of PTT hybrid containing different 0.1EG+0.05SWCNT. The dark regions in the
photograph are the thicker agglomerates of expanded graphite (less expanded), and the
brighter regions show the better dispersed sheets. TEM photography proves that some
graphene layers were dispersed homogeneously into the matrix polymer, however mostly
clusters or agglomerated particles were detected. This will be cross-checked by ultimate
strength and initial modulus in the tensile property section. The SEM and TEM micrographs
in Fig. 66 for the hybrid nanocomposite with 0.1EG and 0.05SWCNT KNT 95 indicates that
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electrical conducting networks were formed by well-dispersed carbon nanotubes.
Incorporation of 0.1 wt % of EG did not make much change in the morphology and electrical
conductivity (Fig. 75 b), with some isolated graphene sheets (Fig. 66 a). There was no
improvement in electrical conductivity in hybrid system because SWCNT were the main
contributor for the formation of network.

Mag= 1868KX  1pm EHT= 500kV WD= 5mm Signal= 1.000 Signal A = InLens
b) Date :14 Apr 2014 File Name = PTT-0.05SWNT-0.1EG_12.tif Signal B = SE2

Fig. 66 Transmission electron micrograph at 150 000x (a) and scanning electron micrograph (b) of
PTT/0.1EG+0.5SWCNT nanocomposites.

As it was mentioned before, the strong intertube attraction between carbon nanotubes
is one of the main problems to overcome making the dispersion of CNTs in polymer matrices
challenging and hence limit its effective use as nanofiller in polymer matrix. Many
approaches to overcome the affinity of the tubes result in excessive modification or even
damage to the unique morphology of the CNTs. An efficient alternative to tailor the
polymer/CNT interface while preserving the integrity of the tubes is mixing carbon nanotubes
together with the nanofiller with different shape (plate-like shape). In Fig. 67 we observe a
good distribution of the CNT on the surface of the graphene platelets which should together
act as a stronger reinforcing agent for the polymer causing synergistic effects in electrical
conductivity and mechanical properties. The uniformly dispersed bright dots and lines are
attributed to the ends of the broken PTT-PTMO-wrapped SWCNTSs/Graphene clearly
observed due to their high electrical conductivity. For use in the CNT, graphene nanoplatelets
mixture samples were hitched to the CNTwalls to facilitate better attachment to the defect
sites and residual oxide groups on the Graphene Angstron surface and also to the elastomer
matrix. The dual-filler strategy appears to vyield a more efficient dispersion of
SWCNT+Graphene-PTT-PTMO. The formation of conducting networks (chapter 17.3, page
134-139) and dispersion state in the composites with hybrid CNT - graphene particles was
further confirmed by transmission microscopy.
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Fig. 67 SEM micrographs of PTT-PTMO/0.1SWCNT+0.3Graphene hybrid nanocomposites.
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The TEM images in Figure 67 (with two different magnifications) present the real distribution
of conducting fillers in the respective nanocomposites. They may shed some insight into the
mechanisms behind the synergy in enhancing the conductivity of nanocomposites due to the
hybrid fillers of CNT and graphene platelets. In Fig 68 a there were both randomly dispersed
individual CNTs and a round CNT agglomerate but also well-dispersed graphene sheets. In
some places carbon nanotubes and graphene plates seemed to connected to one another. It is
better seen in Fig. 68 b, were the dispersion of both nanofiller was even better and only
nanotubes “hitched” to graphene planes were observed. This should be the reason why the
hybrid nanocomposites filled non-conductive Graphene Angstron and SWCNT achieved
enhanced electrical conductivity (chapter 17.3, page 134-139) in comparison to PTT-PTMO
composite with 0.1 wt % of SWCNT.

i
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Fig. 68 Transmission electron microscopy (TEM) micrographs of PTT-PTMO/0.1SWCNT+0.3Graphene
Ang nanocomposites at a) 100 000x and b) 150 000x.

The SEM images of the PTT-PTMO/0.3SWCNT+0.1 Graphene Angstron are shown
in Fig. 69. Both the SWCNTSs and Graphene Angstron show fairly good distribution in Fig. 69
c and d. The graphene nanosheets in Figure 69 appear to show better dispersion than those in
the PTT-PTMO/Graphene in Figure 54. This indicates that co-addition of SWCNT improves
the dispersion of graphene nanoplatelets, which agrees with the electrical conductivity results
that exhibit conductivity improvement by the coaddition of SWCNT. However, because of the
van der Waals interactions, the as-reduced graphene sheets tend to form irreversible
agglomerates and even restack to form graphite (Fig. 69 b). Additionally, the SEM image of
PTT-PTMO/SWCNT+Graphene in Figure 69 (c and d) show that the SWCNTSs and graphene
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nanoplatelets form some kind of network structure. The SWCNTs appear to a have good
affinity for Graphene Angstron. This kind of conductive network formation due to graphene
nanosheets may explain the good electrical conductivity results from PTT-
PTMO/0.3SWCNT+0.1Graphene Angstron (chapter 17.3, pages 134-139).

rove SEg 5 N7, = .
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Fig. 69 SEM micrographs of PTT-PTMO/0.3SWCNT+0.1Graphene hybrid nanocomposites.

To examine exactly the dispersion of the SWCNT/graphene in the polymer hybrids,
TEM studies were carried out. A TEM allows a qualitative understanding of the internal
structure through direct observation. Typical TEM photographs for hybrids with 0.3 wt % of
SWCNT and 0.1 wt % of Graphene Angstron are shown in Fig. 70 a (lower
magnification) and 70 b. Fig. 70 a shows that both nanofillers were well dispersed in polymer
matrix, although some parts of agglomerated layers still exist. To observe the agglomerated
structures of 1D+2D hybrid system the TEM micrograph were done at higher magnification.
Here agglomerates of CNTs strongly connected to agglomerates of graphene nanoplatelets
were seen. However, also some single nanotubes were observed. Interestingly, with the
concentration of 0.1SWCNT+0.3 graphene sheets more homogenously dispersion was
observed. On the other hand, the “pull-out” mechanism of SWCNTSs has been observed in Fig
69 c and d. Carbon nanotubes counteracted the break of polymer matrix, which is clearly seen
at higher magnification. In this case, higher concentration of SWCNT:Graphene (3:1) seemed
to create more agglomerates than in case of SWCNT:Graphene (1:3). However, a few studies
suggest that CNT agglomeration could favor the formation of a percolating network [86] [92]
[387]. As observed from these figures, agglomeration promotes CNT-to-CNT and CNT-
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Graphene interactions through surface contact (or tunneling) and hence it should increase the
electrical conductivity of the composite, as it will be further discussed.

2000 0m_

Fig. 70 Transmission electron microscopy (TEM) micrographs of PTT-PTMO/0.3SWCNT+0.1Graphene
Ang nanocomposites at a) 25 000x , b) and c) 150 000x and d) 175 000x.

17.2. New concept of phase structure

A new generation of hybrid nanostructured materials signifies an emerging field in
the frontier between materials science, life science, and nanotechnology. The development of
polymer nanocomposites has been a significant area of research and has evolved significantly
over the last two decades owing to the ability of nanoscale reinforcements to create
remarkable property enhancements at relatively low filler concentrations, compared to
conventional composites. The growth of different types of nanomaterials starting from
nanoclays, cellulose nanowhiskers, carbon nanofibers, carbon nanotubes (CNTSs), graphenes,
nano-oxides like nanosilica, nanoalumina, titanium dioxide etc. has led to the development of
composites with extremely attractive macroscopic properties— multifunctional in most
circumstances depending on their inherent characteristics. Excellent electrical, thermal,
mechanical, optical, fire-retardant, barrier, anti-bacterial and scratch resistant properties of
these composites have been reported and the results are only getting better with time.
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Carbon based nanomaterials are highly attractive due to their ability to transition an
insulating polymer matrix to a conductive composite, in addition to the proven advantage in
achieving excellent structural properties. CNTs stand out among the other carbon based fillers
like carbon fibers or carbon nanofibers which require higher filler loading fractions to exhibit
similar levels of electrical conductivity. Graphene tipped to be a strong competitor for the
CNTs on the other hand is still in its infancy, and large production volumes of these materials
is still challenging. Interesting from this point of view is to prepare the mixture of both types
of this carbon nanofiller. The potential of CNT/graphene derivatives as fillers for multifaceted
product development in polymer matrices certainly tilts the tide in its favour compared to its
competitors. Due to the renowned challenge involved with dispersing the hybrid system of
CNT/graphene derivatives in thermoplastic matrices for good macroscopic properties of the
composites, thermoplastic composites with nanofillers is the main focus of attention in this
chapter of PhD thesis. The influence of 2D+1D carbon nanofillers on three different polymer
matrices i.e. PET, PTT and PTT-PTMO has been investigated.

The physical properties of PET/SWCNT+EGI nanocomposites i.e. intrinsic viscosity,
density and weight degree of crystallinity estimated from density measurements are presented
in Table 35, which shows that there was almost no influence on intrinsic viscosity (average
viscosity molecular weight) with the amount of hybrid nanofiller system as compared to that
of the neat PET. Moreover, the glass-transition temperatures of PET/SWCNT+EG (Table 36)
increased slightly with the amount of both nanofiller if compared to “single” nanocomposites,
and showed no change if compared to pure PET. No increase in the glass-transition
temperature of PET/SWCNT+EG could be a result of two factors: a molecular weight of PET
and in the nanocomposites remains at the very same value and there was no retardation on the
PET molecule main-chain motion by the hybrid system. However, the density measured at 23
°C increased with the increasing content of SWCNT/EG. The lower crystallinity seen in the
hybrid nanocomposite in comparison to PET/0.1EG and PET/0.05SWCNT, may be due to the
hindrance of PET chain mobility in the presence of two types of carbon nanostructures which
resulted in more thinner crystallites. More information about the influence of EG and CNTSs in
comparison to CNTs+EG can be obtained from DSC measurement (Fig. 71, Table 36).

Table 35 Physical properties of PET/SWCNT Cheaptubes + EGI hanocomposites

] M, x 10* d XCu
Sample

dl/g g/mol glem® %
PET 0.553 2.21 1.337 10.6
PET/0.05 EG 0.556 2.23 1.338 11.7
PET/0.1 EG 0.550 2.19 1.346 24.2
PET/0.05 SWCNT+0.05EG 0.560 2.25 1.345 22.1
PET/0.05 SWCNT+0.1EG 0.550 2.19 1.343 22.1
PET/0.05 SWCNT 0.611 2.54 1.354 35.7

M, - viscosity average molecular weight . d - density measured at 23 °C, Xc,, weight degree of crystallinity
estimated from density measurement
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The non-isothermal melt crystallization of neat PET and its nanocomposites at low
SWCNT-EG contents was studied using DSC to investigate the effect of the presence and
concentration of hybrid system of nanofillers on the crystallization of PET. Table 36
summarizes the data derived from the DSC cooling curves from the melt of neat PET and its
nanocomposites at the rate of 10 °C/min.

The neat PET shows a crystallization peak temperature 214 °C with a crystallization
enthalpy (AHc) of around 46.9 J/g. The Tm values shifts to lower values with the addition of
EG only and SWCNT only and increased slightly with an addition of both carbon nanofillers
but still remaining Tm values below Tm of neat PET (Fig 71). Considering a value of 140 J/g
for the melting enthalpy of 100% crystalline PET, the degree of crystallinity for neat PET, and
PET with 0.05 and 0.1 of EG, 0.05 of SWCNT and 0.05+0.05 and 0.05+0.1 of SWCNT+EG
nanocomposites was determined to be 33.5, 35.3, 36, 38, and 35.8 for both hybrid
nanocomposites, respectively. The result obtained for the highest concentration suggested that
the addition of hybrid system caused no appreciable change in the Tm and x. that remained
comparable to nanocomposites with SWCNT and EG only. This implies that the addition of
SWCNT together with EG cancels out the reported nucleating effect of SWCNT on PET
crystallization. All these data suggest that neither SWCNTSs nor EG exert a nucleating effect
on PET in the nanocomposites. In particular, the presence of the SWCNT-EG may in fact
impede the diffusion and rearrangement of the long polymer chains due to the interaction
between both components (i.e. SWCNTs and EG) and the PET matrix, thereby delaying the
overall crystallization process. Such imperfections in crystalline structure may also explain
the lower melting points observed for the nanocomposites.
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Fig. 71 DSC thermograms for PET and PET/SWCNT+EGI nanocomposites during the cooling and 2"
heating
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Table 36 Thermal properties of neat PET and PET/SWCNT+EG nanocomposites determined by DSC

T, ACp T AH,, T. AH, X,
Symbol

°C JIg°C °C Jlg °C Jlg %
PET 85 0.13 257 47 214 46.9 33.5
PET/0.05 EG 83 0.17 253 49.4 210 49.1 35.3
PET/0.1 EG 83 0.15 252 50.5 214 49.8 36.0
PET/0.05 SWCNT+0.05EG 85 0.13 255 50.2 216 49.9 35.8
PET/0.05 SWCNT+0.1EG 85 0.13 256 50.1 218 49.3 35.8
PET/0.05 SWCNT 83 0.18 252 53.5 220 53.2 38.0

Ty - glass transition temperature;-T, - melting temperature; T - crystallization temperature AHy,, AH. - enthalpy of melting
and crystallization; x. - mass fraction of crystallinity determined from DSC

Table 37 presents the intrinsic viscosity and density of PTT based nanocomposites
with SWCNT only, EG only and with hybrid mixture of both of this nanofillers. For PTT/EG
nanocomposites the decrease in [n] was observed. On the other hand, the addition of SWCNT
to PTT matrix caused increase in [n], and thus causing an increase in molecular weight. There
was no significant effect of the addition of carbon nanoparticles on molecular weights of
prepared nanocomposites which are within the range of 38 100 and 39 600 g/mol and they are
comparable to the molecular weight obtained for neat PTT i.e 38 400 g/mol. In both cases, it
was observed that carbon nanotubes determined both morphology and conductivity, without
apparent effect agglomerates of EG.

Table 37 Physical properties of PTT/SWCNT KNT 95 + EGII hanocomposites

] M, x 10° d XCu
Sample

di/g g/mol glem? %
PTT 0.781 3.84 1.323 19.8
PTT/0.1 EG 0.777 3.81 1.328 23.4
PTT/0.05SWCNT+0.1 EG 0.782 3.85 1.322 18.9
PTT/0.1SWCNT+0.1 EG 0.789 3.90 1.313 12.2
PTT/0.05 SWCNT 0.798 3.96 1.329 24.6
PTT/0.1 SWCNT 0.784 3.85 1.324 20.6

M, - viscosity average molar weight . d — density; Xc,, weight degree of crystallinity estimated from density
measurement
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On the other hand, the density for both hybrid nanocomposites decreased with the
increasing content of SWCNT. At the same time the weight degree of crystallinity strongly
decreased if compared to neat PTT but also to “single” nanocomposites. These results
indicated that the incorporation of appropriate amount of SWCNT/EG nanoparticles had
strong effects on the degree of crystallinity of PTT. The effect of the presence of SWCNTSs on
non-isothermal crystallization behaviour of PTT nanocomposites observed here, is in contrast
to the results reported in literature for PTT composites containing MWCNT [15], where the
presence of MWCNT decrease crystallization rate of PTT in composites.

Figures 72 a and b show the DSC traces during cooling and 2nd heating for neat PTT
and PTT/SWCNT+EGII hybrid nanocomposites. Furthermore, the glass transition
temperature (T,) data helps in understanding the effects of hybrid system of particles on the
movement of polymer chains. DSC showed no influence in the glass transition temperature
(Tg) of the nanocomposite prepared by in situ polymerization as compared to neat polymer
and nanocomposites with “single” nanofillers (Table 38). At low concentration of nanofillers
no influence on Ty and Tm has been observed. Furthermore, the degree of crystallinity also
hasn’t changed much with the addition of nanoparticles. Composites exhibited the values of x.
1.4-2 % higher than neat PTT. In contrast, a significant effect was observed on the rate of
crystallization. The results for PTT/SWCNT+EGII nanocomposites are listed in Table 38.
The DSC thermograms recorded during the cooling of the samples from melt with a constant
cooling rate showed a prominent crystallization exothermic peak. The crystallization
temperatures T, and the AHc values for PTT/SWCNT+EGII nanocomposites are higher than
those of neat PTT in both two compositions. The PTT/0.1SWCNT+0.1EG exhibited the
highest Tc value (184°C) of the prepared nanocomposites. Changes in the crystallization peak
width and the heat of crystallization (AHc) are related to the overall crystallization rate and
the extent of crystallization, respectively. The Tc peak widths for both hybrid nanocomposites
are narrower than that of neat PTT. On the other hand, the values of H. for hybrid
nanocomposites are larger than that of PTT (36.2 J/g), however they slightly decrease with
increase in the SWCNT content.

From these results, it can be concluded that 0.1SWCNT+0.1EGII exhibits a strong
heterophase nucleation effect on PTT crystallization due to its enormous surface area of both
carbon nanofillers. The crystallization rate of PTT may be accelerated by the addition of this
two nanofillers of 0.1 wt % SWCNT and 0.1 wt % of EG where the acceleration efficiency
probably reaches a maximum at this level. In both systems (0.1+0.05 and 0.1+0.1), EGII
together with SWCNT is an effective nucleating agent due to the high surface area of
graphene platelets and their chemical affinity for the polymer, which induce a nucleation and
lamellar ordering effect.

Figure 72 b depicts the heating runs of neat PTT and PTT/SWCNT+EGII hybrid
nanocomposites. There is an endothermic melting peak on all of the heating scans. The values
of melting parameters (T, and AHp,) are summarized in Table 38. The T, values are nearly
unchanged, regardless of hybrid system loading. The melting temperatures and melting peak
width are related to the lower thermal stability and the distribution of crystallites, respectively.
The temperature of melting is not significantly affected, regardless of hybrid nanofillers
loading. A clear decrease in melting peak width is found in the nanocomposites with respect
to neat PTT. In other words, the distribution of crystallites of PTT in PTT/SWCNT+EGII
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nanocomposites is narrower and higher (about 1.4-2%) than that of neat PTT. The values of
AHp, for all nanocomposites are negligible larger (46.9-48.7 J/g) than that of PTT (45.8 J/g).
However, they decrease with increasing content of SWCNT in hybrid system. This reveals
that the degree of crystallinity of PTT slight increases with the addition of carbon nanotubes
together with expanded graphite but at the same time decrease with the increasing content of
SWCNT KNT 95.
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Fig. 72 DSC thermograms for PTT and PTT/SWCNT+EGII nanocomposites during the cooling and 2™
heating.

Table 38 Thermal properties of neat PTT and PTT/SWCNT+EG nanocomposites determined by DSC

Ty T AH,, T AH, Xe
Symbol

°C °C Jig °C Jig %
PTT 53 231 45.8 167 46.2 314
PTT/0.1 EG 53 230 47.9 180 47.1 32.8
PTT/0.05SWCNT+0.1 EG 53 231 48.7 181 47.9 334
PTT/0.1SWCNT+0.1 EG 53 232 46.9 184 46.8 32.1
PTT/0.05 SWCNT 53 232 48.2 183 47.9 33.0
PTT/0.1 SWCNT 53 231 48.4 180 48.7 33.2

Ty - glass transition temperature;-T,,, - melting temperature; T - crystallization temperature AH,, AH. - enthalpy of melting
and crystallization; x. - mass fraction of crystallinity determined from DSC.

To compare the results already described for hybrid nanocomposites based on PTT,
the series of hybrid nanocomposites based on multiblock poly(ether-ester) copolymer with
PTT as a rigid segment were synthesized via in situ polymerization. The synthesized PTT
have viscosity average molecular weight (M,) of 38 400 g/mol. The Mark—Houwink
constant are not known for PTT— PTMO copolymers, therefore values of [n] were used for
comparison purpose. The measured values of intrinsic viscosity for PTT-PTMO copolymer
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(1.325 dl/g) and PTT-PTMO hybrid nanocomposites (1.299-1.322) dl/g for three hybrids with
increasing content of SWCNT) suggest that molecular weights of the polymers under study
should be reasonable high. The presented in Table 39 values of intrinsic viscosity, melt
viscosity and density are dependent on the sample composition. The value of [n] slightly
decreased with addition of nanofillers, but with the increasing content of SWCNT and
graphene platelets, this value increased.

In Fig 73., it is clearly seen that the addition of SWCNTSs strongly affected the melt
viscosity of PTT-PTMO nanocomposites. On the other hand, no such behavior is observed
when graphene nanoplatelets were added to the polymer (Fig. 57). Since the addition of
nanotubes greater effect on the viscosity of the composition, if compared to the hybrid
nanocomposite PTT-PTMO/0.1SWCNT+0.3Graphene with the same amount of SWCNTSs
(0.1 wt%), even slight increase was observed. The same observations were done for the
nanocomposite with 0.3 wt % of SWCNTSs. It can be concluded, that in case of PTT-PTMO
hybrid nanocomposites, the mixture of both nanofiller stronger affected the melt viscosity of
the polymer than when only graphene and nanotubes were added.

Density of PTT-PTMO hybrid nanocomposites slightly increased with addition of
nanofillers. Since the obtained hybrid nanocomposites showed density values compared with
those for the nanocomposites with nanotubes only, we may conclude that the greater impact
of the density has, in this case, the addition of carbon nanotubes.

Table 39 Intrinsic viscosity, density and melt viscosity of PTT-PTMO/SWCNT+Graphene Ang
nanocomposites

- M
Nanofiller Ml d Melt viscosity
Sample
Wt % dl/g glem?® Pas
PTT-PTMO 0 1.325 1.174 340.02 £ 0.76
PTT-PTMO/0.1 G 0.1 1.315 1.174 124.38£0.93
PTT-PTMO/0.3 G 0.3 1.327 1.175 232.66 = 0.84
PTT-PTMO/0.1 SWCNT+0.3 G 0.1+0.3 1.299 1.173 428.76 +1.22
PTT-PTMO/0.3 SWCNT+0.1 G 0.3+0.1 1.319 1.177 648.65 + 1.31
PTT-PTMO/0.5 SWCNT+0.1 G 0.5+0.1 1.322 1176
PTT-PTMO/0.1 SWCNT 0.1 1.325 1.181 398.52 +1.08
0.3 1.324 1.176 602.11 + 1.60

PTT-PTMO/0.3 SWCNT

[n]- intrinsic viscosity. d — density; n- melt viscosity measured at 220°C at 1Hz
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Fig. 73 Melt viscosity versus frequency for neat PTT-PTMO and PTT-PTMO/SWCNTs+Graphene Ang
nanocomposites at temperature of 220 °C.

Due to intermolecular interactions between rigid and flexible segments of various
chemical structure in multiblock poly(ether-ester) copolymers, a microphase separation
occurred. The separation proceeds with the formation of a soft (PTMO-rich) phase and a hard
semicrystalline polyester (PTT) phase with characteristic temperatures Ty and Tp,
respectively. Such a structure was confirmed DSC (Fig. 74 a and b). Since the size of domains
of the hard phase (few nm, [316]) is comparable to the size of SWCNTs and graphene
nanoplateltes, used to obtain hybrid nanocomposites, from DSC studies, it is really hard to
explain the influence of hybrid nanofillers on the microstructure of the resulting
nanocomposites. The glass transition temperatures (Tgy) of nanocomposites were not affected
by the incorporation of SWCNTs together with graphene nanoplatalets. Both nanofillers,
despite good interactions with the polymer matrix (SEM, chapter 17.1, pages 123-126)
showed no effect on the mobility of the polymer chains of (PTMO-rich) phase. In contrast, the
crystallization process was affected more in the nanocomposites. The crystallization
temperature dramatically increased with increasing content of both, SWCNT and graphene
nanofillers. The highest shift toward higher T. temperature was observed for PTT-
PTMO/0.5SWCNT+0.1Graphene, as high as 45 °C. However, the stronger influence seems to
occur for to the presence of carbon nanotubes in PTT-PTMO matrix. It is well seen for hybrid
naocomposites, where with increasing loading of SWCNT (from 0.1 to 0.5) the increase in T,
was observed. However, all values of AH; were comparable to neat PTT-PTMO block
copolymer. In addition, the melting temperature remains unchanged for all nanocomposites. It
can be also concluded from the obtained results that the composition of SWCNT:Graphene of
5:1 accelerated the rate of crystallization perhaps due to many more crystallization agents. It
is clearly seen that with an increasing content of CNTs the Tc value also increased. The
degree of crystallinity estimated from DSC seemed to confirmed the values of density (Table
38). The addition of nanofillers caused changes in both degree of crystallinity and density,

133



firstly slightly decrease but with increasing loading of both nanofillers increased in

comparison to neat PTT-PTMO.

cooling
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Fig. 74 DSC thermograms for PTT-PTMO and PTT-PTMO/SWCNT+Graphene Ang nanocomposites

during the cooling and 2™ heating.

Table 40 Thermal properties of neat PTT-PTMO and PTT-PTMO/SWCNT+Graphene Angstron

nanocomposites determined by DSC

T, T AH,, T. AH, Xc
Sample

°c °c Jg °C g %
PTT-PTMO -67 206 25.8 126 26.2 17.7
PTT-PTMO/0.1 G -67 204 24.9 149 25.1 17.1
PTT-PTMO/0.3 G -67 205 25.6 149 25.2 175
PTT-PTMO /0.1SWCNT+0.3G -67 203 24.8 153 25.1 16.9
PTT-PTMO /0.3SWCNT+0.1G -67 204 26.5 158 26.1 18.2
PTT-PTMO /0.5SWCNT+0.1G -67 206 27.8 171 28.1 19.0
PTT-PTMO /0.1SWCNT -67 208 26.3 155 27.2 18.0
PTT-PTMO /0.3SWCNT -67 204 24.7 157 25.7 16.9

Ty - glass transition temperature of soft phase;-T,, - melting temperature of polyester crystalline phase; T, - crystallization
temperature of polyester crystalline phase; AH,,, AH. - enthalpy of melting and crystallization of polyester crystals,
respectively; X. - mass fraction of crystallinity.

17.3. Influence of hybrid system of electrical conductivity

Though significant progress has been made in developing nanocomposites with
different polymer matrices and nanofillers with different shapes (also aspect ratio), a general
understanding has yet to be emerged. For example, what allows nanocomposites to be both
stiffer and tougher than conventional composites, without sacrificing other properties? How
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does the nanofiller interact with polymer matrix that makes it conducting? Why do they
display better thermal stability versus unfilled polymers? How can we utilize specific
molecular interactions to control structure and morphology? A major challenge to further
development of nanocomposites is the lack of even simple structure—property models.

Electrical conductivity is an important attribute brought about by the inclusion of
nanofillers onto the insulating polymer matrix. The conductivity is largely influenced by
factors like dispersion, loading amount and importantly the electrical resistance of the
polymer-nanofiller interface. Furthermore, the electrical conductivity of the nanofiller itself
plays critical role to obtain electrically conductive polymer nanocomposites.

Hybrid composites have lately attracted the attention of researchers with different
mixtures of different types of nanofillers being tried out. It is still an open question to
completely understand the synergistic effect brought about by the combinations. Improvement
in electrical conductivity have been reported but the ratio of the nanofiller mixture is an
important factor governing the creation of percolation path in the entire volume of polymer
matrix.

In this part of my work the influence of 1D and 2D mixture of nanofillers on electrical
conductivity of hybrid nanocomposites was investigated. The properties of the hybrid
nanocomposites with different combinations of CNT/graphene derivatives contents for three
polymer matrices: PET, PTT and PTT-PTMO with total filler content of 0.4 wt.% are
compared with those of the nanocomposite containing nanofillers alone. Fig. 75 a plots the
electrical conductivities of PET/SWCNT Cheaptubes+EGI nanocomposites, showing that the
electrical conducting samples weren’t obtained. The results of conductivity for hybrid with
the concentration of 0.1 wt % of EG and 0.05 wt % of SWCNT exhibited typically insulating
behavior. The combination of this both nanofillers was selected based on previous results
obtained for PET/EG and PET/SWCNT nanocomposites. In case of PET/EG nanocomposites,
percolation threshold as low as 0.05 wt % (Fig. 48, page 96) of nanofiller was obtained.

Based on this results three hybrids were synthesized with various amounts of
nanofillers. The schematic explanation of those mechanisms is presented in Figures 76-78.
The electrical network created by graphene sheets at 0.1 wt % of EG in PET was destroyed by
even small amounts of agglomerates of carbon nanotubes, clearly seen on SEM and TEM
micrographs (Fig 65, page 122). This might explain the good dispersion of this two
nanofillers in entire volume of polymer. However, carbon nanotubes with lots of impurities
(confirmed by Raman and SEM analysis, see pages 65-67) strongly affected the percolation
paths of graphene sheets.

On the other hand, Fig. 75 b plots the alternating current conductivity, o(F) as a
function of frequency (F) of PTT/SWCNT KNT 95+EGII nanocomposites. In case of
PTT/0.5SWCNT+0.1EG conductivity increases abruptly at a critical filler concentration, i.e.
the percolation threshold, at which a continuous conducting network of fillers is formed.
However if compared to PTT/0.05SWCNT, no influence of EGII was observed. The similar
observations were done for the hybrid with 0.1 wt % of SWCNT and 0.1 wt % of EGII. A
high electrical conductivity along tube axis, a high aspect ratio and the one-dimensional
reinforcement of SWCNT are mainly responsible for the above observations. TEM and SEM
analysis of hybrid nanocomposites (Fig. 65, page 122) have shown that graphene bundles
were observed together with well dispersed carbon nanotubes. By comparing the electrical
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conductivity of polymer hybrid nanocomposites (0.05 wt % of SWCNT+0.1 wt % of EG)
with the conductivity of PTT/0.05SWCNT it was concluded that SWCNTSs were much more
efficient in forming the electrical conducting network than graphene nanoplatelets. SWCNTSs
formed such a perfect conducting network that even agglomerates of graphene sheets could
not destroy it. However, the much higher cost of producing of CNTs with high conductivity
(called “metallic”) is a major drawback, severely limiting its applications as a conductive
filler. Therefore, the research on hybrid systems consisted of carbon nanotubes and graphene
nanoplatelets in poly(trimetylene terephthalate) is continued. For comparative purpose, hybrid
nanofillers system consisted of SWCNT KNT 95 and Graphene Angstron was used PTMO-
PTMO block copolymer matrix, where PTT was used as rigid segment.
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Fig. 75 Alternating current conductivity, ¢(F) as a function of frequency (F) for a) PET/SWCNT+EGI; b)
PTT/SWCNT+EGII and ¢) PTT-PTMO/SWCNT+Graphene Ang nanocomposites.

Fig. 75 ¢ shows the alternating current conductivity, (F) as a function of frequency
(F) for PTT-PTMO/SWCNT KNT 95+Graphene Angstron hybrid nanocomposites. Because,
conducting networks have already been formed by 0.3 wt % SWCNT alone (the percolation
threshold of SWCNT, page 73), 0.1 wt % Graphene Ang can provide multiple electron
pathways through a synergy between the SWCNT and Graphene. Once the filler content
exceeds the percolation threshold, agglomerates can even better improve the electrical
conductivity than well-dispersed CNTs. With the increasing content of SWCNT to Graphene
as 5:1 we observe the typical flat plot, where no dependency of ¢ in the function of frequency
is seen. The hybrid PTT-PTMO/0.5SWCNT+0.1Graphene exhibited the behavior typical for
semiconducting samples with the conductivity of 10° S/cm. Probable explanation of
enhancing the electrical conductivity of PTT-PTMO/SWCNT by Graphene Ang, which
proved to be non-conductive, was that carbon nanotubes were hitched to the residual
functionalized groups on the surface of graphene. Since these groups were “deactivated” by
carbon nanotubes, the free movement of electrical charge was observed in case of PTT-
PTMO hybrid nanocomposites. The schematic mechanism explaining the synergetic effect of
SWCNT and Graphene Ang is presented in Fig.79.

According to the observation and discussion above, the following mechanisms were
proposed to explain the electrical percolation behavior observed for three types of polymer
matrices: PET, PTT and PTT-PTMO.
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17.4. Other physical properties of hybrid nanocomposites

Effect of hybrid nanofillers on the thermal stability of the polyester composites
(PET, PTT)

In general, the thermal stability of the polymer nanocomposites plays a crucial role in
determining their processing and applicability because it affects the final properties of the
polymer nanocomposites, such as its upper usage temperature limit and dimensional stability.

The thermal and thermo-oxidative stability of PET nanocomposites containing
dispersed in the hybrid system (SWCNT+EG) was studied by using the thermogravimertic
analysis. Fig. 79 present weight loss and derivative weight loss versus temperature for the
neat PET and PET/SWCNT+EG nanocomposites in air (a) and in argon (b) atmosphere. The
TGA and DTG curves are shown in temperatures range from 250 to 600 °C and in air and
from 300 to 550 °C in argon, because below this temperature ranges no changes on TGA and
DTG curves have been observed. Since the onset of the thermal degradation of the
nanocomposites wasn’t affected by addition of as low as 0.05 wt % of SWCNT (page 84),
only the influence of expanded graphite was observed in case of prepared hybrids. The
differences between the temperatures corresponding to 5 and 10 % weight loss and the
temperature of maximum rate of weight loss for obtained PET/SWCNT+EG hybrid
nanocomposites and unmodified PET are within the measurement error. The value of
activation energy (Ea) for the PET/ SWCNT+EG nanocomposites increase with increasing
content of nanofiller, both when the measurement was carried out in an oxidizing atmosphere
and in argon. However, these values are still lower than for pure PET. The values of Ea for
the measurement carried out in air ranged between 227-256 kJ/mol, while for the
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measurement carried out in argon these values were in the range 300-318 kJ/mol. The results
of research carried out in an oxidizing atmosphere and in argon are presented in Table 41. The
enhancement in the thermal properties is due to the presence of the EG nanolayers, which
acted as barriers to minimize the permeability of volatile degradation products out from the
material, hasn’t been observed in case of combination of two nanofillers.

-20 -
204

-40 -

TG [%]
DTG [%/min]

-60 -

DTG [%/min]

in air

in argon

-804 T
——PET ——PET \
—— PET/0.05 EG+0.05 SWCNT PET/0.05 EG+0.05 SWCNT| }
—— PET/0.1 EG+0.05 SWCNT -804 PET/0.1 EG+0.05 SWCNT

T T T T T T -20 T T T
250 300 350 400 450 500 550 600 300 350 400 450 500 550

Temperature [’C] Temperature [°C]

-100

Fig. 79 Weight loss and derivative weight loss versus temperature for the PET/SWCNT+EG
nanocomposites in air (a) and in argon (b) at a heating rate of 10°C/min.

Table 41 Temperatures corresponding to 5 and 10% of weight loss, activation energy and the temperature
corresponding to a maximum weight loss rate for the PET/SWCT+EG nanocomposites obtained in air
and argon atmosphere

Symb0| Ts0s. °C T109%. °C Totor °C Tortco- °C E., kJ/mol

Measurement carried out in an oxidizing atmosphere

PET 386 402 438 538 256.4
PET/0.05EG 373 394 438 538 226.78
PET/0.1EG 396 408 439 544 247.0
PET/0.05 SWCNT+0.05EG 386 403 439 552 227.3
PET/0.05 SWCNT+0.1EG 390 403 438 542 256.1

Measurement carried out in argon

PET 399 410 438 - 287.6
PET/0.05EG 402 414 441 - 313.6
PET/0.1EG 406 415 441 - 315.8
PET/0.05 SWCNT+0.05EG 402 413 441 - 318.0
PET/0.05 SWCNT+0.1EG 400 412 440 - 300.4
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The TGA and DTG curves of neat PTT and PTT/SWCNT+EGII nanocomposites are
shown in Figure 80 and temperatures corresponding to 5 and 10 % of weight loss, activation
energy of thermal decomposition and the maximum temperature of the mass loss rate are
summarized in Table 42. As it can be seen, similarly to nanocomposites with single
nanofillers i.e. SWCNTs or EGII (chapter 15.3, page 85 and chapter 16.5, page 114,
respectively), hybrid nanocomposites show similar thermal stability to pristine polymer, and
also temperatures corresponding to a maximum of weight loss (Tprg:1) didn’t shifted to higher
values with increasing content of nanofillers.
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Fig. 80 Weight loss and derivative weight loss versus temperature for the PTT/SWCNT+EGII
nanocomposites in air (a) and in argon (b) at a heating rate of 10°C/min.

Table 42 Temperatures corresponding to 5 and 10 % weight loss, activation energy and the temperature
at maximum of weight loss rate for the PTT/SWCNT+EGII nanocomposites obtained in air and argon

atmosphere

Symbol Tsos. °C Tiowe. °C Ea kdimol  Torer °C Tores °C

Measurement carried out in an oxidizing atmosphere

PTT 370 379 318.39 401 501

PTT/0.1 EG+0.05SWCNT 371 380 327.86 402 502

PTT/0.1 EG+0.1SWCNT 372 381 329.25 403 505
Measurement carried out in argon

PTT 373 382 331.79 404 -

PTT/0.1 EG+0.05SWCNT 373 382 341.92 403 -

PTT/0.1 EG+0.1SWCNT 373 382 339.15 403 -

Since the similar behaviour was already described for PTT/SWCNTs and PTT/EGII,
no effect on thermal stability in an oxidizing and inert atmosphere for hybrid nanocomposites
has been expected. Only in case of activation energies of thermal decomposition a slightly
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increase was observed. It can be concluded that the minimum energy that must be input to the
system to cause the decomposition process is bigger in case of nanocomposites than in neat
PTT. No improvement of thermal stability of hybrid nanocomposites, with homogenous
dispersion of nanofillers, might be caused by too small amount of both SWCNTs and
graphene nanosheets to observe any effect.

Effect of hybrid nanofillers on the thermal stability of the elastomer composites
(PTT-PTMO)

Thermogravimetric analysis (TGA) was also used to analyze the effect of the hybrid
system of nanofillers (1D+2D) dispersed in PTT-PTMO block copolymer matrix on their
thermal and thermo-oxidative stability. The obtained results are summarized in Table 43 and
in Fig. 81 the TGA curves of PTT-PTMO/hybrid nanoparticles nanocomposites in air and an
inert (argon) atmosphere were presented. No improvement in thermal stability has been
observed in an inert atmosphere, as compared to the neat PTT-PTMO block copolymer, but
also to previously described PTT-PTMO/SWCNT and PTT-PTMO/Graphene
nanocomposites. Even a slight decrease in temperatures of 5 and 10 % weight 10SS (Ts, T109%)
and was observed. However in an oxidizing atmosphere for all hybrid nanocomposites the
noticeable stabilizing effect of nanofillers has been found. When comparing the temperature
of 5 % weight loss for neat PTT-PTMO block copolymer and the hybrids composites, a
significant improvement of 24 °C toward higher temperatures was observed. It is interesting
to note that the addition of carbon nanofillers with different shapes and aspect ratios greatly
improves the thermo-oxidative stability of this thermoplastic elastomer. Apparently the
thermal stability improvement does not seem to depend upon particular shape of nanofiller,
since for SWCNTSs and graphene nanosheets individually and for the mixture of both the same
observations were made. Apparently, both nanoparticles (carbon nanotubes and graphene
nanoplatelets) affect the thermal stability of polymers following the same manner. Besides, all
the curves shown in Figure 81 are close to each other. Thus, morphology difference in PTT-
PTMO/SWCNT+Graphene nanocomposites does not appear to make an appreciable
difference in the thermal stability of the nanocomposites. The possible explanation for such
behavior is because CNTs have high electron affinities similar to graphene nanosheets; as
such they have been proposed to acts as scavengers of free radicals. By incorporating CNTs
and/or graphene nanoplatelets in polymers the thermal stability of polymers should be
enhanced.
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Fig. 81 Weight loss and derivative weight loss versus temperature for the PTT-PTMO/SWCNT+Graphene
Angstron nanocomposites in air (a) and in argon (b) at a heating rate of 10°C/min.

Table 43 Temperatures corresponding to 5 and 10 % weight loss, activation energy and the temperature
at maximum of weight loss rate for the PTT-PTMO/SWCNT+Graphene Angstron nhanocomposites

obtained in air and argon atmosphere

Symbol Ts06- °C Ti00- °C Torer, °C Tore °C

Measurement carried out in an oxidizing atmosphere

PTT-PTMO 331 352 400 499
PTT-PTMO/0.1 SWCNT+0.1G 355 368 399 507
PTT-PTMO/0.3SWCNT+0.3G 355 358 401 504
PTT-PTMO/0.5SWCNT+0.3G 350 369 403 515

Measurement carried out in argon

PTT-PTMO 374 382 408 -
PTT-PTMO/0.1 SWCNT+0.1G 366 377 406 -
PTT-PTMO/0.3SWCNT+0.3G 368 379 407 -
PTT-PTMO/0.5SWCNT+0.3G 367 380 409 -

Mechanical properties of polyester hybrid nanocomposites

It is well known that the modulus of the fiber or particulate reinforced composites is
dependent mainly on the moduli and volume fractions of composites constitutes. Because
CNT and graphene platelets have similar moduli approximately 1 TPa within the elastic limit,
the CNT/graphene derivatives nanocomposites should have a similar modulus as far as the
total filler content are the same. Fig. 82 are typical stress—strain curves for the dumbbell shape
samples of PET/hybrid nanocomposites prepared in this work. From these curves, we have
measured the Young’s modulus, E, yield stress oy, and strain gy, tensile strength, op,, and the
strain at break (ductility), €p. These parameters are shown as a function of nanofillers content
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in Table 44. The nanotube-only nanocomposites with higher concentration of nanotubes (0.05
wt %) had modulus strength and ductility values of: E = 2.57 GPa, o, = 66.6 MPa and g, =
2.6%. On the other hand expanded graphite-only nanocomposite with 0.1 wt % of EG
exhibited modulus strength and ductility values of: E = 2.54 GPa, o, = 65.9 MPa and higher
than nanotubes ¢, = 21.4%. However, more interestingly, when expanded graphite is added to
the nanotubes to form a hybrid, both stiffness and strength were comparable to the values
obtained when only nanotubes or graphene plataletes were added i.e 2.50 GPa and 63.1 MPa,
respectively for PET/0.05SWCNT+0.1EG. These values are close to values of neat
poly(ethylene terephthalate) which is a tough and ductile material. As both nanofillers were
added as the mixture to neat PET matrix, the modulus and strength tend to fall off, if
compared to nanocomposites based on one of those carbon nanofillers, and only in case of
hybrid composition with 0.05SWCNT and 0.1EG. It has been proposed that nanotubes relax
under applied stress by the motion of inter-tube or inter-bundle junctions, while graphene
planes moving relative to each other by improving ductility of hybrid nanocomposites (when
an addition of EG was lower than 0.05). It is also possible that the addition of small quantities
of expanded graphite impedes the deformation of the network and hinders junction motion.
This would mean greater stress would be required to cause a given amount of junction motion
resulting in an increased modulus. In addition it is likely that stress would build at the jammed
junctions. Thus, failure would tend to occur at higher stresses and lower strains resulting in
increased strengths and reduced ductility, as observed

Table 44 Tensile properties of PET/SWCNTs+EGI hybrid nanocomposites

E Gy &y () &p

Sample GPa MPa % MPa %
PET 2.08 £0.14 68.8+ 0.9 3.6+0.2 38.1+£9.7 121.3+12.4
PET/0.025 SWCNT 2.59+0.15 689+22 3.44+03 339+1.9 724+ 8.6
PET/0.05 SWCNT 2.57+0.13 68.9+ 1.7 3.1+0.5 66.6 +4.1 26+0.6
PET/0.025 SWCNT+0.025 EG 2.31+0.2 742+2.5 1.3+0.1 41.3+4.5 71.2+73
PET/0.05 SWCNT+0.05 EG 2.03+0.3 69.5+3.5 1.3+0.1 60.7+5.3 123+ 0.9
PET/0.05 SWCNT+0.01 EG 2.50+0.40 73.9+0.8 1.3+0.1 68.1+ 8.2 3603
PET/0.025 EG 2.15+£0.08 74.0+29 1.4 £0.1 37.1+7.9 268 +20.7
PET/0.05 EG 2.46+0.10 70.6+29 1.3+0.1 373+5.6 116 £20.4
PET/0.1 EG 2.54+£0.05 65.0+5.2 1.1+£0.1 65.9+83 21.4+32

E — Young’s modulus; Gy - yield strength (elastic limit); &, — yield strain, oy, &, - stress and strain at break
respectively
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Fig. 82 Representative stress strain curves of PET/SWCNT+ EGI nanocomposites.

Mechanical properties were analyzed also for the SWCNT KNT 95 + EGII reinforced
PTT hybrid composites are shown in Figure 83. Here the stress is plotted against strain for all
investigated samples. The values for the Young’s modulus, E, yield stress (elastic limit) oy,
and strain gy, tensile strength, op, and the strain at break (ductility), e, are additionally
summarized in Table 45. All “single” nanocomposites exhibited moduli values similar to the
neat PTT. These values are similar to values previously reported for PTT/MWCNT-COOH
nanocomposites prepared in our lab [15]. With an addition of EG of 0.1 wt % to nanotubes of
0.05 wt %, an increase in the Young’s modulus from 2.38 to 2.44 MPa is observable.
However, the increase of amount of CNT to 0.1 wt % in the mixture with EG causes then the
decrease in modulus. Probable it was due to the dispersion state in case of nanocomposite
with lower amount of nanofillers. The elongation at break seems to be nearly constant for all
,,single” nanocomposites, but in comparison to pure PET this value dramatically decreased.
Only slight increase in ductility for hybrid nanocomposites was observed. It is caused by an
immobilization of the polymer chains and plays a significant role when a CNT network is
formed. Poorer results observed for PTT with 0.1SWCNT+0.1EG supposed to be that with a
higher CNT loading the homogeneous dispersion of the tubes is getting more difficult
resulting in the existence of agglomerates which are not dispersed. Probably cracks are
originated at such CNT agglomerates which behave as stress concentrators. Here, in
dependence of the aspect ratio and the orientation of the single platelets crystallization at
smaller strains that does not appear for the unfilled samples, has been observed. Similar
effects could occur with CNT as reinforcing filler, if during the stress/strain measurements, an
orientation of the tubes takes place. Such behavior could explain the increase of the stress
especially at low strain compared to pure PTT, where the addition of both types of nanofillers
induced crystallization resulting in decrease in ductility. However, since a combination of
different types of filler are applied, a clear statement seems to be difficult. Here further
investigations are necessary.

145



Table 45 Tensile properties of PTT/SWCNTSs+EG hybrid nanocomposites

E Oy &y Op €p

Sample GPa MPa % MPa %
PTT 2.36 £0.05 50.2+9.5 1.42+0.3 28.6+97 178 +£32.4
PTT/0.025 SWCNT KNT 2.36+0.12 68.9+5.5 1.38£0.1 68.9 +£5.6 3.81 £0.1
PTT/0.05 SWCNT KNT 2.38 £0.13 58.8+9.2 1.11£0.1 61.5+53 2.64 £0.1
PTT/0.1EG+0.05SWCNT-KNT 2.44 +£0.07 57.1+1.3 1.25+0.1 45.1+34 16.3 £0.1
PTT/0.1EG+0.1SWCNT-KNT 2.29+0.05 59.4+3.2 1.30+0.2 523+2.3 11.2 £0.2
PTT/0.1EG 2.37+0.12 723+4.5 1.46 + 0.1 472 +6.7 1.89 £0.3

E — Young’s modulus; Gy - yield strength (elastic limit); &, — yield strain, oy, &, - stress and strain at break
respectively

__ PTT/0.1SWCNT+0.1EG

PTT/0.025SWCNT

Stress [MPa]

0.05SWCNT PTT/0.05SWCNT+0.1EG
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Fig. 83 Representative stress strain curves of PTT/SWCNT KNT + EGII nanocomposites.

Mechanical properties of hybrid nanocomposites based on multiblock copolymer

The tensile properties of the PTT-PTMO/SWCNT+graphene hybrid nanocomposites
were examined. Fig. 84 shows typical stress—strain curves for PTT-PTMO block copolymers.
To make the plots more understandable, the obtained data are presented in two separate
figures, in which the results obtained for the hybrid nanocomposites were compared to those
obtained for graphene (a) and carbon nanotubes (b). As summarized in Table 46, there was a
clear tendency that the tensile modulus increases and elongation decreases with an increase
hybrid system content. In case of an addition of hybrid system of carbon nanofiilers the
similar effect has been observed, as previously observed and described for PTT-
PTMO/SWCNT (Chapter , page). Carbon nanofillers (SWCNT and Graphene) added in small
amount to PTT-PTMO elastomer increases tension related to deformation, limiting the free
length of chains which are located between physical nodes of the network / matrix (they
create additional physical nodes). However, this effect was much stronger when two
nanofillers were used. For pristine PTT-PTMO the tensile modulus was 118 MPa. With the
incorporation up to 0.3 wt % of Graphene, the tensile modulus decreased to ca. 131 MPa,
which is ca. 11 % higher than that of the neat PTT-PTMO block copolymer. However, in
case of PTT-PTMO/SWCNT the significant increase up to 162 MPa. The increase in the
modulus was accompanied with decrease in the elongation at break for nanocomposites with
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graphene and with 0.1 wt % of SWCNT. Only slight increase in g, for PTT-
PTMO/0.3SWCNT to 639 % was observed. Addition of hybrid system further increased the
modulus to 149 MPa, 178 MPa and 212 MPa, for 0.1SWCNT+0.3G, 0.3SWCNT+0.1G and
0.5SWCNT+0.1G respectively. Hybrid nanocomposite with the concentration of 0.5 wt % of
nanotubes and 0.1 wt % of graphene achieved modulus value, which is ca. 68 % higher than
the pristine elastomer. Thus the tensile measurements revealed that the effect of hybrid
nanofillers system is more pronounced on the tensile modulus. The pronounced increase in
the tensile modulus reflects the reinforcement effect attained by the dispersion of the
nanotubes and graphene platelets into PTT-PTMO matrix. Calorimetric studies for obtained
PTT-PTMO/hybrid nanocomposites (Table 40) showed only small differences in the polymer
melt enthalpy and negligible increase in degree of crystallinity. Therefore, the observed here
improvement in the tensile properties at low nanofillers’ loading cannot be due to a change in
crystallinity and is more likely caused by the presence of SWCNTs and graphene
nanoplatelets next to PTT hard domains dispersed in PTMO-rich soft phase. Similar results
has been also previously observed for PTT-PTMO nanocomposites with graphene oxide (GO)
[388] and montmorillonite (MMT) [389]. Elongation at break, on the other hand, decreased
significantly for PTT-PTMO/0.5SWCNT+0.1Graphene. At the same time, an increase in the
permanent set accompanying to the deformation of 100% was observed, by means of limited,
in only small extent, reversible deformation range. The synergistic toughening mechanisms of
combination of SWCNT and graphene has been observed for PTT-PTMO block copolymer.
This strong effect has been previously observed in described system in enhancement of
electrical conductivity (Fig.75 c).

Table 46 Tensile properties of PTT-PTMO/SWCNT + Graphene Ang hanocomposites

E 6(100%) oy € Op €

Sample MPa MPa MPa % MPa %
PTT-PTMO 1183+1.5 12.7+0.1 13.6+0.2 448+ 09 20.3+0.7 625+ 12
PTT-PTMO/0.L G 1230413 128401 134402 504+13 203+0.1 594 12
PTT-PTMO/0.3 G 1317441 131401 137401 49.6+0.1 19.8+02 594 + 14

PTT-PTMO/0.1 SWCNT+0.3 G 1492+2.7 13.6+0.1 14.0+0.1 49.8+0.8 192+03 634+29
PTT-PTMO/0.3 SWCNT+0.1 G 1783+69 13.9+0.1 144+0.1 48.1+1.1 204+02 642+21
PTT-PTMO/0.5 SWCNT+0.1G  212.2+6.5 14.1+0.1 14.6 £0.9 47.6+1.2 185+12 542+59
PTT-PTMO/0.1 SWCNT 145139 13.6=+0.3 142+02 478+08 20706 617+24
PTT-PTMO/0.3 SWCNT 1625+25 13.7+0.1 141+£01 49.7£0.5 199+02 639+13

E — tensile modulus; 6(100%) - stress at strain of 100%; Gy, &, — yield stress and strain respectively, oy, €, - Stress and
strain at break respectively
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Fig. 84 Representative stress strain curves of PTT-PTMO/SWCNT + Graphene Ang hybrid
nanocomposites a) in comparison to PTT-PTMO/Graphene Ang and b) in comparison to PTT-
PTMO/SWCNT nanocomposites.
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18. Summary and conclusions

Within the framework of the present dissertation thesis, the research experiments were
conducted on the preparation and characterization of polymer composites containing carbon
nanotubes, graphene derivatives and hybrid systems of both CNTs/graphene derivatives, in
which condensation polymers constituted the matrix. Polymer nanocomposites, including
polymer hybrid nanocomposites, are a relatively new group of engineering materials with
promising, yet not fully known, physical properties, requiring the use of appropriate methods
of production due to the size and properties of the dispersed phase. The use of in situ
synthesis allowed to obtain composites with a high degree of homogeneity, which is a key
issue for further industrial applications, while the analysis of the properties of obtained
materials showed effect of the addition of carbon nanotubes and graphene derivatives on their
structure, physical transitions, thermal stability, mechanical strength and electrical
conductivity. The knowledge gained in the course of preparation of this PhD thesis is
important from the cognitive point of view and contributes to the development of this new
group of composite materials.

General conclusions drawn based on the results presented in the dissertation are as follows:

1. Using in situ synthesis, i.e. the introduction of carbon nanofillers into polymer during
its synthesis, preceded by dispersing nanoparticles in a liquid substrate with the use of
mechanical and ultrasounds treatment, while in the case of graphene nanoplatelets
additionally ultra-low-power sonic bath, allows to obtain nanocomposites in which the
dispersed phase is characterized by homogeneous dispersion in the entire volume of
the system. The validity of the use of ultra-low power sonic bath for 8h was confirmed
for nanocomposites based on PET. The use of ultrasonic waves probably resulted in
increase the interlayer distance (further exfoliation) and thus led to an even
distribution of graphene nanoplatelets in the entire volume of the nanocomposite. The
effectiveness of the in situ method was confirmed as applied to thermoplastic
polyesters: poly(ethylene terephthalate) and poly(trimethylene terephthalate) and
thermoplastic elastomer based on PTT (PTT-block-PTMO), obtained by condensation
polymerization, and the different structures/forms of carbon nanoparticles.

2. The obtained nanocomposites may be processed by conventional methods for
thermoplastics, which was confirmed using the injection molding method, while
preserving the ease of forming characteristic for the polymers constituting the matrix.
This gives the wide possibilities of the use of nanocomposites in terms of design,
forming complicated workpieces, profiles, etc.

3. Introduction to polymers (PET, PTT, PTT-PTMO), single walled
carbon nanotubes and graphene derivatives allows to obtain composites with improved
or new physical/utility features with respect to the properties of the matrix,
expanding their functional character. The observed improvement in properties,
however moderate, if compared to the expectations resulting from exceptional
physical properties of carbon nanotubes. Only in the case of hybrid nanocomposites
based on PTT-block-PTMO the synergic effect was observed in both mechanical and
electrical properties. Probable explanation of enhancing the electrical conductivity and
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mechanical strength of PTT-PTMO/SWCNT by Graphene Ang, which proved to be
non-conductive, was that carbon nanotubes were hitched to the residual functionalized
groups on the surface of graphene. Since these groups were “deactivated” by carbon
nanotubes, the free movement of electrical charge was observed in case of PTT-
PTMO hybrid nanocomposites.

The effect of the interaction between the polymer and the dispersed phase in the
nanocomposites is not uniform and depends on both the chemical structure and
properties of the matrix, as well as the structure of carbon nanofillers; does not allow
to formulate clear conclusions and requires individual analysis for each surveyed
polymer system.

Characteristics of the physical properties of the obtained polymer nanocomposites proved
that the addition of both carbon nanotubes and graphene derivatives with a concentration of
not higher than 0.6 wt % to condensation polymers allows to obtain lightweight composite
materials, exhibiting enhanced thermal stability, improved mechanical properties and
electrical conductivity. These features come together with the requirements of modern
materials for various industries and are the result of the phenomena occurring in the polymer
in the presence of carbon nanofillers of different shapes (1D and 2D) and the interaction
between the two phases.

Analysis of the effect of the addition of carbon nanoparticles on the properties of PET,
PTT and PTT-PTMO allowed to draft the specific conclusions:

the presence of CNTs and graphene nanosheets in the melt polymer during cooling
significantly speed up the crystallization process, regardless of the type of
nanoparticles, while significantly in terms of polymer matrix; so in case of PET a
slight effect (3-7 °C) was observed, in PTT matrix this effect was even more visible
(15-20 °C), while the greatest differences were observed for thermoplastic elastomers
(20-30 °C), wherein for PTT-PTMO/0.5SWCNT+0.1G hybrid nanocomposite the shift
of the crystallization peak up to 45 °C was recorded; however, there was no effect on
the glass transition temperature, which allows to extend the temperature range of
formation of the crystalline phase, and has a technological significance; the structure
of the forming phase and its quality are related to type of nanofillers (1D, 2D or the
mixture of both) and the ,,sensitivity” of the matrix on their presence (i.e. PET); in
general, addition of both nanofillers increased the degree of crystallinity, and the
differences in its quality are seen at the melting endotherms;

the introduction of carbon nanoparticles into polymer matrices has not significantly
affected the thermal stability of obtained nanocomposites at inert atmopshere;
however, the addition of SWCNT and graphene derivatives individually and in the
mixture of both effects in enhancement of thermo-oxidative stability, both in
thermoplastic polyesters (PET, PTT) and thermoplastic elastomers (PTT-PTMO); the
addition of both carbon nanotubes, graphene, and mixtures of both imply an increase
of thermal stability of nanocomposites, as can be seen by shifting the beginning of the
chemical decomposition temperature of up to 20-25 °C for composites based on the
used matrices even at the lowest concentrations of nanoparticles;
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the presence of the nanoparticles results in a moderate increase in the mechanical
properties, including tensile strength; this is particularly evident in the case of
polyesters, where there is an increase of the Young’s modulus with a definite
deterioration of flexibility; increasing the maximum stress and elongation at break
during the stretching is particularly evident in nanocomposites based on thermoplastic
elastomers wherein the values obtained for strength parameters do not depend on the
type of nanoparticles; for composites based on thermoplastic polyesters the
mechanical strength remains at the level of the matrix;

for nanocomposites based on thermoplastic elastomers in case of mechanical
properties the synergic hybrid effect has been observed; the addition of carbon
nanotubes together with graphene nanosheets caused the strength increase of 68 % for
the highest concentration of nanofillers;

graphene nanoplatelets (EGI, EGII, EG50, EG500, FLG, Graphene Angstron) found
to be impervious to oxygen and carbon dioxide, providing barrier resistance. PET
based nanocomposites with 0.025 wt % of EGI showed a reduction in oxygen
permeability of about 22 %, but the addition of 0.2 wt % of EG reduced permeability
about 71 % if compared to neat PET. The change in oxygen permeability of PET
based nanocomposites was controlled by the nanosheets content, nanostructure and
sample thickness, since it was observed that the degree of crystallinity and sample
thickness play a critical role in barrier properties enhancement of nanocomposites. The
smaller concentration in case of PTT based nanocomposites with nanoflakes with
large surface area (~500 um) was a critical factor to obtain proper dispersion that
constitute a barrier to the diffusion of the CO, and O, molecules. However, the greater
improvement in barrier properties was achieved for nanocomposites based on
nanoplateletes with smaller surface area i.e. EGII (~50 um), Graphene Angstron (~10
um) and FLG (~2 um). Graphene Angstron allows to obtain nanocomposites that were
almost completely impermeable to O, molecules. The diffusion mechanism was not
possible when nanosheets were homogenously dispersed, since they create the
tortuous paths to gases. In all cases graphene platelets really do act as a barrier to the
diffusion paths.

nanocomposites based on PET, PTT and PTT-PTMO with carbon nanotubes showed
the percolation threshold of 0.4, 0.05 and 0.3 wt % respectively; on the other hand the
addition of graphene nanoplatalets, only in case of nanocomposites based on PET
allowed to obtain conductive polymers with percolation threshold of 0.05 wt %;
hybrid nanocomposites based on thermoplastic polyesters didn’t demonstrate the
synergic effect in case of electrical conductivity; in PET matrix, low-purity SWCNTs
disturbed the percolation paths formed by nanoplatelets of EG, whereas in case of
PTT, nanosheets of EG didn’t affect the electrical conductivity received via paths
forms by carbon nanotubes of high-purity;

as with mechanical properties, also in case of electrical conductivity, hybrid
nanocomposites based on PTT-PTMO with an addition of SWCNTs+Graphene
allowed to observe the synergic hybrid effect, where non-conducting (2D) nanofiller
improved the conductivity in the mixture with one-dimensional (1D) nanofiller; for all

151



hybrid systems the schematic models showing the probable explanation for the
presence or absence of a positive hybrid effect has been proposed.

Implementation of this PhD thesis has brought a lot of new information about obtaining
and characterization of polymer hybrid nanocomposites, however it also revealed some
scarcities of those materials, which at this stage are not entirely understandable, including lack
of correlation between the materials structure and their mechanical properties and lack of
significant correlations between the change of a given parameter and the increase in
concentration of nanoparticles. One of the possible explanations, that has been already
mentioned several times in this thesis, is the molecular weight of polymer matrix, which can
affect a number of properties of the final nanocomposite. The means for eliminating this
phenomenon in the course of further research is the application of the third stage of the
synthesis process — post-polycondensation in the solid state (a separate reactor required).

The acquired knowledge indicates the potential of a new group of materials, which are
polymer hybrid nanocomposites and might be useful or their further development.
Determination of the conditions of obtaining hybrid nanocomposites during synthesis of
polymer matrix is the basis to develop new technologies for receiving those materials in pilot-
scale and in industrial scale. Among the potential applications of the designed composite
materials based on thermoplastic polyesters, particularly interesting seems to be the
possibility of spinning high-modulus electro-conductive fibers. Moreover, the observed
positive hybrid effect in the case of thermoplastic elastomers will allow lowering the final
price of the finished product (suitable selection of properties at the optimum price), which can
be characterized by good electrical conductivity with, at the same time, improved mechanical
properties.
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“Polymer hybrid nanocomposites containing carbon nanoparticles. In situ synthesis and
physical properties”

PhD Thesis

Sandra Paszkiewicz

Abstract

The main objective of this PhD thesis was to attempt the use of the enormous potential
of hybrid carbon conductive nanoparticles and their extraordinary mechanical and thermal
properties to obtain polymer nanomaterials, based on condensing polyesters (PET, PTT) and
thermoplastic elastomers (PTT-PTMO) by in situ polymerization. The influence of the
addition of carbon nanotubes, graphenes, and mixtures of both, on the mechanical, electrical
and processing properties was observed. In addition, the effect of different varieties of
graphene on barrier properties of thermoplastic polyesters has been examined. To obtain
polymer hybrid nanocomposites, two kinds of single walled carbon nanotubes, and six
different types of graphenes, varying in flake size, but also in the number of platelets were
used. Investigated materials are classified as nanocomposites, a new group of engineering
materials with promising, but not fully known physical properties, requiring the use of
appropriate methods of production due to the size and properties of the dispersed phase.

The subject of research presented in the doctoral thesis was to confirm the possibility
of obtaining polymer hybrid nanocomposites containing nanoparticles differ in shape (aspect
ratio) (1D and 2D), which due to the high aspect ratio and a specific high surface area show a
strong tendency to agglomeration, which is difficult to provide the effective distribution in the
polymer matrix. Resulting in the process of chemical synthesis of the polymer matrix (in situ)
polymer hybrid nanocomposites were characterized by a high degree of uniformity of the
structure and improved physical properties. Efficiency of in situ polymerization in obtaining
hybrid nanomaterials has been evaluated through synthesis of thermoplastic polyesters (PET
and PTT) along with thermoplastic elastomers (PTT-PTMO). The effect of the addition of
nanofillers, either of each individual, as well as mixtures of both, on the properties of the
polymer matrix was assessed by morphology analysis, phase transitions and crystal structure,
thermal stability, barrier properties (for 2D nanoparticles), mechanical strength and electrical
conductivity.

Implementation of this PhD thesis has brought a lot of new information about
obtaining and characterization of polymer nanocomposites. Conditions for preparing 1D and
2D nanoparticle dispersions in a liquid substrate has been established using ultrasonic
vibration alternately with a mechanical stirrer (and additionally for 2D nanostructures a few
hours' use of weak ultrasounds) and conducting the synthesis depending on the type of
polymer matrix. It was also shown that the addition of single-wall carbon nanotubes and
graphene nanoplatelets with a concentration of not higher than 0.6 wt % to the condensation
polymers allows obtaining lightweight, electrically conductive composite materials with
improved thermal stability and improved mechanical properties. Additionally, for
nanocomposites based on PTT-PTMO the positive hybrid effect has been observed, for both,
improvement in mechanical properties and electrical conductivity. The observed synergistic
hybrid effect may be a response to the demands posed by modern materials for various

183



industries and are the result of the phenomena occurring in the polymer in the presence of
carbon nanoparticles and the effects on the verge of a filler- filler and filler-polymer. The
knowledge gained in the course of the carried out work is an important cognitive and
contribute to the development and application of this new group of composite materials.
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“Hybrydowe nanokompozyty polimerowe z udziatem nanoczastek we¢glowych. Synteza in
situ 1 wlasciwosci fizyczne”

Praca doktorska

Sandra Paszkiewicz

Streszczenie

Glownym celem niniejszej pracy doktorskiej byta préba wykorzystania ogromnego
potencjalu hybrydowych nanoczastek weglowych przewodzacych prad elektryczny i ich
nadzwyczajnych wilasciwosci mechanicznych i cieplnych do otrzymania nanomateriatow
polimerowych, na bazie poliestrow kondensacyjnych (PET, PTT) oraz elastomerow
termoplastycznych (PTT - PTMO) metoda polimeryzacji in situ. Oceniono wptyw dodatku
nanorurek weglowych, grafendéw oraz mieszaniny ich obu, na wilasciwos$ci mechaniczne,
elektryczne oraz ich przetworstwo. Dodatkowo zbadano wptyw réznych odmian grafenéw na
wlasciwosci  barierowe  poliestrow  termoplastycznych. Do  otrzymania badanych
nanokompozytow wykorzystano dwa rodzaje jednosciennych nanorurek weglowych oraz
sze$¢ roznych odmian grafendw, rdznigcych si¢ wielkoscig ptatkow, ale tez iloScig phytek.
Badane materiaty zaliczane sa do nanokompozytoéw, nowej grupy materialdéw inzynierskich o
obiecujacych, lecz nie w pelni poznanych wlasciwosciach fizycznych, wymagajacych
zastosowania odpowiednich metod produkcji ze wzgledu na rozmiary oraz wlasciwosci fazy
rozproszonej.

Przedmiotem badan przedstawianych w rozprawie doktorskiej bylo potwierdzenie
mozliwo$ci otrzymania hybrydowych nanokompozytéw polimerowych, zawierajacych
nanoczastki réznigce sie ksztaltem (wspdiczynnikiem ksztattu) (1D oraz 2D), ktore ze
wzgledu duzy wspotczynnik ksztattu oraz duza powierzchnig¢ wiasciwg wykazuja silng
tendencje do aglomeracji, co stanowi trudnos¢ w zapewnieniu efektywnej ich dystrybucji w
osnowie polimerowej. Otrzymane w procesie syntezy chemicznej osnowy polimerowej (in
situ) hybrydowe nanokompozyty polimerowe charakteryzowaty si¢ wysokim stopniem
jednorodnosci struktury oraz polepszonymi wilasciwosciami fizycznymi. Efektywnosé
polimeryzacji in situ w otrzymaniu nanomateriatbw hybrydowych zostala oceniona w
zastosowaniu do nanokompozytoéw na bazie poliestrow termoplastycznych (PET, PTT) oraz
elastomerow termoplastycznych (PTT-PTMO). Wplyw dodatku nanonapehniaczy, zaréwno
kazdego z osobna, jak 1 mieszaniny ich obu, na wiasciwosci osnowy polimerowej badano na
podstawie analizy morfologii, przemian fazowych oraz struktury Kkrystalograficznej,
stabilnos$ci termicznej, barierowosci (tylko dla nanoczastek 2D), wytrzymalo$ci mechanicznej
i przewodnictwa elektrycznego.

Realizacja niniejsze] rozprawy przyniosta wiele nowych informacji na temat
otrzymywania 1 charakterystyki nanokompozytow polimerowych. Ustalono warunki
przygotowania dyspersji nanoczastek 1D oraz 2D w cieklym substracie z wykorzystaniem
drgan mieszadta ultradzwickowego naprzemiennie z mieszadtem mechanicznym (oraz
dodatkowo dla nanostruktur 2D wykorzystanie wielogodzinnego oddziatywania stabych
ultradzwigkéw) oraz prowadzenie syntezy zaleznie od rodzaju osnowy polimerowe;.
Wykazano ponadto, Zze dodatek jednosciennych nanorurek weglowych oraz nanoplytek
grafenowych o stezeniu nie wyzszym niz 0.6 % wag. do polimeréw kondensacyjnych
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pozwala na otrzymanie lekkich, elektrycznie przewodzacych materiatow kompozytowych o
podwyzszonej stabilno$ci termicznej i polepszonych wiasciwosciach mechanicznych.
Dodatkowo dla nanokompozytéw na bazie PTT-PTMO zostat zaobserwowany pozytywny
efekt hybrydowy, zarowno w przypadku poprawy wlasciwosci mechanicznych jak i
przewodnictwa elektrycznego. Zaobserwowany synergiczny efekt hybrydowy moze stanowic¢
odpowiedz na wymagania stawianymi nowoczesnym materialom przez rdézne galezie
przemystu i sg wypadkowa zjawisk zachodzacych w polimerze w obecnosci nanoczastek
weglowych oraz oddziatywan na granicy nanonapetniacz- nanonapelniacz oraz
nanonapetniacz - polimer. Wiedza uzyskana w toku przeprowadzonych prac ma duze
znaczenie poznawcze i stanowi wktad do rozwoju i aplikacji tej nowej grupy materiatow
kompozytowych.
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Polymer nanocomposites filled with carbon-based nanoparticles have found the attention of
scientists for about two decades, especially since the emergence of new carbon based
nanoparticles as carbon nanotubes (CNTs), which have exceptionally high mechanical proper-
ties together with very high thermal and electrical conductivities. Researchers immediately saw
the great potential of this fascinating new, strong, electrical and thermal conductive material,
as an excellent additive to reinforce polymers or to transfer them into a conductor when used
as a filler, with the prerequisite of an even distribution of the nanoparticles in the polymer ma-
trix. In the case of electrical conductivity a re-agglomeration of the formerly finely distributed
nanoparticles results in good properties. In literature an immense amount of research has
been reported on thermoset polymers, mainly epoxies. Also thermoplastic polymers have been

studied extensively, while for thermoplastic elastomers only very few systematic studies exist.

The West Pomeranian University of Technology in Szczecin has a long tradition in polymer re-
search which is highlighted by the development of the syntheses thermoplastics and especially
thermoplastic elastomers. Various patented co-polymerisation processes have been developed.
Knowing about the difficulties to finely distribute nanoparticles in a thermoplastic polymer they

developed an in situ synthesis in which the nanoparticles are pre-dispersed in one of the proc-
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essing substances for the polymerisation process. Due to this fact, the process allows also to

finally distribute nanoparticles evenly in the synthesized thermoplastic.

Sandra Paszkiewicz was aware of the fact that CNT polymer composites have not perfectly
reached the expected properties and commercial success, partly due to overestimating its po-
tential, partly that carbon nanotubes have not yet reached their optimal properties. However,
the properties can be tailored towards application. They can be synthesized in numerous
shapes and structures (SWCNT, DWCNT, MWCNT, chirality.....), length and diameter. All having
influence on properties. Therefore she decided to investigate for this dissertation also the novel
and extremely interesting graphite based nanoparticles as graphene, graphene oxide and gra-
phene nanoplatelets. She further investigated the so called “hybrid effect” which means how
two types of different nanoparticles interact with each other in order to further improve the
properties of the synthesized polymeric materials. The hybrid effect has scarcely been studied
in the literature, but preliminary results show a synergetic effect, which means in case of two
different types of nanoparticles being jointly dispersed in the polymer, the properties surpass
those as if only a single particle was used.

From the numerous polymers possible for the study Mrs. Paszkiewicz concentrated on thermo-
plastic polyesters: poly(ethylene terephthalate) and poly(tri-methylene terephthalate) and a
thermoplastic elastomer based on PTT(PTT-block-PTMO) obtained by condensation polymerisa-

tion.

In her well written and structured thesis, Mrs. Paszkiewicz first gives an introduction into
nanocomposite materials in general and into graphene and the graphene allotropes in special.
In the further chapters she describes the processing of polymer nanocomposites and the syn-
thesis of graphene polymer nanocomposites. Finally, she introduces the hybrid nanocompo-
sites. Her overview on the state of the art is perfectly complete and the sub-chapters are
summarized in a very concise manner.

She reserves a chapter on its own for describing the experimental techniques. Also this part is
written in very understandably and in perfect way.

The main part of the work naturally concentrates on the results achieved. She includes in the
presentation of the results also part of the discussion.

Mrs. Paszkiewicz performed a huge number of tests, as she not only varied the type of polymer
from the thermoplastics to thermoplastic elastomers, but also the type of carbon filler used
from carbon nanotubes to graphene oxide and graphene nanoplatelets. This means she has

performed an extremely broad overview on the applicability of graphite fillers in polymers.



@000
11
000 TUHH
poLyMer ComposiTES Prof. Dr.-Ing. Karl Schulte

Results highlighting her research are mainly that with hybrid nanofillers the most excellent
mechanical properties in thermoplastic elastomers can be achieved, with a superior mechanical
strength, resulting from a synergetic effect, when using two nanofillers together. Also in elec-

trical properties, she could find synergetic effects in this type of polymer.

Mrs. Paszkiewicz excellently documented her findings. Her discussions were always enriched by
systematic scanning electron and transmission electron microscopy. Therefore, she could
soundly explain her results and how they depend on the nanoparticle distribution in the matrix
and especially on the interaction between the nanoparticles.

The entire thesis is written very clearly in excellent English All argumentations can be followed
easily while supported by excellent figures and drawings.

Mrs. Paszkiewicz has already published some mayor findings of her work in peer-reviewed in-
ternational journals and has achieved already, at this early stage of her carrier numerous at-

tention while presenting her work in national and international conferences.

I strongly support the committee to accept the thesis as dissertation. I rate it in the top 20 %
of dissertations, which will result in an excellent grade.

Hamburg, AUQUStW

(Prof r-In Karl Schulte)
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Intensywny rozwdj wielu dziedzin techniki powoduje wzrost zapotrzebowania na nowe
materialy polimerowe. Modyfikacja wiasciwosci polimerow moze odbywa¢ si¢ poprzez
modyfikacje fizyczng lub chemiczng. Poprzez modyfikacje polimeréw otrzymano szeroka grupe
nowych materiatéw polimerowych o z gory okreslonych wiasciwosciach. W przypadku mieszanin
polimerowych odbywa si¢ to poprzez zmiane skladu ilosciowego, doboér odpowiednich
modyfikatorow oraz warunkéw przetworstwa. Jednakze w ostatnich latach coraz wigksze
sainteresowanie o$rodkéw naukowo — badawczych wzbudzajg nanokompozyty polimerowe,
otrzymywane poprzez dodanie do matrycy polimerowej napelniaczy o rozmiarach
nanometrycznych. Posrod wielu nanokompozytéw, na szczegblng uwage zashuguja
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nanokompozyty z napelniaczami weglowymi, ktérymi sg nanorurki, fulereny oraz grafen
i jego pochodne. Napetniacze weglowe posiadajg bardzo duza powierzchnig wlasciwa,
bardzo wysoka wytrzymato$¢ mechaniczng oraz bardzo dobre przewodnictwo elektryczne
co jest wielka zacheta do ich stosowania W licznych obszarach nanotechnologit
materiatowej. Dzigki zastosowaniu coraz lepie] poznanych napetniaczy obserwujemy
szybki postep technologiczny w tej dziedzinie, jednakze zrozumienie ich wptywu na
morfologie i wasciwosci fizyczne nanokompozytow jest warunkiem koniecznym rozwoju
tej gatezi wiedzy. Tej tematyce poswigcona jest rozprawa doktorska pani mgr inz. Sandry
Paszkiewicz.

Przedmiotem recenzowanej rozprawy doktorskiej jest otrzymanie nowej generacji
nanokompozytéw polimerowych z wykorzystaniem hybrydowych nanoczastek weglowych
na bazie poliestrow (PET, PTT) oraz elastomerow termoplastycznych (PTT-PTMO)
metoda polimeryzacji in sitiu. Program badan obejmowal syntez¢ polimeréw
i nanokompozytéw, a nastgpnie zbadanie ich morfologii, struktury i wlasciwosci
fizycznych. Mozna uznaé, ze zostal on zaplanowany prawidlowo, a do osiagnigcia
wyznaczonego celu zastosowano whasciwe metody badawcze. Tematyka rozprawy jest
bardzo interesujaca, posiadajaca zaréwno aspekty naukowe jak i aplikacyjne co w pelni
uzasadnia jej wybor przez doktorantke.

Opiniowana rozprawa napisana jest w jezyku angielskim i ma klasyczny uktad prac
doktorskich. Sktada si¢ ze wstepu (przegladu literaturowego), opisu metod
eksperymentalnych oraz czg$ci w ktorej przedstawiono wyniki badan oraz ich dyskusje.
Rozprawa zawiera ponadto cel pracy, podsumowanie, wnioski, spis literatury, rysunkow,
tabel oraz streszczenie Taki podzial rozprawy ulatwia Sledzenie kolejnych etapow
prowadzonych badan. Praca zawiera w sumie 190 stron, 84 rysunki, 46 tabel i odwoluje si¢
do 389 pozycji literaturowych, w tym w wiekszosci opublikowanych w ostatnich latach
i obejmuje wszystkie najwazniejsze prace zwiazane z obszarem badan bedacym podstawa
rozprawy. Jako recenzent, po raz pierwszy oceniam rozprawe z tak ogromna liczba
cytowanych publikacji, pozostaj¢ jednak w przekonaniu, ze doktorantka z nich
rzeczywiscie korzystala, a nie zastosowata metody ,,cytat cytatu”.

' pierWszej czeéei rozdziatu zatytutowanego ,,Wprowadzenie” doktorantka przedstawita
obecny stan wiedzy w odniesieniu do nanorurek weglowych. Podata charakterystyke
nanorurek jednosciennych (SWCNT) oraz wielosciennych (MWCNT), wskazujac ze
budowa morfologiczna nanorurek jest determinowana gléwnie przez orientacj¢ i wartosc

wektora chiralnego. Nastepnie przedstawita metody wytwarzania nanorurek oraz
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chemiczne metody ich modyfikacji prowadzace do zwiekszenia powinowactwa
z polimerami, gdyz otrzymanie nanokompozytu polimerowego z nanorurkami weglowymi
wymaga zapewnienie jednorodnej dyspersji napetniacza w matrycy polimerowej. Wedhug
przywolywanych danych literaturowych, nanokompozyty 2z nanorurkami  weglowymi
posiadaja bardzo dobre whasciwoséci mechaniczne, elektryczne, reologiczne i termiczne,
jednakze ich szerokie zastosowania ograniczaja wysokie koszty.

Druga czes¢ przegladu literaturowego dotyczy charakterystyki grafenu, innego napelniacza
z rodziny atomowych form wegla, niezwykle intensywnie badanego w wielu $wiatowych
oérodkach naukowych. Doktorantka dokonata przegladu metod otrzymywania grafenu,
pochodnych grafenu oraz nanokompozytow. Majac na uwadze cel rozprawy, szczeg6lnie
wazna jest analiza obecnego stanu wiedzy dotyczacego otrzymywania nanokompozytow
polimerowych z zastosowaniem grafenu i jego pochodnych, metoda polimeryzacji in sitiu.
Przedstawiono unikalne wlasciwosci mechaniczne, elektryczne, reologiczne i termiczne
tych nanokompozytow. Rozdziat konczy przedstawienie osiagnigé badawczych
dotyczacych hybrydowych nanokompozytéow z dwoma lub trzema napelniaczami
weglowymi oraz obszaru ich zastosowan. Przeprowadzona analiza aktualnego stanu wiedzy
umozliwila opracowanie wilasciwego programu badan doktorantki oraz zastosowanie
odpowiednich metod i technik badawczych.

W czesci eksperymentalnej zamieszczono charakterystyke materiatdw uzytych do
syntezy poliestrow (PET, PTT, PTT-PTMO) oraz charakterystyke napelniaczy weglowych:
nanorurek jednosciennych (SWCNT), grafitu (EG) i grafenu. Nastgpnie doktorantka
oméwita proces przeprowadzonej syntezy poliestrow z wykorzystaniem reaktora do
polikondensacji. Istotnym etapem prowadzonych badan bylo wlasciwe przygotowanie
probek nanokompozytéw. Dalsza cze$¢ doswiadczalna rozprawy poswigcona jest
stosowanym metodom badawczym, aparaturze badawczej oraz warunkom pomiar6w.
Wyniki badan i ich dyskusja, stanowig najbardziej obszerna czg$¢ rozprawy 1 sa
prezentowane zaréwno w tabelach, na zdjgciach oraz wykresach.

Przedstawione w rozprawie wyniki sa wartociowe, nie budza zastrzezen recenzenta i sa
potwierdzeniem duzych osiagni¢¢ naukowych doktorantki. Znaczna cz¢$¢ wynikow zostala
juz opublikowana w renomowanych czasopismach naukowych co potwierdza poprzednig
teze. Odkrycie grafenu zapoczatkowato bardzo gwattowny rozw6j obszaru badafh nad
nanokopmpozytami z udziatem tego nanondatku. Problemem jednak jest ciagle technologia
wytwarzania nanokompozytow, w ktérych pojedyncze arkuszy grafenu beda réwnomiernie

zdyspergowane w matrycy polimerowej. Zatem, za najwigksze osiggniecie doktorantki
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uwazam modyfikacje technologii syntezy in sitiu, umozliwiajacej Wwytworzenie
hybrydowych nanokompozytéw, o jednorodnym rozktadzie napeiaczy, ktore ze wzgledu
na duzy wspdlczynnik ksztaltu i powierzchni¢ wiasciwa wykazujg silng tendencje¢ do
aglomeracji. Prezentowane wyniki potwierdzaja wysoki stopien jednorodnosci struktury
nanokompozytéw, znaczng poprawe wiasciwosci mechanicznych, elektrycznych oraz
wyzsza stabilnos$¢ termiczna.
Strona edytorska i graficzna rozprawy doktorskiej zostata przeprowadzona z wielkg
staranno$cia i bardzo trudno wskaza¢ uchybienia czy tzw. literowki.
Jedyna moja uwaga dotyczy zbyt duzego zaufania doktorantki do oceny jednorodnosci
struktury w oparciu o fotografie z mikroskopow elektronowych, zaréwno SEM jak i TEM.
Moim zdaniem, wiele dodatkowych informacji o zmianach struktury matrycy polimerowe;j
i samych napeliaczy, mozna uzyska¢ z niezawodnych w takich przypadkach badan
technika szerokokatowej dyfrakcji promieniowania rentgenowskiego (WAXD) oraz
matokatowego rozpraszania promieniowania rentgenowskiego (SAXS).
Whiosek koncowy

Recenzowana rozprawa doktorska reprezentuje bardzo dobry poziom naukowy.
W podsumowaniu nalezy podkresli¢, ze doktorantka podjeta nowatorski, a zarazem trudny
problem badawczy. Doktorantka mimo ztozonosci zachodzacych procesow prowadzacych
do otrzymania nanokompozytéw polimerowych z weglowymi napeiniaczami, osiagneta
zamierzony cel, wskazujac na najwazniejsze aspekty poznawcze i aplikacyjne. Analityczne
opracowanie wynikow w formie rozprawy doktorskie] wskazuje na dojrzato$¢ badawcza
autorki, duza wiedze w zakresie przedstawionego tematu oraz umiejgtnosé realizacji badan
naukowych. Otrzymane wyniki badan maja duzy walor naukowy i zastuguja na
opublikowanie ~w renomowanych  czasopismach naukowych oraz prezentowanie
na konferencjach naukowych.
W zwiazku z powyzszym stwierdzam, ze praca doktorska mgr inz. Sandry Paszkiewicz
,,Polymer Hybrid Nanocomposites Containing Carbon Nanoparticles. In Sitiu Synthesis and
Physical Properties” w pelni spetnia warunki stawiane pracom doktorskim zgodnie
z ustawg z dnia 14 marca 2003 r. o stopniach naukowych wnosz¢ o dopuszczenie jej do
publicznej obrony. Ze wzgledu na duza wiedze i bardzo dobry warsztat badawczy
doktorantki oraz biorac pod uwage duza warto$¢ naukows i technologiczng rozprawy
doktorskiej, proponuj¢ jej wyroznienie. i |
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