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Abstract

Practically, almost all polymers are solidified from the melts for product-forming
purposes. Therefore, the evolution of solid structure (crystallization behavior) from

their molten form has prime importance in manufacturing high performance materials.

Polyethylene (PE) is one of the most commonly used semicrystalline polymers all over
the world. In this thesis, nanocomposites of PE with thermal reduced graphene (TRG)
(PE/TRG) were prepared via solvent blending and the crystallization of PE has been
investigated using a differential scanning calorimeter (DSC). The nanocomposites
were crystallized from the melts under both isothermal and dynamic conditions, and
evolution of crystal formation is studied using Kinetic analysis. The Kinetic data
obtained from isothermal crystallization experiments showed excellent fit with the
Avrami kinetic theory whereas the dynamic data was better described via Ozawa
kinetic model. The parametrization of crystallization process was carried out using
various models in order to understand energetics involved during crystallization
(solidification) of PE/TRG nanocomposites. The Hoffman-Lauritzen energetic theory
further confirmed that inclusion of graphene reduced work required for crystallization,
thus facilitating the Kinetic growth of the crystals. The graphene nanosheets acted as
nucleating agents by substantially decreasing the time to reach 50% of crystallization.
The quantitative results from the Kkinetic analysis were consistent with other

nanocomposites where the nanofillers acted as nucleating agents.

Keywords: Polyethylene, Graphene, Nanocomposites, Crystallization, DSC.
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Chapter 1: Background

1.1 Overview

With fast developing nanotechnology, polymeric materials are quickly
replacing the conventional materials for many applications due to the characteristics
such as good elongation, lightweight, toughness, easy processing, and low cost [1]. On
the other hand, polymers comparing to metals show a high gas permeability, low
strength, stiffness and flammability as shortcomings. That is why inorganic materials

(fillers) are sometimes required to reinforce polymers to meet property expectations.

1.2 Amorphous vs crystalline polymers

When the polymer melt solidifies in a glassy-like behavior, the molecular
chains are characterized by the absence of long-range order [2]. A polymer lacking the
long-range order is also called an amorphous polymer. The amorphous state can be
specified by the absence of first-order melting transition and any X-ray diffraction
patterns.

Amorphous polymers form only a weak short-range structure ranging from ~10
nm - 50 nm [2]. Figure 1 shows different structural forms for the amorphous state.
The models in this figure are sorted from low to high degree order. The development
of random coil by Flory led to a description of the confirmation of chains[3]. Privalko
and Lipatov developed the relation between folded-chain model and random coil[4].
The Folded-chain fringed-micellar grain model [5] consists of two elements: the inter-

grain region of randomly packed chains, and grain (ordered) domain of quasi-parallel



2
chains. Pechhold made the highest order model between others. In this model, the

defective bundle structure with meander-like folds [6].

b} Y. S Lipatoy

ay ol Ell'!h'.':r' VoS Mrmlko

) 5. 850¥ Yeh d) W. Pechhald et al.

Figure 1: Amorphous state models. (a) The random coil; (b) The randomly folded

chain conformations; (c) Folded-chain fringed- micellar; and (d) Meander model.
On the other hand, the crystalline polymers generally exhibit high rigidity,
strength and ordered chain structure. When polymers are crystallized in the bulk state,
the individual crystallites are microscopic or even submicroscopic in size. They are an
integral part of the solids and cannot be isolated. Hence, studies on crystalline
polymers in the bulk were limited to powder diagrams of the Debye-Scherrer type or
fiber diagrams of oriented materials [7, 8]. In Figure 2, a single crystal of polyethylene
was investigated using electron microscopy and electron diffraction. The structural of

the single-crystal polyethylene is typically diamond-shaped.

Figure 2: Polyethylene single-crystal structure under a) electron microscopy. b)
Electron diffraction with identical orientation. (reproduced with permission from [9,
10)).



1.3 Semicrystalline polymer

Since there is no perfectly amorphous or crystalline polymer, all polymers are
considered semicrystalline. Semicrystalline polymers exhibit the behavior of
amorphous and crystalline phases. In general, the semicrystalline polymers show a
higher degree of complexity in dynamic-mechanical properties than that of the
amorphous ones resulting in changes in the orientation and the order of segments in
polymer molecules. In addition, eventually, semicrystalline polymers exhibit a
different degree of crystallinity and crystalline forms, subsequently leading effect
morphology, structure, and properties of the polymers [11, 12].

The addition of nanofiller to the semicrystalline polymers would alter the
arrangement of packing of the polymer chain, resulting in the formation of lamellar
and spherulite structures. Figure 3 illustrates the shish-kebab structure of pure polymer
after the addition of the nanotube. The nanotube eliminates or reduces the very high-

stress fields that accompany with elongated pure polymer chains [13].

CNT

. Folded

., Polymar
single

i / arystal

Figure 3: Schematic of the shish-kebab structure of pure polymer with nanotube filler
(reproduced with permission from [13]).



1.4 Polymer nanocomposites

Polymers industry started to expand in the 19th century when inorganic
particles (called fillers) were added into polymers to improve their properties (polymer
composites) [14]. Fillers are classified into two groups: reinforcing fillers and non-
reinforcing fillers. The reinforcing fillers improve functional properties of polymers
with the addition of the fillers such as metallic powders, graphite, silica, and carbon
black. On the other hand, nonreinforcing fillers such as calcium carbonate, and wheat
flour, etc. are added to alter the color, reduce the price or change transparency [7].
However, with the advent of nanofillers such as nanosilica, the mechanism of
improving functional properties of polymers changed.

Nanotechnology refers broadly to the understanding and control of matter at
the dimensions of 1 to 100 nanometers [14]. Nanotechnology is playing a major role
in science and engineering fields. The nanomaterials have introduced intriguing
discoveries in areas such as measuring, imaging, manipulating, and modeling matter
at nano-length scale. In various applications, nanotechnology and nanomaterial are
also used for cost-effective technologies [15, 16].

Polymer nanocomposites have shown enormous potential in various
applications since 1960. A mixture of nanotechnology and polymer science revealed
the development of materials with outstanding mechanical, unique chemical and
physical properties due to the high surface area to volume ratio of nanomaterials.
Similarly, electrically and thermally conductive polymer nanocomposites have
introduced important applications in the areas such as adhesives, sensors, antistatic
coatings and films, actuators, and electromagnetic interference shielding materials for

electronic devices [1, 14-22].



1.5 Graphene/polymer nanocomposites

Graphene, a two dimensional, 1-atom thick layer of sp>-hybridized carbons
arrange in a honeycomb-like network. It has proved to be a versatile filler for polymer
nanocomposites. It has the ability to change its shape as rolled into one-dimensional
nanotube and stacked into three-dimensional graphite or into zero-dimensional
fullerenes (more examples are shown in Figure 4). It is an ideal material for electrical
conductivity due to Near-ballistic transport and high mobility. Other properties such
as mechanical and optical properties find its place in the micro- and nanomechanical

systems [23-28].
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Graphite

Grap hene

Figure 4: Allotropic forms of graphite

There are many procedures to produce graphene. A method that is simple and
effective is by rubbing layered crystal with another marital surface. It forms flakes
attached to the marital surface always in a single layer [29]. Another method of
producing the graphene is by fabrication (Figure 5). A study was done by Zhang on

2004[30], which used a highly oriented pyrolytic graphite to extract graphene. In this
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study, graphite was fabricated by micropatterning on a highly oriented pyrolytic
graphite surface. After that, a pillar from graphite was removed from the surface and
glued down by a small amount of ultraviolet sensitive epoxy. Then the graphite sample
was cleaved into SiO»/Si surface using AFM (Nanoscope Illa Multimode, Digital
Instruments). Finally, the cleaved graphite samples were fabricated by electron beam

lithography.

AFM Cartllever

HOPG

leved Nanocrystal

—
Degenerately doped sl

1 Lim

Figure 5: Producing the graphene is by fabrication (a)SEM of highly oriented pyrolytic
graphite. (b) Schematic drawing of the micro-cleaving process. (c) a cleaved graphite
samples. (d) fabrication of leaved graphite samples. (reproduced with permission from

[30]).

The most important step in the preparation of the nanocomposites is to
maximize dispersion of the nanofillers in the polymer matrix. The maximum
reinforcement in a nanocomposite can be achieved if filler particles are well dispersed
in the polymer leading to filler/polymer molecular-level interactions. A procedure was
proposed by Bunnell [31] for the production of nanocomposites. In this work, polymer
nanocomposite was incorporated with graphite nanoplatelets exfoliated from thermal

treatment or shear grinding. Furthermore, Macosko and Kim [30] investigate the effect



7
of the blending methods on the properties of the sample. They conclude that the
dispersion is shown a better yield in solvent blending than melt compounding. The
electrical conductivity of the polyethylene/Thermal reduced graphene TRG/
enhancement had improved more than reduced graphene in functionalized
polyethylene. The graphene/polymer nanocomposites can be made through various
methods such as in-situ polymerization, solvent blending and melt blending.

The in-situ polymerization involves polymerization of a monomer in the
presence of filler. The fillers are usually covalently bonded with the monomers
molecules which grow into polymer chains leading to improved dispersion in
nanocomposites [15]. The nanocomposite produced by this method is usually
thermally stable and insoluble polymer [32]. One of the main drawbacks of this method
is exponentially increased the viscosity of the mixture during the polymerization step,
which requires too much energy of mixing in order to keep the mixture perfectly
dispersed.

Mecking [33] performed in-situ polymerization of ethylene to prepare to
polyethylene/graphene nanocomposites shown in Figure 6 and compared the results
with melt mixed nanocomposites. The nanocomposites synthesized in-situ showed a
significantly lower percolation threshold (2 wt% of graphene) compared to that of 20

wit% in melt processed nanocomposites.
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Figure 6: Preparation of PE/graphene composites by in situ polymerization, post-
polymerization mixing, and precipitation methods. (reproduced with permission from

[33]).

In the solution blending method, matrix polymer and fillers are dispersed in a
suitable solvent. The solution blending method is well known for making small
samples with maximum dispersion. The solution method is assumed to give a
maximum dispersion of fillers in a polymer. However, the use of hazardous chemicals
as the solvent is the main drawback in this method limiting its scale-up and
commercialization [15, 33]. In this thesis, solution blending was used to prepare
graphene/polymer nanocomposites. In general, solution blending consists of three
main steps (Figure 7): 1) dispersing graphene in a suitable solvent, for example, p-
xylene, 2) adding polyethylene into the solution and heating, and 3) finally,
precipitating the nanocomposite mixture using a non-solvent or drop casting the

solution to make dried nanocomposites.



Graphene + p-xylene bath
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Sonicated

atRTfor1h  mixing graphene
solution + PE solution
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then dry in oven for Sh at 80°c

< =

Figure 7: A typical example of the solution processing of graphene/polyethylene
nanocomposites via drop cast method.

-~y

The most commonly used industrial method of mixing fillers in polymers is
via melt blending approach. Typically, heating polymer pellets in a solvent to make a
viscous solution followed by dispersing nanomaterial requires high shear force and
frequent disposal of hazardous solvents. On the other hand, the melt blending approach
does not involve any solvent, regarded as the cheapest and easiest method for
manufacturing polymer nanocomposites. This is the most preferred method at an
industrial scale since it provides large production at a lower cost [15, 34]. Regarding
the dispersion of fillers in polymer, the melt blending approach offers the poorest
dispersion practically.

Due to poor dispersion in melt blending, Song [35] combined in-situ and melt
blending methods to manufacture high-density  polyethylene/graphene
nanocomposites. The nanocomposite was prepared initially by in-situ polymerization
and subsequently, the nanocomposites were melt blended in a twin-screw extruder

(Figure 8). The resultant nanocomposites showed a marked increase in mechanical
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properties of the nanocomposites compared with those prepared by any of the above

method individually, attributed to improved dispersion of graphene in polyethylene.

Polymer filler composite vie . “
_ Polymer Ii_:]
Melt Blending : -

( = e
6.0
Polymer and filler are fed l“j‘h’r\’]\mf\\ V4
into screw mixer under L\f Y’_,,"/
heating and continues
mixing for melted polymer N
The polymer composite is '\ .’
extracted and cooled \ /

Figure 8: A simplified representation of the melt blending technique

1.6 Polymer crystallization

Whether the polymer is thermoset or thermoplastic, the heating/cooling
processes are necessary for the production of products. Typically, thermoplastics
product formation requires producing molten polymers via heating followed by
solidification via cooling.

Since both heating and cooling cycles are essential for product formation,
cooling the molten polymer from the melt produces various levels of properties depend
on the cooling rate for a typical polymer to solidify. The polymer chains rearrange
themselves upon the solidification leading to unique properties. Polymer extrusion,
injection molding, thermoforming, and rotational molding are some examples of
polymer processing techniques in which heating/cooling cycles are essential [36].

As mentioned earlier, incorporation of a filler to make nanocomposites alters

mechanical, electrical, and thermal properties (functional properties) of the
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nanocomposites. In addition to that, fillers also affect the crystallization/solidification
behavior of the polymer. Therefore, polymer crystallization in the presence of
filler/nanofillers is an essential process in polymer science and it holds the key to
understanding final polymer behavior. Broadly, polymer solidification/crystallization
studies are involved in understanding morphology of polymer nanocomposites, the
formation of a crystalline compound, and entrapping nanoparticles in polymer blends,
and optical properties and mechanical properties of the final product [37].

In crystallization, bond orientation, long-range positions, and molecular
orientational orders with respect to the arrangement of the structural unit of the
polymers (motif) are the important characteristics of a crystal. The motif is defined as
the smallest repeating structural unit that is a form of atoms, ions, parts of a molecule,
a whole molecule, or even a group of molecules [38].

A crystal begins to form from a tiny crystal called nucleus. The nucleus is the
initiation of the crystallization in polymers. The formation of crystals is connected with
two opposite thermodynamic energies: 1) a stabilizing negative bulk Gibbs free
energy, and 2) a destabilizing positive free surfaces energy [37]. For the nucleus, the
free surfaces energy has a higher value than bulks Gibbs free energy. For that reason,
the overall free energy is positive and called a nucleation barrier. The general equation
for calculating the nucleation barrier can be expressed as:

AG =-V Ag; +A +B

Here, A and B are the lateral and fold-surface areas, y and ve are densities of
the lateral and fold-surface free energy respectively, and Ags is the bulk Gibbs free

energy change with a crystal volume of V. The AG is the driving force for the
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crystallization process (Gibbs free energy) which is the difference between the initial
(isotropic liquid) and the final (crystal) states [37, 39].

Initially, in 1903, the crystal growth in polymers was proposed to be defined
as the surface nucleation process that occurs after the first nucleation step (primary
nucleation) [37]. This primary nucleation occurs at a lower crystallization temperature
comparing to the surface nucleation that takes a higher crystallization temperature.
Thereafter, after primary nucleation, the crystal growth is identified as a surface
nucleation-controlled phenomenon. However, this case of kinetic development of
crystals can only happen when the crystal growth is located on an atomically smooth
surface. This step requires a nucleation barrier. The nucleation-controlled by the
lowest crystal growth plane in which a formed sector of macroscopic facets results in
single crystal growth is also called lateral growth.

The continuous growth model is another kinetics growth mechanism. In this
model, impingement sites on an atomically rough surface become potential growth
sites. The temperature and/or concentration are the reason for shaping the single crystal
in this model. Usually, curved crystals are obtained as an indication of continuous
growth mechanism [7, 37-39]. Figure 9 represents a typical representation of different
crystal formation processes in a polymer.

In polymer science, crystallization is divided into two types: 1) isothermal
crystallization where the crystals are grown at fixed temperatures, and 2)
nonisothermal crystallization where dynamic cooling is applied to make instant

crystals. In the following section, a brief detail of these processes is provided.
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1.6.1 Isothermal crystallization

Typically, in the isothermal crystallization process, a polymer is melted above
its melting point and subsequently cooled to a fixed temperature where crystals are
expected to grow isothermally. The development/evolution of crystal growth can be
tracked using various thermal analysis instruments. The most commonly used
instruments are dilatometry, small angle and wide-angle X-ray scattering, and
calorimeter. In addition, the isothermal technique attracts the researchers around the

globe since it offers a vast theoretical understanding of crystal formation [40].

Crystal Growth (Kinetic) Mechanisms

Atomically rough surface  Atomically smaooth surface

continuous growth lateral growth

Surface nucleation

Defect controlled growth
Diffusion controlled growth

|
Roughneﬁf criterion

Kinetics and morpholegical evidence

Anisatropic growth, the slowest growth surface ls'utll'ﬂpil: growth without facets

Facets and sectors  Growth surface is true replica of profile of T ar ¢

Figure 9: Summary of crystal growth mechanism

One of the most popular theories to track the isothermal kinetic data is the
Avrami equation. The Avrami theory evaluates the linear growth of crystals with a
constant nucleation rate. Numerous possibilities can be considered with a broad variety
of expressions in the one-, two- or three-dimensions growth of crystals [41]. Typically,

only two- and three-dimensions crystal morphologies are obtained as axialites and
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spherulites respectively. The theory further provides an index to identify the nucleation
rate of polymers between completely sporadic or completely sporadic crystals [42].

The Hoffman and Lauritzen theory (HL) is another important theory to
investigate the energetics of the kinetics of an isothermal process. The theory assumes
that lamellar formation and chain folding are kinetically controlled, meaning the
crystals are actually the metastable form developed during the solidification process
[7]. A schematic is shown in Figure 10 depicting a basic model of crystal formation as
hypothesized by the Hoffman and Lauritzen theory. Here in the Figure, x the large

dimension, ¢ the is the thin dimension of the crystal, o the lateral surface interfacial

free energy, and ce the fold-surface interfacial free energy.

Figure 10: Represented crystal chain-folded by Hoffman and Lauritzen theory
(reproduced with permission from ref [7])

1.6.2 Nonisothermal crystallization

The nonisothermal crystallization process has a great weight in the industrial
sector as catches the real picture of crystallization in practical applications. This
method requires a series of different cooling rate to obtain the kinetics and the optimal

cooling rate to achieve the best properties of the polymer sample are evaluated.
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Cooling the polymer from the melt is similar to passing through a succession of
isotherms at each different crystallization temperature [40, 43].

The theory behinds the nonisothermal crystallization kinetics are the same as

the isothermal method such as the Avrami theory, and Hoffman and Lauritzen theory.

In addition to that, Ozawa theory can be applied to the nonisothermal process.

The Ozawa theory assumes the crystallization of a sample occurs at a constant
crystal grow and a constant rate from an initial distribution of the nuclei in the form of
spherulites (three-dimensional crystals with a constant growth radius at a given
temperature) [44]. The Ozawa theory uses temperature-dependent relative

crystallinity, X (T) as a function of the cooling rate (¢) ), represented as follows [45]:
1- X (T)=exp(-k(T)/ ")
Here, k (T) is the crystallization rate constant (a function of temperature), and

n=m + 2 where m is the Ozawa’s parameter which is a function of dimensions of the

crystal growth and nucleation mechanism.

1.7 Objectives of the study
1.7.1 The general objective

This study is focused on understanding the thermal crystallization kinetics of
polyethylene/graphene nanocomposites. Polyethylene is one of the most commonly
used commodity polymer in the world, and many forms of polyethylene composites
are already in the market with applications ranging from plastic bags to coating wires.
Therefore, it will be of high importance to understand how graphene can alter the

crystallization behavior of polyethylene.
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Specifically, the study deals with the following specific objectives:

1) Analysis of isothermal crystallization data for graphene/polyethylene
nanocomposites and fitting the experimental data with kinetic theory.

2) Analysis of nonisothermal crystallization data for graphene/polyethylene
nanocomposites and fitting the experimental data with kinetic theory.

3) Understanding the energetics of crystal formation as a function of Gibb’s free
energy and surface energy.

4) Comparing graphene/polyethylene nanocomposites with conventional carbon

black/polyethylene composites prepared by the same method.

1.7.2 Approach

This study involves the following tasks:

1) Synthesis of thermally reduced graphene via simultaneous thermal exfoliation and
reduction of graphite oxide.

2) Preparation of polyethylene/graphene nanocomposites and polyethylene/carbon
black using solvent blending method.

3) Characterization of thermally reduced graphene.

4) Melt crystallization using Differential Scanning Calorimetry (isothermal and
nonisothermal methods).

5) Analysis of Kinetic data using various kinetic models.

6) Comparison with conventional carbon black/polyethylene composites.
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Chapter 2: Melt Crystallization of Graphene/Polyethylene
Nanocomposites

2.1 Introduction

Polymer nanocomposites containing nanofillers with high-performance
properties have attracted both academia and industry during the last few decades. The
nanocomposites have outperformed the conventional composite market in functional
properties such as thermal and electrical conductivity, and mechanical and thermal
properties at very low filler loadings [17-20]. Among various nanofillers, graphene has
shown enormous potential in increasing the specific functional properties of the

polymers compared to other nanofillers available in the market [25].

Semicrystalline polymers (e.g., PE, PVA, PET, and more) constitute an
important class of polymers for nanocomposite applications. These polymers
crystallize when cooled from the melt or heated from the amorphous state to the
temperature regime between Tg and Tm. Due to the presence of significant amorphous
fractions between the crystals, the crystallization can result in various forms such as
single crystals, polycrystalline aggregates, and highly oriented structures. However,
the overall kinetics of crystallization can be characterized by a degree of conversion
and conversion rate, irrespective of the structures encountered. Practically, crystallized
polymer properties strongly depend on the crystalline structure formed during
processing [46]. For semicrystalline polymers such as PE and iPP which do not show
cold crystallization, crystals can be formed isothermally (at selected temperatures) or
nonisothermally (at variable cooling rates) while cooling from the melt. The isothermal

crystallization is mostly used for theoretical analysis. However, practical processing
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methods such as extrusion, injection molding, and film blowing are performed under
dynamic, nonisothermal conditions. Therefore, quantifying crystallization rates

(isothermal and nonisothermal) is pertinent in optimizing industrial processes.

Generally, the surface/volume ratio increases with decreasing the particle size
of the fillers. A 100-fold increase in surface area of the particles is expected with a 10-
fold decrease in particle diameter (one of the main attractions towards the use of
nanofillers). An interfacial polymer layer (shell) is attached to the particle (core) due
to the large surface area of nanoparticles, forming an interface. The nanocomposites
filled with less than 5 vol.% of the filler can be regarded as interfacial composites [46]
where a large portion of the polymer is located at the polymer-particle interface. The
molecular chain mobility is restricted in the shell compared to that in the bulk material,
resulting in chain confinement effects in polymers, eventually increasing T4. On the
other hand, the reverse is true for noninteracting polymer-particle interfacial forces.
Thus, in semicrystalline polymer nanocomposites, the polymer-nanoparticle adhesion
is a function of the crystalline structure of polymer at the interface (shell), resulting in
varied crystallinity, crystalline form, and morphology of the nanocomposites [46, 47].
These factors further result in altered physical properties of the nanocomposites
(especially the mechanical properties). Consequently, in nanocomposites,
understanding the effects of chemical and/or physical interactions on the crystalline
structure as well as crystallization behavior is of great practical importance for product

formation processes.

Graphene is a two-dimensional, one-atom-thick layer of sp?-hybridized carbon
atoms arranged in a honeycomb-like network. Thermally reduced graphene (TRG) is

produced by simultaneous thermal exfoliation and reduction of graphite oxide [48] (a
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top-down method). High surface area TRG (1260 m?/g) comprises of a few layers of
200 nm to a few microns wide graphene sheets with a thickness of 1-5 nm per TRG
particle [49]. Typically, exceptionally high modulus of graphene (~1000 GPa in
tension compared with ~1-10 GPa for polymers and 10-800 GPa for other fillers)
makes it a versatile filler for polymer nanocomposites applications [50]. In
graphene/polyethylene (PE) nanocomposites, Cheng et al. [51] reported crystallization
of PE/reduced graphene oxide and showed accelerated crystallization of PE resulting
in improved thermal stability of the nanocomposites compared to neat PE. A similar
conclusion was reached by Fan et al. [52] using a compatibilizer in nanoclay/PE
nanocomposites where nanoclay acted as a heterogeneous nucleating agent promoting
the crystallization rate in the nanocomposites. Tarani et al. [43] reported fast
crystallization of graphene/high-density polyethylene (HDPE) nanocomposites with
variable graphene particle diameter. Higher cooling rates during nonisothermal
crystallization process resulted in the formation of small-scale ordered-domains,
lacking high-ordered structures in HDPE. In addition, bigger particles produced
crystals with increased aggregate size. Recently, Igbal et al. [53] reported PE/TRG
nanocomposites and showed marked improvement in mechanical and electrical
properties of nanocomposites via blending PE with oxidized PE. The increased
properties were attributed to microstructural changes induced by TRG and oxidized
PE into the PE structure. However, no crystallization data was reported to confirm the

structural changes in PE with TRG.

This paper focuses on understanding how TRG affects the crystallization
behavior of PE/TRG nanocomposites. The PE/TRG nanocomposites were crystallized

isothermally and nonisothermally, and the kinetics of crystallization were studied. The
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evolution of crystal formation is systematically investigated with the help of the
crystallization theories. Furthermore, the results from PE/TRG nanocomposites are

also compared with conventional carbon black filled PE composites.

2.2 Experimental

2.2.1 Materials

Linear low-density polyethylene (LLDPE) with a bulk density 0.97 g/cm?®
(428078, lot#07730MEV, Sigma Aldrich), carbon black (CB) (99.9%, bulk density =
170-230 g/L, surface area = 75 m?/g, Alfa Aesar), or Natural flake graphite (-10 mesh,
99.9% Alfa Aesar). p-xylene (99%, Sigma Aldrich), potassium permanganate (Fisher
Scientific), sulfuric acid (95-97%, J.T. Bakers), phosphoric acid (>99%, Aldrich),
hydrogen peroxide (30% solution, BDH), HCI (37%, Reidel-deHaen), were used as

received.

2.2.2  Synthesis of Thermally Reduced Graphene (TRG)

TRG was prepared by simultaneous thermal exfoliation and reduction of
graphite oxide (GO) [48, 53, 54]. The Tour’s method was used to synthesize GO [54,
55]. Natural flake graphite (~5 g) was added into a mixture of sulfuric acid (272 mL)
and phosphoric acid (33 mL) and kept under stirring for 30 min at room temperature.
Potassium permanganate (~27.8 g) was slowly added to this mixture (in 3-5 minutes
on average). The resulting mixture was stirred using an overhead stirrer for three days
at room temperature. Upon completion of the reaction, 30% solution of hydrogen
peroxide (17.5 mL) and deionized water (137.5 mL) were added to the reaction

mixture and continued stirring until the color turned from dark brown to bright
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yellowish. The bright yellow color is a strong indicator of the formation of GO from
graphite. In order to remove acid and other unreacted impurities from GO surface, GO
was washed three times with 1 M HCI aqueous solution, and further repeatedly washed
with deionized water until a pH of 4-5 was obtained. The separation of the washed GO
from solution was carried out using a centrifuge (10,000 g force) followed by dialysis.

The adsorbed traces of water were removed from GO via vacuum drying over 48 hours.

The dried GO was thermally exfoliated and reduced by heating rapidly at
1000°C for 30 s (at a rate of 2000°C per minute) under nitrogen flow in a tube furnace
to produce thermally reduced graphene (TRG). Furthermore, the produced TRG was

dried overnight under vacuum before using in the nanocomposites.

2.2.3 Synthesis of nanocomposites via solvent blending

The TRG/PE and CB/PE composites used in this study were prepared using p-
xylene solvent. A complete description of the nanocomposite synthesis methodology

is reported in previous work [53].

2.2.4  Melt crystallization using differential scanning calorimetry

Melt crystallization of neat PE and its nanocomposites is studied using a
modulated differential scanning calorimeter (Discovery DSC 25, TA Instruments).
The standard melting and crystallization temperatures were recorded using the
following procedure: about 5-10 mg sample was heated from 20°C to 140°C (higher
than a melting point) at a rate of 20°C/min to remove the thermal history of the

polymer. The sample was cooled from 140°C to 20°C at 5°C/min to give the standard



22
crystallization temperature (Tc¢). Subsequent heating the sample from 20°C to 140°C

at a rate of 5°C/min was performed to record the melting temperature (Tm).

For isothermal melt crystallization kinetics, the sample was quickly cooled to
selected T at 60°C/m to avoid any premature crystallization after second heat and kept
isothermally at fixed T¢ for 10 minutes. This time was set after several trials with
different samples so that all samples showed complete crystallization within this time.
After complete crystallization was achieved, the sample was cooled to 20°C
(equilibrium temperature) at 5°C/min, followed by heating up to 140°C at 5°C/m to
record the melting point of the crystals. A similar procedure was followed for variously

selected crystallization temperatures.

For the non-isothermal crystallization, protocols similar to that for isothermal
crystallization were followed for the first and second heat, and during the first cooling
cycle. In order to record crystallization kinetics, samples were cooled from the melting
temperature in the second cycle to the equilibrium temperature (20°C) at varying
cooling rates 2, 5, 10, 15 and 20°C/min, and the development of crystallization peak

was recorded.

Similar protocols were repeated (isothermal and non-isothermal) for neat PE,
TRG/PE, and CB/PE composites. All DSC experiments were conducted under an inert

nitrogen atmosphere 50 mL/min.

2.2.5 Characterization techniques

An X'Pert3 Powder X-ray Diffractometer (XRD) from Malvern Panalytical

was used to study exfoliation of graphite into TRG. The XRD scans (within 20 range
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of 5-35°) were carried out at a scan speed of 0.02°/s with instrument parameters of 40

kV voltage, 20 A intensity and 1.5406 A Cu Ka radiation.

The cryo-fractured morphology of polymer nanocomposites (gold sputter
coated for 3 minutes) was studied using a JCM-5000 NeoScope Scanning electron

microscope (SEM) at 15 kV.

The morphology of synthesized TRG and its dispersion in polymer
nanocomposite samples were studied using transmission electron microscope (TEM)
(FEI Phillips C200 at 200 kV). For TRG sheet morphology, a small amount of TRG
was dispersed in acetone (0.1 mg/mL acetone) via sonication bath for 10 minutes and
one drop of the dispersion was deposited on a 300-mesh Cu grid with holy carbon. For

nanocomposites, samples were cut in thin slices using a diamond knife [53].

The Raman spectra were obtained using XploRA ONE confocal Raman
spectrometer from Horiba Scientific. Each run war carried on with 532 nm as the

excitation source and under grafting speed 1800 g/mm (focus: 10x).

2.3 Results and discussion

2.3.1 Characterization of TRG and CB

The successful oxidation of graphite into GO, followed by its exfoliation into
TRG was confirmed using XRD (Figure 11). Graphite exhibited a packed, perfectly
layered structure with a split intrinsic [002] peak at 20 = 26.59°. The interlayer spacing
in graphite was calculated to be ~3.44 A using the Bragg’s law (nA = 2d sin @ where
M\ is the wavelength of x-rays, 0 is diffraction angle, and “d” is the interlayer spacing).

The average particle size was estimated using the Scherrer equation [56] as follows:
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Here, B is full width at half maximum (FWHM), K is Scherer’s constant with
a value of the order of unity (here, K=0.9 [57]), L is the mean particle size and A is the
x-ray wavelength. Graphite exhibited an average particle size of about 519 A. With
oxidation, the intrinsic [002] peak of graphite shifted towards a lower 26 value of 10.3°
in GO with an interlayer spacing of 8.6 A and average particle size of 104 A. A small
but wider [002] peak in GO is attributed to a less packed and expanded structure where
the interlayer spacing is almost doubled. There was no diffraction peak observed in

TRG showing a complete exfoliation of GO into graphene nanosheets.

On the other hand, CB consists of small spherically shaped carbon particles
which usually do not exhibit any packed structure (no XRD peak). The CB particles

generally agglomerate in the form of fractals [58] (see TEM image later).

26.6°

=
)
> Graphite
= 10.3° P
3 A cB
E

A_JLGO

TIRG
5 10 15 20 25 30 35
20 (°)

Figure 11: XRD patterns of TRG, graphite oxide, graphite, and carbon black

A paper-like morphology of graphene sheets was observed in TEM (Figure
12). The as-prepared TRG was dispersed in acetone and one drop of the suspension

was dried on a TEM grid. The TEM image showed thin, wrinkled, and translucent
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sheets of graphene where the dark fields observed over the dark edges are attributed to
the folding of nanosheets [59]. The image shows clearly separated sheets with size ~2-
3 micron in the lateral dimensions. The presence of wrinkles on graphene sheets is
attributed to the residual oxy-functional groups on the graphene surface [1]. On the
other hand, CB particles showed considerably aggregated structures even when
precipitated from highly dilute solutions. The aggregated structure shows fractals with

sizes ranging to several microns [53].

Figure 12: TEM micro-images of A) TRG and B) CB

Raman spectroscopy is a nondestructive tool to investigate structural and
electronic features in graphitic materials [28]. Three pertinent pieces of information
regarding the structure of graphitic materials are: 1) information about defects (D-
band), 2) in-plane saturated carbon structure (G-band), and 3) the height of the stack
(2D or G’-band) in the graphitic structures. The Raman spectra of graphite, CB, GO,
and TRG are shown in Figure 13. The D-band showing the structural defects was
observed around 1313-1400 cm™. The intensity of G-band is an indication of the
stacked structure. The G-band was observed around 1550-1630 cm™. The 2D-band
appears at frequency two times of that of D-band frequency and is caused by splitting

in photons with opposite momentum (range of 2D-band is 2500-2800 cm™) [26]. The
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intensity and shape of the 2D band are used to determine the number of layers in one

graphitic particle, qualitatively.

A very small D-band peak was observed in graphite whereas a large, sharp G-
band peak in graphite indicated a perfectly stacked structure free from defects. The
oxidation resulted in introducing defects in graphite as evident in the appearance of
the D-band. However, a reduction in G-band intensity in GO is attributed to the
exfoliated structure. The TRG exhibited a large change in D and G bands. The D-band
increased significantly, and the G-band reduced to a value closer to the D-band
intensity. The D band holds an inverse relationship between intensity and the number
of graphene layers [60]. The increased defects in TRG are attributed to the thermal
exfoliation method used for exfoliating GO into TRG. There was no prominent 2D

band in TRG, indicating that TRG is mostly composed of single-layer graphene sheets.

In case of amorphous carbon (as TRG) an additional peak appears, called “T”
peak. The T-peak appears due to the sp® vibration of single bonds between carbons
atoms within the Raman UV excitation range (~1108 cm™) [61]. The D- and G- bands
in CB appeared at the same positions as these appeared in TRG. Both materials (CB

and TRG) did not show the 2D band, indicating the absence of the layered structure.
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Figure 13: Raman spectra of graphite, GO, TRG, and CB
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2.3.2 Morphology and dispersion in nanocomposites

The morphology of the nanocomposites was investigated SEM and TEM. Neat
PE showed a smooth fractured surface (Figure 14a). The cryogenically fractured
nanocomposites of PE/TRG in Figure 14c showed graphene sheets being pulled out
during cryo-fracturing, heterogeneous surface with TRG. A fibrous morphology was
observed for nanocomposites. The morphology of PE/CB composites was similar to
that of PE/TRG nanocomposites with the difference that PE fibers were not pulled out

during the cryo-fracturing.

The dispersion of graphene in PE was also studied using TEM (Figure 14b).
The TEM image indicated that TRG was properly dispersed in PE with some

agglomerates forming at the edges.

Pure PE

PE/TRG3Wt%  °, (c) [PE/CB 3Wit%

% Wy b

Figure 14: SEM of neat PE (a) and PE/TRG 1 wt% (b), TEM image of PE/TRG 3
wit% (c), and SEM of PE/CB 3 wt% (d)
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2.3.3 Thermal characterization of nanocomposites

After eliminating the thermal history, all samples were cooled from 140°C to
room temperature (20°C) at 10°C/min (same cooling rate for all samples) for recording
the crystallization temperature (T¢) followed by subsequent heating scans to record the
melting temperatures (Tm) at the same heating rate (10°C/min). A representative
cooling (1 cycle) and heating (2" cycle) profile of neat PE is shown in appendix. The
observed Tm and T values for neat PE were ~122°C and ~105°C, respectively. Neat
PE showed smooth transitions temperatures, showing the absence of any low

molecular weight impurity in it.

The cooling and heating profiles of PE/TRG nanocomposites are shown in
Figure 15 (for all composites, see the appendix). All the samples exhibited a single
crystallization exotherm and a corresponding melting endotherm. The main changes
observed were in the characteristic onset and peak crystallization temperatures in
addition to peak broadening/stretching during crystallization. The onset temperature
for crystallization increased with increasing TRG contents, attributed to the nucleating
effects of TRG. The nucleation effects continued until 0.5 wt% TRG loading, which
were reduced at 3 and 5 wt% TRG. A decrease in T at these TRG concentrations might
be associated with self-agglomeration. No significant change was observed in the
characteristic values of T, and Tm with increasing TRG concentrations. This is a

normal pattern shown by TRG/PE nanocomposites reported before [53].
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Figure 15: The cooling profiles of PE/TRG nanocomposites. (cooling = 10°C/min)

The characteristic onset, peak, and peak end temperatures for crystallization
exotherms and melting endotherms are provided in Table 1. The enthalpies were
calculated by integrating the area under the curves. The percentage of crystallinity in

nanocomposites was calculated using the following equation:

X (%)=—2Hs 1000 2]
AH 0, (1-6)

Here, X. the percentage of crystallinity of PE, AHm is the melting enthalpy,
AH100% is the melting enthalpy of a 100% crystalline PE, taken as 279 J/g[62], and 6
is the mass fraction of the filler. There was no particular trend observed in Table 1
with increasing graphene concentration. However, only the onset of crystallization
temperature increased with increasing graphene loading, attributed to the nucleating

effects of graphene. A similar trend was observed in PE/CB composites (Table 2).
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Table 1: Thermal characteristics of PE/TRG nanocomposites

PE/TRG 1%t Cooling Scan 2"d Heating Scan
(Wt%) Onset Peakend Peak  AHc Peak AHm Xc

Tc (OC) Tc (OC) Tc (OC) (J/g) Tm (OC) (J/g) (%)

0 107.4 34.8 105.0 101.11 122.0 93.52 33.52
0.07 108.3 32.7 104.8 104.83 1215 94.01 33.72
0.16 108.7 34.8 106.1 100.01 1219 91.79 3295
0.5 110.4 31.2 107.5 103.88 1221 9553 3441

3 109.6 32.9 106.8 1004 1218 94.26 34.83

5 109.8 34.2 1054 94741 1224 8592 3242

Table 2: Thermal characteristics of PE/CB composites.

PE/CB 15t Cooling Scan 2"d Heating Scan

(WE%) Onset Peakend Peak AH: Peakend AHm Xec

— Tc(°c) Tc(°c) Tc(°c) (JI/g) Tc (°C) Jg) (%)
0 107.4 34.8 105.0 101.11 122.0 93.52 33.52
0.5 109.8 37.6 105.8 103.46 1217 10131 36.34
1.5 109.8 34.2 106.0 96.62 122.7 92.47 33.20
3 110.7 33.0 106.7  96.89 122.6 89.82 32.35
4.3 1115 35.9 106.7  92.02 123.1 86.59 31.99
6.5 112.2 35.9 1075 93.39 122.3 87.76 33.11
10 109.7 319 1053  96.93 123.2 89.05 33.60

2.3.4 Isothermal crystallization kinetics

The isothermal crystallization kinetics of nanocomposites was investigated
using DSC, and the acquired results were fitted using the Avrami equation. The
isothermal crystallization is studied at four selected temperatures: 106°, 108°, 110°,
and 112°C. The samples were quenched quickly from 140°C to avoid any premature
crystallization before reaching the crystallization temperature [43, 63]. Following the
complete crystallization at the selected temperature, the samples were cooled to

equilibrium temperature at 10°C/min, and subsequently heated to 140°C at 10°C/min
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to record T associated with each crystallization temperature. Herein, crystallization
data at 106°C is shown for PE/TRG and PE/CB composites whereas the rest of

crystallization data is provided in the appendix.

During isothermal crystallization at 106°C, neat PE showed a small deflection
at the start of crystallization attributed to premature crystallization (Figure 16). The
Avrami equation, however, was applied to the major peak in PE. Increasing TRG
loading shifted the crystallization peak time towards lower values, indicating the
nucleation effects of TRG. A significant change was observed at 0.5 wt% TRG where
the crystallization peak time was moved from 33 s for neat PE to 26.5 s for 0.5%
PE/TRG nanocomposites. Increasing the amount of graphene showed adverse effects
on crystallization with peak broadening at 3% graphene loading and a very broad peak

at a graphene loading of 5 wt%.

A similar trend was observed in PE/CB composites. The crystallization time
decreased from 27.4 s to 23.5 s as the CB loading changed from 3 wt% to 6.5 wt%. A

completely distorted peak was observed at 10 wt% CB loading.
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Figure 16: The isothermal crystallization of PE/TRG and PE/CB at 106°C.
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The data in Figure 16 was further converted into fractional (relative)
crystallinity, considering time, to as the onset of crystallization, and time t-t, as
crystallization time (Figure 17). The relative crystallinity was calculated by dividing
the maximum heat flow with the heat flow at the onset of crystallization. The data on
the crystallization of selected PE/TRG nanocomposites are shown here. The remaining
data can be found in appendix. The Avrami equation was used to analyze both
isothermal and nonisothermal crystallization kinetics [64]. The Avrami equation is

expressed as follows [42]:
X (t)=1-exp(-kt") [3]

Here, X (1) is the fraction crystallized at time t, n the Avrami index (it represents
the dimensionality of the growing crystals, and predict an instantaneous or sporadic
nucleation), k the overall crystallization rate constant (containing the contributions

from both nucleation and growth), and t is the crystallization time in seconds [7, 42].

The experimental relative crystallinity data was fitted by using nonlinear
regression with Avrami equation in order to evaluate the Avrami constants (see Table
3 for PE/TRG nanocomposites, and Table 4 for PE/CB composites). With increasing

the crystallization temperature, the composites took longer time to crystallize.

The half time of crystallization (t12) defined as the time required by the
material to achieve 50% crystallization, is considered pertinent in understanding the
crystallization kinetics. In general, a lower value of ti2 indicates faster crystallization.
In PE/TRG nanocomposites, the experimental ti increased with increasing the
crystallization temperature attributed to energetic chains which are difficult to solidify

(Figure 17). On the other hand, ty» decreased with increasing TRG concentration at a
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specific Tc. The decrease in ti2 can be attributed to restricted chain movement of PE
in PE/TRG nanocomposites at higher loadings. In addition, ti> values were also

calculated from Avrami constant, k using the following expression:
t,, =(In2/k)" [4]

An excellent agreement was observed between experimental and calculated t1/
values. The Avrami parameters from isothermal crystallization of PE/TRG and PE/CB

nanocomposites are listed in Table 3 and Table 4, respectively.
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Figure 17: Relative crystallinity versus crystallization time for PE/TRG
nanocomposites. (Marker points show experimental data and solid lines indicate
Avrami fit).
The temperature dependent Lauritzen-Hoffman theory [65] represents the

linear growth of crystals in polymers. According to LH theory, the growth rate of

crystals during isothermal crystallization G is expressed as follows:
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K
G =G, exp(—%jexp[— T A?I'f j [5]

Here, Go is a pre-exponential factor, R is the universal gas constant, AE is the
activation energy of PE chains to the crystalline site (6276 J/mol), T. is the
temperature where all the motions associated with the viscous flow stop

(T, =T, —30K =113K), and Tq is the glass transition temperature for PE =143K [66].

The AT is the supercooling temperature, defined as AT = Tm — T¢; Tm is the
equilibrium melting temperate for PE=395K [66], and f is the correction factor

accounting for the variation of the equilibrium melting enthalpy as f =21, /(T°+T,).
The term [-AE/R(T,-T,)] is used as a segmental jump rate in polymers to represent

temperature dependence[67]. The factor G, representing a linear growth rate of crystals
as a function of time, is defined as the inverse of the experimental crystallization tis.

A linear form of LH equation can be written as follows:

K
InG+A—E:InGO— 3 [6]
R(T.-T,) T.ATE

The nucleation constant Kg is calculated using the following expression:

nb oo, T’

g — 0 e m [7]
kAH

Here, n value is a function of LH theory-based crystallization regimes. The LH

theory divides the crystal growth into three regimes (regime-I1, regime-II, and regime-

[11) as a function of undercooling. The regime—I is observed when surface nuclei cause

the completion of crystal growth; the regime-II represents diffusion controlled crystal
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growth; and regime-I11 represents the interfacially controlled crystal growth (similar

to regime I). Thus, regimes | and I11 are represented by n=4 whereas regime Il has n=2.

The fold surface free energy oe is used to understand secondary nucleation and o is
the lateral surface energy (0.0112 J/m?for PE); bo is the thickness of surface monolayer
(4.55 A for PE), k is Boltzmann’s constant, and AH is the theoretical heat of fusion
(AH for PE = 2.8x108 J/m®) [68]. The equilibrium melting temperature Tm°® was
estimated using the Hoffman-Week’s theory [69] (see appendix) was used to
determine the equilibrium melting temperatures (Tm°). There was a slight change in

Tm® observed in PE with the addition of TRG and CB.

For PE/TRG nanocomposites, Kg and ce showed a similar trend with increasing
graphene concentration (Table 3). For neat PE, Kq=12640 K2 and ce=6.03 kJ/m2.K
were observed. Increasing TRG concentration in PE decreased Kq to 3076 at 5 wt%
TRG loading whereas o, decreased to a value of 1.47 at the same loading. A decreased
oe IS attributed to reduced work required to produce a new surface during the
solidification process, confirming TRG as a nucleating agent for PE [70]. Similarly,
these values dropped significantly when the concentration of CB was increased beyond

3 wt% in PE/CB composites (Table 4).

2.3.5 Nonisothermal crystallization kinetics

Most of the polymer processing and product-forming techniques undergo
nonisothermal conditions, leading to the significance of understanding the
nonisothermal crystallization behavior. The molten, history-removed samples were
cooled at various cooling rates ¢ (2, 5, 10, 15, and 20°C/min), and the crystallization

exotherms were recorded.
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Table 3: Parameters summary for PE/TRG nanocomposites with increasing TRG
wt%

From thermal data Avrami Theory LH-Theory

TRG TC Tm Tom AHm XC t * K
Wi% (°C)  (°C)  (C)Ff (g % (x109)
106 122.2 96.1 345 44 4.5 1.68 25

Kg Ge
(K3  (kJ/m?)

Kk
ti

0 108 1224 Sr 958 343 52 5.3 132 24 % 9
110 1226 S 95.0 341 82 8.2 114 20 N ©

112 1222 96.8 347 95 9.4 154 1.7

106 1215 96.0 344 45 4.6 197 24
0.07 108 121.3 < 952 342 52 5.3 152 23 o:o =
110 121.6 S 951 341 86 8.7 065 22 3 ©

112 123.9 951 341 155 158 021 2.1

106 121.9 91.0 327 37 3.8 450 21
0.16 108 121.8 % 90.1 324 49 5.0 177 23 g o
110 121.9 S 90.0 323 6.0 6.2 280 138 N o

112 123.3 89.0 319 111 114 086 1.8

106 1221 943 340 7.8 7.9 0.03 338
05 108 121.6 g 93.7 337 48 4.8 1.05 27 E ~
110 121.9 — 929 335 4.2 4.3 3.05 22 o N

112 123.0 974 351 7 7.1 122 21

106 121.9 943 349 5.2 5.4 0.74 2.7
3 108 1215 < 931 344 39 3.9 3.08 23 § 2
110 1217 S 929 343 44 4.5 33 20 o) ~N

112 1234 925 342 87 8.9 121 1.9

106 1226 856 323 6.1 6.1 219 19
5 108 1224 2 845 319 35 3.6 260 26 QBD 5
110 1226 S 841 317 5.2 53 411 17 %) —

112 1229 875 330 6.2 6.3 281 1.8

£ Calculated from Hoffman-Weeks plots using ref [69].
t12" calculated using equation [1]
t2™" obtained from Figure 17

Figure 18 shows the nonisothermal crystallization behavior of the selected
PE/TRG and PE/CB composites at a fixed cooling rate (10°C/min). The typical
crystallization parameters such as the onset of crystallization (T,), exothermic peak
maxima (Tp), and crystallization half time (t12) were obtained from these thermograms
(Table 5 for PE/TRG and PE/CB nanocomposites). Increasing filler concentration
increased To, Tp, and decreased ti» for both types of the composites, attributed to

heterogeneous nucleating effects of the fillers [43, 52].



Table 4: Parameters summary for PE/CB composites with increasing CB wt%
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From thermal data Avrami Theory LH-Theory
CB Tc T Tom AHm xc t1/2* t1/2** K n K Oe
wt% (°C) " (COFf (g % (5 (s (x109) P (x109)
106 122.2 96.1 345 44 45 1.68 2.5
108 1224 = 958 343 5.2 5.3 1.32 24 @ o
0 N Tel <
110 122.7 S 950 341 8.2 8.2 1.14 20 Y ©
112 122.2 945 339 95 9.4 1.54 1.7
106 121.9 101.1 364 5.2 5.2 1.17 2.5
108 122.0 ™~ 101.8 36.7 5.2 5.3 1.76 22 ¢ ~
110 1224 N 100.7 36.3 8.3 8.4 0.75 21 19 ™~
112 122.7 101.0 36.4 13.7 139 0.33 2.1
106 1224 936 340 45 4.7 2.92 2.1
108 122.6 © 927 337 30 30 684 21 = <
110 1229 N 917 334 56 5.7 1.62 22 I ~
112 122.7 979 356 94 9.4 0.72 2.0
106 122.3 904 334 33 3.5 1320 14
3 108 1225 : 89.1 319 54 55 0.68 2.8 g %
110 1227 S 882 316 63 64 015 34 ™
112 1224 96.3 345 58 5.9 0.27 3.2
106 122.9 889 333 6.0 6.1 0.93 2.4
43 108 122.9 2 86.6 324 4.7 4.6 1.73 2.4 § g_
' 110 123.0 S 85.7 321 31 3.1 7.56 20 © @
112 1235 904 339 35 3.6 472 2.1
106 121.9 874 335 53 55 2.47 2.0
108 122.0 @ 869 333 38 4.0 455 20 3 et
6.5 2 s .
110 122.2 - 865 332 28 2.8 1064 18 w0 N
112 1221 916 351 33 3.4 5.91 2.1
106 123.0 89.1 355 57 5.7 0.70 2.6
10 108 123.2 ‘;‘3 87.7 349 44 44 1.32 27 S X
110 1234 S 860 342 26 27 1092 19 & ¥
112 123.0 940 374 31 3.2 6.22 2.1

£ Calculated from Hoffman-Weeks plots using ref [69].
t12" calculated using equation [1]
t2™" obtained from Figure 17

For example, increasing graphene concentration in PE/TRG nanocomposites

from 0 (neat PE) to 0.5 wt% increased peak temperature, T, from 105.7°C to 107.9°C,

respectively, which decreased to a value of 105.5°C at 5 wt% loading. The increase in

Tp with the addition of TRG indicates expectedly increased nucleation and formation

of a thicker interface [52]. On the other hand, a peak value of Tp=108.1°C was

observed for PE/CB composites which reduced to 106°C at 10 wt% CB concentration.
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Similar trends were observed for T, and tiz for both types of nanocomposites (see
Table 5).

Furthermore, increasing ¢ decreased the peak crystallization temperature for
all samples (Table 5), attributed to low-temperature nucleation of the crystallites at
higher cooling rates [52]. Higher the cooling rate, restricted are the molecules leading
to decreased nucleation because the system reaches a lower temperature before nuclei
could emerge. The enthalpy of crystallization (AHc) (calculated from the area under
the crystallization curve) is a direct indication of percentage crystallinity also
decreased with increasing the filler concentration as well as increasing the cooling rate
(see Table 5). Increasing the cooling rate provides less time for nucleation leading to

less enthalpy required to crystallize [52, 70].

251 A 10°C/min 1 25{ B 10°C/min 7
PE/TRG _ PE/CB
5201 220 E
2 2
: >
3154 5% TRG 28151 ]
L |05%TRG e 6.5% CB
© 0, O (]
8, |ote%TrRe £ | onces _
Neat PE Neat PE
05 05
90 95 100 105 110 115 90 95 100 105 110 115

Temperature (°C) Temperature (°C)

Figure 18: Nonisothermal crystallization thermograms of selected samples A)
PE/TRG, B) PE/CB (Cooling rate = 10°C/min)

The nonisothermal crystallization data (which is a function of temperature) can

be converted into relative crystallinity versus time using the following equation [71]:

t=-° [8]

Figure 19 shows relative crystallinity versus temperature for the selected

PE/TRG nanocomposites and the corresponding time-converted crystallinity. The ti
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calculated at 50% of crystallization from the onset point, decreased with increasing the
cooling rate. Furthermore, the apparent ty, for neat PE decreased with increasing
graphene concentration in the nanocomposites. The ti/> decreased with instant TRG
addition (see Table 5) confirming the nucleating characteristics of graphene. On the

other hand, there were no significant changes in t1» for PE/CB composites as expected.

Table 5: Thermal characteristics nanocomposites from nonisothermal crystallization
experiments

TRG 0} To Tp tiz AH: CB 0} To Tp twz AHc
wt% (°C/min) (°C) (°C) (s) (Jg) wt% (°C/min) (°C) (°C) (s) (J/g)

2 112.7 110.0 80.9 114.2 2 114.7 111.0 155.8 97.4

5 111.0 107.8 32.8 106.0 5 113.1 108.7 65.3 93.3

0 10 108.3 105.7 15.3 1048 0.5 10 110.3 106.5 34.7 90.2

15 106.8 104.2 9.5 103.2 15 109.1 104.9 24.1 88.8

20 105.9 103.0 6.4 101.0 20 108.1 103.6 20.6 87.6

2 1135 1105 95.8 112.7 2 115.7 111.4 177.2 109.0

5 112.0 108.3 36.6 115.4 5 113.4 108.9 84.7 100.5

0.07 10 110.0 106.3 19.4 1116 1.5 10 111.3 106.4 485 96.3
15 108.5 104.8 12.8 106.6 15 109.7 104.6 339 95.2

20 108.0 103.6 9.4 106.7 20 108.8 103.1 26.2 95.0

2 114.1 1109 77.8 119.0 2 117.2 112.0 174.4 106.5

5 112.1 108.7 32.7 109.4 5 114.5 109.7 85.2 101.9

0.16 10 110.3 106.6 17.2 1059 3 10 112.8 107.5 49.5 98.0
15 108.5 105.1 11.3 104.3 15 111.2 106.0 37.8 96.4

20 107.6 103.9 8.3 103.9 20 109.6 104.7 27.1 96.1

2 115.2 112.4 41.3 78.0 2 116.1 111.9 198.3 112.2

5 113.6 110.3 24.1 110.0 5 114.7 109.8 90.1 102.4

0.5 10 111.9 1079 114 107.2 4.3 10 113.3 107.5 51.9 99.0
15 110.5 106.3 9.9 104.4 15 111.5 106.0 37.3 96.5

20 109.1 105.0 7.6 103.6 20 110.0 104.6 30.0 94.6

2 114.7 111.5 559 65.0 2 117.0 112.2 155.6 74.1

5 112.8 109.1 30.4 98.2 5 115.7 110.2 82.6 93.6

3 10 110.6 106.8 16.5 97.6 6.5 10 113.6 108.1 47.0 91.6

15 109.6 105.0 11.2 96.9 15 112.5 106.6 33.4 90.3

20 108.1 103.6 8.1 96.7 20 111.6 105.1 25.9 89.9

2 114.7 111.0 54.6 66.8 2 114.4 111.1 173.0 106.5

5 112.9 108.4 32.0 101.4 5 112.6 108.6 80.6 100.0

5 10 111.2 1055 19.2 98.0 10 10 110.4 106.0 46.2 96.4

15 109.4 103.2 135 95.2 15 109.2 104.1 32.2 94.0

20 108.2 101.4 10.7 94.0 20 107.9 102.6 24.8 93.6

2.3.5.1 Analysis of nonisothermal crystallization kinetics

The evolution of crystallinity during nonisothermal crystallization was also

studied using the Avrami, Ozawa, and Liu’s kinetic models. These models are used to
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understand the structure development during the course of the crystallization under

nonisothermal conditions. The following sections contain an analysis of nonisothermal

crystallization data using the above-mentioned theories.
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Figure 19: Relative crystallinity versus crystallization time and temperature. (The
dotted line indicates 50% of crystallization during the evolution of crystallinity. The
arrow signs in right panels indicate the onset of crystallization temperatures).

2.3.5.2 Avrami analysis

The Avrami equation is traditionally developed for isothermal crystallization
of polymers. In order to evaluate the nonisothermal crystallization data using the

Avrami equation, the relative crystallinity was converted from temperature variable to

Temperature (°C)

2 114
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time variable [71]. Using the time variation, the nonisothermal kinetic data can be
treated by the methods used for isothermal kinetic analysis. However, Jeziorny [72]
proposed a correction factor called as the corrected crystallization rate for

nonisothermal crystallization (kc) to replace the Avrami crystallization rate as follows:

logk, = —— [9]

The Jeziory’s correction follows that the crystallization rate should be adjusted
to accommodate a constant cooling rate experiment [72]. The time-dependent
nonisothermal crystallization data was fitted with the linearized Avrami equation
(Figure 20) and a summary of the results are shown in Table 6. The data exhibited an

excellent fit with the Avrami equation.

The kinetic parameters, n, and k for neat PE, PE/TRG, and PE/CB composites
are presented in Table 6. The table shows a similar pattern to what was shown by Liu
[73]. The Avrami exponent, n is related to the type of the nucleation and growth
geometry of the crystals. Although the Avrami exponent does not define a unique
nucleation and growth process, there is a possibility that a relationship can be made
between the n value, the crystallization mechanisms, and the morphology and structure
in the crystalline state [40]. On average, an exponent of 1.6 for neat PE crystallized at
all temperatures is consistent with the two-dimensional spherical crystal growth
process. With the addition of 0.07 wt% TRG, n value reduced to 1.4, 1.6 at 0.5 wt%
TRG, and reduced to 1.4 at 5 wt% TRG. Although the assumptions used to derive the
Avrami equation should result in n being integer values for the homogenous nucleation
and linear growth processes, the non-integer value could be expected in heterogeneous

nucleation processes due to mixed nucleation modes [74]. In general, along with
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excellent Avrami fit, the n value in the range of 1-2 indicated two-dimensional growth

PE/TRG nanocomposites. The PE/CB composites showed similar behavior with n

hitting the lower end of the same range (closer to a value of 1).
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Figure 20: Effect of cooling rates on the crystallization of PE/TRG nanocomposites.

[Marker points represent experimental data and smooth lines the Avrami fit].

2.3.5.3 Ozawa’s theory

The Ozawa’s crystallization theory assumes crystallization occurs at a constant

rate and the crystals grow from an initial distribution of the nuclei in the form of

spherulites (three-dimensional crystals with a constant growth radius at a given

temperature) [44]. Ozawa’s theory further assumes that the crystallization process is

essentially a result of small isothermal crystallization steps. The temperature-

dependent relative crystallinity, X (T), is a function of the cooling rate (o), represented

as follows[IX] [45]:

1- X (T)=exp(—k(T)/¢")

[10]
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Here, k (T) is the crystallization rate constant (function of temperature), and
n=m+2 where m is the Ozawa’s parameter which is a function of dimensions of the
crystal growth and nucleation mechanism. The linearized Ozawa’s equation is

represented as follows[X]:
Iog[—ln(l—x (T))J: logK (T)-nloge [11]

Table 6: Avrami parameters of nonisothermal crystallization of the composites.

TRG Avrami constant CB Avrami constant
wt% @ n ke (min) (10) R? wt% n ke (min) (10) R?
2 20 4.1 0.998 1.0 10.6 0.999
5 1.2 7.5 0.996 1.0 12.3 1.000
0 10 15 10.2 0.993 0.5 1.2 16.4 0.998
15 138 11.3 0.993 1.0 21.3 1.000
20 1.7 11.2 0.994 1.0 27.8 0.998
2 14 2.2 0.996 1.1 10.3 1.000
5 1.2 7.5 0.998 1.1 12.3 1.000
007 10 1.3 9.5 0.997 15 1.0 16.2 1.000
15 15 10.4 0.994 1.0 21.2 1.000
20 1.4 10.4 0.997 1.1 27.7 1.000
2 21 4.6 0.996 14 10.6 0.997
5 1.2 7.7 0.999 1.1 12.3 1.000
016 10 14 9.9 0.995 3 1.2 16.4 0.999
15 1.7 10.9 0.994 1.3 21.3 0.999
20 15 10.7 0.996 1.2 27.8 0.999
2 15 8.9 0.995 15 11.0 0.993
5 13 9.4 0.995 1.2 12.7 0.999
0.5 10 1.6 11.9 0.995 4.3 1.2 17.2 0.998
15 1.8 115 0.993 1.3 21.6 0.998
20 1.6 11.1 0.996 1.2 28.1 0.999
2 17 7.4 0.998 1.7 10.8 0.994
5 1.2 8.4 0.998 1.3 125 0.999
3 10 14 10.3 0.995 6.5 1.2 16.6 0.997
15 1.7 111 0.994 1.3 21.4 0.998
20 15 10.9 0.997 1.2 28.0 0.999
2 16 8.0 0.999 1.0 10.9 1.000
5 11 8.6 0.999 1.0 12.6 0.997
5 10 14 10.2 0.997 10 0.9 16.6 0.999
15 15 10.8 0.996 0.9 21.7 0.999
20 1.4 10.6 0.998 1.0 28.3 1.000

Fitting the experimental data into linearized Ozawa’s equation was attempted
and values of k (T) and m were evaluated from the slope and intercept of the straight

lines, respectively. The straight lines were obtained at selected temperatures (Figure
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21). The average values of the Ozawa’s constant were 3.7, 2.7, 2.8, 2.4, 3.4, and 1.7
for neat PE, 0.07 wt%, 0.16 wt%, 0.5 wt%, 3 wt%, and 5 wt% PE/TRG
nanocomposites, respectively. Higher values of m were expected compared to
averaged values of the Avrami exponent [64]. Similarly, the averaged m decreased
from 1.7 at 0.5 wt% PE/CB to 1.1 at 10 wt% PE/CB composites. An m value of ~2-3
corresponds to instantaneous nucleation and growth of spheres in 3D [64]. The
Ozawa’s analyses were applied to all composite samples (see appendix). However,
PE/TRG nanocomposites showed excellent agreement with Ozawa’s theory whereas
PE/CB composites did not show very good fittings. A few previous reports [75, 76]
also indicated unsuccessful fitting of the Ozawa equation in PE-based composites. One
of the possible reasons for crystallization not following Ozawa’s approach might be
the strong presence of secondary crystallization mechanism which is also evident from

the Avrami analysis.
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Figure 21: Representative Ozawa plots of selected samples A) Neat PE, B) PE/TRG
5 wt%
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2.3.5.4 Liu’s analysis

A crystallization equation developed by Liu et al. [77] combines the Ozawa
and Avrami equations to describe the nonisothermal crystallization kinetics. The
applicability of Liu equation has been reported for crystallization of various kinds of
nanocomposite systems [45, 73, 76]. It represents a relationship between the cooling

rate, ¢ and time, t, at fixed levels of crystallinity as follows:

o [k(r)a/k]m _F(T)

" o =R [12]

logp =log F (T )-alogt [13]

Here, a is the ratio of the Avrami’s exponent “n” to the Ozawa’s exponent “m” (i.e.
a=n/m), the term [K(T)/k ]¥™ represents the value of cooling/heating rate at a certain

degree of crystallinity (for simplicity, it is equal to F (T)).

Using linear regression again, the exponent “a” and F(T) were estimated at
fixed % crystallinity (Figure 22). The data did not fit perfectly with Liu’s model.
However, the trend of F(T) as a function of W:% was the same as reported earlier for
polyamide/graphene oxide nanocomposites [78]. The value of F (T) increased with
increasing W¢ (Table 8), indicating that a lower crystallization rate is required to reach
a certain degree of crystallinity at a set time. On the other hand, the exponent “a” which
is the ratio of the Avrami to Ozawa’s constants did not yield a proper value. This
negativity was shown for the first time and we could not explain it. Similar behavior

was observed for PE/CB composites (see appendix).
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Table 7: Liu’s theory parameters for nanocomposites

TRGWt% | We ()% F(T) a R’ |CBw% | We()% F(T) a R
20 19 03 0857 20 20 -01 00955

30 21 03 0895 30 22 -01 00956

40 22 03 00919 40 24 01 00956

0 50 23 02 08% | 05 50 25 -0.1 00955
60 22 02 00917 60 26 -0.1 00947

70 22 02 00912 70 27 -01 0.950

80 21 0.2 0.924 80 28 0.1 00941

20 15 01 0890 20 20 -0.2 1.000

30 16 01 0848 30 23 -0.2 1.000

40 17 01 0.89% 40 24 -0.2 1.000

0.07 50 18 00 0582 | 15 50 26 -0.2 1.000
60 19 00 0644 60 27 -02 1.000

70 20 00 0852 70 28 -0.2 1.000

80 20 0.0 0.786 80 29 -0.2 1.000

20 13 01 0878 20 16 -0.3 1.000

30 15 01 0.943 30 21 -0.2 1.000

40 16 01 0833 40 23 -0.2 1.000

0.16 50 17 01 00916 3 50 25 -0.2 1.000
60 17 00 0849 60 26 -0.2 1.000

70 17 00 00945 70 28 -0.2 1.000

80 1.8 00 0.360 80 29 -0.2 1.000

20 02 -05 0.665 20 12 -03 0998

30 02 -05 0.695 30 26 -02 0977

40 03 -05 0732 40 28 -0.2 00981

05 50 04 -04 0716 | 4.3 50 29 -02 0977
60 04 -04 0747 60 31 -02 0975

70 05 -04 0.803 70 32 -02 0975

80 05 -0.4 0.809 80 33 -02 0.974

20 11 01 -0.023 20 05 -05 0.963

30 13 00 -0.081 30 07 -0.4 0.980

40 14 00 -0.341 40 12 -04 0977

3 50 14 00 -0488| 65 50 22 -0.3 0.965
60 15 00 -0.967 60 24  -03 00962

70 15 00 -0.144 70 26 -0.2 00965

80 15 00 0511 80 28  -0.2 0.967

20 09 -01 0877 20 21 -02 0099

30 1.0 -01 0.959 30 23 -02 00997

40 1.0 -01 0932 40 24 -02 0.99

5 50 11 -02 0974 10 50 25 -0.2 0.99
60 12 -02 0985 60 27 -02 00995

70 12 -0.2 0.969 70 28 -0.2 00995

80 12 -0.2 0.978 80 29 -0.2 0.995

47



48

Chapter 3: Conclusions and Future Recommendation

3.1 Conclusions

In this study, thermally reduced graphene (TRG) was successfully synthesized
by simultaneous thermal exfoliation and reduction of graphite oxide. TRG was
confirmed vie XRD, Raman spectroscopy, and TEM. PE/TRG and PE/CB composites

were prepared using solvent blending at a varying concentration of the fillers.

The isothermal data was an excellent fit with the Avrami model with Avrami
exponent ranging 2-3 (non-integer values), attributed to heterogeneous crystallization
of PE chains on TRG surface. The half time of crystallization (t12) decreased with
increasing graphene concentration confirming graphene as a nucleating agent. The
Lauritzen-Hoffman treatment of the crystallization data indicated a reduction in energy
required to crystallize with increasing filler concentrations (for both TRG and CB).
The surface energy dropped from 6.03 for neat PE to 1.47 for 5 wt% TRG and to a

value of -4.43 kJ/m? at 10 wt% CB (Figure 23).

During nonisothermal crystallization, the peak crystallization temperature (Tp)
increased with increasing TRG concentration up to percolation followed by a decrease
with further increasing TRG concentration. The peak shift was attributed towards the
change in the structure after composites were formed. The enthalpy of crystallization
decreased with the increased cooling rate at all concentrations. The t1> decreased with
the increased cooling rate. Furthermore, the nonisothermal data was an excellent fit to
the modified Avrami equation and Ozawa model whereas the Liu models did not
provide a good fit. With increasing filler concentration, crystals grew from as one-

dimensional rods with an instantaneous growth as predicted by the Avrami theory.
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3.2 Future recommendations

The vast area of application of polymer nanocomposites gives it many
opportunities for future works. During the course of this thesis, many ideas came up
to give additional aid to reveal the science behind polyethylene/graphene

nanocomposites. Due to the time limitation, these ideas were not performed.

3.2.1 Kinetics confirmation

As it was shown before, the Avrami exponent ranged between 2-3 (disc to
Sphere crystallization shape). Due to the time constraints, we were unable to support
the theoretical developments with experimental evidence. One of the instruments that
can provide this experimental confirmation is the wide-angle X-ray scattered (WAXS).
The WAXS instrument is quite common in the crystallization area due to the ability to
monitor the change in crystal length under time-resolved experiments [79]. Another
experimental proof can be obtained by studying the crystallization behavior vie optical

microscopy under heating-cooling cycles.
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3.2.2 Additional tests

Due to the instrument’s limitation, the effect of adding the graphene to the
polyethylene on glass transition could not be conducted. Since the glass transition
temperature of polyethylene requires an extreme cooling experiment (-130°C [7]), a
more advanced instrument is required to investigate this region. Fast scanning
calorimetry (FSC) is more recent and advanced scanning calorimetry can achieve a
wide range of heating/cooling rates. In addition, to studying the glass transition, FSC

can provide overcritical cooling and generation of amorphous glassy states[80].
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Figure 25: Heating profiles of PE/TRG nanocomposites (heating rate = 10°C/min)
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Figure 28: The isothermal experiment for PE/CB under different temperatures
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Figure 31: Ozawa plot of PE/TRG nanocomposites
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Figure 32: Ozawa plot of PE/CB nanocomposites
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Table 8: The Ozawa’s parameters for nonisothermal crystallization of the composites

TRG Ozawa’s constants CB Ozawa constant
W% T¢C) m K(M) W% T¢C) m K(T)
110.5 2.3 1.6 111 1.2 1.8
108 4.6 5.2 109 15 3.0
0 0.5
106 4.1 6.7 107 2.2 4.7
105 3.8 7.2 105 1.9 52
110.5 2.6 2.5 112 0.7 1.3
108.5 2.5 3.8 109 1.2 2.9
0.07 1.5
106.5 2.9 5.4 107 1.6 4.1
105 2.8 6.2 105 1.9 5.2
111 2.0 1.9 112 - 1.3
109 3.0 4.0 110 0.3 2.2
0.16 3
107 3.2 5.7 108 1.1 3.6
105.5 2.9 6.3 106 35 7.4
112 2.0 2.1 112 - 1.0
110.5 3.1 43 110 0.1 2.0
0.5 43
108.5 2.5 5.1 108 1.1 3.6
107 2.0 52 106 3.2 7.0
112 2.9 1.6 113 - 0.6
109.5 3.4 4.3 110 - 1.1
3 6.5
107.5 3.3 5.7 109 - 2.2
106 3.8 6.0 107 1.1 4.3
111 2.0 2.2 112 0.1 0.7
5 108.5 1.7 3.3 10 110 0.7 1.8
105.5 1.7 4.6 108 15 3.4
104 1.3 4.4 106 2.1 4.8
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Figure 33: Liu’s plot for PE/TRG nanocomposites
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Figure 34: Liu’s plot for PE/CB nanocomposites
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