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Abstract

The overall aim of this study was to obtain a facile method of synthesizing graphite
nanoplatelets from commercial expandable graphite and use these as functional fillers in
rotational moulding applications and phase change materials for energy storage. Two
commercial expandable graphites were evaluated as precursors for the synthesis of graphite
nanoplatelets. Microwave radiation treatment was shown to be more efficient in exfoliating
expandable graphite than furnace heating. The expandable graphite with better exfoliating
characteristics was selected. XRD results of this graphite showed that it was a high stage

graphite intercalation compound.

Graphite nanoplatelets with an average particle size of 13 pm and an estimated thickness of
about 76 nm were prepared by microwave exfoliation and ultrasonication-assisted liquid
phase exfoliation in isopropanol from the selected expandable graphite. Prior to the selection

of isopropanol as the ultrasonication media, various exfoliation media that encompassed
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different solvents and water with various surfactants had been evaluated, on the basis of their

acoustic cavitation characteristics.

The graphite nanoplatelets were used as a functional additive to fabricate linear low density
polyethylene (LLDPE) and poly(ethylene-co-vinyl acetate) (EVA) based nanocomposites
using the rotational moulding (rotomoulding) process. The dry blending approach yielded
surface resistivities within the static dissipation range (antistatic) at filler loadings as low as
0.25 wt.% (0.1 vol.%). However, even at this low graphite content, impact properties were
significantly reduced compared to the neat polymers. Bilayer mouldings via the double
dumping method proved to be a feasible approach to achieve both acceptable mechanical
properties and antistatic properties. This was achieved by rotomoulding nanocomposites with
a 1 mm outer layer containing the filler and a 2 mm inner layer of neat LLDPE. Excellent fire
resistance, in terms of cone calorimeter testing, was achieved when the outer layer also

contained 10 wt.% expandable graphite.

Pseudo binary mixtures of stearyl alcohol/commercial triple pressed stearic acid where
prepared and characterized as a new phase change material (PCM) for energy storage. A
facile method of preparing highly thermally conductive stearyl alcohol/stearic acid phase
change material/graphite nanoplatelets (GNPs) nanocomposites was developed. Inclusion of
the GNPs in the PCM matrix reduced the enthalpy of melting and crystallization marginally.
However, the PCM/nanocomposite exhibited negligible super cooling. At 10 wt.% loading,
the graphite nanoplatelets enhanced the thermal conductivity of the PCM by close to 600 %
and 1200 % in the solid and molten states, respectively. Thermal conductivity modelling
showed that the substantial thermal conductivity enhancement was as a result of relatively
low interfacial thermal resistance between the PCM matrix and GNPs. The PCM/GNPs
nanocomposites also showed excellent thermal reliability after being subjected to accelerated
thermal cycling tests of 100 melting and freezing cycles. Settling tests showed the
PCM/GNPs nanocomposite with 10 wt.% GNPs was stable after 60 days, with no apparent

separation between the PCM matrix and the graphite nanoplatelets.

Key words: Graphite nanoplatelets, Rotational moulding, Antistatic, Impact strength, Stearyl

alcohol, Stearic acid, Phase change material, Enthalpy, Thermal conductivity
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Chapter 1 Introduction

1.1. Background

1.1.1 Rotational moulding

Rotational moulding, also referred to as rotomoulding or rotocasting, is a polymer forming
process used to make hollow plastic products through biaxial rotation and heat. In a history of
the process described by Beall (1998), it is noted that elements of the process were first
documented in the 1850s. Rotational moulding evolved from a process developed to make
metal ordnance shells and artillery shells in the 1850s, hollow wax objects and chocolate eggs
in the 1900s, to a process for moulding plasticized polyvinyl chloride (plastisols) in the
1940s. The advent of polyethylene in the 1950s heralded a significant turning point for
rotomoulding. The ability to pulverize polyethylene pellets into fine flowing powder was key

to the development and growth of the process (Beall, 1998, Dodge and Perry, 2001).

Nowadays, rotomoulding competes with and complements other polymer forming processes
such as injection moulding, thermoforming and blow moulding (Crawford et al., 1996,
Crawford and Gibson, 2006). It is particularly suitable for large hollow parts and complex
parts which cannot easily be fabricated by any other method (Cramez et al., 2003,

Bellehumeur, 2005). It is also economic to run short production runs.

Traditionally, rotomoulding has been considered for the design of products with simple
geometries and no load bearing capabilities. Crawford and Throne (2002) have given a
comprehensive summary of such products which includes chemical storage and septic tanks,
containers, automotive parts, marine industry components, toys and outdoor furniture.
Crawford and Throne (2002) and Beall (1998) also gave a breakdown of rotomoulded

products segments showing how the markets are different in America and Europe.

However, nowadays rotational moulding is also considered for more sophisticated products.
For instance, Li et al. (2007) rotomoulded a truck fender using linear low density
polyethylene. Barboza Neto et al. (2014) recently fabricated pressure vessel liner prototypes
for use in compressed natural gas cylinders by rotomoulding blends of linear low density
polyethylene (LLDPE) and high density polyethylene (HDPE).

© University of Pretoria



In South Africa, rotomoulded products are exemplified by large (up to 5000 litres) water
storage tanks commonly referred to as Jojo tanks, in reference to the name of the company
that popularized them (Figure 1-1). However, there is a wide range of other rotomoulded
products on the South African market that include roadside barriers for traffic control, refuse
bins, septic tanks, cattle feeding troughs and temporary toilets. Rotomoulded products also
find their way into underground mining applications. For instance, battery casings for
locomotives used extensively in underground mines are rotomoulded. South Africa happens

to be home to the world’s deepest mines extending to beyond 4 km below the earth’s surface.

Figure 1-1  Rotomoulded water tank 5000 litre water tank (JojoTanks, 2016).

By the end of the last millennium, rotomoulding was experiencing rapid growth rates of
between 10-20 % per annum (Yan et al., 2006). Further growth has however been hindered
by reliance of the process on polyethylene (Robert et al., 2000). Polyethylene is the major
rotomoulding material, with over 85 % of all rotomoulded material being various grades of
polyethylene (Yan et al., 2006, Liu and Peng, 2010).

Polyethylene is well suited to rotomoulding because of its low melting temperature, relative
thermal stability hence wider processing window, favourable rheology and relatively low cost
(Yuan et al., 2007, Chang et al., 2011, Sharifi et al., 2012). However, polyethylene has

relatively low strength and stiffness, limited abrasion resistance and heat distortion
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temperatures (Harkin-Jones and Crawford, 1996, Murphy et al., 2003, Yuan et al., 2007).
Polyethylene is also highly flammable and a good electrical insulator (Sun et al., 1993).
Build-up of static charge on polyethylene products presents a potential fire and explosion
hazard in some situations (Wang et al., 2010a). This limits the use of polyethylene from
emerging applications and new markets with demanding material characteristics. The
development of new materials suitable for the rotomoulding process is necessary for its

continued growth.

1.1.2 Phase change materials for energy storage

The ever increasing demand for energy can be alleviated by efficient utilization of presently
available sources and availing new sources, particularly renewable energy. The depletion of
fossil fuels and their environmental impact has resulted in the search for renewable energy
sources and energy conservation. Energy storage plays a vital role in the efficient utilization

and conservation of energy sources (Farid et al., 2004, Sharma et al., 2009).

Energy storage is also a solution for the disparity between energy demand and supply,
enabling energy conservation through efficient utilization and energy supply security (Zalba
et al., 2003, Sharma et al., 2009). The intermittent nature of energy availability, particularly
from renewable sources, is a challenge which energy storage addresses (Farid et al., 2004,
Cui et al., 2011). Latent heat thermal energy storage (LHTES) through phase change
materials (PCMs) is an attractive method for energy storage due to their high energy storage
densities and the storage/extraction of the energy at nearly constant temperatures (Sharma et
al., 2009). Phase change materials store energy by virtue of them absorbing latent heat during
phase change transitions. Various materials have been studied as phase change materials for
energy storage for numerous applications (Zalba et al., 2003, Farid et al., 2004, Sharma et al.,
2009).

Fatty acids and their mixtures have been widely studied as PCMs (Yuan et al., 2014). Most of
the properties of fatty acids enable their exploitation as PCMs. Their latent heats of fusion
and crystallization are relatively high (Yuan et al., 2014). Fatty acids also undergo consistent
melting and freezing and do not exhibit super cooling (Sharma et al., 2009). Unlike salt
hydrates, fatty acids melt congruently. Fatty acids also have a low vapour pressure in the

melt, are non-toxic, have relatively good chemical and thermal stability and are relatively

3
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inexpensive (Yuan et al., 2014). However, fatty acids are mildly corrosive and have bad
odour (Sharma et al., 2009, Huang et al., 2013).

Several fatty alcohols or normal alkanols (n-alkanols) have also been studied as PCMs (Zeng
et al., 2008, Yavari et al., 2011). These fatty alcohols qualify as phase change materials for
energy storage due to their high latent heats of fusion and non-corrosiveness (van Miltenburg
et al., 2001, Ventola et al., 2002). However, they exhibit polymorphism which can affect heat
storage and extraction from them (Ventola et al., 2002).

Stearyl alcohol and stearic acid have relatively low thermal conductivities (0.38 W/mK at
room temperature for stearyl alcohol and 0.172 W/mK at 70 °C) (Zalba et al., 2003, Yavari et
al., 2011). Low thermal conductivities constrain the rate of heat transfer into and out of the
PCM thereby limiting the heat storage and extraction rates and applicability of the LTHES

system.

1.1.3 Nanocomposites

Nanofillers have attracted great interest recently due to their ability to produce polymer
nanocomposites with improved mechanical, electrical, thermal and barrier properties and
flame retardancy, amongst other properties at very low filler loadings (Chen et al., 2007,
Haznedar et al., 2013). A nanocomposite is composed of one or more nanofillers with at least

one dimension in the nanometre range (less than 100 nm) (Haznedar et al., 2013).

1.1.4 Graphite nanoplatelets

Graphite nanoplatelets (GNPs) are graphite crystals with thicknesses less than 100
nanometres, but with lateral dimensions which can extend into micrometres (Carotenuto et
al., 2012). GNPs are composed of a several layers of graphene, making them alternative
nanofillers closely similar to graphene. The lateral dimensions of GNPs (micrometres) are
suitable for their exploitation as reinforcements with nanometre thicknesses and excellent

thermal and electrical properties. The estimated properties of GNPs are given in Table 1-1.
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Table 1-1 Properties of graphite nanoplatelets (Jang and Zhamu, 2008).

Property Value Unit
Density 1.8-2.2 gcm™
Modulus 1 TPa
Strength 100-400 GPa
Resistivity 50 pQ cm
Thermal conductivity 5300 W m'K?
6-30* wmtK?

Specific surface area  Experimentally observed: 100-1000, m?g*!

theoretical >2600

*Value in the c-axis

1.2  Aims and objectives

The overall aim of this study was to obtain a facile method of synthesizing graphite
nanoplatelets from commercial expandable graphite and use these as functional fillers in

rotational moulding applications and phase change materials for energy storage.

The first objective was to study the exfoliation and delamination characteristics of two
commercial expandable graphites into graphite nanoplatelets. Having obtained a suitable
expandable graphite and method to exfoliate and delaminate it, the next objectives were to

use the obtained graphite nanoplatelets as a functional filler.

With respect to rotational moulding applications, the overall aim was to develop cost-
effective, flame-retardant and antistatic polyethylene-graphite compounds suitable for
rotational moulding for use in underground mining applications. A previous study considered
antistatic polyethylene-graphite composites using micron-sized natural flake graphite (Mhike
and Focke, 2013). The inclusion of the natural graphite in polyethylene also improved the
ignition resistance in cone calorimeter fire tests (Mhike et al., 2015). However, the impact
and tensile strengths of these composites were severely compromised at the graphite loadings
required to achieve static dissipation (> 10 wt.%). In this present study it was hypothesized
that antistatic and flame retarded rotomoulded polymer nanocomposites based on graphite
nanoplatelets could overcome some of these limitations at low graphite contents. The

© University of Pretoria



(02@*

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

objectives were therefore to formulate and fabricate antistatic and flame retardant
rotomoudable polymer nanocomposites with graphite nanoplatelets as the functional filler in

an attempt to minimize the amount of filler and retain useful mechanical properties.

With respect to phase change materials for energy storage, the aims were twofold. The first
aim was to fabricate a mixture of stearic stearyl alcohol and stearic acid which exhibits a
single endotherm and exotherm at its melting and crystallization transitions for application as
a novel PCM. The second aim was to enhance the thermal conductivity of this PCM using
graphite nanoplatelets by utilizing a facile method to prepare PCM/graphite nanocomposites
and characterize them as phase change material nanocomposites for thermal comfort
applications. It was hypothesized that good interfacial interaction between graphite
nanoplatelets and the PCM would result in superior thermal conductivity. The objectives
were to evaluate the thermophysical properties (melting and crystallization enthalpies as a

function of temperature, thermal conductivity, thermal stability and thermal cyclability).

1.3 Outline of the study

In Chapter one a background to the study is given. The background encompasses an overview
of the rotational moulding process and highlights the limited material selection for this
process. This has inhibited its further growth as rotomoulded polyethylene products find
limited applicability. The background also includes phase change materials for energy
storage, highlighting the advantages and limitations of stearyl alcohol and stearic acid as
phase change materials for energy storage. The emergence of nanocomposites as materials
with enhanced properties is also highlighted. Graphite nanoplatelets are introduced as a
functional nanofiller with outstanding electrical, thermal and mechanical properties. The aims

and objectives of the study are presented in this chapter.

The literature study is presented in four chapters. Chapter two focuses on graphite, graphene,
and graphite nanoplatelets. The chapter gives an overview of the properties of graphite and its
compounds. It also examines the properties of graphene and its synthesis, particularly through
liquid phase exfoliation. Ultrasonication is studied in-depth. The chapter concludes with a
study of the synthesis of graphite nanoplatelets using ultrasonication assisted liquid phase
exfoliation. Chapter three focuses on polymer composites, highlighting the electrical,
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mechanical, thermal and fire properties of polymer composites. The nanoscale effect of fillers
on these properties is examined. In chapter four, attributes of the rotational moulding process
were studied exhaustively. The use of functional additives and how they are included in
rotomoulding polymers is one of the highlights of this chapter. In this chapter possible
mixing techniques which can be exploited for rotomoulded nanocomposites and their effects
on properties are reviewed. Chapter five is a study of phase change materials for energy
storage, particularly their characterization. The nature of stearyl alcohol with respect to its
polymorphism is examined in this chapter. VVarious ways in which the thermal conductivity of

PCMs is enhanced are investigated in this chapter.

The experimental methodology is presented in chapter six. The chapter is divided into three
sections; synthesis of graphite nanoplatelets, rotomoulded polymer/graphite nanocomposites
and phase change material/graphite nanocomposites.

The results and discussions are presented in three chapters. Chapter seven focuses on the
graphite nanoplatelets, chapter eight focuses on rotomoulded polymer/graphite

nanocomposites and chapter nine focuses on phase change material/graphite nanocomposites.

Chapter ten presents the conclusions and recommendations for future work.
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Chapter 2 Literature: Graphite, graphene and graphite

nanoplatelets

2.1  Carbon polymorphs

The element carbon exists in the form of various allotropes or polymorphs depending on
which electronic configuration it assumes during bonding. The most common polymorphs of
carbon are diamond, graphite and fullerenes (Pierson, 1993, Chung, 2002).

Graphite and all other graphitic structures are formed from the covalent bonding of sp?
hybridized carbon atoms (Pierson, 1993). Three sigma (o) orbitals from an sp? hybridized
carbon atom with a single electron each covalently bond with other sigma orbitals from three
other sp® hybridized carbon atoms to form trigonal planar covalent sigma bonds at 120 ° to
each other, resulting in a hexagonal planar structure. The forth valence electron is delocalised
in a pi (n) orbital perpendicular to the plane. Graphene is composed of a single plane of sp?
hybrid carbon atoms covalently bonded in an infinite two dimensional structure. Figure 2-1
shows the o and = orbitals in the hexagonal planar structure of graphene (Jorio et al., 2011).
As shown in Figure 2-2, all graphitic structures have graphene as their fundamental structure

(Geim and Novoselov, 2007).

Figure 2-1 o and = orbitals in the hexagonal planar structure of graphene (Jorio et al.,
2011).

2.2 Graphite

Graphite is composed of a series of carbon planes staked together through weak van der

Waals bonds emanating from interaction of the m electron orbitals (Pierson, 1993, Chung,

8

© University of Pretoria



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

2002). The delocalized electrons in the = orbitals can move from one end of the plane to other

but not cross one layer to another (Pierson, 1993).

Fullerene Nanotube Graphite

Figure 2-2  Graphitic structures with graphene as the fundamental structure (Geim and

Novoselov, 2007).

2.2.1 Crystal structure

Within a graphite crystal, layers of carbon atoms can stack in an -ABABAB- or -ABCABC-
sequence (Pierson, 1993, Chung, 2002). Hexagonal graphite results from the -ABABAB-
stacking sequence. It is the most stable form. In hexagonal graphite, carbon atoms in each
second layer superimposed are over each other. Figure 2-3 shows the stacking sequence in
hexagonal graphite together with the unit cell outline and lattice parameters. The interlayer
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summary of the properties of a hexagonal graphite crystal.

Rhombohedral graphite results from the -ABCABC- stacking of carbon layers. It is not
thermodynamically stable. Rhombohedral graphite is always found in combination with
hexagonal graphite. In rhombohedral graphite, carbon atoms in each third layer are

superimposed over each other (Pierson, 1993). Table 2-1 also give a summary of the

properties of a rhombohedral graphite structure.

Table 2-1 Graphite crystal structure (Pierson, 1993).
Characteristic Hexagonal Rhombohedral
Space group D*n-P63/mmc D>3¢-R3m
Crystal lattice parameters  a,=0.245 nm 30=0.2256 nm
Co=0.6708 nm Co=1.006 nm
Colour Black, black streak -
Stability Thermodynamically stable -
?3
A - ;
—0 :
B 6708 - :L.—{;:’ —‘;T
o :. Interlayer (¢ )
H ® ! distance ‘2’
—a |
A
W\ x\g
Unit cell “3_9.6 Q o&
outline an
Figure 2-3  Hexagonal graphite (modified from Pierson (1993)).
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2.2.2 Occurrence: Natural and synthetic graphite

Graphite is classified as natural or synthetic graphite depending on its source (Wissler, 2006).
Graphite occurs naturally in metamorphic rocks in the Earth’s crust (Kalyoncu et al., 2005).
Natural graphite is further divided into macro-crystalline and micro-crystalline forms with
reference to crystallite sizes (Wissler, 2006). Macro-crystalline graphite is either flake
graphite or vein graphite flake. It is highly crystalline. Micro-crystalline graphite is also
referred to as amorphous graphite (Wissler, 2006). Graphite is formed in igneous or
metamorphic rocks. However, deposits of commercial importance are found in metamorphic
rocks (Kalyoncu et al., 2005).

Flake graphite consists of large crystals oriented in lamella or scaly forms (Wissler, 2006).
Froth flotation is used to extract flake graphite from its ore. Carbon contents of between 80-
98% are obtained. Higher purity flake graphite is obtained by further chemical treatment.
Several countries which include Brazil, Canada, China, Madagascar, Mozambique, and

Zimbabwe have significant deposits of flake graphite (Kalyoncu et al., 2005).

Vein graphite is a naturally occurring form of pyrolytic graphite deposited from a fluid phase.
Vein graphite occurs as deposits of veins of variable thickness with niddle-like, intergrown
large crystals. Due to the process by which vein graphite is deposited viz. fluid to solid, the
purity of deposits is usually high, typically above 90 %. Conventional surface or shaft
methods are used to mine vein graphite. Sri Lanka is known to have commercially viable

deposits of vein graphite (Kalyoncu et al., 2005).

Amorphous graphite has a low degree crystalline order. It has a microcrystalline structure and
is formed by thermal metamorphism of coal seams. Conventional coal extracting techniques

are used to extract amorphous graphite (Kalyoncu et al., 2005).

Heat treatment of unstructured carbons above 2500 °C orients disordered layers into graphitic
structures (Wissler, 2006). Synthetic graphite differs in properties according to raw materials
used and the particular heat treatment process applied. Synthetic graphite is divided into
primary and secondary synthetic graphite. Conditions under which primary synthetic graphite
is made are stringent, ensuring more consistent properties, compared to secondary synthetic

graphite.

11
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2.2.3 Physical properties

The unique properties of graphite that make it any interesting functional filler for polymers
are given in Table 2-2. The properties of graphite are necessarily anisotropic due to the nature
of its electronic configuration. The properties of natural graphite described by Pierson (1993)
and other workers (Sengupta et al., 2011) are essentially those of single crystalline graphite
although graphite is seldom found in single crystal form. Most of these properties are

theoretical.

Table 2-2 Physical properties of graphite (Sengupta et al., 2011).

Property In-plane  C-axis Unit
Density 2.26 - gcm™
Tensile modulus 1 - TPa
Tensile strength 130 - GPa
Resistivity 50 - puQ cm
Thermal conductivity 3000 6 W mtK?!
Thermal stability 450-650 (in air) °C

2.3 Graphite compounds

Several reviews and reports on empirical studies classify graphite compounds inconsistently
(Hennig, 1952, Hennig, 1955, Ridorff, 1959, Ebert, 1976, Chung, 2002). An attempt is made

to present a classification of the compounds in a logical manner easy to follow.

Hennig (1955) classified compounds of graphite into surface, substitutional and interstitial
compounds. Hennig (1955) suggested that the surface atoms on the periphery of the graphite
crystal can interact with reacting species to form surface compounds. Hennig (1955)
envisaged that the graphite edge atoms are more reactive due to their possession of residual
valence bonds. The oxidation reaction was cited as an example of such a reaction. Hennig
also hypothesized that reacting species such as boron, nitrogen or antimony could substitute
carbon atoms in graphite, analogous to reactions of other group IV elements to form
substitutional graphite compounds. There was however no experimental evidence of this type

of graphite compounds except for the graphite compound with boron. The existence of

12
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vacancies in the graphite lattice structure was also considered to be a form of graphite

substitutional compounds.

According to the classification used by Hennig (1955), the majority of reactions of graphite
with other species result in graphite interstitial compounds. Most workers have called these
graphite intercalation compounds (Ridorff, 1959, Ebert, 1976, Selig and Ebert, 1980, Chung,
2002) although other scholars have referred to them as insertion or inclusion compounds
(Forsman et al., 1983). The common denominator in these compounds is the insertion or
inclusion of the reacting species within the basal layers of the graphite lattice thereby
increasing the interlayer spacing between the layers. However, the manner in which the
reacting species interacts with the carbon atoms of graphite differs, leading to a further
distinction of these compounds.

The graphite compounds which Hennig (1955) referred to as interstitial compounds of
graphite can be classified into two groups, depending on how the reacting species interacts
with graphite. The first group are the covalent compounds of graphite (Hennig, 1955,
Ridorff, 1959, Ebert, 1976, Selig and Ebert, 1980, Chung, 2002). In this type of graphite
compounds, the interstitial species interacts with graphite by forming covalent bonds with the
carbon atoms in the graphite lattice. The planar structure of carbon atoms in graphite reverts
to a wavy or puckered structure due to the change from trigonal sp® hybridisation bonding in
graphite to tetragonal sp® hybridization in these compounds (Selig and Ebert, 1980, Chung,
2002). These compounds are not electrically conducting because the delocalised fourth
valence electron in graphite is no longer available but rather involved in bonding (Hennig,
1955, Rudorff et al., 1963). Graphite oxide, carbon monofluoride, and tetracarbon

monofluoride are examples of covalent interstitial compounds of graphite.

The second group of graphite interstitial compounds are to a greater extent ionic in nature
(Hennig, 1955, Radorff, 1959, Chung, 2002). The delocalized = electrons in carbon atoms of
graphite interact with reacting species and form polar bonds, retaining these species within
the carbon layers. The interlayer spacing increases as a result, but the planar structure of the
layers is maintained. This group of compounds includes graphite salts for instance graphite
bisulphate and graphite nitrate, graphite-alkali metal compounds, graphite halogen

compounds and graphite-metal chloride.

13
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2.3.1 Graphite intercalation compounds

The International Union of Pure and Applied Chemistry (IUPAC) ascribed the term graphite
intercalation compounds (GICs) to compounds of graphite formed as a result of charge
transfer between graphite and the reacting species (Boehm et al., 1994). From the preceding
section it is apparent that these compounds are a subgroup of graphite compounds that
Hennig (1955) classified as interstitial compounds of graphite. However, in that group of
compounds, the IUPAC regards only those which exhibit ionic character to be GICs. This is
in contrast to the classification of graphite compounds by, for instance, Chung (2002). Chung
(2002) also had surface and substitutional compounds as Hennig (1955) did, but additionally
intercalation compounds which are interstitial compounds. In his classification all interstitial
compounds of graphite are graphite intercalation compounds. It must thus be noted that in
previous works the term graphite intercalation compound was used to refer to a wide range of
graphite compounds (Ridorff, 1959, Ebert, 1976, Selig and Ebert, 1980, Chung, 2002). The
definition of graphite intercalation compounds as defined by IUPAC is used in subsequent

discussions.

A comprehensive review on graphite intercalation compounds as defined by the IUPAC was
published by Dresselhaus and Dresselhaus (1981). This review has proved to be so popular
according to the number of its citations; it had to be republished in the year 2002. Noel and
Santhanam (1998) gave a history of the synthesis of graphite intercalation compounds. The
earliest report on GICs was on the synthesis of sulphuric acid based GICs by Schafhaut in
1841 (Noel and Santhanam, 1998, Dresselhaus and Dresselhaus, 1981). The reacting species
is referred to as the intercalate (Boehm et al., 1994).

The various methods that can be used to synthesize graphite intercalation compounds have
been discussed by Ebert (1976) and Dresselhaus and Dresselhaus (1981). These include
vapour absorption, chemical intercalation, electrochemical methods and co-intercalation

techniques.

14

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

2.3.1.1 Classification
Donor/Acceptor compounds

In the formation of graphite intercalation compounds, a reacting species can either donate
electrons to graphite or accept electrons from graphite, hence a further subdivision into donor
or acceptor type GICs compounds. Electropositive species (M) donate electrons to graphite to
form donor compounds by reducing graphite as shown by the reaction (Noel and Santhanam,
1998):

Ck+Mo Cp-M*
where C, represents electrons in the © network. Electronegative species (A) accept electrons
from graphite and form an ionic bond with the = electron network (Noel and Santhanam,
1998):

Cy+AeCf-A
Ternary GICs can have a mixture of donor or acceptor species or more than one type of each
(Noel and Santhanam, 1998). The intercalating species largely retain their molecular form in
the graphite lattice due to low degrees of ionization (Dresselhaus and Dresselhaus, 1981,
Chung, 2002).

The alkali metal GIGs compounds are the most common donor compounds (Dresselhaus and
Dresselhaus, 1981). The valance electrons of these metals occupy the conduction band of
graphite (Rudorff et al., 1963). Acceptor compounds are largely based on Lewis acid and
Brgnsted acid intercalates (Dresselhaus and Dresselhaus, 1981). Strong oxidizing agents
accept electrons from graphite to form acceptor compounds leaving positively charged
carbon layers on the graphite lattice (Hennig, 1955, Ridorff et al., 1963). The graphite salts,
graphite halogen compounds and graphite-metal chloride are typical acceptor type
compounds. The transfer of electrons in both cases results in increased conductivity of
graphite intercalation compounds (Hennig, 1955).

2.3.1.2 Properties of GICs
Staging

Graphite intercalation compounds are characterized by the staging phenomenon (Dresselhaus
and Dresselhaus, 1981). Staging relates to the periodicity or repeatability in which intercalate

layers are inserted within graphite layers. The stage index number n is the number of graphite
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layers in between adjacent intercalate layers. The stage index is determined through X-ray

diffraction using (00I) reflections, where | is an integer (Dresselhaus and Dresselhaus, 1981).

The definition of staging assumes existence of the intercalate species as a continuous phase in
between graphene layers of an ideal, defect free graphite lattice structure (Noel and
Santhanam, 1998). Graphite seldom has the ideal lattice structure, exhibiting defects and
grain boundaries within the lattice (Noel and Santhanam, 1998). The intercalating species can
intercalate randomly into the layers forming different stages. It can also form islands of

various sizes within the lattice instead of the idealised continuous phase.

Lamella/residue compounds

Graphite intercalation compounds can be further classified as lamellar or residue graphite
intercalation compounds (Ebert, 1976, Chung, 1978). Lamellar compounds are formed when
graphite intercalation compounds are exposed to excess intercalate (Chung, 1978). Lamellar

compounds exhibit highly ordered layered structures (Ebert, 1976, Chung, 2002).

Residue compounds are formed when lamellar compounds are removed from an environment
in which they were in equilibrium with excess intercalate (Chung, 1978, Dresselhaus and
Dresselhaus, 1981). Removal of excess intercalate causes desorption of intercalate out of the
GIC, forming a residue compound. Desorption continues until an equilibrium is established
between the compound and partial pressure of the external intercalate (Chung, 1978). The
intercalate concentration of the residue compound is influenced by the desorption
temperature and concentration of the preceding lamellar compound. Residue compounds are
relatively stable compared to lamellar compounds (Dresselhaus and Dresselhaus, 1981).

Desorption is aided by thermal and vacuum treatment (Ebert, 1976, Selig and Ebert, 1980).

Washing of graphite intercalation compounds with water is used to obtain higher stage
compounds with dilute intercalate concentration (Dresselhaus and Dresselhaus, 1981). These
dilute compounds are not well staged. Washing with water apparently results in the

formation of residue graphite intercalation compounds (Hennig, 1952).

The structure of residue compounds has remained largely controversial as they have not been

extensively studied. The c-axis interlayer distance increases as a result of intercalation of
16
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species into the graphite lattices. However, in X-ray diffraction (XRD) studies of the residue
compounds of graphite-bisulphite and graphite-bromide, Hennig (1952) observed
insignificant increases in the c-axis interlayer distances to be able to account for the
intercalate. This led him to the conclusion that intercalates in residue graphite compounds
were mostly trapped in crevices or faults (crystal imperfections) as an impurity. This
conclusion is contrary to the subsequent observations of Inagaki et al. (1977) and Chung
(1978) which suggested that intercalates in residue compounds also existed in ordered layers

as in lamellar compounds.

2.3.2 Exfoliation of graphite intercalation compounds

Graphite intercalation compounds expand substantially along the c-axis when exposed to
heat, due to vaporization of the intercalate (Chung, 1987). This phenomenon is known as
exfoliation. Above a critical temperature exfoliation is irreversible. Exfoliation involves the
delamination of layered materials such that all inter planar interaction in between the layers
of a layered material is removed (Furdin, 1998). Exfoliated graphite is also known as
expanded graphite.

The exfoliation of graphite intercalation compounds is exploited when they are used as
intumescent flame retardants. The endothermic nature of the exfoliation process and
formation of a barrier blanket of exfoliated graphite has been shown to be an effective flame
retardant mechanism for some polymers which slows down heat transfer into the substrate
(Qu and Xie, 2003, Weil and Levchik, 2008).

2.3.3.1 Exfoliation mechanisms

Anderson and Chung (1984) and Chung (1987) reviewed several mechanisms proposed for
the exfoliation of graphite intercalation compounds. It is undisputed that exfoliation of
graphite intercalation compounds occurs as a result of the explosion accompanying the
vaporization or decomposition of pockets of intercalates (Anderson and Chung, 1984, Chung,
1987, Falcao et al., 2007). However, the origin of the vaporised pockets of intercalates is still
a matter of much scientific debate (Anderson and Chung, 1984, Chung, 1987). It has been
suggested that the vaporized intercalate is segregated to defects in the graphite lattice.
However, experimental evidence points otherwise. Anderson and Chung (1984) proposed an
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exfoliation mechanisms involving intercalate islands as originally proposed in the Dumas-

Harold model.

Furdin (1998) proposed that during exfoliation of residue graphite intercalation compounds
there is competition between boiling of the intercalate within the residue compound which
leads to exfoliation and; desorption of the intercalate by evaporation through the graphite
edges. These two are dependent on the rate of heat transfer to the compound. Furdin (1998)
also interpreted the phenomena observed during exfoliation to be due to mostly endothermic
reactions, although it was shown that exothermic reactions can also govern exfoliation.
Furdin (1998) interpreted his differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) results of graphite nitrate compounds by suggesting that intercalates vaporize
without boiling and desorbs to particle edges and defects during initial stages of exfoliation.
The intercalate trapped within the defects then boils as desorption simultaneously continues.

Boiling of the intercalate leads to exfoliation, and eventually complete desorption occurs.

2.3.2.2 Factors governing exfoliation of graphite

Several workers have investigated various aspects of the exfoliation of graphite intercalation
compounds. The experimental results of Anderson and Chung (1984) suggested that the
initial stage of a graphite compound was more influential on its exfoliation behaviour than the
intercalate concentration in the compound. Exfoliation occurred to a greater extent in
compounds which had a higher initial stage. The degree of exfoliation also increased with the
temperature used to exfoliate the compound. The results of Furdin (1998) apparently
contradict the observations of Anderson and Chung (1984). In the work by Furdin (1998), the
surface area and co-efficient of expansion of the exfoliated graphite obtained from graphite
nitrates of various stages showed that the stage of the precursor compound had no influence
on the exfoliation propensity of the graphite compound. The pleated layer model was used to
explain these results. The model assumes that the intercalate is found within all interlayers
regardless of stage, with only the density of the intercalate varying per unit volume with

stage.

Yoshida et al. (1991) explored the effect of various intercalates on the morphology of the
exfoliated graphite. They observed that exfoliated graphite from acceptor type GICs had large

collapsed balloons with the widths almost as that of the original particles. Donor type GICs
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exfoliated by dividing into smaller balloons with smaller widths. Stacking of graphite layers
was easily discernable in the acceptor compounds, in contrast to the donor type compounds.

The effect of various preparation conditions of graphite intercalation compounds on the
exfoliation characteristics was investigated by Kang et al. (2002). They prepared residue
compounds with H,SO,4 using the electrochemical method. They observed exfoliated graphite
with worm like structures consisting of large balloons similar to those observed by Yoshida et
al. (1991) for acceptor compounds. The exfoliation volume, specific surface area and pore
volume depended on the electrical energy consumed. Their results showed that the
temperature at which exfoliation was conducted is a critical variable. However, the
exfoliation volume, specific surface area and pore volume tended towards saturation beyond
exfoliation temperatures of 800 °C. Inagaki et al. (2004) also showed that exfoliation volume
increased with the temperature used to exfoliate the graphite whereas the bulk density
decreases with increase in the temperature used to exfoliate the graphite compound for
exfoliated graphite prepared from residue compounds of graphite and sulphuric acid. The
results of Furdin (1998) also show that the temperature at which exfoliation occurs is
independent of the heating rate used and the stage of precursor residue compound. The study
by Murdie et al. (1985) showed that particles exfoliate if their diameter is more than 200 um,

otherwise the intercalate desorbs.

The type of graphite used in the synthesis of GICs influences their exfoliation characteristics
(Furdin, 1998). Polycrystalline graphite intercalated with sulphate or nitrate exfoliates poorly
due to the tendency of the smaller particles to desorb all the intercalate and not retain any

intercalate as a result of their small domain sizes. Single crystalline graphite exfoliates better.

Various methods of heat treatment for exfoliation of graphite intercalation compounds have
been mentioned in the literature, but the conventional heating method is rapid heating by
passing the graphite through a flame (Chung, 1987). Alternative heating methods such as
inductively coupled plasma, infrared, microwave and laser radiation have been suggested
(Chung, 1987, Tryba et al., 2005). Furdin (1998) used the hypothesis that the heat transfer
rate determines whether mostly exfoliation or desorption of the intercalate occurs to explain
the results of an earlier study (Thomy et al., 1987). These results showed high surface area
obtained through laser irradiation of graphite nitrate compared to that obtained by furnace
heating at 600 °C of the same samples. Furdin (1998) also showed his own experimental

evidence to support this hypothesis.
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Tryba et al. (2005) demonstrated that exfoliated graphite with properties comparable to those
of GICs exposed to rapid heating at 1000 °C in a furnace could be obtained through
microwave radiation. The advantage of using microwave radiation over the traditional
heating is fast exfoliation time which is less energy intensive at room temperature (Tryba et
al., 2005). The major disadvantage they highlighted was that exfoliation preferentially occurs
on the graphite intercalation compound on top, but this can be resolved by exfoliating thinner
layers. Falcao et al. (2007) also demonstrated the effectiveness and simplicity of microwave-
exfoliation of a potassium- tetrahydrofuran (THF) graphite co-intercalation compound. Wei
et al. (2009b) proposed a rapid and efficient method of simultaneously intercalating and

exfoliating using microwave radiation.

2.3.2.3 Industrial scale production of exfoliated graphite

Exfoliated graphite is produced from residue graphite intercalation compounds which are also
called expandable graphite (Talanov et al., 1993, Inagaki et al., 2004). The expandable
graphite is commonly synthesized through the chemical reaction of natural graphite flakes
with sulphuric acid in the presence of strong oxidising agents such as HNOj3, CrO3, KMnQy,
PbO; (Inagaki et al., 1990).

In the industrial synthesis of exfoliated graphite, a stage 1 or stage 2 GIC is first synthesized
(Furdin, 1998). Following the work of Yaroshenko et al. (2002), the graphite salt graphite
bisulphate is formed from the chemical oxidative intercalation of graphite with sulphuric acid
in the presence of nitric acid according to the following reaction scheme:
Nitric acid is ionized resulting in nitronium cations:
HNO; + H,S0, = NOF + HSO; + H,0
The graphite crystal lattice is oxidized by nitronium cations, enabling the sulphate ions and
molecules to be intercalated within the carbon layers:
Cz4n + NO7 = C34n + NO,

C4., + HSO7 + mH,S0, = C3,, - HSO; - mH,S0,
The stage number is denoted by n and m denotes the number of sulphuric acid molecules
associated with each intercalated ion. For the stage 1 compound n is equal to one and m is
equal to 2. The composition of the stage 1 graphite bisulphate compound which is deep blue
in colour is CJ, - HSO; - 2H,S0, (Rudorff, 1959). This is then is followed by washing to
produce residue compounds (Furdin, 1998, Inagaki et al., 2004). Furdin (1998) termed these
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washed compounds ‘complexes’, although in the literature lamellar GICs subjected to
environments in which they have been desorbed or decomposed through processes such as
washing with water have been termed residue compounds (Hennig, 1952). These residue
compounds obtained contain mixtures of stages ranging from 10 and up to 25 (Furdin, 1998).
The composition of the residue compounds can be approximated by C,"-HSO,; -4H,SO,
(Hennig, 1952). The residue compounds also contain graphite and completely desorbed

compounds (Furdin, 1998).

Exfoliated graphite is subsequently obtained through thermally shocking the residue
compound. Under the conditions in which the GIC is exfoliated, the intercalate instantaneous
vaporises or decomposes before it desorbs. Exfoliation efficiency is characterized through the
coefficient of expansion and surface area of the exfoliated particles, their bulk density and

microscopy (Furdin, 1998).

In a recent study, Focke et al. (2014) found that commercial expandable graphite was not
entirely composed of graphite intercalation compounds with sulphuric acid species
intercalated as guest ions and molecules in between intact graphene layers. Focke et al.
(2014) tested the hypothesis put across by Camino et al. (2001) that exfoliation of
commercial expandable graphite was due to the generation of blowing gases through the
redox reaction between H,SO4and graphite:

C + 2H,S0, — CO, + 2H,0 + 2S0,

However, the composition of evolved gases in the experimental work of Focke et al. (2014)
on two commercial expandable graphites did not correspond to the reaction above. Elemental
analysis also showed that expandable graphite contained a significant amount of oxygen.
Focke et al. (2014) proposed a model in which expandable graphite contained ordered
crystalline regions intercalated with sulphate ions and molecules, and highly disordered
regions composed of graphite oxide. In the model oxidised graphite oxide layers were
interstratified within the crystalline graphite layers intercalated with sulphate ions and
molecules. XRD reflection patterns showed evidence of the presence of both an amorphous
graphite oxide phase and a crystalline intercalated phase. Focke et al. (2014) concluded that
the oxygen containing functional groups of the graphite oxide also decompose and volatilize
upon heating, producing carbon monoxide and carbon dioxide during the exfoliation of
expandable graphite.
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2.4. Graphene

Graphene has been theoretically studied since the 1940s (Wallace, 1947, McClure, 1957,
Slonczewski and Weiss, 1958). However, it was not until the year 2004 that Geim and co-
workers reported on the successfully isolation of graphene through micromechanical cleavage
and its unique properties (Novoselov et al., 2004). Andre Geim and Konstantin Novoselov
were rewarded with the Nobel Prize for Physics for the year 2010 for their work on graphene
(Singh et al., 2011). Since the report of its first isolation in 2004, graphene has drawn a surge
of interest from scientists the world over due to its outstanding properties (Randviir et al.,
2014). Table 2-3 lists some of them.

As alluded to in section 2.1, graphene is a carbon allotrope composed of a planar monolayer
of carbon atoms in a two dimensional honeycomb lattice (Geim and Novoselov, 2007, Singh
et al., 2011). It is the building block of all graphitic materials; the OD fullerenes, 1D carbon
nanotubes and the 3D graphite (Figure 2-2) (Geim and Novoselov, 2007).

Table 2-3 Graphene properties.

Property Value References

Charge carrier mobility ~ Experimental  1x10" cm® V" Novoselov et al. (2004)
Theoretical ~ 2x10°cm® V' Morozov et al. (2008)
Thermal conductivity Theoretical 5000 W m™K™ Balandin (2011)

Young’s modulus Theoretical 1 TPa Lee et al. (2008)
Tensile strength: Experimental 130 GPa Lee et al. (2008)
Surface area Experimental 400-700 m*g™  Ciesielski &Samori (2014):

Theoretical 2600 m?g* Stoller et al. (2008)
Chae et al. (2004)
Optical transparency 97.7% Brownson et al. (2012)

The range of applications conceived for graphene is substantially wide (Novoselov et al.,
2012). These include electronics and photonics, energy generation and storage, composite
materials, sensors and metrology, and bioapplications. The major challenge in utilizing

graphene is the absence of methods for large scale production of pristine, defect free
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graphene at low cost, high yield and through put (Hernandez et al., 2008, Paton et al., 2014,
Zhong et al., 2015).

2.4.1 Graphene synthesis

Several reviews discussed in-depth the methods currently used to produce graphene, for
instance those by Ambrosi et al. (2014), Ren and Cheng (2014) and Zhong et al. (2015).
These methods are classified into top-down and bottom-up approaches. Bottom-up
approaches utilize molecular building blocks to assemble the two dimensional graphene
structures though catalytic, thermal or chemical processes such as chemical vapour
deposition, silicon carbide decomposition or organic synthesis, respectively. Top-down
approaches utilize the exfoliation of a precursor graphite material to exfoliate graphene
through mechanical, chemical or electrochemical processes such as scotch tape, liquid phase
exfoliation or exfoliation oxidation/reduction and exfoliation, respectively. These methods
weaken the van der Waals forces in between the staked graphene layers in graphite thereby
delaminating them. The unzipping of carbon nanotubes to produce graphene nano ribbons is
another top-down method.

A number of manufactures claim to produce graphene on an industrial scale by utilization of
top-down bulk graphite exfoliation routes (Ren and Cheng, 2014). Oxidation-exfoliation-
reduction, intercalation-exfoliation and liquid phase exfoliation have been typically exploited
in the mass production of the graphene materials. The oxidation routes can produce large

quantities of graphene like, defective reduced graphene oxide.

2.4.1.1 Oxidation-exfoliation-reduction method

In the oxidation-exfoliation-reduction method, graphite oxide is synthesized from graphite,
and subsequently exfoliated into graphene oxide. Graphene is obtained by reducing the
graphene oxide (Schniepp et al., 2006, Stankovich et al., 2007). Graphite oxide is obtained
through the oxidation of graphite by strong oxidants in the presence of strong acids primarily
through the Brodie, Staudenmaier or Hummers methods (Park and Ruoff, 2009). Graphite
oxide consists of oxidized graphene sheets with epoxide and hydroxyl functional groups on
their basal planes and carbonyl and carboxyl groups which are thought to be on their edges
(Stankovich et al., 2007). Introduction of oxygen functionalities on the graphite structure
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lattice disrupts the sp? planar structure in graphite and results in sp* hybridization of the
carbon atoms (Ambrosi et al., 2014) (as discussed earlier on in section 2.3). The presence of
oxygen functional groups within graphite oxide increases the interlayer spacing between
carbon layers significantly (Ambrosi et al., 2014).

The oxygen functionalities on the oxidized graphene sheets render them hydrophilic (Park
and Ruoff, 2009, Stankovich et al., 2007). Subsequently, the interlayer cohesion of the
graphene oxide sheets is small and exfoliation and dispersion can be effected in aqueous
media by sonication to form isolated sheets of graphene oxide (Stankovich et al., 2006,
Stankovich et al., 2007). Graphene oxide sheets require thermal, chemical or electrochemical
processes to reduce them to the planar sp?-hybridized carbon structure of graphene. However,
the oxygen functional groups are not fully eliminated during the reduction stage and the
resulting graphene exhibits structural defects (Singh et al., 2011, Ambrosi et al., 2014).

Hence the properties of the reduced graphene are not as good as those of pristine graphene.

2.4.1.2 Intercalation-exfoliation route

The intercalation-exfoliation route exploits either the electrochemical intercalation of ions
into graphite and electrochemical reaction with the electrolyte to exfoliate the graphite (Ren
and Cheng, 2014, Zhong et al., 2015) or the exfoliation of graphite intercalation compounds
(Gu et al., 2009, Yoon et al., 2015). The nature of the graphene materials produced from the
electrochemical route depends on the voltage and electrolyte used (Zhong et al., 2015).
Electrochemical exfoliation of graphite is relatively fast and environmentally friendly, and it
can be done in ambient conditions. However, when electrochemical exfoliation is performed
using anodic potentials to intercalate ions, it leaves the graphite susceptible to unintended
oxidation which disrupts the sp? hybridization thereby deteriorating the properties of
graphene (Ambrosi et al., 2014). The graphene size and layer distribution is also difficult to
control, with few layer graphene or multilayer graphite often being produced (Ambrosi et al.,
2014, Zhong et al., 2015).

2.4.1.3 Liquid phase exfoliation

Liquid phase exfoliation of graphite has been touted and investigated as a possible way to
produce defect free, large quantities of graphene (Coleman, 2012). Ultrasonication assisted
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liquid phase exfoliation of graphite into graphene in various liquid media has been
extensively studied by Coleman and co-workers and other groups (Hernandez et al., 2008,
Blake et al., 2008, Lotya et al., 2009, Hernandez et al., 2009, Bourlinos et al., 2009a). Liquid
phase exfoliation was developed from the experience of dispersing carbon nanotubes in
solvents (Coleman, 2012). In solvent based systems the solvent-graphene interaction is strong
enough to overcome the forces between graphene layers in graphite (Lotya et al., 20009,
Bourlinos et al., 2009a). Experimental evidence from Coleman’s work showed that liquid
phase exfoliation resulted in monolayer and multi-layered graphene free from defects and

residual oxides (Coleman, 2012).

Liquid phase exfoliation mechanism

Liquid phase exfoliation can be considered to be a quasi-dissolution process (Du et al., 2013).
Coleman and co-workers (Hernandez et al., 2008, Coleman, 2012) explained the process
using a thermodynamic approach in terms of the enthalpy of mixing and Bourlinos et al.
(2009a) explained it in terms of charge transfer between solvent molecules and the graphene
layers in graphite. The experimental work of Coleman and co-workers (Hernandez et al.,
2008, Coleman, 2012) revealed that solvents with surface tensions of ~40 mJ m™ (which is
equivalent to surface energy of graphene (~70 mJ m?)) had the highest propensity to
effectively exfoliate graphite. They proposed the following model to account for these

results:

AHmix ~ : (\/Es,s - \/ES,G)ZQ-') (2'1)

Vimix Triake

where AH,,;, is the enthalpy of mixing, Vp,;, is the volume of mixture, T, is the thickness
of a graphene flake, Es¢ and Es; are the surface energies of the solvent and graphene,

respectively, and ¢ is the volume fraction of graphene.

From the above expression, the enthalpy of mixing is minimized when the surface tension of
the liquid is close to or similar to that of graphene, meaning that the energy cost of exfoliation
is minimised. Exfoliation occurs readily in such liquids through mild sonication. Based on
this expression numerous organic solvents whose surface tensions match those of graphene
have been classified as effective media for graphite exfoliation into graphene, for instance

benzyl benzoate, 1-methyl-2-pyrrolidinone (NMP), g-butyrolactone (GBL), N,N-
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dimethylacetamide (DMA), N-vinyl- 2-pyrrolidone (NVP), and N,N-dimethylformamide
(DMF). Those solvents whose surface tensions are lower than that of graphene such as water,
ethanol and acetone are classified as poor exfoliating media. The appropriate solvents for
graphene exfoliation stabilize dispersed graphene sheets from re-agglomeration (Coleman,
2012).

Coleman and co-workers (Hernandez et al., 2009, Coleman, 2012) further investigated
theoretically and experimentally the role of solubility parameters in the dispersion of
graphene. They measured the dispersibility of graphene in 40 solvents and ranked them
according to their effectiveness. Their work showed that good solvents for graphene
dispersion are characterized by a Hildebrand solubility parameter of ot ~ 23 MPa'? and
Hansen solubility parameters of 6p ~ 18 MPa?, 9 ~ 9.3MPa*?, and 6y ~ 7.7 MPa?, where
the subscripts D, P, and H represent dispersive, polar and hydrogen-bonding interaction
components between graphene and the solvent, respectively. Graphene was dispersed less

effectively in solvents with Hansen solubility parameters far from these values.

Following the work of Coleman and co-workers, several other solvents have been suggested
and evaluated by other groups. For instance, Hamilton et al. (2009) reported on the dispersion
of non-oxidized graphene with concentrations of up to 0.03 mg mL™ with no functional
groups using sonication and centrifugation in ortho-dichlorobenzene (ODCB) (surface
tension 36.6 mJ m™). The results of Behabtu et al. (2010) showed that graphite spontaneously
exfoliates into high yield graphene in chlorosulphonic acid without any sonication, covalent
functionalization or surfactant stabilization. Behabtu et al. (2010) suggested that protonation
of the graphene resulted in repulsion between the layers thereby inducing spontaneous
dispersion of graphene sheets. In an attempt to obtain a solvent which is easily and
completely removed from graphene, Choi et al. (2011a) investigated the exfoliation of
graphite in 1-propanol. Their results showed that the dispersion concentration of graphene in
1-propanol was higher than that reported for chloroform and isopropanol by Coleman and co-
workers (Hernandez et al., 2009). Choi et al. (2011a) highlighted that although the surface
tension of 1-propanol (23.4 mJ m) is much lower than that suggested by Coleman’s group
(Hernandez et al., 2009) for good solvents for graphene, its solubility parameters are

favourable.
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In the charge transfer approach, it was found that some solvents with electron donating or
electron withdrawing functional groups could affect exfoliation and stabilize graphene
(Bourlinos et al., 2009a). It was postulated that charge transfer between solvent molecules
and graphite sheets such as that which occurs during the intercalation of graphite effects
exfoliation (Du et al., 2013). Liu et al. (2012) showed that graphene sheets are either
negatively or positively charged when dispersed in solvents. They concluded that electrostatic
repulsion is responsible for de-agglomeration and stability of graphene sheets. Charged
carbon atoms do not participate in © bonding, thus weakening the van der Waals forces (Du
etal., 2013).

The use of graphite intercalation compounds as precursors for synthesizing graphene through
liquid phase exfoliation has been reported by various workers (Li et al., 2008, Fu et al., 2011,
Zhou et al., 2014, Gu et al., 2009). Van der Waals bonding forces in-between carbon layers
induce binding energies that scale to 1/r°, where r is the interlayer distance. By increasing the
interlayer distances the binding energy between graphite layers is reduced thereby facilitating
exfoliation (Du et al., 2013). Intercalation of various species within graphite layers can
increase this interlayer distance. However, Stankovich et al. (2007) reported that despite
several attempts using powerful sonication equipment they were not able to obtain pristine
graphene using the graphite intercalation approach. In actual fact, the recent theoretical study
of Yoon et al. (2015) suggested that intercalation of electronegative or electropositive
intercalants results in an increased exfoliation energy compared to that required for
exfoliating pristine graphite because of additional binding forces that emanates from charge

transfer between intercalates and graphene layers.

The charge transfer mechanism could explain exfoliation efficiency of ionic liquids due to
their strong interactions with the r electrons of graphite (Du et al., 2013). lonic liquids are
salts which remain in the liquid state at less than 100 °C (Ma et al., 2010). They have low
vapour pressures, high ionicities, high thermal and chemical stabilities, they are compatible
with a wide range of solvents and their surface tensions are close to that of graphite (Ma et
al., 2010, Restolho et al., 2009). Several workers investigated and demonstrated the effective
use of ionic liquids as exfoliation media for graphite (Liu et al., 2008, Wang et al., 2010b,
Nuvoli et al., 2011). In one instance, a very high concentration of graphene was obtained
using bath sonication (5.33 mg mL™) (Nuvoli et al., 2011).
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Water is attractive as a medium for liquid phase exfoliation due to its non-toxicity, low
boiling point and compatibility. However, graphite and graphene are hydrophobic. It is thus
essential to add surfactants to water to enable the dispersion of graphite in water and to
reduce the surface tension of water so that it matches that of graphene and exfoliation
becomes feasible. The use of surfactants in water also results in the formation of even
mixtures of the precursor graphite in water, facilitating sonication. Surfactants also play the
key role of preventing re-agglomeration of graphene sheets through electrostatic stabilization
or steric hindrance (Du et al., 2013).

Lotya et al. (2009) obtained a low concentration of graphene (<0.01 mg mL™) when they first
reported the liquid phase exfoliation of graphite in aqueous sodium dodecyl benzene
sulphonate (SDBS) surfactant solutions. However, they subsequently obtained higher
graphene concentrations (0.3 mg mL™) by using sodium chlorate surfactant (Lotya et al.,
2010). Green and Hersam (2009) had previously obtained a lower graphene concentration
(0.09 mg mL™) by using the same sodium chlorate surfactant in water. Bourlinos et al.
(2009b) have also shown that aqueous solutions of a polymeric surfactant,
polyvinylpyrrolidone were able to effective exfoliate graphite to yield concentrations of up to

1 mg mL"* under sonication.

Smith et al. (2010) investigated the effectiveness of 12 ionic and non-ionic surfactants in
dispersing and stabilizing graphene in water. Their results showed that the degree of
exfoliation was similar for all the solutions. The dispersed concentration varied for each
surfactant/water solution, ranging from 0.011 mg mL™ for sodium dodecyl sulphate (SDS) to
0.026 mg mL™ for sodium chlorate (SC). However, the dispersed graphene concentration
increased with square of the zeta potential of the surfactant coated flakes for ionic surfactants.
It was inferred that the concentration of the dispersed graphene increased with an increase in
the magnitude of the electrostatic potential barrier which is responsible for the stabilization of
surfactant coated flakes against aggregation. The dispersed graphene concentration increased
linearly with the steric potential barrier stabilizing the graphene flakes. Guardia et al. (2011)
also prepared aqueous dispersions of graphene in the presence of several ionic and non-ionic
surfactants and evaluated their effectiveness. Their study showed that non-ionic surfactants
exfoliated graphite into single and few layer graphene with concentrations of up to

1 mgmL™.
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The yields of graphene dispersions obtained from the liquid phase exfoliation of graphite are
usually low. The vyields can be improved by methods such as successive filtration and
centrifugations or increasing sonication time as described by Khan et al. (2010). Increasing
sonication time is however detrimental as it reduces the size of graphene due to sonication-

induced scissions (Coleman, 2012).

The lateral dimensions of solvent dispersed graphene is less than a micrometre which makes
its use as reinforcement rather unlikely (Coleman, 2012). Flake size can be controlled by
centrifugation techniques. Longer sonication times reduce the flake sizes, although the
concentration of dispersed graphene increases. Solvents with correct surface energies have
high boiling points, they are also toxic, expensive and not biocompatible. Isopropanol and
acetone dispersed graphene less than the solvents identified as excellent solvents for graphite

exfoliation (Coleman, 2012).

2.5  Graphite nanoplatelets

2.5.1 Synthesis of graphite nanoplatelets

Graphite nanoplatelets can be synthesized through chemical vapour deposition and arc
discharge bottom-up approaches (Wang et al., 2004, Subrahmanyam et al., 2009, Kim et al.,
2010b). However, these methods suffer from low yields as in the case of graphene synthesis,
they are highly complicated processes that require specialised equipment and are energy
intensive (Kim et al., 2010b).

Graphite intercalation chemistry and mechanical delamination is a top-down approach to
graphite nanoplatelets that has been frequently exploited due the abundance of graphite and
ability to produce graphite nanoplatelets on a large scale (Viculis et al., 2005, Li and Zhong,
2011). The precursors to graphite nanoplatelets in this approach are usually acceptor type
graphite intercalation compounds prepared with graphite and strong acids in the presence of
strong oxidising agents (Chen et al., 2004, Viculis et al., 2005, Yu et al., 2007, Wei et al.,
2009b). These graphite compounds are apparently residue graphite intercalation compounds
(discussed in section 2.3.1.2) as the as-prepared graphite intercalation compounds used are
frequently washed with water and dried. This suggests that these precursor compounds are
higher stage compounds. It has been reported that these graphite compounds are not well
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staged; the stage of these graphite intercalation compounds could be as high as 25 (Hennig,
1952, Furdin, 1998). These compounds also known as expandable graphite, are subjected to
heat treatment which imparts a thermal shock through them, producing a porous, vermicular
worm like structure which is frequently called expanded graphite or exfoliated graphite
(section 2.3.2). Graphite nanoplatelets can be subsequently obtained by mechanical

delamination through ball milling, vibratory milling or ultrasonication in liquid media.

2.5.2 Delamination of exfoliated graphite into graphite nanoplatelets

Delamination of exfoliated graphite into graphite nanoplatelets induced by ultrasonication in
liquid media has been previously reported (Chen et al., 2004). Ball milling and vibratory
milling have also been reported on (Cho et al., 2005). The work of Cho et al. (2005) showed
that ball milling and vibratory milling of expanded graphite resulted in graphite nanoplatelets

of smaller sizes.

2.6 Ultrasonication

Sound is a mechanical wave that is propagated through the oscillation of particles of the
medium through which it is transmitted. Molecular oscillation in liquids occurs about an
equilibrium position in the direction of wave propagation, thus producing longitudinal waves
(Lorimer and Mason, 2002). Ultrasound waves are sound waves having frequencies above 20
kHz, the threshold of human hearing. Oscillation of the molecules of a liquid medium as a
result of ultrasonication leads to acoustic cavitation, a phenomenon in which micro bubbles
are formed, grow and collapse in the liquid (Figure 2-4) (Ashokkumar et al., 2007,
Ashokkumar, 2011).

Molecular oscillations in a liquid due to transmission of ultrasound waves through it result in
particles being compressed in some regions (compressions) and pulled apart in the other
regions (expansions or rarefactions). The compressions and rarefactions are regions of high
pressure and low pressure, respectively, which move through the medium periodically. Voids
or cavities are formed when the negative pressure of the expansion cycle is more than the
intermolecular cohesive forces of the liquid (Thompson and Doraiswamy, 1999, Leonelli and
Mason, 2010). The voids are formed through nucleation processes at nucleation sites which

contain gaseous impurities or pre-existing micro bubbles from prior cavitation events
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(Suslick et al., 1990, Thompson and Doraiswamy, 1999, Santos et al., 2009). The voids or

cavities are known as cavitation bubbles (Lorimer and Mason, 2002).

Compression Compression Compression Compression Compression

Rarefaction Rarefaction Rarefaction Rarefaction Rarefaction
© - 0 0o Qo0 -
Bubble forms . Bubble Bubble Bubble
grows over 2 reaches = collapses
many cycles unstable

size

Figure 2-4  Bubble formation, growth and collapse in acoustic cavitation (Leong et al.,
2011).

Acoustic cavitation bubbles can grow through rectified diffusion or coalescence mechanisms
(Leighton, 1995h, Leong et al., 2011). Bubbles that grow large enough exit the system due to
buoyance forces (degassing) (Leong et al., 2011). However, cavitation bubbles in an acoustic
field under ultrasonic radiation can undergo inertial cavitation (also referred to as transient
cavitation) and non-inertial cavitation. At sufficiently high acoustic pressure amplitudes
above a certain threshold, the cavitation threshold, inertial cavitation occurs (Leighton,
19953, Bader et al., 2012). In this instance, the cavitation bubbles grows rapidly within one or
a few compression and expansion cycles, become unstable and collapse violently during
compression (Leighton, 1995a). Non-inertial cavitation occurs at low pressure amplitudes.
During non-inertial cavitation, the bubbles oscillate about an equilibrium size for numerous
cycles (Leighton, 1995a). Figure 2-5 illustrates all phenomena which a bubble can experience

in an acoustic field (Leong et al., 2011).
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Figure 2-5  Bubble nuclei in an acoustic field (Leong et al., 2011).

Bubble collapse during inertial cavitation concentrates the diffuse energy of sound through
compression of gas within the bubbles (Suslick et al., 1999). The collapse is nearly adiabatic,
the temperature and pressure within cavitation bubbles rises rapidly to 5000 °C and 1000
atmospheres, respectively. This creates short lived localized hot spots with heating and
cooling rates of up to 10™° °C s (Suslick et al., 1999). The violent collapse of cavitation
bubbles that occurs during inertial cavitation generates several physical and chemical effects
such as shock waves, micro jets, turbulence and shear forces, emission of light
(sonoluminescence) and chemical reactions (sonochemistry) (Suslick, 2003, Ashokkumar,
2011).

Suslick et al. (1999) outlined the manifestations of acoustic cavitation due to ultrasonic
irradiation in liquid-solid systems. These include improvement of mass transport from
turbulent mixing and acoustic streaming, surface erosion at liquid-solid interfaces by shock
waves and micro-jets, high-velocity interparticle collisions in slurries and the fragmentation

of friable solids.
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2.6.1 Factors that influence acoustic cavitation from ultrasonic radiation
2.6.1.2 Cavitation threshold

The onset of cavitation in an ultrasonically irradiated liquid is governed by a cavitation
threshold, which is the minimum applied acoustic pressure amplitude required for cavitation
bubbles to be formed (Lorimer and Mason, 2002, Santos et al., 2009). The applied acoustic
pressure is proportional to intensity of the ultrasound wave. The intensity of an ultrasound
wave is the amount of kinetic energy per second per unit area carried by the wave, with units
of Wm™

Several factors that influence the cavitation threshold and therefore the onset of acoustic
cavitation due to ultrasound have been discussed analytically and qualitatively (Lorimer and
Mason, 2002, Santos et al., 2009, Thompson and Doraiswamy, 1999). Liquids with high
viscosities and surface tensions have stronger cohesive forces and therefore have a higher
cavitation threshold. Another liquid property which affects the cavitation threshold is the
vapour pressure. Liquids with high vapour pressures have lower cavitation thresholds. The
use of high ultrasound frequencies has the effect of limiting the time in which bubbles can be
formed during the rarefaction cycles. An increased ultrasound frequency requires higher
intensities (pressure amplitudes) for cavitation bubbles to be formed, that is it increases the
cavitation threshold. Increasing the liquid temperature decreases the cavitation threshold due
to a decrease in the viscosity and surface tension and an increase in the vapour pressure of the
liquid. An increased external pressure does increase the cohesive forces and reduces the
vapour pressure and hence increases the cavitation threshold. However, bubbling gas into the

liquid can promote nucleation of bubbles and enhance their formation.

2.6.1.3 Onset of inertial (transient) cavitation

The Blake threshold is the acoustic pressure amplitude beyond which a bubble above a
critical radius will expand rapidly under quasi-static, low frequency (<20 kHz) conditions
(Atchley, 1989). However, inertial cavitation will occur above a threshold governed by the
initial bubble size, the frequency of the acoustic field and its amplitude (Leighton, 1995a).
For inertial cavitation to occur the applied ultrasound must be of sufficient intensity and the
bubbles must be above a critical, threshold size (Leighton, 1995a, Harvey et al., 2014). The

bubble threshold size necessary for inertial cavitation determines the sufficient ultrasound
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intensity (Harvey et al., 2014). This bubble threshold size is a function of the frequency of the
applied ultrasound, the hydrostatic pressure, the liquid media properties temperature,

viscosity, surface tension and vapour pressure (Harvey et al., 2014).

Although it is more difficult to form cavitation bubbles in liquids with high surface tensions
and high viscosities, once they are formed these implode with higher temperatures and

pressures (Lorimer and Mason, 2002).

As elucidated earlier on, increasing the liquid temperature reduces the cavitation threshold by
reducing the surface tension and viscosity and increasing the vapour pressure. However, the
magnitude of the implosions that occur during bubble collapse get less intense at elevated
temperatures due to more vapour being contained in the bubbles formed (Thompson and
Doraiswamy, 1999, Santos et al., 2009). The vapour reduces the energy produced in the
bubble implosion by shielding it and also using part of it as enthalpy for condensation
(Thompson and Doraiswamy, 1999). Santos et al. (2009) recommended a compromise
temperature which allows bubble formation and yet still result in intense implosions.
However, to derive maximum effect from ultrasound, Thompson and Doraiswamy (1999)
and Lorimer and Mason (2002) recommended the use of the lowest temperatures possible and

solvents with low vapour pressures.

Higher frequencies potentially result in shorter compression times than the time required for
bubble implosion, thereby reducing the effect of the ultrasonication (Thompson and
Doraiswamy, 1999, Lorimer and Mason, 2002). Decreasing the ambient pressure can result in
more intense implosions due to decreased vapour pressure of the liquid. However, each
system will have an optimum ambient pressure which does allow the formation of bubbles
and their effective implosion (Thompson and Doraiswamy, 1999). Increased ultrasound
intensity results in more violent bubble collapse (Lorimer and Mason, 2002). The intensity is
directly proportional to the amplitude of the applied ultrasound and a minimum intensity is
necessary for cavitation to occur (Santos et al., 2009). Very high amplitudes can lead to the
premature damage of the ultrasound transducer. This could then result in liquid agitation

instead of cavitation (Santos et al., 2009).

Lorimer and Mason (2002) discussed the four types of ultrasonic equipment available

commercially. These are the whistle reactor, ultrasonic bath, probe and cup-horn.
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The ultrasonic probe or sonic horn is directly immersed into a vessel and delivers intensities a
100 times higher compared to ultrasonic baths and cup horns (Santos et al., 2009). The
ultrasonic intensity decreases rapidly radially and axially from the ultrasonic probe (Santos et
al., 2009). The shape of the vessel used should minimize dead cavitation zones for maximum
ultrasonication effect (Santos et al., 2009). As a result of temperature increases during use of
an ultrasonic probe, ice baths are commonly used to control the temperature of the liquid
medium when ultrasonic probes are used (Santos et al., 2009). The other strategies are the use
of the pulse mode and specially designed vessels. The reaction diameter must be minimized
and the vessel should have a conical shape to reduce dead zones. A low sonication volume

allows more collisions between particles.

2.6.2 Ultrasonication of graphite

Ultrasonication assisted liquid phase exfoliation of pristine graphite into graphene has been
extensively studied as a possible route to large scale synthesis of graphene. A significant
number of studies were focused on the suitability of various solvents as effective graphite
exfoliation media for dispersing and stabilizing graphene. It was shown that those solvents
with surface tensions close to the surface energy of graphite (40 mJ m™) and suitable
solubility parameters were effective exfoliation media (section 2.4.1.3). It was also shown
that some surfactants can stabilize graphene in aqueous solutions. However, the science
behind ultrasound in effecting graphite exfoliation is often overlooked (Cravotto and Cintas,
2010).

2.6.2.1 Mechanism of ultrasonic delamination of graphite

Cravotto and Cintas (2010) elucidated the interaction of acoustic waves with solid matter,
including graphite. Yi and Shen (2015) gave a plausible explanation on how ultrasound
induced cavitation can effect graphite exfoliation into graphene. In their assertion, during
ultrasonication of graphite, cavitation bubbles are formed around graphite flakes. Micro-jets
and shockwaves that emanate from the transient collapse of the bubbles impact on the
graphite surfaces instantly. This induces compressive stress waves which propagate
throughout the graphite lattice. The theory of stress waves dictates that when the compressive
stress wave reaches a free graphite interface, a tensile stress is reflected back into the graphite

lattice. Collapses of numerous bubbles will lead to intensive tensile stresses which effectively
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exfoliates graphite. Unbalanced compressive stresses could also exfoliate adjacent layers
through a shear processes. The micro-jets exfoliate graphite by splitting the interlayers.
Ultrasound effects also break the basal structure of graphite into smaller fragments (Cravotto
and Cintas, 2010).

Ultrasonication parameters influencing graphite exfoliation

Ultrasonication parameters in ultrasonication assisted exfoliation of graphite into graphene
have been seldom studied, with the exception of the ultrasonication time and power applied.
Cheng et al. (2010) studied the effects of ultrasonication parameters and solvent properties on
the debundling (exfoliation) and dispersion of graphene analogues single wall carbon
nanotubes (SWNTSs) in various solvents. Exfoliation and dispersion of the SWNTs as
characterized by a dispersion limit and aggregation fraction correlated with solvent properties

which influence the sonication process.

The study of Cheng et al. (2010) showed that those solvents with lower vapour pressure
exfoliate and disperse SWNTs more effectively than those with a higher vapour pressure.
More energy is required to induce cavitation in lower vapour pressure solvents, which in turn
release more energy during bubble collapse. Better dispersion was also observed in higher
viscosity solvents and those which had high surface tensions. High surface tension solvents
and viscous solvents increase the cavitation threshold, but then the resulting cavitation effect

is more pronounced.

The study of Cheng et al. (2010) demonstrated that the parameters with an effect on the
ultrasonication process influenced the debundling and dispersion of the SWNTSs, rather than
the solvent solubility parameters as has been widely reported in several works reviewed
(Hernandez et al., 2008, Hernandez et al., 2009, Coleman, 2012). Dispersion of the SWNTs
was found to be influenced by the ultrasonication solvent parameters, particularly vapour
pressure and viscosity. This study also showed that ultrasonication reduces the size of the

SWNTSs. Optimum sonication conditions are solvent dependent.

Yi et al. (2012) studied experimentally and through simulations the effect of vessel diameter
(D) and liquid height (L) on the ultrasonication induced cavitation process and its scalability

for few layer graphene production. Their study showed that the vessel diameter and liquid
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height both change the cavitation volume and cavitation volume fraction. The cavitation
volume fraction (the fraction of the liquid in which cavitation occurs) influenced the few
layer graphene concentration and production efficiency. Few layer graphene (FLG) yield and
power injected into the samples varied directly with cavitation volume and sample volume.
From their study, the vessel diameter and liquid height should be designed to allow high
cavitation volume fraction for high production efficiency. Higher yields of the FLG were
only possible through high cavitation volumes which were obtained through a large D, L and
sample volume. The study showed that enhanced cavitation intensity which entails high

pressure amplitude was favourable to a high FLG production.

Yi and Shen (2015) highlighted that ultrasonication time and temperature affect the properties
of the solvent medium used for ultrasonication, such as surface tension and viscosity thereby
influencing cavitation. They point out that solvents can degrade if ultrasonication time is long

or intensive.

Several studies showed that the intensity and distribution of ultrasonication induced
cavitation is influenced by vessel dimensions and geometry and is often localized (Kojima et
al., 1998, Asakura et al., 2008, Nanzai et al., 2009, Sutkar and Gogate, 2010). Studies on
exfoliation of graphite using ultrasound have thus also observed that disperesed graphene
concentration depended on vessel geometry and dispersion volume (Khan et al., 2010, Yi et
al., 2012).

2.6.3. Graphite nanoplatelets from ultrasonication of exfoliated graphite

The delamination of exfoliated (expanded) graphite into graphite nanoplatelets using
ultrasonication involves the application of ultrasound energy to dispersions of expanded
graphite to obtain graphite nanosheets (Chen et al., 2004, Yu et al., 2007, Wei et al., 2009a,
An et al., 2014, Carotenuto et al., 2012). This is akin to the exfoliation of graphite to
graphene in various liquid media which has been widely studied as discussed earlier on
(section 2.4.1.3). However, unlike pristine graphite, the interlayer spacing in expanded
graphite has been significantly increased; hence the cohesive forces between the layers must

be weakened.
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Different groups have applied various sonication parameters and used different
ultrasonication media to delaminate exfoliated graphite into graphite nanoplatelets.
Carotenuto et al. (2012) recommended the use of horn type sonicators due to their ability to
impart higher power. Carotenuto et al. (2012) also noted that the ultrasonication parameters
time, temperature and power must be optimized in order to attain sufficient exfoliation. A
study which investigated the ultrasonication parameters associated with cavitation and their
effect on the delamination of expanded graphite into graphite nanoplatelets was yet to be

encountered.

Effective liquid media for the exfoliation of expanded graphite into graphite nanoplatelets
must wet, delaminate (exfoliate) and stabilize the dispersion (Wei et al., 2009a). Analogous
to studies on the exfoliation of graphite into graphene reviewed earlier on, effective
delamination media for expanded graphite into graphite nanoplatelets are those solvents with
suitable solubility parameters and surface tensions close to that of graphite nanoplatelets;
aqueous solutions with some surfactants and also some ionic liquids. Discussions from
previous sections have shown that delamination of expanded graphite is effected by
cavitation effects, and hence the media properties should enable sufficient acoustic cavitation

under ultrasonication.

Various common solvents such as isopropanol, ethanol and acetone have been frequently
used as ultrasonication media for the synthesis of GNPs (Fukushima, 2003, Lin and Chung,
2009, Chen et al., 2004, Yu et al., 2007, An et al., 2014). The solubility parameters of these
solvents do not closely match those deemed ideal for the exfoliation of graphite (Hernandez
et al., 2009). However, the effect of their properties on acoustic cavitation has not been

reported.

Fukushima (2003) from Drzal’s group utrasonicated expanded graphite in acetone at a
frequency of 20 kHz and power of 100 W for 2 hours. The ultrasonication processor was not
specified. He obtained graphite nanoplatelets with an average size of 14.5 um which were
further reduced in size by vibratory ball milling. Drzal’s group has managed to
commercialize this process to produce graphite nanoplatelets known as xGnP™ (Kalaitzidou
et al., 2010). Lin and Chung (2009) also dispersed expanded graphite in acetone and
utrasonicated it for 24 h at 100 W to obtain GNPs dispersions. Their nanoplatelets had lateral

dimensions between 3-8 um, and thicknesses in the nano-range. Yu, Ramesh & lItkis, 2007
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utrasonicated expanded graphite for 24 h at power of 270 W in acetone, after initially
dispersing it in the acetone by high speed shear mixing. Their study showed that the final
thickness and lateral dimension of the graphite nanoplatelets were influenced by the
temperature used to exfoliate the graphite. High exfoliation temperatures (800 °C) of the
precursor GICs produced the thinnest graphite nanoplatelets (1.7 nm) with lateral dimensions
of 0.35 um. The thickness of 1.7 nm corresponded to the full exfoliation of a stage 4 graphite

intercalation compound.

Chen et al. (2003) and Chen et al. (2004) utrasonicated a dispersion of expanded graphite in
an aqueous solution of 65-70 % alcohol at a power of 100 W for various times using an
ultrasonic bath. Sonication of expanded graphite for 8 hours resulted in graphite nanoplatelets
with thicknesses between 30-80 nm and diameters of between 5-20 um (Chen et al., 2003).
The graphite nanoplatelets had an average diameter of 13 um when a ultrasonication
irradiation of 10 h was used (Chen et al., 2004). The average thickness of these nanoplatelets
was estimated at 52 nm. The graphite nanoplatelets size decreased significantly with time
when the dispersions where ultrasonicated for more than 10 h.

An et al. (2014) also used an alcohol, isopropyl alcohol, as the ultrasonication medium. They
delaminated expanded graphite into graphite nanoplatelets with an ultrasonic wave generator
at a frequency of 40 kHz and power of 700 W for 2 hours. The lateral size of their graphite

nanoplatelets varied from 3-12 pm.

Some groups have however used special solvents with dispersants and even aqueous
solutions with dispersants as ultrasonication media. For instance in the study by Wei et al.
(2009a), they used a high molecular weight dispersant (BYK-163) and vinyl chloride-co-
vinyl acetate resin to obtain a stable dispersion of graphite nanoplatelets in an organic solvent
(ethylene glycol butyl ether acetate) by ultrasonication of expanded graphite in an ultrasonic
bath for 12 h. They suggested that the dispersant facilitated the wetting and exfoliation of
GNPs, and the resin stabilized the GNPs by stearic hindrance. Carotenuto et al. (2012)
utrasonicated expanded graphite into graphite nanosheets in octane using high intensity
ultrasound from a sonic horn at 1000 W. Choi et al. (2011b) ultrasonicated thermal plasma
expanded graphite into graphite nanoplatelets in an aqueous solution with a dispersant. They
used an intensity of 40 % using a sonicator with a 750 W power output and sonicated for 15-

60 min. They obtained graphite nanoplatelets with lateral dimensions of up to 30 pum,
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although averaging from 5-20 pum. Results from high-resolution scanning transmission
electron microscopy and micro-Raman spectroscopy suggested that the nanoplatelets

obtained were less than 10 graphene layers.

Chen et al. (2003) asserted that the stage of the precursor GIC used in synthesizing graphite
nanoplatelets is a limiting factor which determines the thickness of the graphite nanoplatelets
obtained. The thickness of a monolayer of graphite (graphene) is estimated at 0.5 nm (Chen
et al., 2003). According to Carotenuto et al. (2012), precursor graphite intercalation
compounds intercalated through a mild intercalation process produce graphite nanoplatelets
with thicknesses in the range of 80-100 nm, whereas those GICs produced through deep

intercalation processes produce platelets with thickness in the range of 10-20 nm.

The thickness of the graphite nanoplatelets produced after ultrasonication determines whether
a stable or unstable colloidal suspension is obtained (Carotenuto et al., 2012). Concentrated
colloidal suspensions are stable due the random orientation of graphite nanoplatelets, which
prevents their sedimentation. Solvent removal from the colloidal suspensions produces a

fragile aerogel (Carotenuto et al., 2012).
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Chapter 3 Literature: Polymer composites

3.1 Introduction

A polymer composite is defined as a material consisting of at least one polymeric component
and one or more components of different phase domains. The polymer forms the continuous
phase domain (Work et al., 2004).

Additives used to fabricate polymer composites are categorized into reinforcements, fillers
and reinforcing fillers (Xanthos, 2005). Xanthos (2005) reserved the term ‘reinforcement’ for
long, continuous fibres or ribbons. The primary purpose of using reinforcements in polymers
is to modify their mechanical properties. Reinforcements are stiffer and stronger than
polymers. ‘Reinforcing filler’ describes discontinuous additives whose primary purpose is
also the improvement of mechanical properties (Xanthos, 2005). The stiffness of inorganic
reinforcing fillers is relatively high and they are characterized by relatively high aspect ratios.
These are the length to diameter ratios for fibres and diameter to thickness ratio for platelets.
The aspect ratio determines the surface area available for interaction between a polymer

matrix and reinforcing filler (Xanthos, 2005).

Fillers are defined as solid particulate materials with various shapes used in relatively high
concentrations in plastics. Fillers have been traditionally used as additives for the reduction of
material costs by substituting the more expensive polymer, and also possibly reducing cycle
times by increasing the thermal conductivity. However, fillers are multifunctional, although,
they can be characterized by one primary function, hence the term functional filler. Xanthos

(2005) has tabulated a number of functional fillers and their primary and secondary functions.

3.2 Electrically conductive composites

The absence of charge carriers and their limited mobility in polyolefins such as polyethylene
inevitably makes them effective insulators with high volume and surface resistivities (volume
resistivity >10™ Q cm) (Sun et al., 1993, Peacock, 2000). The build-up of static electricity on
products from such polymers is a potential fire and explosion hazard which can occur through

arc discharges (Striempler and Glatz-Reichenbach, 1999, Wang et al.,, 2010a).
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Electrostatically dissipative polymers continuously disperse electrostatic charges, preventing

their build up and harmful discharges.

The International Electrotechnical Commission (IEC) standard IEC 61340-5-1, categorizes
materials according to their electrical surface resistivities as being conductive, static
dissipative or insulative. This classification is shown in Table 3-1 for packaging materials to

be used in ESD applications.

Table 3-1 Classification of ESD materials (IEC 61340-5-1) (IEC: 2007).

Classification Required range:

Surface resistance (R;), Q

Insulator R, >1x 10
Static dissipative 1 x 10° < R, < 1 x 101
Conductive 1x102 <R, <1x10°

Rosner (2001) discussed various methods in which polymers are rendered electrostatic
dissipative. Non-particulate conductive additives are not suitable for some polymer forming
processes such as rotational moulding due to thermal instability at the high temperatures used
(~300 °C) and long cycle times which promote thermo-oxidative degradation (Dahman,
2003, Campbell and Tan, 1995, Ansari and Keivani, 2006). The alternative solution for such
processes is electrically conductive polymer composites of polyolefins with conductive
particulates for applications which need electrostatic dissipation. Due to its low electrical
resistivity (50 uQ cm) (Sengupta et al., 2011), graphite is one possible conductive filler.
Traditional conductive fillers however require higher loadings of at least 15 wt.% to impart

conductivity which has a negative impact on mechanical properties (Kim et al., 2010a).

3.2.1 Conduction mechanism and percolation theory

The electrical resistivity of a polymer composite consisting of an insulative polymer matrix
filled with conductive particulates varies with the filler content according to a universal trend
(Striempler and Glatz-Reichenbach, 1999, Clingerman et al., 2002, Rosner, 2001). At low
filler content, the polymer matrix entirely separates the conductive particles; they do not
make contact with each other. The resistivity of the composites hardly decreases with an

increase in the loading of conductive particles in this composition range. Beyond a critical
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filler loading, the percolation threshold, sufficient conductive filler particles will be available
such that a three-dimensional conductive network of touching conducting particles forms. At
the percolation threshold the resistivity decreases abruptly by several orders of magnitude.
Beyond the percolation threshold the resistivity decrease plateaus and adding more of the

conductive filler makes insignificant difference.

The electrical resistivity of composites of insulating matrices containing conductive
particulates can be described by numerous geometric, statistical and thermodynamic
percolation models (Lux, 1993). However, the classical statistical percolation model
originally proposed by Kirkpatrick & Zallen is often used to predict the resistivity of
composites consisting of dispersed conductive particulates in insulating matrices (Lux, 1993).
In this percolation model, the surface resistivity close to and above the percolation threshold

is given as a power law (Sun et al., 1993):
gs=or(V-V)™* 3-1)

where o is the resistivity of the conductive additive, V is the volume fraction of the

conductive additive, t is a critical exponent of a universal character, V. is the percolation
threshold. The classical percolation model does not adequately describe experimentally
observed results, although it forms the basis of most of the other models (Clingerman et al.,
2002).

The inability of most percolation models to adequately predict the electrical resistivity of
composites is due to their exclusion of several factors that affect the conductivity of
composites. The electrical resistivity of composites is influenced by filler and matrix
properties including the inherent conductivities of the filler and polymer matrix, the filler
geometry and size, and also its surface properties (Striempler and Glatz-Reichenbach, 1999,
Clingerman et al., 2002). Low percolation thresholds are easily achieved with high aspect
ratio fillers such as fibres or platelets, unlike spherical or irregular low aspect ratio fillers
(Wang et al., 2010a, Kalaitzidou et al., 2010). The interfacial contact resistance at the
interface of the filler and matrix significantly affects the effective conductivity of the

composites, particularly in nanocomposites (Zeng et al., 2010).

43

© University of Pretoria



(02@*

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

3.3  Mechanical properties of composites

Effective reinforcement is the simultaneous enhancement of polymer matrix stiffness
(modulus) and strength (Xanthos, 2005). The inclusion of rigid fillers into far less rigid
polymer matrices enhances the modulus by virtue of the difference between the stiffness of
the two components. Graphite has an in-plane tensile modulus of 1 TPa, whereas linear low
density polyethylene has a tensile modulus of only up to few hundreds of MPa (Pierson,
1993). A larger difference in rigidity between the filler and polymer matrix results in more
reinforcement with respect to stiffness. Significant reinforcement with respect to stiffness is

observed in elastomers (M6cz6 and Pukanszky, 2008).

The filler size and geometry also have an effect on the composite stiffness. Large filler
particles debond from polymer matrices with ease under load, resulting in premature failure
of the composite (Md6cz6 and Pukanszky, 2008). It has been shown that below a critical
particle size which can only be determined experimentally, the modulus of particulate filled
composites increase with a decrease in particle size (Fu et al., 2008). This particle size is
apparently in the nanometre range. Smaller particles tend to agglomerate, which can be

detrimental to the mechanical properties of composites.

For optimum reinforcement, the ratio of the filler surface area to its volume should be
maximized (Xanthos, 2005). The surface available for interaction between the filler and the
polymer matrix is determined by this ratio. The filler aspect ratio influences the surface area
to volume ratio. Considering a constant volume, the surface area to volume ratio of spherical
particles is fixed. However, that for anisotropic fillers such as graphite can be manipulated by
varying the aspect ratio. The reinforcing effect of high aspect ratio fillers is therefore

relatively superior.

It has been shown that the interfacial interaction at the filler/polymer interface does not have
a significant effect on the composite stiffness (Fu et al., 2008). This was explained by
considering that the Young’s modulus was evaluated at relatively low deformations, which
are insufficient to cause interfacial separation. However, the interfacial interaction between
the polymer and the filler has an effect on the strength and toughness of the composite. The
strength of the polymer composite is influenced by stress transfer between the filler and the
matrix (Fu et al., 2008).
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Effective stress transfer requires good interfacial adhesion, which in turn leads to high
strength. Poor bonding between filler particles and polymer matrix leads to discontinuities in
the form of debonding. As a result, the particles do not bear any load; their inclusion in the
polymer matrix deteriorates its strength. Well bonded filler particles result in the
enhancement of composite strength, particularly for nano particles which have large surface
areas for polymer interaction (Fu et al., 2008). High aspect ratio fillers have larger surface
areas available for interaction with the polymer, hence they possess a relatively high
reinforcing effect with respect to the composite strength (M6cz6 and Pukénszky, 2008).

The strength of particulate filled composites also generally increases with decreasing filler
particle size. Smaller filler particles have larger surface areas which enable more interaction
with the polymer matrix and hence efficient stress transfer (Fu et al., 2008). However, filler
agglomeration tends to limit the enhancement of strength when sub micrometre filler particles

are included in the polymer matrices (Yasmin and Daniel, 2004).

The impact strength of particulate filled polymers is governed by de-wetting and crazing
phenomena (Nielsen and Landel, 1994). Filler particles initiate crack formation in the
polymer matrices and these are easily propagated in rigid polymers, causing a reduction on
impact strength (Nielsen and Landel, 1994). Rigid fillers deteriorate the impact strength of
elastomeric polymers (DeArmitt and Hancock, 2003). Rigid fillers can however improve the
impact strength of rigid polymers by promoting crazing. The impact strength of rigid
polymers can be improved by soft or rubbery fillers (Nielsen and Landel, 1994, DeArmitt and
Hancock, 2003).

A prerequisite for the enhancement of impact strength is good interfacial adhesion between
the filler and polymer matrix (Nielsen and Landel, 1994). Well-dispersed small filler particles
are able to enhance the impact strength of particulate filled composites through a crack-
pinning mechanism (DeArmitt and Hancock, 2003). The tendency of small particles to
agglomerate will however deteriorate the impact strength at very small particles sizes
(Nielsen and Landel, 1994). Filler particle agglomerates and large particles act as flaws
(DeArmitt and Hancock, 2003).
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The mechanical properties of particulate filled composites are also influenced by the
composite structure. The composite structure is in turn influenced by homogeneity, filler

attrition, aggregation and orientation of anisotropic fillers (M6cz6 and Pukanszky, 2008).

Improved mechanical properties are observed in composites with uniformly dispersed fillers.
It was noted earlier on that filler agglomeration deteriorates all composite mechanical
properties. Filler agglomeration occurs when the cohesive forces between filler particles are
greater than the forces attempting to separate them (Mdcz6 and Pukénszky, 2008). Filler
agglomeration can be reduced by using shear mixing with a higher shear rate and also
increasing the filler particle sizes. It can also be reduced by decreasing the surface tension
and reversible work of adhesion of the polymer melts through surface treatments (M6cz6 and
Pukénszky, 2008). Filler attrition changes the filler dimensions and geometry, which can

influence the aspect ratio of the filler.

The alignment of anisotropic particles in a polymer composite relative to the direction of the
applied load determines the mechanical properties of the composite. The orientation of the
filler particles is influenced by flow patterns and shear forces developed during processing.
The mechanical properties of a polymer composite can be enhanced by increased filler

alignment (Mo6cz6 and Pukénszky, 2008).

The presence of voids in a particulate filled composite can deteriorate its mechanical
properties (Verbeek and Focke, 2002). Inclusion of fillers in a polymer matrix can also alter
its crystallization behaviour, thereby influencing its mechanical properties. The crystalline
phase has a higher modulus compared to the amorphous phase. Hence if a change occurs in

the degree of crystallinity it will be manifested in the mechanical properties.

3.4  Flame retardancy in polymer composites

The extensive use of polymers has increased the risk of fire hazards in the numerous
environments in which they are in use, due to their high flammability. Flame retardant
additives are often used in polymers in an attempt to extenuate these fire hazards. In a recent
review, Laoutid et al. (2009) discussed the range of flame retardants applicable to polymers,
together with their modes of operation.
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The polyolefin sub-group of polymers which includes polyethylene presents challenges in
applications which require flame retardancy due to their aliphatic nature. Polyolefins are non-
charring and have high heats of combustion (Weil and Levchik, 2008). Flame retardants in
use for polyolefins work in different ways, and their efficacy is usually polymer specific.
Furthermore, they have advantages and disadvantages that warrant their use or non-use (Weil
and Levchik, 2008).

Halogen-based flame retardants are still used extensively. However, owing to environmental
concerns and the release of highly toxic and smoky effluents during combustion, their
acceptability is deteriorating. They act through flame quenching reactions in the vapor phase,

in which highly energetic free radicals are replaced by the more stable halogen radicals.

Alternatives to halogen based flame retardants include the metal hydrates, e.g. aluminum
trihydrate and magnesium hydroxide. While these do not present any toxicological or
environmental concerns, they require high loadings of up to 70 wt.% to be effective (Laoutid
et al., 2009, Hull et al., 2011). They impart flame retardancy mainly by endothermic
decomposition reactions that also release inert gases that dilute the combustible gas mixture.
The high filler loadings required are detrimental to the mechanical properties of the polymer,

although they reduce the amount of fuel presented by the polymer.

Several recent studies showed that expandable graphite, intumescent flame retardants and
their synergistic combinations were effective in improving the fire behavior of polyethylene
(Weil and Levchik, 2008, Qu and Xie, 2003, Xie and Qu, 2001). In section 2.3.2 it was
elucidated how the exfoliation phenomenon of expandable graphite is exploited when it is
used as a flame retardant. Intumescent additives cause the material to swell when exposed to
high heat and form a carbonaceous foam residue that acts both as a heat insulator and a
physical barrier to the transport of pyrolysis products (Camino et al., 1989, Wang and Chow,
2005, Lewin, 1999, Dasari et al., 2013)

The potential hazards which emanate from a fire are damage to property and death or injury
to people or wildlife. Most deaths in a fire are caused by inhalation of smoke and toxic gases,
with the exposure to excess heat also contributing (Irvine et al., 2000). The extent of these
hazards can be quantified by the ease of ignition, amount and rate of heat evolved from the

fire and smoke and toxic gases evolved.
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Fires are dynamic and it is highly impractical to simulate all possible fire scenarios. The
criteria used to characterize the flammability of polymers depend on the end use of the
polymer product (Laoutid et al., 2009, Hull et al., 2011). None of the fire tests available are
able to replicate the whole range of fire types or real fire scenarios because each particular
fire is unique. However, the cone calorimeter test is widely used and accepted as a
flammability test for polymers as it gives comprehensive parameters in a well-defined setup
useful in design and use of polymers (Schartel and Hull, 2007). The cone calorimeter
quantifies parameters pertinent to fire hazards. They include the time to ignition, heat release

rate and total heat evolved and smoke released.

The fire growth rate (FIGRA) and the maximum average rate of heat emission (MARHE) are
indices that may be used to interpret cone calorimeter data (Schartel and Hull, 2007, Sacristan
et al., 2010). The FIGRA is an estimator for the fire spread rate and size of the fire whereas
the MARHE estimates the tendency of a fire to develop (Sacristan et al., 2010). The FIGRA is
defined as the maximum quotient of HRR(t)/t, i.e. the heat release rate up to a time t divided
by this time.

3.5  Thermal conductivity of polymer composites

The thermal conductivity of particulate filled polymer composites is influenced by the
inherent thermal conductivities of the components of the composite, the composition of the
composite, the size, geometry, orientation and distribution of the filler particles, and the
nature of the interface between the polymer matrix and the filler particles (Weber et al., 2003,
Khodadadi et al., 2013).

Highly conductive fillers enhance the thermal conductivity of polymer composites more
significantly compared to less conductive ones. However, (Bigg, 1995) showed that when the
ratio of the filler thermal conductivity to matrix conductivity is above 100, the thermal

conductivity of the composite essentially maintains a constant value.

High aspect ratio fillers result in polymer composites with enhanced thermal conductivities at
lower loadings due to the ease of formation of conductive path ways within the polymer
matrices compared to isotropic fillers (Agari et al., 1993). For anisotropic fillers, the thermal
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conductivity is a maximum in the direction of filler alignment. For graphite filled composites,
the highest conductivity is attained in the composites if the basal plane is aligned parallel to
the direction of heat flow (Hill and Supancic, 2002). The study by Agari et al. (1991) showed
that the thermal conductivity of particulate filled composites was higher in composites with

dispersion states in which they can easily form conductive pathways.

Heat flow in solids is through lattice vibrations (phonons) and electron motion (Shenogin et
al., 2004). The interfacial thermal resistance, also known as the Kapitza resistance or thermal
boundary resistance is a resistance to heat flow which occurs at the interface of dissimilar
materials due to the mismatch in the phonon spectra and poor interfacial adhesion (Shenogin
et al., 2004). Poor interfacial interaction between the polymer and filler at the interface causes
an increase in interfacial thermal resistance and therefore deterioration in conductivity (Dong
et al., 2005). Improved interfacial interaction between the filler and polymer matrix enhances
the thermal conductivity. Defects and pores contribute to interfacial thermal resistance though

phonon scattering (Dong et al., 2005, Sumirat et al., 2006).

3.6 Nanoscale effect

3.6.1 Mechanical properties

Kalaitzidou et al. (2007) discussed the superiority of nanofillers compared to conventional
fillers, with reference to their reinforcing capabilities. In their discussion, if material failure is
considered to emanate from defects such as cracks, smaller materials such as nanofillers are
stronger than their conventional micrometre sized counterparts. If a nanofiller is smaller than
a critical crack length, it can reach its theoretical strength. Nanofillers are thus advantageous
compared to conventional reinforcements as substantial matrix property enhancements occur
at lower contents of nanofillers (Kalaitzidou et al., 2007). As a result it is possible to fabricate
light weight nanocomposites which can be processed easily. The high surface area of
nanofillers can enable efficient stress transfer if good adhesion is achieved at the nanofiller-
matrix interface. The strength and toughness of composites is also improved as a result of
longer crack propagation length due to larger surface areas (Kalaitzidou et al., 2007).
However, the effective mechanical properties of nanocomposites are on the whole dependent
on the level of nanofiller dispersion and the interfacial adhesion between the polymer matrix
and nanofillers (Li and Zhong, 2011).
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3.6.2 Electrical conductivity

The percolation threshold and electrical conductivity of polymer nanocomposites are mainly
dependent on the method of fabrication which subsequently influences the degree of
dispersion of the nanofiller. The nanofiller aspect ratio also significantly influences the
nanocomposite electrical conductivity. This is particularly true for one dimensional nano
fillers such as carbon nanotubes that easily form conductive pathways. These have reported
percolation thresholds of less than 0.1 vol.%. Although the aspect ratio is also significant in
the electrical conductivity of nanocomposites fabricated from two dimensional fillers such as
graphite nanoplatelets, the number of platelets plays a pivotal role in the conductivity of such

nanocomposites (Kalaitzidou et al., 2007).

3.6.3 Thermal conductivity

Simulation studies have shown that interfacial thermal resistance has a significant influence
on the thermal conductivity of nanocomposites (Shenogin et al., 2004, Nan et al., 2004, Bui
et al., 2011). The interfacial thermal resistance in nanocomposites is exacerbated by the high
density of interfaces. The interfacial resistance can be reduced by stronger interfacial
adhesion between the nanofiller and matrix. This can be achieved through covalent bonding
of the matrix to the nanofiller. However, covalent attachments can reduce the intrinsic
thermal conductivity by scattering phonons. The effective thermal conductivity of the
nanocomposite can be enhanced by increasing the carbon filler aspect ratio. Phonon
scattering by defects in the carbon nanofillers and contact resistance can also reduce the
effective thermal conductivity of the nanocomposite (Shenogin et al., 2004, Shi et al., 2013,
Yavari et al., 2011, Xiang and Drzal, 2011).

3.6.4 Thermal conductivity modelling

Progelhof et al. (1976) and Bigg (1995) extensively reviewed numerous mathematical models
for predicting the thermal conductivity of two-phase composites. Nan et al. (1997) proposed a
thermal conductivity model based on the Maxwell-Garnett-type effective medium approach
for predicting the thermal conductivity of particulate composites. This model considers the
interfacial thermal resistance between the particulates and matrix and also the particle
geometry. The model is suitable for nanocomposites due to the significance of the interface

densities in nanocomposites.
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In the Nan model (Nan et al., 1997), for particulates in the form of oblate ellipsoids (which
approximates graphite nanoplatelets) dispersed and oriented isotropically in a matrix with

thermal conductivity 4,,, the effective thermal conductivity A. for the nanocomposite is

given as:
_ 3+f[2811(1-Ly1)+B33(1-L33)] )
/16 N Am 3—f[2B11L11+B33L33] (3 2)
with
— 1‘21_/1m _ /lgg—lm
1 = Am+L11 (A9 ~2m) Pas = Am+Laz (AT, ~Am) (3-3)
Afl - Ag/(l + VL11 Ag/lm), 1‘3?3 - Ag/(l + )/L33 Ag/).m) (3'4)
L, =2 P cos™! Lyz; =1—2L (3-5)
11 2(p2-1) 2(1_p2)3/2 P, 33 11

where f is the volume fraction of graphite nanoplatelets, A, is the thermal conductivity of

graphite nanoplatelets, A7, and A3, are the equivalent thermal conductivities along the
transverse and longitudinal axes of a nanocomposite unit cell, which is defined as a graphite
nanoplatelet coated with thin interfacial thermal barrier layer; p = as/a, is the aspect ratio
for graphite nanoplatelets, which is defined as the ratio of the shortest radii to that of the
longest radii for oblate ellipsoids which in this case becomes the ratio of the thickness to the
diameter of GNPs; y = (1 + 2p)a, where a = a,/a; and a; = A4,,/Gr = Ry, With a;
being the Kapitza radius, Gj the interfacial thermal conductance and R, its reciprocal, the
interfacial thermal resistance or Kapitza resistance. The model assumes complete coverage of

the GNPs by the polymer matrix.

3.7  Polymer/Graphite nanoplatelets nanocomposites

The conventional methods of polymer/graphite nanoplatelet nanocomposites fabrication are

direct mixing, solution mixing, in situ polymerization and melt mixing (Kalaitzidou et al.,
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2007, Li and Zhong, 2011). Direct mixing is more suitable for low viscosity thermoset
polymers. In solution mixing, the polymer is dissolved in a solvent in which the nanographite
is disperesed thereafter. When mixing is completed the solvent is then evaporated. In in-situ
polymerization a monomer is polymerized in the presence of the graphite nanoplatelets. Melt
compounding makes use of twin screw extruders, two-roll mills or other types of mixers.

Melt compounding is more suitable for polyolefins (Kalaitzidou et al., 2007).

Solution mixing and in-situ polymerization are able to disperse GNPs uniformly in polymer
matrices and enable the fabrication of nanocomposites with low electrical conductivity
thresholds and high conductivity after the threshold is reached. They are however undesirable
due to the use of hazardous chemicals in polymerization or organic solvents in solution
mixing (Chen et al., 2003, Kalaitzidou et al., 2010). Also these fabrication techniques

typically produce low yields and are expensive, limiting their use in industry.

Melt mixing is still the fabrication technique of choice due to easy adaptation of pre-existing
technology. Several studies have however shown that melt mixing is unable to sufficiently
disperse GNPs, leading to high conductivity thresholds and poor mechanical properties
(Kalaitzidou et al., 2010, Wang et al., 2010a, Jiang and Drzal, 2010, Jiang and Drzal, 2012).
Melt mixing combined with other prior mixing techniques has however shown improved

properties.

Prior mixing can be achieved in solution, melt or solid phase. For instance, Kalaitzidou et al.
(2010) used a pre-coating method in which polypropylene was first coated with GNPs in
isopropanol using ultrasonication, before melt compounding it. The method was more
effective in reducing the threshold for conductivity and attaining higher conductivity values
compared to solution mixing. The masterbatch technique and solid state shear pulverization
are also prior mixing methods which have been combined with melt mixing to effectively
disperse GNPs in polymer matrices, achieving conductivity at lower GNPs loading with good
mechanical properties (Chen et al., 2007, Li and Chen, 2007, Wakabayashi et al., 2010, Jiang
and Drzal, 2012).
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Chapter 4 Literature: Rotational moulding

4.1  Process description

In principle, a predetermined amount of plastic powder (micro-pellets and liquids are also
rotomoudable) is charged into one half of a metal mould and the mould is closed tight. The
mould is rotated slowly biaxially and simultaneously heated. The plastic powder tumbles in
the mould, forming a powder pool at the bottom of the mould as it heats up. Once the plastic
powder begins to melt, it adheres to the mould surface. Successive layers of powder particles
stick to each other where they touch through a sintering process, forming a three dimensional
structure with voids which coat the mould surface. As heating continues the plastic densifies
into a coherent melt forming a hollow part. However, the voids initially formed at the
beginning of sintering process trap air and become air bubbles in the moulded part. Once the
densification is finished, the moulding is subjected to a cooling processing, which is normally
forced air cooling, water mist or water jet with the biaxial rotation still occurring. When the
part has solidified and cooled to a safe enough temperature to be handled, the hollow part is
de-moulded and downstream processes can take place (Crawford et al., 1996, Bellehumeur,
2005, Pick and Harkin-Jones, 2006). An illustration of the rotational moulding process is

shown in Figure 4-1.
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Figure 4-1  The rotational moulding process (Crawford and Throne, 2002).
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4.2 Process characteristics

Compared to other polymer forming processes, rotomoulding is unique in several ways
(Crawford et al., 1996, Siddhamalli and Lee, 1998, Bellehumeur, 2005, Yan et al., 2006). The
temperature of the mould and plastic powder has to be raised from room temperature to the
melting temperature of the powder and back to room temperature once the part is formed.
The melting, shaping and cooling of the plastic occurs in the mould. As a result, cycle times
are essentially higher compared to other forming processes. The plastic is subjected to long
periods in which it is exposed to high temperatures and oxygen; oven temperatures are
normally set around 300 °C. This makes the plastic susceptible to thermo-oxidative
degradation more than in any other forming process. Thermal stabilization packages are a
necessity, adding on to the cost of the process. The cost of resins is also relatively higher due
to grinding costs. There is a limited range of material which can withstand long cycle times at
high temperatures; hence polyethylene is the major rotomoulding material. Rotational
moulding is also generally a labour intensive process although some automation had been

developed.

Rotation speeds which are used in rotomoulding are very low, typically less than 20 rpm. As
a result the process is essentially a pressure and shear stress free process, with no centrifugal
forces involved as in casting. A benefit arising from this fact is that rotomoulded parts are
essentially free of residual stresses. The moulds can also have thinner walls, are relatively
inexpensive and have shorter lead times. Rotomoulded parts also have no weld lines or
ejector pin marks, and essentially there is no material waste as all material is formed into a
product. Short production runs of huge parts are possible, and the process offers greater
flexibility and minimum design constrains. The wall thickness can be easily controlled by
varying the relative rotation speeds. Rotomoulding also has relatively low cost tooling and
capital costs compared to other processes (Crawford et al., 1996, Siddhamalli and Lee, 1998,
Yan et al., 2006, Sharifi et al., 2012).

4.3 Relationship between processing conditions and part quality

Basically there are three process variables in the rotomoulding process, namely the oven
time, oven temperature, and cooling rate (Crawford and Throne, 2002). Insufficient oven time

or temperature results in incomplete melting and densification of the plastic powder. Hence
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an undercured or undercooked part is formed which will exhibit poor mechanical properties
particularly the impact strength and stiffness. If the plastic powder is subjected to very long
oven times or very high oven temperatures, the polymer will undergo thermo-oxidative
degradation. Thermo-oxidative degradation will also deteriorate the mechanical properties of
the part. The cooling rate used has influence on the final structure of plastic part and its
dimensional stability. Rotational moulding is unique because cooling occurs from outside of
the mould only. Thus there is a temperature gradient across the part walls. Different cooling
rates have the potential to introduce warpage in parts. The microstructure that the part
assumes will differ depending on whether a faster or slow rate was used. Faster cooling rates
result in parts with higher impact strength or toughness. This is vice versa for slow cooled

parts.

4.4  Rotomoulded part quality

4.4.1 Traditional quality indicators

Due to the susceptibility to impact loading for most rotomoulded products, impact testing is
the main quality control test method (Pick and Harkin-Jones, 2005). Mechanical properties of
rotomoulded parts are commonly evaluated through falling weight impact tests because these
tests are inexpensive to conduct and also due to the sensitivity of the impact resistance of
rotomoulded parts to various aspects of the process (Kissick et al., 2011, Spence and Scott,
2003).

The Association of Rotational Moulders (ARM) International developed a standard for
impact testing ‘Low Temperature Impact Test’. This test is similar to the ASTM standard test
D 5628 ‘Standard Test Method for Impact Resistance of Flat, Rigid Plastic Specimens by
Means of a Falling Dart (Tup or Falling Mass)’. The test is normally done at 20 °C or -40 °C.
The test determines the mean failure energy of at least 10 samples subjected to a falling dart
or tup with either different weights from the same height or with the same weight from
different heights. The mode of failure viz. ductile or brittle failure is important in assessing
the part quality with reference to processing conditions (Henwood et al., 2005, Spence and
Scott, 2003). A part subjected to optimum moulding conditions i.e. optimum oven time and

temperature exhibits acceptable impact strength and usually shows ductile impact behaviour.
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The instrumented falling weight test is more advanced as data such force and duration of

impact can be obtained (Kissick et al., 2011).

Liu et al. (2000) used the L’16 experimental matrix based on the Taguchi method to optimize
impact strength of rotomoulded linear low density polyethylene. They found that oven time
and temperature were the most significant factors affecting the impact strength, amongst the

factors they considered.

Air bubbles and pinholes are a characteristic of rotomoulded parts in the cross-sections of
part walls and on the outer surfaces, respectively (Crawford et al., 1996). The bubble density
in the cross section of a part has also been traditionally used as an indicator to show whether
the plastic densified to sufficient levels (Spence and Scott, 2003, Crawford and Throne,
2002). Undercured parts will have high bubble densities in their cross sections and they will
exhibit poor impact properties (Liu et al., 2000, Spence and Scott, 2003). The absence of
bubbles or presence of only a few shows that densification was complete. However, this
could also mean that the polymer has degraded. Optimum impact properties are obtained with
a few small diameter bubbles close to the inner surface. A total absence of bubbles might
mean that degradation has occurred and actually reduce the impact properties (Liu et al.,
2000, Spence and Scott, 2003).

The degree of densification attained by the polymer during rotomoulding is evaluated more
quantitatively through density measurements. The final part density has significant influence
on the mechanical properties of the rotomoulded part (Liu et al., 2000, Dodge and Perry,
2001, Crawford and Throne, 2002). The density of a rotomoulded part increases linearly with
time as heating progresses. However, the final density of the part is governed by the number
and size of air bubbles in the part (Liu, Lai & Tin, 2000). Density of the moulded parts can be
evaluated through the use of density gradient columns (ISO 1183 or ASTM D-1505) (Dodge
and Perry, 2001, Crawford and Throne, 2002). Gas pycnometry is now a common method to
evaluate density of rotomoulded parts (LOpez-Bafiuelos et al., 2012). Low density values
indicate that the part was undercured; the part will have too many bubbles and poor

mechanical properties.

The quality of rotomoulded parts has also been widely evaluated by observing the appearance

of their exterior and interior surfaces and also the smell of the interior surfaces (Spence and
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Scott, 2003, Crawford and Throne, 2002). A rough or powdery interior surface is an indicator
of incomplete melting and densification. A smooth surface would however show that the
polymer densified completely. A high gloss, discolouration and acrid smell are signs that the
polymer has been degraded as degradation starts form the inner surface due to the presence of
oxygen and the high temperatures. The exterior surface may have a high density of pin holes
or show incomplete filling especially on corners. This could be as a result of incomplete cure,
poor resin choice or high moisture content (Spence and Scott, 2003, Crawford and Throne,
2002).

4.4.2 Analytical techniques

The influence of processing conditions used in the rotational moulding process on the
microstructure, morphology and rheology of moulding materials and its subsequent effect on
the part quality has been extensively studied by Crawford and his co-workers (Oliveira et al.,
1996, Cramez et al., 1998b, Cramez et al., 2001, Oliveira and Cramez, 2001, Pick and
Harkin-Jones, 2006). Several analytical techniques have been utilized to characterize the
microstructure, morphology and rheology and correlate these to the apparent properties

observed in the rotomoulded parts.

Observations of fractured cross sections of the moulded parts under a scanning electron
microscope can show the occurrence of bubbles or voids in the cross sections (Cramez et al.,
2001). The observation of thin sections of part walls under polarised light not only yields
information on the bubble density and hence degree of cure, but also the morphology and
microstructure developed as a result of the moulding and cooling conditions utilized (Oliveira
etal., 1996, Oliveira and Cramez, 2001).

Rotomoulded polyethylene parts exhibit classical spherulitic structures in their crystal
morphology. This is due to the absence of shear or pressure in the process, hence the absence
of conditions to impart molecular orientation (Cramez et al., 2001). Polyethylene spherulites
exhibit well-defined, characteristic Maltese crosses and regularly spaced bands (Oliveira and
Cramez, 2001). The specific morphology which rotomoulded parts develop is directly related
to the processing conditions used. For under cured polyethylene, a part will exhibit regular
spherulitic morphology throughout the part cross section (Oliveira and Cramez, 2001).

However, if degradation occurs, the morphology of the inner surface layer undergoes a
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change that corresponds with the degree of degradation. This is because thermo-oxidative
degradation of the plastic starts on the interior free surface which is exposed to a high
temperature environment in the presence of oxygen (Oliveira and Cramez, 2001). The size
and regularity of the spherulites deteriorates with polymer degradation, up to a point where
the spherulites disappear from the inner surface, and a new layer of non birefringent material
appears. A columnar or fibrous layer is sandwiched between this layer and spherulites in the
bulk wall (Oliveira and Cramez, 2001, Cramez et al., 2001). As a result of the restriction with
the wall, the spherulites on the surface in contact with the mould form transcrystalline
structures (Oliveira et al., 1996, Pick and Harkin-Jones, 2006, Cramez et al., 2003).

The thermo-oxidative degradation of polyolefins such as polyethylene is an autocatalytic
reaction which follows a free radical mechanism (Cramez et al., 2001, Tcharkhtchi and
Verdu, 2004). The intermediate products are hydroperoxides that decompose into free
radicals that initiate and sustain the chain reaction (Cramez et al., 2001, Tcharkhtchi and
Verdu, 2004). Although chain scission reactions are also present in the termination reactions
of the oxidative degradation of polyethylene, it is the cross-linking reactions which are
dominant (Oliveira et al., 1996, Tcharkhtchi and Verdu, 2004). The non-volatile products of
the oxidation of polyethylene are carbonyl, vinyl and hyroperoxide groups (Iring and Tid6,
1990, Oliveira et al., 1996).

Fourier transform infrared spectroscopy (FTIR) can be used to determine if rotomoulded
parts have undergone degradation and to what extent. Carbonyl species have infrared
absorption between 1700-1750 cm™ (Oliveira et al., 1996, Henwood et al., 2005). The
carbonyl index is a measure of the extent of degradation by evaluating the concentration of
carbonyl species formed (Hoang et al., 2006). The double bonds of carbonyl and vinyl groups
can also be detected when the rotomoulded part is viewed under a fluorescence microscope,
providing a further analytical tool for analysing the degradation of rotomoulded polyethylene
(Oliveira et al., 1996). The groups fluoresce under ultraviolet radiation when viewed under
the fluorescence microscope (Oliveira et al., 1996). FTIR and fluorescence microscopy show
that the degradation is limited to 30 p thickness from the inner wall of rotomoulded parts
(Oliveira and Cramez, 2001).

Evaluation of the rheology of material from the inner layer of rotomoulded parts is a further

complementary technique which confirms if degradation had occurred. The rheology can be
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used to identify the dominating degradation reactions (Oliveira and Cramez, 2001, Cramez et
al., 2003, Henwood et al., 2005).

The cooling rate used has a substantial influence on the morphology of rotomoulded parts
(Cramez et al., 2001, Pick and Harkin-Jones, 2006). Slow cooling rates result in coarse or
large spherulites and high crystallinity (Pick and Harkin-Jones, 2006). Large spherulites
evolve because of a lower nucleation density at higher temperatures. The inner surface will
result in larger spherulites and higher crystallinity because this surface cools more slowly
than outer surface in contact with the mould. Spherulites at the inner surface grow freely as
they are not in contact with a mould wall. Fast cooling results in a variation in the sizes of the
spherulites across the cross-section of a part due to uneven cooling across the part wall
(Cramez et al., 2001). The plastic close to the mould wall will cool and solidify faster as
cooling is done through the mould wall. It will result in spherulites with a fine texture. The
cooling rate decreases towards the inner free surface, as a result of the plastic that cooled
earlier acting as an insulator. Thus the spherulite size will also increase towards inner free
surface. Uneven crystallinity occurs as a result, causing shrinkage which manifests itself

through warping of the parts (Cramez et al., 2001).

The microstructure and morphology manifests itself in the apparent mechanical properties of
rotomoulded parts. Low impact strength in rotomoulded polyethylene comes about as a result
of either the presence of voids in the part wall thickness, poor cohesion of polymer particles
or the presence of non-spherulitic textures due to degradation at the inner surface (Oliveira
and Cramez, 2001, Tan et al., 2011). Undercured parts suffer brittle failure because of the
presence of bubbles and the occurrence of insufficient sintering to have developed any impact
strength (Henwood et al., 2005, Tan et al., 2011). The presence of bubbles also reduces the
elongation to fracture (Pick and Harkin-Jones, 2006). Bubbles also prevent stresses applied
on a part from being evenly distributed, resulting in the reduction of crack initiation energy
and propagation. Bubbles can also act as stress concentrators. Crack initiation is encouraged
by voids, inclusions, bubbles and imperfections (Pick and Harkin-Jones, 2006). Cross-linking
due to degradation at the inner layer causes embrittlement of rotomoulded parts and the
subsequent drastic loss of impact strength for over cured parts (Oliveira et al., 1996). At the
commencement of crosslinking, the impact strength initially rises, before coming to a

catastrophic drop (Henwood et al., 2005).
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The morphology which results from the cooling rate used also has an influence on the
mechanical properties. Pick and Harkin-Jones (2006) showed that the large spherulites and
high crystallinity which emerge from slow cooling of rotomoulded parts deteriorate their
strength. High crystallinity was shown to be synonymous with a shift in the 3 transition of the
material to a higher temperature by using dynamic mechanical analysis, resulting in a higher
brittle-ductile transition. Cramez et al. (2001) elucidated that inter-spherulitic boundary links
transmit energy through the polymer, thereby imparting ductility to it. Large spherulites result
in reduced inter-spherulitic boundary links and subsequently reduce its ductility. Crystallites
also apparently act as stress concentrators and deteriorate the impact strength; hence high
crystallinity causes a reduction in impact strength (Liu et al., 2000). Godinho et al. (1997)
showed that the tensile and flexural properties of rotomoulded polyethylene increase linearly
with crystallinity and spherulite size, whereas the impact strength deteriorates with an
increase in crystallinity and spherulite size. In a study on four different rotomoulded
polyethylenes by Harkin-Jones and Ryan (1996), the effect of crystallinity and spherulite size

was not pronounced as was expected.

Fast cooling rates have been shown result in improved impact resistance of rotomoulded parts
(Liu et al., 2000, Pick and Harkin-Jones, 2006). Fast cooling rates apparently yielded smaller
spherulite sizes and reduced crystallinity. Fast cooling rates reduce crystallinity due to the
occurrence of crystallization at lower temperatures and its obstruction, culminating reduced
crystalline phases (Cramez et al., 2001). Ductility is enhanced by the increased flexible
amorphous phase which contains a high amount of inter-lamellar and inter spherulitic tie-

molecules that act as stress transducers (Cramez et al., 2001).

However, Cramez et al. (2001), observed that improved ductility in fast cooled rotomoulded
polypropylene was limited to the layer close to the mould wall. This layer had the smallest
spherulites and lowest crystallinity. The crystallinity was high in the bulk and close to the
inner surface. The spherulite sizes increased away from the mould wall. This was due to the
uneven cooling rates across the part wall which were introduced as the mould was cooled
from outside only. They concluded that improved ductility of rotomoulded polypropylene can
be obtained through fast cooling both sides of the parts. If fast cooling is applied to the mould

wall only, it causes severe warpage as was explained in the earlier sections.
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Discolouration is frequently used as an indicator for over cure and hence as a check for the
occurrence for degradation of rotomoulded parts. For polymers with natural colours
discolouration is observed as yellowing (Spence and Scott, 2003, Henwood et al., 2005). The
yellowing effect is due to the sacrificial oxidation of phenolic antioxidants to chromophoric
quinones as they protect the polymer (Sharifi et al., 2012). The yellowness is evaluated as a
yellowness index (YIE) using a spectrophotometer (Henwood et al., 2005, Sharifi et al.,
2012). A comparison of the yellowness index and carbonyl index with increase in oven time
by Sharifi et al. (2012) showed that yellowing occurs before the onset degradation as detected
by the formation of carbonyl compounds. They concluded that the discolouration was not a

reliable indicator for thermo-oxidative degradation.

4.5  Process control and optimization

Process control of the rotomoulding process is made complex by the biaxially rotation of the
mould and high temperatures used in the process (Crawford, 1996, Nugent et al., 1997). Until
recently, process control and optimization was traditionally achieved by iterative trial and
error methods and relied on the experience of the machine operators (Crawford, 1996, Liu et
al., 2000, Cramez et al., 2002, Cramez et al., 2003). Work by Crawford’s group established
that the temperature of the air inside the mould was a key parameter which could be used for
rotational moulding process control (Crawford and Nugent, 1992). Measurement of this
temperature has become a standard procedure in determining the heating time that does not

result in degradation of the plastic (Bellehumeur, 2005).

The temperature of the air inside the mould is close to that of the inner surface of the plastic
during rotomoulding (Oliveira and Cramez, 2001, Crawford and Throne, 2002). Crawford
and co-workers developed a device (Rotolog™) which is able to measure the temperature of
the air inside the mould and transmit it to a control system in real time (Crawford and
Nugent, 1992, Nugent et al., 1997). They showed that the temperature profile of the air inside
the mould depicted all the stages of the rotomoulding process (Figure 4-2). This temperature

profile is characteristic to the rotational moulding process (Bellehumeur, 2005).

Figure 4-2 shows an induction period from ambient temperature up to point A in which the
temperature of the plastic powder rises as it tumbles in the mould. Between point A and B,
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the powder undergoes a melting transition for semi-crystalline polymers and adheres to the
mould. The voids which eventually become bubbles are trapped at this stage. During this
period the mould air temperature does not rise fast as much of the heat is absorbed in the
melting transition. The plastic layer coating the mould also forms an insulation barrier,
contributing to the reduction in heat transfer to the inside air (Bellehumeur, 2005). Melting is
complete at point B. From point B to C, sintering and densification occur. During this stage,
the plastic layer thickness decreases as air is expelled from it. The resistance to heat transfer
from the outside mould surface to the inside air is reduced (Crawford and Throne, 2002).
Hence the temperature of the air inside the mould rises at a faster rate up to point C. Point C
is commonly referred to as the peak internal air temperature (PIAT) (Bellehumeur, 2005).
Crawford and Nugent (1992) pointed out that since degradation for the polymer emanates
from the inner surface of the moulding, it is the temperature at point C, the PIAT, which

governs product quality.

When the mould is removed from the oven, the temperature of the air inside the mould
continues to rise momentarily (Crawford and Nugent, 1992, Oliveira et al., 1996). The
overshoot in temperature depends on the thickness of the part wall. From point C to D, the
plastic melt undergoes cooling, the temperature of the air inside the mould decreases at a rate
dependant on the cooling method used. The plastic begins to solidify at point D. Semi-
crystalline polymers such as polyethylene will solidify through an exothermic crystallization
transition; hence the temperature of the air inside the mould will decrease at a reduced rate
between point D and E. At point E, solidification is complete, the temperature of the air
inside the mould drops at a faster rate up to the ambient temperature at which the product can
be demoulded. It is feasible to use faster cooling rates for instance water spray once the

plastic has solidified.
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Figure 4-2  The anatomy of the rotomoulding cycle: Temperature trace of the mould air
temperature (modified from Crawford and Throne (2002)).

The PIAT has been correlated with rotomoulded part properties and found to be a reliable
control parameter for optimum part morphology and mechanical properties (Cramez et al.,
1998b, Cramez et al., 2002, Oliveira and Cramez, 2001, Henwood et al., 2005). According to
Crawford (1996), if a particular PIAT value specific to each polymer is attained, optimum
mechanical properties will be attained. Crawford and Nugent (1992) reported that for
polyethylenes, if a PIAT of 195+5 °C was maintained, a rotomoulded part with optimum and
consistent mechanical properties would be obtained, independent of any other process
variable. Low PIAT values result in under cured parts with high bubble densities and low part
densities. The bubbles are trapped in the melt and are not able to escape before the polymer
solidifies. Increasing the PIAT reduces the viscosity of the melt and allows them to escape
(Oliveira and Cramez, 2001).

The mouldings that assume the morphology of under cured parts as described earlier on, have
poor impact properties and fail in a brittle mode. Parts moulded at an optimum PIATSs have
satisfactory impact properties and fail in ductile mode. Work by Oliveira et al. (1996) and
Cramez et al. (2001) showed that the optimum PIAT occurs just before the inception of
degradation at the inner surface of the rotomoulded part. Above a critical PIAT, the plastic is

overcured and degradation occurs. The mouldings will assume the morphology of overcured
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plastic and have poor mechanical properties (Oliveira et al., 1996, Cramez et al., 2001,
Oliveira and Cramez, 2001, Cramez et al., 2002, Henwood et al., 2005).

Recently, several workers highlighted the inadequacy of relying on the PIAT only as the
control parameter in rotomoulding and proposed new methodologies (Spence and Scott,
2003, Cramez et al., 2002, Cramez et al., 2003). Cramez et al. (2002) pointed out that it is too
simplistic to link the optimum cure of a plastic to one variable, the PIAT, because the melting
and densification of the plastic depends on many factors such as the heating rate and time.
The optimum PIAT is actually influenced by the heating rate and time (dependant on oven
time and temperature and mould type), the atmosphere in the mould, antioxidant package,
different wall thicknesses and different grades of same material (Cramez et al., 1998b,
Cramez et al., 2002).

4.6  Melting and densification during rotational moulding

Melting and densification of the polymer powder into a homogeneous melt expends a
significant part of the heating cycle in rotomoulding and has a major role in the properties of
the rotomoulded part (Kontopoulou and Vlachopoulos, 2001, Chaudhary et al., 2001a).
According to Bellehumeur (2005), melting and densification of the polymer powder particles
into a homogenous melt in rotational moulding is governed by two bulk movements. These
bulk movements are elucidated as the adhesion of polymer particles to the mould and
between adjacent polymer particles; and melt densification which occurs by melting and
collapse of the particulate structure. Melt densification is a two stage processes which
involves polymer sintering and bubble dissolution (Kontopoulou and Vlachopoulos, 2001,
Bellehumeur, 2005).

Polymer sintering is considered to be the fundamental and controlling mechanism in
rotational moulding (Kontopoulou and Vlachopoulos, 2001). It is defined as the coalescence
of polymer powder particles in contact with each other at an elevated temperature. A
thermodynamic driving force exists between polymer particles in contact with each other at
elevated temperatures to minimize their surface energy by reducing their total surface area

(Chaudhary et al., 2001a, Kontopoulou and Vlachopoulos, 2001). The driving force for

64

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02@*

coalescence is surface tension. Coalescence encounters resistance from viscosity (Chaudhary
et al., 2001a, Kontopoulou and Vlachopoulos, 2001, Bellehumeur, 2005).

Several studies have been carried out on the sintering and densification behaviour of
polymers and their role in rotational moulding (Bellehumeur et al., 1996, Bellehumeur et al.,
1998, Kontopoulou and Vlachopoulos, 2001). Bellehumeur et al. (1996) studied the influence
of various factors on sintering rates of polyethylene. They found that sintering rates increased
as viscosity (zero shear viscosity) decreased. They also found that particle size was not a
significant factor in the sintering rates except at the beginning of sintering. Particle geometry
also did not have any significant effect on sintering rates. Bellehumeur et al. (1996) used
mathematical models on coalescence that occurs by viscous flow and compared their
experimental results with the predicted sintering times. The models of Frankel and that of
Frankel corrected by Eshelby over predicted the coalescence times. However, the model by

Hopper agreed well with experimental results.

Kontopoulou and Vlachopoulos (2001) studied the melt densification of thermoplastics. Their
results showed that melt densification is a two stage process. The first stage is particle
coalescence. Particle coalescence was governed by viscosity, surface tension and powder
properties. The second stage involved the shrinkage and disappearance of bubbles which is
was governed by diffusion. Models based on viscosity and surface tension adequately
describe the densification process up to the point where bubbles formed. A model to describe

bubble dissolution in the later stages was proposed.

The assessment of Bellehumeur (2005) was that on the basis of theoretical and experimental
results, the material characteristics that are of importance in the coalescence of polymer
particles in rotational were melt elasticity, melt viscosity and surface tension. The melt flow
index is not particularly relevant to rotomoulding as it is a pressure and shear free process.
The zero shear viscosity is a better alternative in assessing the coalescence characteristics of

polymers (Bellehumeur, 2005).

Polymers with lower zero shear viscosities coalesce faster leading to shorter heating cycles
during moulding (Bellehumeur et al., 1996). Low values of zero shear viscosity at lower
temperatures are desirable as polymers coalesce at temperatures close to their melting points

(Bellehumeur, 2005). Polymers with higher melt elasticities will coalesce at lower rates
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(Bellehumeur et al., 1996, Bellehumeur et al., 1998). The molecular structure of a polymer
will also influence its sintering rate (Bellehumeur, 2005). High molecular weight polymers
have high viscosities therefore lower coalescence rates. Polymers with narrow molecular
weight distribution have lower viscosities and melt elasticities, hence high coalescence rates.

The melt surface energy is difficult to measure (Bellehumeur, 2005).

Chaudhary et al. (2001a) studied the use of low molecular weight additives mineral oil,
glycerol monostearate and pentaerythntol monooleate as sintering enhancers for
polyethylene. Their results show that the low molecular weight additives blended at 3 wt.%
reduce the melt viscosity and/or elasticity of polyethylene at low shear rates. The reduction in
the melt viscosity and elasticity of polyethylene blended with mineral oil was substantial. The
low molecular weight additives resulted in faster coalescence in sintering studies of
polyethylene. Melt densification and bubble removal occurred faster when mineral oil was
used in rotational moulding. Reduced cycle times were obtained when polyethylene blended
with mineral oil was rotomoulded. The impact strength of polyethylene blended with mineral
oil was maintained at the same levels as that of neat polyethylene, showing that the addition

of low molecular additives did not influence the mechanical properties.

Chaudhary et al. (2002) also investigated the effect of blending 10 wt.% of ethylene styrene
interpolymer and ethylene vinyl acetate (EVA) as sintering and impact modifiers for
rotomoulding polyethylene. They observed a marked improvement in the sintering rates with
the use of the co-polymers in polyethylene. However, in this instance, the improvement in
sintering rates was attributed to lower melting points of the co-polymers, rather than the melt
viscosity or melt elasticity. The faster sintering rates resulted in faster bubble removal from
the blends and subsequently reduced cycle times. The use of the co-polymers enhanced the
impact strength. Kontopoulou and Vlachopoulos (2001) previously elucidated on the effect of

melting points on sintering behaviour of polymers.

The size of air cavities which subsequently become air bubbles in the melt is influenced by
the initial polymer powder particle size, the powder packing arrangement and the degree of
coalescence achieved (Bellehumeur, 2005). Due to the relatively small bubble diameters and
high polymer melt viscosities, bubbles remain stationary in the melt when they are formed
(Kontopoulou and Vlachopoulos, 1999, Gogos, 2004, Bellehumeur, 2005). The shrinkage and
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disappearance of bubbles is controlled by diffusion of air from the bubbles into the melt
(Kontopoulou and Vlachopoulos, 2001, Gogos, 2004, Bellehumeur, 2005).

Spence and Crawford (1996) investigated the effect of a wide range of processing variables
on the formation and removal of bubbles in the rotational moulding of polyethylene. Their
study showed that the rate of bubble shrinkage was faster in low viscosity materials. They
also showed that the polymer powder particle characteristics (shape, size and particle size
distribution) had an effect on the size and density of bubbles. A higher amount of finer
powder particles was observed to result in a high density of smaller bubbles. Overheating of
the polymer was shown to be an efficient way of removing the bubbles, to the detriment of

mechanical properties.

Kontopoulou and Vlachopoulos (1999) derived a bubble dissolution model on the basis of
mass and momentum conservation equations. Their model took into account diffusion,
viscosity and surface tension effects. In this model, bubble dissolution is diffusion controlled
by the air concentration gradient between the bubble walls and the bulk polymer melt. The
model predicts that bubble dissolution is dependent on the initial bubble size, surface tension
and concentration of air in the melt, but not on the melt viscosity, particularly at the ranges of
melt viscosities found in rotomoulding polymer grades. Their modelling and experimental
results apparently contradict the observations of Spence and Crawford (1996), regarding the
influence of viscosity on the dissolution of bubbles. However, the model predictions agreed
well with experimental data for the diffusion of air in a medium density polyethylene melt at
190 °C under atmospheric pressure. The model also predicts that increased pressure will
accelerate bubble dissolution, in agreement with their experimental results which show that
bubble dissolution rates increase if pressure is applied after the melt has formed. Increased
pressure was found to increase the driving force of diffusion. Gogos (2004) also derived a
bubble dissolution model in the form of an analytical solution. His model fit well with the
data of Spence and Crawford (1996) and also provides an explanation for the effect of mould

pressurization.

Pick and Harkin-Jones (2006) postulated that the presence of smaller bubbles in rotomoulded
parts could improve the impact strength of the parts by crack blunting and craze initiation
mechanisms, which would relieve stress and enable shear yielding. Pick and Harkin-Jones

(2006) also investigated the effect of using different pressure levels in the mould at various
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stages of the moulding cycle on the amount of bubbles retained in the moulded part and their
effect on the impact strength. It was shown that pressurizing the mould before the polymer is
fully molten causes a significant increase in the bubble content which deteriorates the impact
strength. However, pressure applied at different times after the polymer had molten and at
different levels influenced the bubble content and size. Their results showed that in general
the impact strength is deteriorated by an increase in the bubble content. However, a higher
content of smaller bubbles improved the impact strength of rotomoulded polyethylene. The
results also showed that the use of pressure reduces overall cycle times. Mould pressurization
during the cooling stage was also shown to improve the impact properties as it cause smaller

crystallites to be developed.

Bellehumeur (2005) summarized the variables that can influence the rate of bubble
dissolution. These include the melt temperature and its diffusion characteristics, the initial
size of the bubbles formed, surface tension of the melt, solubility characteristics of air into

the melt and the saturation level of air in the melt.

4.7  Rotomoulding materials

From the preceding sections, it has been elucidated that the conventional rotomouldability of
a material is highly dependent on its thermostability, sinterability and densification
characteristics. Besides the various polyethylenes, other polymers traditionally considered for
rotomoulding applications are polypropylene, polyvinyl chloride (PVC), polyamides 6, 11
and 12 and polycarbonate (Beall, 2000). Beall (1998) discussed properties of these polymers
not found in polyethylene. Although polyethylene is widely used, it falls short in stiffness and
heat distortion. It is also difficult to paint (Beall, 2000). Polyethylene is also is also highly
flammable and a good electrical insulator, which makes it unsuitable for some applications
(Sun et al., 1993).

Tcharkhtchi and Verdu (2004) discussed the relationships between the thermal stability and
rotomouldability of polymers. They explained why some polymers can be more easily
moulded than others. The difference between rotomoulding and other process is that the time

which the polymer spends in the molten state simultaneously being exposed to oxygen is
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significantly higher than in other processes, hence its susceptibility to thermal-oxidative
degradation (Crawford, 1996, Oliveira and Cramez, 2001, Tcharkhtchi and Verdu, 2004).

According to Tcharkhtchi and Verdu (2004), a polymer is rotomoudable if the temperature
above which it degrades is greater than the temperature at which it attains sufficient viscosity
to be processable. They showed that the processing window for polyethylene is far wider
compared to other commercial polymers such PVC, polyamides and polyethylene
terephthalate (PET), due to its lower melting point and relatively high temperature beyond
which it degrades. The use of stabilizers and an inert atmosphere has been shown to widen
this processing window. The study by Greco et al. (2012) showed that polyamide 6 has a
narrow processing window and thus was not suitable for rotomoulding. However, this could

be altered by using a thermal stabilizer.

Material variables which influence sinterability and densification of a material were
discussed in the previous sections. Although the rheology of polymers is commonly gauged
through the melt flow index, this is not entirely relevant to rotomoulding. The appropriate
melt viscosity is the zero shear viscosity as rotomoulding is basically a pressure and shear
free process (Kontopoulou and Vlachopoulos, 1999, Crawford and Throne, 2002,
Bellehumeur, 2005). The melt rheology at the zero shear stress conditions and temperatures
utilized in rotomoulding has a significant effect on the sintering behaviour of polymers but

not on their densification.

The majority of polymers used in the rotational moulding industry are pulverized or ground
from pellets into a powder between rotating metal plates, although some liquid polymers are
also rotomoudable (Crawford and Throne, 2002, Bellehumeur, 2005). The use of micro-

pellets been demonstrated recently (Crawford and Throne, 2002, Kearns et al., 2006).

The quality of the polymer powder obtained from the grinding process is influenced by
factors such as the size of the gap between the metal plates, grinding temperature, number of
teeth on the metal plates and condition of the blades (Greco and Maffezzoli, 2004,
Bellehumeur, 2005). In industry the quality of the powder is usually assessed through
evaluation of the particle size distribution, the dry flow index and the bulk density (Crawford
and Throne, 2002, Bellehumeur, 2005).
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Large powder particles require a longer time to sinter, thereby increasing the cycle time. They
result in the formation of bigger voids, which form big bubbles in the melt. They also result
in poor surface finish. The initial bubble size influences their rate of dissolution. On the other
extreme, heat transfer is enhanced by use of finer particles. They also give a good surface
finish. However, the grinding of powder to finer particles is energy intensive. A high number
of finer particles can be detrimental to heat transfer as they melt first preventing the rest of

the polymer from melting (Chaudhary et al., 2001a, Greco and Maffezzoli, 2004).

The particle size recommended for rotomoulding is 35 mesh (500 pum) (Crawford and
Throne, 2002, Bellehumeur, 2005). According to Bellehumeur (2005) a particle size
distribution between 100-500 pum is a good compromise between the powder packing and
flowing characteristics and the cost of grinding. Crawford and Throne (2002) recommended a
narrow particle size distribution with particle sizes less than 500 pm. The dry flow
determines the ease with which the powder distributes itself in the mould, giving insights into
whether the polymer melt will reach all extents of complex mould shapes. To determine the
dry flow, the time in which 100 g of powder flows through a standard funnel is measured
(Crawford and Throne, 2002).

The bulk density determines the packing ability of the powder. As was discussed earlier on
the packing arrangement influences the initial size of the cavities formed between particles
and therefore the size of bubbles formed in the melt. The initial size of bubbles formed has an
effect on their dissolution (Chaudhary et al., 2001a). Typical dry flow and bulk density values
for rotational moulding LLDPE powders are 27 s and 320 kg m™, respectively (Crawford and
Throne, 2002). Dry flow is a function of the shape and size of the powders, whereas the bulk
density depends on the particle shape, particle size, and particle size distribution of the
powder (Crawford and Throne, 2002).

Greco and Maffezzoli (2004) evaluated the effect of grinding polyethylene at three
temperature ranges on the powder particle shapes and sizes produced. They further
investigated the sintering characteristics of the powder using thermo-mechanical analysis
(TMA). Their results showed that particles ground at lower temperatures were smaller in size
and had irregular shapes and tails, in contrast to the larger and regular particle shapes with no
tails obtained at higher temperatures. The bulk density of the powders increased with an

increase in grinding temperature, as a result of the better packing of regular shapes obtained
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at higher temperatures. However, in sintering studies the smaller particles obtained by
grinding at lower temperatures sintered and densified more efficiently. Their results showed
that sintering rates are dependent on the initial particle size. Large and more regular particles
obtained by grinding at higher temperatures sintered at higher temperatures. Their study
showed that an optimum grinding temperature can be obtained at which the powder will have

good packing and sintering behaviour.

4.8  Recent developments and challenges in rotomoulding

4.8.1 Cycle time reduction

A major disadvantage of the rotational moulding process which makes it uncompetitive
compared to other polymer forming processes and limits its growth is the long cycle times.
Notable progress has been made in addressing this challenge. Abdullah et al. (2009)
investigated several cycle reduction techniques which included using surface enhanced
moulds, internally pressurizing the mould, using internal cooling, using water spray cooling,
using higher oven flow rates, and a combination of these. Significant cycle time reductions of
up to 70% were achieved by using a combination of these techniques. Pick and Harkin-Jones

(2006) also observed significantly reduced cycle times when they used pressure in the mould.

The direct heating of the mould has also been investigated (Monzén et al., 2012). McQuay et
al. (2013) demonstrated that cycle times could also be reduced by preheating the powder and
the mould. Tan et al. (2011) reviewed internal cooling methods which can lead to significant
reductions in cycle times and improved mechanical properties. Reductions in cycle times
were also observed by Chaudhary et al. (2001b) when they blended polyethylene with low
molecular weight additives.

4.8.2 Material limitations

The fact that polyethylene is the main rotomoulding material is a major constraint to the
growth of the process. This is due to its property limitations which were discussed in section
4.7. Material properties necessary for a polymer to be processable by rotomoulding were also
discussed in the preceding section 4.7. A significant number of polymers are excluded from
the process due to their susceptibility to thermal oxidative degradation as rotomoulding

exposes the polymers to oxygen at high temperatures during the long cycle times. A further
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constraint on any potential rotomoulding material is the prerequisite for suitable sintering and

densification characteristics at the zero shear stress conditions.

In an effort to widen the range of rotomoudable polymers, Greco and Maffezzoli (2004)
characterized the suitability of bio-polymers poly-lactic acid (PLLA) and Mater-Bi for
rotational moulding through sinterability studies using TMA and by rotomoulding prototypes.
The processing window of PLLA was wider compare to that of Mater-Bi, showing its
suitability to rotomoulding. Addition of a plasticizer improved the properties of the PLLA.

However, there is still need for progress in this area.

4.9  Use of functional additives in rotomoulding

Additives are routinely added to polymers during their manufacture or processing to improve
their intrinsic properties. The additives used in the polymer industry can be distinguished into
three broad categories; processing aids, performance enhancers and modifiers (Andrews,
2011). Processing aids such as heat stabilizers, antioxidants and mould release agents
facilitate the processing of the polymer. Performance enhancers introduce new functionalities
to the polymer. These include fillers, reinforcements, antistatic agents, impact modifiers and
flame retardants. Polymer modifiers change the physical or mechanical properties of the
polymer, for instance plasticisers, blowing agents, nucleating agents, colorants (Andrews,
2011).

4.9.1 Stabilization: Antioxidants and UV stabilizers

The susceptibility of polymers to thermal oxidative degradation in rotomoulding due to long
cycle times and exposure to oxygen at high temperatures is more pronounced compared to
any other process. This necessitates the use of effective antioxidant/thermal stabilizers
packages in order to widen the process window and produce good quality products (Oliveira
and Cramez, 2001, Sharifi et al., 2012, Yu and Wallis, 2008). Rotomoulded parts are also
susceptible to photo-oxidative degradation, particularly when they are used outdoors, which

can lead to subsequent deterioration of properties (Steele and Davis, 2001).

Stabilization packages used in rotomoulding are usually composed of a combined hindered
phenol/phosphite antioxidant and a hindered amine light stabilizer (HALS) (Steele and Dauvis,
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2001, Yu and Wallis, 2008). The antioxidant imparts stability to the polymer during
processing and fabrication, whereas the HALS provides protection from UV degradation
during the life span of the product. Steele and Davis (2001) discussed the mechanism of
protection afforded by the antioxidants and stabilizers.

4.9.2 Pigmentation

Rotomoulded parts are often available in a variety of colours (Nagy and White, 1996).
However, the major rotomoulding material polyethylene is difficult to paint (Beall, 2000,
Crawford and Throne, 2002). Colour is usually imparted to rotomoulded parts through the
use of pigments (Nagy and White, 1996, Kearns and Crawford, 2003). Pigments used in
rotational moulding are usually fine solid particulates, although the use of liquid pigments has
been investigated recently (Nagy and White, 1996, Crawford and Throne, 2002, Kearns and
Crawford, 2003).

Three methods for mixing the polymer and pigments have been distinguished in the literature.
Dry blending or dry mixing utilizes low intensity mixers such as drum tumblers, ribbon
blenders and vee mixers (Nagy and White, 1996, Crawford and Throne, 2002). The tumbling
action induced by the rotomoulding machine can also be utilized in dry blending. Dry
blending is frequently used in industry due to its favourable economics (Nagy and White,
1996, Crawford and Throne, 2002, Kearns and Crawford, 2003). Dry blending negates the
need for stringent stock control as natural material can be bought in bulk and coloured as and
when needed (Nagy and White, 1996, Crawford and Throne, 2002, Kearns and Crawford,
2003). Dry blending is however ineffective in dispersing and distributing pigments
homogenously in the polymer as it is a low shear mixing process. Pigment agglomerates
accumulate at particle interfaces during processing. Consequently, the rotomoulded part is
sensitive to the amount and type of pigment and used. Dry blending also results in residual
deposits on the mould (Nagy and White, 1996, Kearns and Crawford, 2003).

High speed mixers or turbo blenders are high intensity mixers which operate at relatively
high speeds and shorter times compared to low intensity mixers (Nagy and White, 1996).
These are paddle-type mixers which operate at relatively high temperatures due to frictional
heating (Kearns and Crawford, 2003, Hanna et al., 2006). As a result of the relatively higher

temperatures, the polymer powder softens and pigment particles adhere to it. This gives a
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rotomoulding compound which does not leave residues on the mould (Crawford and Throne,
2002, Kearns and Crawford, 2003). Turbo blenders include Henschel type mixers (Nagy and
White, 1996, Crawford and Throne, 2002). Material handling is improved by turbo blending
as the rotomoulding compound is much cleaner. Better mixing is attained by turbo-blending
but pigment agglomerates accumulate at particle interfaces during processing (Crawford and
Throne, 2002).

Melt compounding in an extruder is the most effective mixing method of homogenizing the
pigments in rotomoulding powders (Crawford and Throne, 2002, McCourt et al., 2005).
Compounding the pigments imparts improved mechanical properties and consistent colours.
Grinding costs are an additional expense when melt compounding is used. Melt compounding
also limits flexibility as stock control over the required colours is necessary (Crawford et al.,
1996, Nagy and White, 1996, Oliveira and Cramez, 2001).

The incorporation of pigments in rotational moulding powders by various methods and its
effect on the properties of rotomoulded parts has been studied intensively (Nagy and White,
1996, Crawford et al., 1996, McCourt et al., 2005, Hanna et al., 2006). Nagy and White
(1996) studied the effect of five different colour pigments on the properties of rotomoulded
polyethylene. They used either dry blending, turbo mixing or melting compounding in an
extruder and varied the concentration of the pigments from 0.11 to 0.36 wt.%. Their study
showed that using a zinc stearate surfactant improved the colour quality and handling
properties but caused shrinkage and warpage of the rotomoulded parts. Their results also
showed that dry blending of pigments deteriorated the impact strength of the rotomoulded
parts due to the pigments accumulating along the fusion lines of the polymer particles.
However, the severity of reduction in impact properties was polymer and pigment specific
and dependent on processing conditions used. Improved impact strength was possible with
melt compounded samples or two layer parts with a pigmented layer and unpigmented inner

layer.

Crawford et al. (1996) also investigated the effect of dry blending, turbo blending and melt
compounding on the impact strength of rotomoulded polyethylene using various pigments
and pigment concentration. Their study showed that turbo blending and dry blending (tumble
mixing in the mould) reduced the impact strength of the rotomoulded parts in a similar

manner. The reduction in impact performance with pigment content for parts with turbo
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blended pigments was also observed by McCourt et al. (2005) and Hanna et al. (2006). Dry

blending also resulted in a residue in the mould.

Results from the study by Crawford et al. (1996) showed that for some pigments, the impact
strength was dependent on the pigment concentration whereas for the other pigments impact
strength was maintained across the whole concentration ranges used. Similar to the
subsequent observations of McCourt et al. (2005) and Hanna et al. (2006), in compounded
samples, the inclusion of the pigments into polyethylene did not have significant influence on
the impact properties. All the pigmented samples failed in a brittle mode, in contrast to the
pigmented samples. The conclusion from this study was that it is not possible to generalise
the effect of pigments on impact strength. However, lower levels of pigmentation (less than
0.15 wt.%) resulted in moulded parts with high levels of impact strength for all pigments
used. Inorganic pigments apparently exhibited better impact properties than organic ones.
The results also show that at low pigment concentration, turbo blending or dry blending can

be as effective melt compounding.

Cramez et al. (1998b) studied the microstructure and mechanical properties of rotomoulded
polyethylene pigmented with a nucleating and a non-nucleating pigment. Their study showed
that prior thermo mechanical action results in a decrease in crystalline texture giving better
mechanical properties. Microscopic techniques also show that turbo blended nucleating
pigments concentrate on the fusion zones of the original polymer particles creating
transcrystalline zones as was observed by Nagy and White (1996). The spherulite structure of
parts produced from turbo blending the non-nucleating pigment was found to be similar to
that of the virgin polymer. Turbo blending both types of pigments with polyethylene had no
significant influence on the yield strength. However, the impact strength and elongation to
break of the rotomoulded decreased with pigment addition for both pigments when they were
turbo blended. This was apparently due to the concentration of pigment along the particle
boundaries and the formation of transcrystalline structures at these boundaries. This poor

dispersion resulted in stress concentration which weakened them.

When Cramez et al. (1998a) used extrusion compounding to disperse and mix both types of
pigment, they found that they were well distributed and dispersed as in the other studies. The
pigments produced finer spherulite structures which was more prominent with the nucleating

pigment. Extrusion mixing improved the nucleating effect of the nucleating pigments as
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shown by the increase in crystallization temperature and melt enthalpy, compared to turbo
blending. Higher yield stresses were observed for the parts made by rotomoulding the powder
mixed through extrusion mixing of the nucleating pigment and polyethylene due to the
increased crystallinity and reduction of crystalline texture to a finer one. The influence of

crystallinity on mechanical properties of rotomoulded parts was discussed in section 4.4.2.

In the study by Cramez et al. (1998a) extrusion mixing resulted in enhanced impact strength
in comparison to turbo blending as in the other studies. However, the pigment type had no

significant effect on the impact properties when extrusion mixing was used.

4.10 Rotomoulded composites: Fillers and reinforcements

The limitations prevalent in rotational moulding due to the dependency on polyethylene as
the major rotomoulding material can be overcome by modifying polyethylene (Robert and
Crawford, 1999). Polyethylene can be modified by developing rotomouldable composites
with functional fillers. Several studies have been carried out on the rotational moulding of
composites with reinforcements. The studies had mixed results. Rotomoulding presents
challenges to the use of fillers and reinforcements because the absence of shear or pressure
does not promote good mixing and adhesion. The likelihood of filler segregation and
agglomeration is high (Robert and Crawford, 1999, Yan et al., 2006).

4.10.1 Fibre reinforced composites

The challenges that have encountered in reinforcing polymers for rotomoulding are
filler/matrix segregation, lack of adhesion of the filler to the matrix and filler agglomeration
(Lopez-Bariuelos et al., 2012). The fact that the process is low shear means that there is no
promotion of mixing between the fibres and matrix (Cramez et al., 1998b, Chang et al.,
2011). Fibres have often been found lining the inner wall of the rotomoulded composite part
as they will be heavier than the part (Wisley, 1999, Yuan et al., 2007, Chang et al., 2011,
Lopez-Bafiuelos et al.,, 2012). Subsequently the fibres would not contribute to the

enhancement of mechanical properties.

The dry blending method is particularly ineffective in preventing fibre/matrix segregation and
fibre clustering (Wisley, 1999, Yuan et al., 2007). This leads to deterioration of mechanical
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properties with inclusion of the fibres. However, in a study on polyethylene natural fibre
reinforced composites processed by dry blending and rotomoulding, Lépez-Bafiuelos et al.
(2012) found that an optimum fibre concentration of 10 wt.% resulted in a 65 % increase in
tensile and flexural modulus. Raymond and Rodrigue (2013) also observed improvements in
tensile and flexural modulus of rotomoulded polyethylene/ wood composites prepared by dry
blending polyethylene and wood flour (maple) up to 20 wt.% wood particle content.
However, the tensile strength of the composites in both studies deteriorated with fibre
content. A study of the exterior and interior surfaces by Lopez-Bafiuelos et al. (2012) showed
satisfactory dispersion of the fibres, although in higher fibre content composites the fibres
were more prone to agglomeration or clustering. The impact strength of the composites
deteriorated with an increase in fibre content. In the study by Raymond and Rodrigue (2013),
poor adhesion between the hydrophobic polymer and hydrophilic wood filler was cited as the

cause for the deterioration in tensile strength.

The multiple shot moulding procedure which results in multilayer moulding has been
attempted as a solution for the fibre/matrix segregation (Wisley, 1999). In this procedure
successive shots of polymer powder and fibres are introduced in the mould resulting in the
fibres being sandwiched in-between polymer layers. Significant improvements in the
mechanical properties have been observed using this method at the expense of disruptions in
the process (Wisley, 1999, Torres and Aragon, 2006, Ortega et al., 2013, Chang et al., 2011).

Melt compounding the fibres and polymer matrix and subsequent grinding the composites
extrudate into the powder prior to rotomoulding has been observed to produce composites

with enhanced mechanical properties in most studies (Wisley, 1999, Yuan et al., 2007).

The improvement of the fibre/matrix adhesion through the use of compatiblizers and surface
treatments has been shown to improve mechanical properties of fibre reinforced rotomoulded
composites. Wisley (1999) observed improved mechanical properties in rotomoulded glass
fibre reinforced polyethylene composites by using maleic anhydride grafted polyethylene
compatiblizer. Yuan et al. (2007) used maleated polyethylene to improve the interfacial
adhesion between wallastonite micro-fibres and polyethylene and achieve enhanced impact
properties in wallastonite micro-fibre reinforced polyethylene composites. Raymond and

Rodrigue (2013) improved the tensile strength of wood flour filled polyethylene composites
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prepared by dry blending by treating the wood surface thereby enhancing the adhesion
between the hydrophobic polymer matrix and hydrophilic filler.

4.10.2 Particulate reinforced composites

A comprehensive study by Yan et al. (2006) investigated the effects of mixing methods and
particle sizes on the mechanical properties of particulate reinforced rotomoulded composites.
They showed that an increase in the reinforcing effect with respect to the tensile modulus was
possible with dry mixed larger particles (90-240 pum), up to 10 vol.% particulate content in
polyethylene, thereafter deteriorating or remaining stable. Particulate agglomerates were
observed using SEM beyond 10 vol.% particulate content which contributed to the demise of
the modulus. Their study showed that marginal increases in modulus occurred only up to a
particulate filler content of 2 vol.% when dry mixed small particulates (6.5-35 um) were used
in the rotomoulding of polyethylene. Thereafter the modulus deteriorated. In both cases the
tensile strength deteriorated. However, it was more severe in the case of the small

particulates.

Yan et al. (2006) emphasized that compared to larger particulates, smaller particulates needed
more polymer to be wetted. The smaller particulates also had the tendency to agglomerate.
The agglomerates apparently acted as defects deteriorating the mechanical properties. Their
study showed that even distribution of the fillers was the prerequisite for the reinforcing
effect to be achieved. Even filler distribution was achieved by dry manual mixing for bigger
particles (90-240 um) and melt compounding for smaller particles 6.5-35 um. The size of the
reinforcements had no significant effect on the modulus and strength if uniform distribution
was achieved. Melt compounding of the smaller particles (6.5-35 um) resulted in
enhancement of the modulus up to 20 vol.%, and a less severe deterioration of tensile
strength. Robert et al. (2000) had earlier on also obtained pronounced improvement in the
tensile strength of melt compounded rotomoulded polyethylene with smaller mica particles
(average diameter 3.5 um) in comparison to the large mica particles (average diameter 30
um). If even distribution of particulates is achieved, tensile modulus and tensile strength can
be predicted by the Halpin-Tsai-Nielsen and Nicolais-Narkis models, respectively (Yan et al.,
2006).
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The study by Yan et al. (2006) followed on several earlier studies and subsequent studies
which showed general trends in the mechanical properties of rotomoulded particulate
reinforced composites. In these studies the composite modulus was mostly observed to
increase up to a maximum particulate filler loading, deteriorating thereafter with any further
filler addition (Wisley, 1999, Robert and Crawford, 1999, Robert et al., 2000, Yan et al.,
2003, Kissick et al., 2011). The increase in modulus is due to the relative rigidity of the fillers
compared to the polymer matrices and the interaction between the filler and polymer matrix
which results in a reduced polymer molecular mobility (Wisley, 1999). Composites
fabricated with higher aspect ratio particulate fillers showed better stiffness compared to
those with lower aspect ratio fillers (Robert and Crawford, 1999, Robert et al., 2000).

However, the deterioration of the modulus results from filler particle agglomeration, uneven
distribution of the fillers, particularly at high filler loadings, poor interfacial adhesion
between the fillers and matrices and also the occurrence of a high density of voids or pores in
the composite cross sections (Robert and Crawford, 1999, Yan et al., 2006, Baumer et al.,
2014). The interfacial adhesion between the fillers and polymers has been improved by use of
coupling agents, thereby improving the modulus through efficient stress transfer from the
polymer matrix to the filler (Robert and Crawford, 1999). Higher bubble density suggests
poor sinterability in the composites (Sae-Chieng and Kanokboriboon, 2007). The use of a slip
agent in calcium carbonate filled rotomoulded polyethylene composites reduced the porosity
slightly as it decreased the dry flow, improving the flowability and bulk density of the

composite powders (Baumer et al., 2014).

In most of the studies on rotomoulded particulate reinforced composites the tensile and
impact strength deteriorated severely with inclusion of the particulate fillers (Wisley, 1999,
Robert and Crawford, 1999, Robert et al., 2000, Liu and Peng, 2010, Kissick et al., 2011,
Baumer et al., 2014). In a few of the studies, marginal improvements in the tensile strength
were observed (Robert and Crawford, 1999, Robert et al., 2000, Sae-Chieng and
Kanokboriboon, 2007). Improvements in the impact strength of the composites were rare
(Siddhamalli and Lee, 1998, Yan et al., 2003, Liu and Peng, 2010).

The impact strength of particulate reinforced composites deteriorates as a result of the rigidity
of the fillers used, in comparison with the polymer matrices, making the polymer brittle

(Wisley, 1999). Poor interfacial adhesion between the particulate fillers and the polymers has
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frequently been shown to be the cause for poor impact and tensile strength of rotomoulded
particulate reinforced polymers due to the de-wetting effect (Robert and Crawford, 1999, Liu
and Peng, 2010). The lack of shear stress in rotomoulding does not promote adhesion
between the polymer and filler (Wisley, 1999). Coupling agents such as maleic anhydride
modified polyethylene have been used to promote adhesion between polyethylene and the
fillers and improve the tensile and impact strength (Robert and Crawford, 1999, Robert et al.,
2000, Yan et al., 2003). Rotomoulded composites with finer particles exhibited lesser
deterioration in impact strength (Robert et al., 2000).

Some studies have shown that significant heat transfer enhancements occur in polymer
matrices reinforced with thermally conductive fillers, resulting in reduced cycle times (Robert
and Crawford, 1999). Some particulate fillers such as talc have a nucleating effect and
promote the crystallization of polyethylene (Robert and Crawford, 1999). However, the
tensile modulus and strength of rotomoulded particulate composites was shown to deteriorate
with faster cooling rates, correlating well with the level of crystallinity observed in the
composites (Liu and Peng, 2010). This was in contrast to the improvement in impact strength
that was observed with an increase in the cooling rate. These observations are in agreement
with what was discussed in section 4.4.2 about the effect of cooling rates on microstructure

and mechanical properties of rotomoulded parts.

Vasudeo et al. (2001) prepared flame retardant polyethylene composites for rotomoulding
containing flame retardants antimony trioxide and decabromodiphenyl oxide and an anti-drip
agent talc and magnesium hydroxide. They made use of an elastomer to aid in the sintering of
the composites. They prepared these composites by extrusion mixing. With respect to
Underwriters Laboratories (UL) 94 fire ratings, the composites passed with various ratings.
The flame retardant composites exhibited improved impact strength and flexural modulus

compared to virgin polyethylene.

4.10.3 Nanocomposites

Formulations of polymer nanocomposites have also been extended to rotomoulding. Murphy
et al. (2002) and Murphy et al. (2003) formulated polyethylene -organo-clay nanocomposites
for rotomoulding. Planes et al. (2008) formulated ethylene-propylene co-polymer/graphite

nanocomposites using expanded graphite. Their objective was to improve the thermal
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conductivity of the co-polymer thereby reduce the rotomoulding cycle time. Chandran V and
Waigaonkar (2015) formulated polyethylene-fumed silica nanocomposites for rotational
moulding. Greco et al. (2012) studied the sinterability of polyamide 6/organo-modified
montmorillonite nanocomposites formulated for rotomoulding using thermo-mechanical
analysis. Their study showed that the nanocomposites had a narrow processing window and
thus were not suitable for rotomoulding. However, the addition of a thermal stabilizer could

widen this window.

None of the formulations discussed in the preceding paragraph were actually rotomoulded
and the properties of the parts evaluated. Planes et al. (2008) reported that rotational
moulding of polyolefin nanocomposites had not been tested. A limited number of studies in

which nanocomposites formulations were rotomoulded are available in the literature.

In the study by Hanna et al. (2003) they prepared quaternary tallow ammonium chloride
modified montmorillonite/polyethylene nanocomposites by melt compounding and
subsequent rotomoulding. They investigated the mechanical properties of the nanocomposites
at a fixed nano-clay concentration of 4 wt.% and varying maleic anhydride grafted
polyethylene compatiblizer concentration. The tensile modulus and strength gradually
decreased with increases in compatiblizer concentration. The impact strength of the
nanocomposites was substantially lower at all compatiblizer concentrations, compared to that
of the base polyethylene. The decrease in impact strength at 25 °C was severe at 6 and 10
wt.% of the compatiblizer, deteriorating by 94 %. SEM and XRD showed poor dispersion of

the clay in the polymer matrix.
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Chapter S Literature: Phase change materials for energy

storage

5.1  Energy storage methods

Sharma et al. (2009) discussed the various methods which can be used to store energy. These
include mechanical, electrical and thermal storage methods. Energy can be stored in
mechanical form as gravitational energy or pumped hydropower storage, or compressed air
energy storage and fly wheels. Electrical energy storage takes the form of batteries. Thermal
energy storage occurs by changing the internal energy of a material as sensible heat, latent
heat and thermochemical or a combination of these.

5.2  Energy storage through phase change materials

Latent heat is the energy absorbed or realised by a material undergoing a transition at a
constant temperature. Phase change materials (PCMs) store and release energy by virtue of
them undergoing phase changes at constant temperature in which they either absorb or
release latent heat. Compared to sensible heat storage materials, latent heat storage can store
up to 5-14 times more heat per unit volume at a constant temperature. Although solid-liquid
phase changes have relatively lower latent heats of phase change compared to solid-gas and
liquid-gas transitions, they involve lower volume changes which solve containment problems
(Sharma et al., 2009). The energy stored by a PCM is evaluated using the equation (Sharma
et al., 2009):

Q = [,"mC, dT + mayAhy, + [, mC, dT (5-1)

Q = m[Csp(Tm - Ti) + amAhm + Clp (Tf - Tm)] (5'2)

where Q is the amount of heat stored, T the temperature, T;, T,, and T are the initial, melting
and final temperatures, respectively, and m is the mass of the PCM. C,, Cs, and Gy, are the
specific heat capacity, average heat capacity between T; and T, and average specific heat
capacity between T,, and T, respectively. a,, is the fraction of the PCM that actually melts
and Ah,, the specific heat of fusion of the PCM.
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PCMs that melt below 15 °C find applications in coolness storage in air conditioning
applications, whereas those that melt above 90 °C can be used in absorption refrigeration.
The PCMs which melt in between 15 °C and 90 °C have largely found application in solar
heating and load levelling applications (Farid, Khudhair & Razack, 2004). Sharma et al.
(2009) reviewed a wide range of solar heating and building applications in which PCMs have

been applied.

5.3 Properties of phase change materials for energy storage

Several thermophysical and rheological properties determine the applicability of a material as
a phase change material for energy storage (Farid et al., 2004, Sharma et al., 2009). The
phase transitions of the material must occur in the desired application range. The materials
must have high phase change enthalpy (latent heat) and thermal conductivity. High phase
change enthalpy minimizes the size of storage systems. High thermal conductivity ensures
good heat transfer, enabling fast charging and discharging rates. PCMs for energy storage
must undergo congruent melting and exhibit minimum super cooling. Incongruent melting
occurs if the material shows phase segregation accompanied with deterioration in latent heat
when it undergoes successive melting and freezing cycles. Super cooling is undesirable as it
interferes with proper heat extraction from the PCM. It has been reported that super cooling

by more than 5 °C can prevent extraction totally (Sharma et al., 2009).

Phase change materials must also have high densities, undergo small volume change during
their phase transitions and have low vapour pressures (Sharma et al., 2009). High densities
will minimize the container sizes. Minimum volume changes during phase transitions and

low vapour pressures reduce containment problems.

It is also desirable that phase change materials be non-toxic and have long term chemical and
thermal stability as they undergo numerous melt/freeze cycles in their lifetime. Low
flammability, cost effectiveness and abundant availability are the other important factors for a
material to be considered as a phase change material for energy storage (Farid et al., 2004,
Sharma et al., 2009).
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5.4  Classification of phase change materials for energy storage

A wide range of materials can be used as phase change materials for thermal energy storage
(Zalba et al., 2003, Farid et al., 2004, Sharma et al., 2009). Figure 5-1 shows a classification
of phase change materials.

Salt hydrates

Figure 5-1  Classification of phase change materials for energy storage (adapted and
modified from Sharma et al. (2009)).

55 Characterization of PCMs

Proper design of latent heat thermal energy storage (LHTES) systems dictates that the
thermophysical and rheological properties of the PCMs be evaluated accurately as a function
of temperature (Castellon et al., 2008, Lazaro et al., 2013). A significant error will result in
the storage capacity of the PCM if the enthalpy as a function of temperature is determined
incorrectly (Glnther et al., 2009, Oré et al., 2012, Lazaro et al., 2013). However, reported
thermophysical property data of phase change materials exhibit inconsistencies (Zalba et al.,
2003, Oro et al., 2012).

Several techniques that include differential scanning calorimetry (DSC) and the T-history

method have been used to evaluate the thermophysical property enthalpy as a function of
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temperature for PCMs (Glnther et al., 2009). When using these techniques thermodynamic
equilibrium must be established in the sample in order to get comparable and well defined
data (Mehling et al., 2006). Incorrect results are often obtained from the DSC due to the
absence of thermodynamic equilibrium; a thermal gradient exists within the PCM sample
dependent on the heating or cooling rate and also the mass used (Castellon et al., 2008). Until
recently, there were no standards for the evaluation of thermophysical properties of phase
change materials for energy storage (Mehling et al., 2006). RAL Gutegemeinschaft PCM e.V.
(German Institute for Quality Assurance and Cerficiation E.V.) was formed in 2005 to set
PCM quality assurance standards (Mehling et al., 2006). Since then, work to standardize the
characterization of PCMs using DSC has been done (Lazaro et al., 2013, Gschwander et al.,
2015). The uncertainty set for the successful design with PCMs is less than 10 % for the
enthalpy of melting and less than 1 °C in the melting temperatures (Castellon et al., 2008,
Gunther et al., 2009).

Slow scanning rates and smaller masses of PCM can ensure thermodynamic equilibrium in
the DSC. This can however be detrimental as slow scanning rates can result in a low signal to
noise ratio and small samples might not be representative for an inhomogeneous PCM
(Mehling et al., 2006). Castellén et al. (2008) and Guinther et al. (2009) obtained high
uncertainties in melting enthalpies and melting temperatures using the dynamic mode of the
DSC with heating/cooling rates as low as 0.5 °C min™. However, inter-comparative work on
the measurement of the enthalpy as a function of temperature for PCMs using the DSC gave

rise to a calibration and measurement protocol to ensure reliable data (Lazaro et al., 2013).

The German Institute for Quality Assurance and Cerficiation E.V. (RAL) standard on PCMs,
RAL-GZ 896 specifies that thermal conductivity of PCMs must be evaluated in the solid and
liquid state with an accuracy of at least 5% in the thermal conductivity and 0.5 °C in the

temperature of measurement.

The accelerated thermal cycling test is a widely used method used to evaluate whether the
PCM will undergo many melt/freeze cycles without its properties deteriorating (Zuo et al.,
2011a, Yuan et al., 2014). The German Institute for Quality Assurance and Cerficiation E.V.
(RAL) standard on PCMs, RAL-GZ 896, classifies PCMs according to the number of
complete melt/freeze cycles which they can withstand without their properties deteriorating.

The standard classifies PCMs from category A-F depending on the number of melt/freeze
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cycles they are intended to withstand without deteriorating, with A being the category with

the highest number of melt/freeze cycles of >10000.

5.6  Fatty acids as phase change materials for energy storage

The properties of fatty alcohols which enable their exploitation as phase change materials for
energy storage were mentioned in Chapter 1. Their relatively higher latent heats of fusion and
crystallization were highlighted. The data collected by Yuan et al. (2014) shows that the
melting enthalpy of saturated fatty acids increases with carbon chain length. This data also
shows that for saturated fatty acids with a carbon chain length of at least 12 carbon atoms, the
melting enthalpy was close to 200 J g™*. The thermal stability of fatty acids with respect to the
melting temperature has been shown to deterioate with successive melt/freeze cycles in a
number of studies. The level of deterioration was however correlated with the purity of the
fatty acids (Sar1, 2003, Sar1 and Kaygusuz, 2003). The other undesirable properties of fatty
acids as PCMs for energy storage are their mild corrosivity and bad odour (Sharma et al.,
2009, Huang et al., 2013).

5.6.1 Stearic acid

Commercial stearic acid is a combination of approximately 55 % palmitic acid and 45 %
stearic acid and other fatty acids (Tillotson, 1955). Palmitic acid and stearic acid are the
trivial names of the fatty acids hexadecanoic acid and octadecanoic acid. These organic acids
are aliphatic, straight chain and saturated mono-carboxylic acids with 16 and 18 carbon

atoms, respectively (Gunstone et al., 2007).

Straight chain, saturated fatty acids (n-fatty acids) with even numbers of carbon atoms such
as palmitic and stearic acid are known to exist in three polymorphs A, B and C. Another
polyform E is a recent discovery (Garti et al., 1980, Kaneko et al., 1999, Gbabode et al.,
2009). The most thermodynamically stable polyform is the C form. The C form can be
obtained by solidification of the melt or crystallization from a polar solvent. The A form or a
combination of the B and C forms are frequently obtained if crystallization is carried out in a
non-polar solvent. The heating of the A and B forms irreversibly transforms them into the C

form prior to melting. The measured melting point of these acids is thus that of the C form
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(Garti et al., 1980, Gbabode et al., 2009). The B and E forms are only obtained by solution
crystallization (Kaneko et al., 1999).

The enthalpies of the fatty acids are relatively high which makes them suitable as PCMs. The
melting point and enthalpy of fusion of stearic acid as reported by Sato et al. (1990) are 69.6
°C and 61.3 kJ mol™, respectively. Gbabode et al. (2009) observed a melting point and
enthalpy of 62.25 °C and 53.9 kJ mol™, respectively, for palmitic acid. However, as
mentioned in section 5.6, the disadvantages of fatty acids as PMCs are a level of thermally

instability due to thermal cycling, mild corrosiveness and pungent smells.

5.7  Fatty alcohols as phase change materials for energy storage

The properties of fatty alcohols which make them suitable candidates for PCMs for energy
storage were introduced in Chapter 1. However, the polymorphism which they exhibit can

affect heat storage and extraction when they are used as PCMs (Ventola et al., 2002).

n-Alkanols with between 12-20 carbons can exist as two monoclinic polymorphs  and y at
room temperature. The stable form for n-alkanols with an even number of carbon atoms is the
y form, whereas n-alkanols with an odd number of carbon atoms assume the B as their stable
form (Ventola et al., 2002). Heating these ordered phases transforms them into the rotator
phase, the a form, which subsequently melts. For n-alkanols with even numbered carbon
atoms, the solid-solid transition y — a overlaps with the melting transition a — liquid such
that for purposes of heat storage the enthalpy from the two transitions can be considered to be
occurring at the same temperature and summed up. However, for n-alkanols with odd
numbered carbon atoms the solid-solid transition y — a occurs a few degrees before the

melting transition (Ventola et al., 2002).

The n-alkanols crystallize into the o form when they are cooled. Negligible super cooling was
observed for the transition liquid — a. However, significant super cooling is observed for
the solid-solid transition « — f and @ — y (van Miltenburg et al., 2001). This super cooling
is undesirable as it interferes with proper heat extraction from the PCM. Super cooling by

more than 5 °C, can prevent extraction totally (Sharma et al., 2009).
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5.7.1 Stearyl alcohol

Stearyl alcohol is the trivial name for the fatty alcohol 1-octadecanol. It is a saturated
straight-chain primary alcohol with 18 carbon atoms and a hydroxyl functional group at the
terminal carbon atom (Mudge, 2005).

The crystal structure and melting characteristic of stearyl alcohol has been reported on by van
Miltenburg et al. (2001) and Ventola et al. (2002). As it is an n-alkanol with an even number
of carbons (preceding section), the solid-solid transition y — a has been reported to overlap
with the melting transition a — liquid at around 331 K (57.85 °C) (Ventola et al., 2002). On
cooling the crystallization transition exhibits negligible super cooling. Stearyl alcohol
crystallizes into the rotator phase a. The crystallization transitions liquid — « and solid-solid
transition a — y from the rotator phase into the stable form y are separated with the solid-
solid transition displaying a super cooling of up to 5 °C. Van Miltenburg et al. (2001) and
Ventola et al. (2002) reported typical enthalpies of close to 26 kJ mol™ and 40 kJ mol™ for
the solid-solid transition and the melting transition, respectively, which when combined

(since the transitions overlap) are relatively high.

5.8  Mixtures of stearyl alcohol and stearic acid as phase change materials

Previous studies on the phase diagrams of mixtures of n-alkanols and straight chain fatty
acids showed that their eutectic mixtures do not exhibit the solid-solid transitions with super
cooling (Gandolfo et al., 2003, Zeng et al., 2009). Mixing n-alkanols with fatty acids dilutes
the odour of fatty acids and reduces their corrosivity. However, only a few of these mixtures
have been studied as phase change materials for energy storage (Zeng et al., 2009, Zuo et al.,
2011a, Zuo et al., 2011b, Huang et al., 2013). Gandolfo et al. (2003) studied the phase
diagram of mixtures of stearic acid and stearyl alcohol and found that the eutectic
composition occurred at a composition of 0.58 mol fraction stearyl alcohol and eutectic

temperature of 50 °C. However, this mixture has not been studied as PCM.

5.9  Enhancing the thermal conductivity of PCMs

Several approaches for enhancing the thermal conductivity of PCMs have been studied.

These include dispersion of highly thermally conductive particles into the PCMs such as
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metallic particulates or graphite, the use of finned configurations or insertion of a metal
matrix in the PCMs (Velraj et al., 1999). Another approach to enhance the conductivity of
PCMs is the impregnation of PCMs into a highly thermally conductive material with a porous
structure. Exfoliated graphite and other foams have been used as porous media (Sar1 and
Karaipekli, 2007). Use of porous materials also solves the leakage problem of PCMs by

making them formstable.

Dispersion of traditional thermally conductive fillers into PCMs usually requires high
loadings for appreciable enhancement in thermal conductivity to be realised (Mhike et al.,
2012). High filler loadings limit the amount of PCM available for heat storage and results in
weight penalties which make the system unviable. PCM/filler separation is also an
undesirable effect when fillers are dispersed into PCMs as they can migrate to the bottom of
the container during the melt/freeze cycles and not contribute in the enhancement of thermal
conductivity. Finned configurations, metal matrices and metal insertions significantly
enhance the heat transfer in LHTES systems (Velraj et al., 1999). However, the enhancement
compromises the weight of the systems and inevitably increases costs. Fan and Khodadadi

(2011) reviewed the thermal conductivity enhancement imparted by use of these structures.

Dispersion of nano-structured materials particularly nano carbon materials is a relatively new
approach of enhancing the thermal conductivity of PCMs (Khodadadi et al., 2013).
Nanoscale carbon materials such as carbon nanotubes, carbon nanofibres and graphene
theoretically have high thermal conductivities and lower densities. Several studies have been
conducted on the dispersion of carbon nanotubes, carbon nanofibres and graphene in PCMs
(Elgafy and Lafdi, 2005, Cui et al., 2011, Yavari et al., 2011, Shi et al., 2013). Theoretical
considerations predict that carbon nanofillers can enhance the thermal conductivity of PCMs
by several orders of magnitude at low loadings due to their high thermal conductivities.
However, marginal improvements in the thermal conductivity of the PCM nanocomposites
frequently less than 100% were usually observed. This limited improvement is unexpected
since the carbon nanofillers exhibit high thermal conductivities and high aspect ratios.
However, as discussed in Chapter 4, the influence of the interfacial thermal resistance on the
effective thermal conductivity is more pronounced in nanocomposites due to the higher
density of interfaces which scatter phonons. The interfacial resistance in

PCM/nanocomposites can be reduced by using nano fillers with high aspect ratios and
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enhancing the interfacial adhesion between the PCM matrices and the nanofillers (Nan et al.,
2004).

Shi et al. (2013) and Xiang and Drzal (2011) showed the effectiveness of graphite
nanoplatelets in enhancing the thermal conductivity of paraffin wax PCMs. However, the
dispersion of graphite nanoplatelets has not yet been extended to other PCM matrices such as
stearic acid or stearyl alcohol. Due to the oxidative intercalation, the heat treatment and
ultrasonication processes through which graphite nanoplatelets are produced, GNPs can have
oxygen functional groups on their surfaces (Chen et al., 2003, Yi and Shen, 2015). These
groups can interact with polar groups on stearyl alcohol/stearic acid through hydrogen
bonding. This can result in improved interfacial adhesion between the nanofiller and the PCM
which can subsequently reduce the interfacial resistance, resulting in an enhanced effective

thermal conductivity of the PCM nanocomposites.
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Chapter 6 Experimental

6.1  Synthesis of graphite nanoplatelets

Preliminary work was undertaken to establish a facile, efficient method to synthesize graphite
nanoplatelets (GNPs). Two expandable graphite types were considered for the synthesis of
graphite nanoplatelets. Traditional furnace exfoliation was compared to microwave radiation
exfoliation. Four media were evaluated for their suitability in delaminating exfoliated
graphite stacks into individual graphite nanoplatelets through ultrasonication assisted liquid
phase exfoliation. Ultrasonication variables were kept constant, except the ultrasonication

time which was initially varied until a suitable time was established.

6.1.1 Materials

Two grades of expandable graphite ES 250 B5 (exfoliation onset temperature 220°C) and
ES170 300A (exfoliation onset temperature 300°C) were supplied by Qingdao Kropfmuehl
Graphite (China). Natural Zimbabwean flake graphite was supplied by BEP Bestobell,
Johannesburg. The ultrasonication media considered included two alcohols propan-2-ol
(isopropanol) and 1-hexanol supplied by Merck. The other two ultrasonication media were
two water-surfactant systems. The non-ionic surfactant polyethylene glycol sorbitan
monolaurate with the brand name Tween 20 was supplied by ICI Surfactants. The anionic
surfactant sodium dodecyl sulfate (SDS) was supplied by Sigma-Aldrich. Surfactant solutions
were prepared with distilled water. Table 6-1 shows the ultrasonication media data relevant to
acoustic cavitation for media used in this study and reference media.

Table 6-1 Ultrasonication media properties (Lide, 2005).

Ultrasonication Surface Vapour Viscosity, Boiling point,
media tension, mNm™  Pressure, KPa mPa.s °C
Water 71.99 2.33° 1.00° 100
Isopropanol 20.93 6.02 2.04 82
1-Hexanol 25.81 0.11 4.57 158
Cyclopentanone 32.80 1.55 - 131
NMP 40.10 0.04 - 202

®All values at 25 °C, except those for water, which are at 20 °C.
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6.1.2 Graphite exfoliation and delamination

About 3.50 g of expandable graphite type ES 250 B5 or ES170 300A was exfoliated in either
a preheated Thermopower furnace set at 600 °C or a Samsung Model ME9144ST microwave
oven. The exposure time in the furnace was 5 minutes. The power setting on the microwave
was 1 kW and the treatment time was 2 minutes. About 2 g of exfoliated graphite was then
immersed in 300 mL of a particular exfoliation media present in a 600 mL beaker and placed
in an ice bath. About 50 mg of each surfactant was used for 300 mL of distilled water. The
same volume of exfoliation media and beaker size was maintained in order not to vary the
cavitation volume. Ultrasonication was performed for 2 h at a power setting of 300 W using a
Vibracell VC375 ultrasonic generator with a 12.5 mm solid tip horn. During this time the

dispersion was agitated continuously with a magnetic stirrer.

Small portions of the colloidal dispersions of graphite nanoplatelets were deposited on
microscopy slides and allowed to dry for observation with high resolution field emission
scanning electron microscopy (HR FESEM) and Raman spectroscopy. After allowing the
colloidal dispersions of graphite nanoplatelets to settle, part of the ultrasonication medium

was decanted and the rest of the sample dried in a convection oven at 60 °C for 12 hours.

6.1.3 Characterization
6.1.3.1 Surface area and density

The Brunauer-Emmett-Teller (BET) specific surface area and apparent density of the
exfoliated graphite was used to gauge the exfoliation efficiency of the two expandable
graphites. The specific surface areas of the exfoliated graphite were determined using a
Micrometrics TriStar BET in liquid N, at 77 K. Apparent density of the exfoliated graphite
was determined using a graduated cylinder and an accurate balance. True densities of the
various graphite forms were determined on a Micrometrics AccuPyc Il 1340 helium gas

pycnometer.

6.1.3.2 Morphology and particle size distribution (PSD)

To observe the extent of delamination into graphite nanoplatelets the morphologies and
particle size distributions of the graphite were studied before and after ultrasonication.
Graphite particle morphologies were studied using a JEOL JSM 5800LV scanning electron
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microscope and an ultrahigh resolution field emission scanning electron microscope (HR
FEGSEM Zeiss Ultra Plus 55) with an InLens detector. On the JEOL JSM 5800LV
instrument an acceleration voltage of 20 kVV was used whereas on the HR FEGSEM Zeiss
Ultra Plus 55 instrument an acceleration voltage of 1 kV was used to ensure maximum
resolution of surface detail. No electro-conductive coating was applied on the graphite
particles. The graphite particle size distributions were determined with a
MastersizerHydrosizer 3000 (Malvern Instruments, Malvern, UK). The GNPs were first
dispersed in distilled water with Tween 20 and utrasonicated briefly for 5 minutes, before

being fed into the instrument.

6.1.3.3 Structure and ordering

The crystal structure and ordering in the various graphite forms was observed using X-ray
diffraction studies and Raman spectroscopy. X-ray diffraction (XRD) patterns of the various
graphites were recorded using a Bruker D8 Advance powder diffractometer fitted with a
Lynx eye detector. Measurements were performed in the 20 range 5-90 ° with a 0.04 ° step
size and counting time of 0.2 s. Raman spectra were recorded using a HORIBA Scientific,
Jobin Yvon Technology T6400 series 1l triple spectrometer system. A 514.5 nm laser line of
coherent Innnova®70 Ar'* laser in the wavelength range 500-3500 cm™ was used. The
resolution of the laser was 2 cm™. An Olympus microscope attachment to the instrument
recorded the spectra in back scattering configuration with a long working distance 100x
objective. The detector used was liquid nitrogen cooled CCD detector and the laser power on

the sample was 10 mW. An accumulation time of 120 s was utilized.

6.1.4 Preferred synthesis protocol

After the preliminary work the expandable graphite ES250 B5 was selected for subsequent
work. Microwave exfoliation using the conditions stated in section 6.1.2 was adopted. After
evaluation of the ultrasonication media, isopropanol was selected as the ultrasonication media
for subsequent work. In the subsequent work, the graphite nanoplatelets were either used as
dispersions as obtained in the ultrasonication media or as a dry, fluffy, highly friable graphite
nanoplatelet aerogel. To obtain the aerogel, the colloidal dispersion of graphite nanoplatelets
in the isopropanol was fed into a rotary evaporator (Buchi Rotavapor R-114) set at 100 °C.
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The isopropanol was evaporated until a paste-like consistency was obtained. The paste was

then dried for 12 h in a convection oven at set at 60 °C.

6.2  Rotomoulded polymer/graphite nanocomposites

6.2.1 Materials

Hexene comonomer-based linear low density polyethylene (LLDPE) rotomolding powder
was supplied by Sasol Polymers (Grade HR 486: MFI 3.5 g (10 min)™* (190 °C (2.16 kg)™):
density 0.939 g cm™; dg particle size < 600 um). Poly(ethylene-co-vinyl acetate) (EVA) was
supplied by Affirm Marketing Services (Grade: AMS 3042: Vinyl Acetate content 18 %, MFI
1.7 g (10 min)* (190 °C (2.16 kg)™); density 0.939 g cm™; dg < 600 um). Debco
Technologies supplied the silicone-based mould release agent RM20. The dry, fluffy, highly
friable graphite nanoplatelet aerogel was obtained from expandable graphite ES 250 B5 as

described in the previous section 6.1.4.

6.2.2 Rotational moulding sample preparation

The mould was a stainless steel rectangular cuboid with interior dimensions of 200 x 150 x
100 mm. The rotomoulding machine was a modified Thermopower convection oven fitted
with a biaxial mould rotating mechanism. Charge weights were determined following the
protocol suggested by Crawford and Throne (2002). The charge volume was adjusted to
ensure that all mouldings had the same wall thickness of 3 mm. For the neat polymer this
amounted to 352 g. Moulding was conducted for 45 min at an oven temperature of 300 °C
and a rotation speed of 20 rpm. This setting was chosen based on trials conducted at five
different oven times, i.e. 30, 35, 40, 45 and 60 min. The cooling protocol was 20 minutes in

the opened oven followed by 20 minutes in ambient air.

Dry-blended LLDPE/graphite nanocomposites were obtained by mixing the LLDPE powder
and the graphite nanoplatelets in a 750 W grinder-mixer for 10 minutes. The graphite content
was varied up to 2 wt.%. Dry-blended EVA/graphite nanocomposites were obtained in a
similar manner except that the mixing time was reduced to 5 minutes to avoid melting of the

polymer. Dry-blended LLDPE/expandable graphite composites for comparative fire tests
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were prepared by mixing the LLDPE powder and expandable graphite ES 170 300A in the

grinder mixer for 5 min.

Melt-compounded LLDPE-graphite nanocomposites were obtained as follows. First the
LLDPE powder and the graphite nanoplatelets were mixed in the 750 W grinder-mixer for 10
minutes. These compositions were then melt compounded on a TX28P laboratory scale co-
rotating 28 mm twin crew extruder with an L/D ratio of 18. The temperature profile, from
hopper to die, was 140 °C/160 °C/180 °C/200 °C. The extruded strands were water-cooled,
air-dried, and granulated into pellets. They were then milled into rotomoulding powder (<

600 um) using a Pallmann 300 pulverizer.

Bilayer moulding was done by double dumping as follows. Two charges were prepared on
the basis of a normally 1 mm thick exterior layer containing graphite and a 2 mm interior
layer of LLDPE (231 g). A modified stainless steel mould was used for the double dumping
experiments. The mould had the same interior dimensions but it was also fitted with a 28 mm
diameter vent pipe that extended 50 mm into the mould cavity and 80 mm above the mould
lid. The vent pipe had a screw cap that made double dumping possible. To produce a bilayer
moulding, the mould lid was opened and charged with the shot for the outer layer. This layer
was then rotomoulded for 30 min at 300 °C at a rotation speed of 20 rpm. After the first
moulding cycle was completed, the second charge was fed via a funnel after removing the
screw cap. Immediately after adding the second charge, the mould was rotated at 40 rpm to
facilitate even distribution of the LLPDE powder. The second layer was then moulded for 30
min at 300 °C at a rotation speed of 20 rpm. Bilayer composites with an EVA outer layer

were moulded in the same manner except that the moulding time was reduced to 15 min.

6.2.3 Characterization of the rotomoulded parts
6.2.3.1 Part density

The level of melt densification of the rotomoulded parts was quantified by measuring the
density of 10 x 10 x 3 mm samples on the Micrometrics AccuPyc Il 1340 helium gas

pycnometer.
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6.2.3.2 Morphology

The ultrahigh resolution field emission scanning electron microscope (HR FEGSEM Zeiss
Ultra Plus 55) with an InLens detector was used observe fracture surfaces of the rotomoulded
polyethylene cross sections obtained after immersion of the samples in liquid nitrogen at an
acceleration voltage of 1 kV to ensure maximum resolution of surface detail. These samples

were coated with carbon before viewing.

Cross sections of the rotomoulded nanocomposites were prepared using cryo-ultramicrotomy
performed with a Leica EM UC6. Slices were cut at —80 °C using a glass knife at a speed 2.5
mm s . Sections, with a nominal thickness set at 200 + 10 nm, were mounted on a glass
slide. They were observed under polarized light using a transmitted light microscope (Tokyo,
Japan) with a Nikon DXM21200F digital camera (Tokyo, Japan).

6.2.3.3 Thermo-oxidative degradation

Fourier transform infrared spectroscopy (FTIR) was used to track thermo-oxidative
degradation as a function of oven time. Spectra (based on the average of 32 scans) of the
interior moulded surfaces were recorded with a Perkin Elmer FTIR fitted with an ATR

attachment.

6.2.3.4 Surface resistivity

Composite surface resistivity was measured with a Vermason Analogue Surface Resistance
Meter and the TB-7549 concentric ring probe. These measurements allowed categorization of
the samples into conductive, static dissipative (antistatic) or insulative according to test
method IEC 61340-2-3 (Commission, 2000).

6.2.3.5 Impact testing

Sheet specimens, measuring at least 70 x 70 x 3.0 mm, were cut from the moulding. Falling
weight impact tests were performed at 25 °C on the rotomoulded composites according to test
standard ASTM D 5628 (ASTM, 2010) using sample geometry FB. A weight of 2.5 kg was
used for all the samples with the exception of the neat LLDPE moulded for 60 min which

required a 5 kg weight. The sheet specimens were struck on the exterior side by the 25 mm
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diameter tup. Failure was defined as the formation of a crack through which water can flow.
At least 5 specimens were initially used to determine the approximate height at which a
failure was likely to happen. Thereafter tests were conducted on ten specimens. The Bruceton
up-and-down method was used to evaluate the mean failure energy normalised with respect

to the average sample thickness.

6.2.3.6 Tensile tests

ASTM D638-08 Type 1V dog bone specimens with a thickness of about 3.0 mm and gauge
length of 25 mm were cut out of the mouldings for tensile tests. The tensile tests were
conducted according to ASTM D 638-08 at 23 °C. A Lloyd Instruments LRX Plus machine
fitted with a 5 kN load cell was used and the extension rate was set at 50 mm min™*. At least

six specimens were tested for each sample.

6.2.3.7 Fire testing

A Fire Testing Technology Dual Cone Calorimeter was utilized to perform fire tests on the
rotomoulded nanocomposites according to the 1SO 5660-1 standard. The specimens used had
lateral dimensions of 100 x 100 mm and a thickness of 3.0 mm. The sheets were wrapped in
aluminium foil and exposed horizontally to an external heat flux of 35 kW m™. A grid was
placed on top of the sample to prevent the sample from expanding and touching the spark
igniter. The outer layer was exposed to the radiant heat flux. At least two tests were

conducted for each sample and average results are reported.

6.3  Phase change material/graphite nanocomposites

6.3.1 Materials

Stearyl alcohol (designated Cis-OH thereafter) was supplied by Merck. Stearic acid
(designated Cig-Acid thereafter) was obtained from Pan Century Oleochemical SND BHD.
Graphite nanoplatelets (GNPs) dispersions in isopropanol were obtained as described in
section 6.1.4 from expandable graphite ES 250 B5 (exfoliation onset temperature 220°C)
supplied by Qingdao Kropfmuehl Graphite (China).
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6.3.2 Sample preparation
6.3.2.1 C13-OH/Cys-Acid mixtures

Mixtures of C153-OH and Cig-Acid with mole fractions ranging from 0.1 to 0.9 C15-OH were
prepared on the basis of 5 g C13-OH by accurately weighing out the relevant masses into a
glass beaker. The mixtures were melted on a hot plate controlled to a maximum temperature
of 100 °C and simultaneously stirred with a magnetic stirrer for 5 min after melting. The

mixtures were then allowed to cool and solidify before further analysis.

6.3.2.2 Phase change material/graphite nanoplatelets nanocomposites

A composition of mixtures of stearyl alcohol and stearic acid with single melting and
crystallization peaks on its DSC data was selected as the phase change material (PCM). The
mixture of C15-OH/Cyg-Acid with this composition was melted on a hot plate controlled to a
maximum temperature of 100 °C and simultaneously stirred with a magnetic stirrer for 5 min
after melting. The GNPs dispersion in isopropanol was briefly utrasonicated for 5 min, before
subsequently pouring it into the molten mixture of C15-OH/Cyg-Acid in a fan extracted fume
hood. The mixture was mildly stirred as the isopropanol evaporated, until it became a thick
paste. The isopropanol in the PCM/GNPs nanocomposites was further evaporated in a
convection oven for 12 hours at 60 °C. The PCM/GNPs nanocomposites were then left to
cool and solidify at ambient conditions before further analysis. The PCM/GNPs

nanocomposites were prepared at compositions ranging from 0 to 10 wt. % GNPs.

6.3.3 Characterization
6.3.3.1 Morphology

Fracture surfaces of the PCM/GNPs nanocomposites sections were obtained in liquid
nitrogen and observed on the ultrahigh resolution field emission scanning electron
microscope (HR FEGSEM Zeiss Ultra Plus 55) with an InLens detector at an acceleration
voltage of 1 kV to ensure maximum resolution of surface detail. Optical microscopy images
of pristine stearyl alcohol, stearic acid and their mixtures were obtained by placing a small
amount of the sample onto the optical microscope stage and heating the sample using the
Linkam CSS 450 platform and LinkSys32 software. Once molten, the sample was cooled at a
rate of 0.5°C min™ and images of the crystal structures that formed were captured using a
Leica DFC420 digital camera.
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6.3.3.2 Melting and crystallization characteristics

Melting and crystallization temperatures and enthalpy measurements of the mixtures of Cig-
OH and Cyg-Acid were performed on a Perkin ElImer DSC 4000 instrument. Temperature and
enthalpy calibration measurements were done using n-octadecane (melting temperature 27.24
°C) and indium (melting temperature 156 °C) using a heating rate of 0.5 °C min in nitrogen
flowing at 50 mL min™. Baseline measurements were done with the reference crucible
closed, with sample crucible empty with an open lid from 30 °C to 70 °C and a heating rate
of 0.5 °C min!, with an isothermal segment at 30 °C and 70 °C in nitrogen flowing at 50 mL
min™. Sample measurements were done in aluminium crucibles with sealed lids from 30 °C
to 70 °C at 0.5 °C min™ with an isothermal step at 30 °C and 70 °C in nitrogen flowing at 50
mL min™. Sample masses were maintained at ca. 5 mg throughout. This DSC calibration and
measurement protocol for PCMs was based on the inter-comparative work which was done to
ensure the reliability of thermophysical data (Lazaro et al., 2013). DSC curves with
overlapping peaks were deconvoluted through the MagicPlot programme by using Lorentzian

peaks.

6.3.3.3 Detection of the esterification reaction

Fourier Transform Infrared Spectroscopy (FTIR) was used to observe the possibility of
sulphuric acid (residue sulphuric acid from the oxidative intercalation process) catalysed
esterification of the C13-OH/Cy5-Acid PCM with GNPs at the temperatures used to prepare
the PCM/GNPs nanocomposites. Spectra (based on the average of 32 scans) PCM/GNPs

nanocomposites were recorded with a Perkin Elmer FTIR fitted with an ATR attachment.

6.3.3.4 Thermal conductivity: Molten state-70 °C

Thermal conductivity of the PCM/GNPs nanocomposites was measured using a Linseis
THB100 Transient Hot bridge instrument. Samples were melted in 100 mL glass beakers on a
hot plate at 100 °C and immersed in a temperature controlled water bath. Temperature was
maintained at 70 °C. The THB6K/MFR sensor (42x22 mm) with a metal frame was
completely immersed in the molten sample. Five measurements were obtained for each

sample using a measurement time and current of 20 s and 80 mA, respectively.
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6.3.3.5 Thermal conductivity: Solid state- 22 °C

PCM/GNPs nanocomposite samples were hot pressed into a 100 x100 x 3 mm sheets at a
temperature of 60 °C and pressure of 20 MPa which were then cut into 100 x 50 X 3 mm
pieces. Thermal conductivity was measured at 22 °C by sandwiching the THB6K sensor (42
x 22 mm) of the Linseis THB100 Transient Hot bridge instrument with two sample pieces.
Three measurements were obtained for each sample using a measurement time and current of

25 s and 80 mA, respectively.

6.3.3.6 Thermal stability of the PCM/GNPs nanocomposites

The stability of the PCM/GNPs nanocomposites was evaluated through thermal cycling and
settling tests. Thermal cycling of the PCM/GNPs nanocomposites was performed on a Perkin
Elmer DSC 4000 instrument in air at a heating and cooling rate 10 °C min™ from 30 °C to 80
°C for 100 melting and crystallization cycles. The sample size was ca. 5 mg in sealed
aluminium pans. In the settling tests, the same mass of PCM/GNPs nanocomposites with
compositions 0, 2.5, 5, and 10 wt. % was melted at 80 °C in glass vials. These were then

placed in a preheated oven at 80 °C and observed for up to two months.
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Chapter 7 Results and discussion: Synthesis of graphite

nanoplatelets

7.1  Synthesis of graphite nanoplatelets

7.1.1 Expandable graphite properties

The particle characteristics of the two types of expandable graphite and their exfoliated forms

used in this study are given in Table 7-1. The ds, particle sizes of both expandable graphites

were above the threshold particle size (200 um) for exfoliation as determined by Murdie et al.

(1985). However, with a dsg particle size of 381 um, the expandable graphite ES250 B5 was

smaller than the expandable graphite ES170 300A by more than 25%. SEM micrographs of

the expandable graphite flakes are shown in Figure 7-1. The densities of the two expandable

graphite (Table 7-1) are slightly lower than that of pristine crystalline graphite (2.26 g cm™,

Sengupta et al. (2011), conceivably due to the intercalation process which increased the

graphite interlayer spacing. The BET surface area of expandable graphite ES250 B5 shown in

Table 7-1 was marginally higher due to its smaller particle size, compared to the expandable

graphite ES170 300A.

Table 7-1 Expandable and exfoliated graphite properties.

Graphite Exfoliation  Particle size, pm  BET surface Density
Type Form method dp  ds, doy Aream’g gcm™
ES170 300A  Expandable - 322 521 811 2.09 2.23+0.00
Exfoliated Furnace - 148+0.1 0.74 +0.017
Exfoliated  Microwave - 379422  0.011+0.001°
ES250 B5 Expandable - 144 381 642 2.40 2.08 £0.00
Exfoliated Furnace - 224+28 0.64 + 0.03"
Exfoliated Microwave - 40.7+£2.6 0.009 + 0.001"

"Apparent density of the exfoliated graphite.
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Figure 7-1  SEM pictures of expandable graphite (a) ES 250 B5 and (b) ES170 300A.

7.1.2 Exfoliation of graphite

Table 7-1 also shows the properties of the graphite in its exfoliated form. Based on the BET
surface areas and apparent densities in Table 7-1, expandable graphite ES250 B5 exfoliates
more efficiently than expandable graphite ES170 300A. The efficiency of microwave
exfoliation compared to furnace exfoliation is also apparent in Table 7-1. The BET surface
areas obtained using microwave exfoliation were higher compared to those found in the
literature (Furdin, 1998, Chen et al., 2004, Kim et al., 2010a). A parameter used to evaluate
the exfoliation efficiency is the expansion ratio, which is the reciprocal of the apparent
density (Chen et al., 2003). It follows from the apparent densities of the exfoliated graphites
in Table 7-1 that microwave exfoliated ES250 B5 and ES170 300 A had expansion ratios of
112 and 89 cm® g, respectively, higher than the furnace expanded graphite.

The expandable graphite ES250 B5 was selected for the subsequent work due to its excellent
exfoliation characteristics. Figure 7-2 shows an FESEM micrograph of the microwave
exfoliated expandable graphite ES250 B5 which exhibits a worm like, accordion structure

composed of stacks of graphene held together along the c-axis.
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EHT = 1.00 kV
Signal A = InLens Photo No. = 749 Date :24 Nov 2015 WD = 3.2 mm

Figure 7-2  Microwave exfoliated graphite ES250 B5.

7.1.3 Graphite nanoplatelets delamination from exfoliated graphite
7.1.3.1 Morphology

Figures 7-3 to 7-5 show the FESEM micrographs of graphite nanoplatelets (GNPs) with
crumpled morphology obtained from ultrasonication assisted liquid phase exfoliation with
isopropanol, 1-hexanol or water with the surfactant Tween 20. GNPs from the water/SDS
medium were excluded from the SEM analysis and further study due to the presence of
exfoliated graphite particles (with the worm like structure) on top of the colloidal dispersions
obtained after ultrasonication. This showed the inability of the water/SDS medium to
efficiently delaminate the exfoliated graphite into graphite nanoplatelets. The FESEM
micrographs in Figures 7-3 to 7-5 show that the thicknesses of the platelets obtained from all
the ultrasonication media were apparently in the nano range, although lateral dimensions
were in the micrometre range. The FESEM micrographs in Figure 7-4 for the GNPs
utrasonicated in 1-hexanol appear to have some residue on their surface, in comparison to the
GNPs produced in isopropanol and water/Tween 20 (Figures 7-3 and 7-5). It is apparent that
the 1-hexanol cannot be easily removed from the GNPs. GNPs obtained from the
ultrasonication media water/Tween 20 appeared to be mostly lying flat on top of each other

(Appendix A), contrary to those obtained from isopropanol and 1-hexanol.
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EHT = 200kV WD= 28mm Signal A=InLens Date :27 Jan2014  Photo No. = 157

EHT = 200kV WD= 28mm Signal A = InLens Date :27 Jan 2014 Photo No. = 144

Figure 7-3  FESEM of graphite nanoplatelets obtained by ultrasonication-assisted liquid
phase exfoliation of expanded graphite (Grade ES250 B5) in isopropanol. (a) Low
magnification and (b) high magnification.
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EHT = 200kV WD= 28mm Signal A= InLens Date :27 Jan2014  Photo No. = 209

EHT = 1.00kV WD= 28mm Signal A=InLens Date :21Jan2014  Photo No.=20

Figure 7-4  FESEM of graphite nanoplatelets obtained by ultrasonication-assisted liquid
phase exfoliation of expanded graphite (Grade ES250 B5) in 1-hexanol. (a) Low

magnification and (b) high magnification.
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EHT = 200kV WD = 28mm Signal A=InLens Date :27 Jan2014  Photo No.=179

EHT = 200kV WD = 27mm Signal A=InLens Date :27 Jan2014  Photo No. =171

Figure 7-5  FESEM of graphite nanoplatelets obtained by ultrasonication-assisted liquid
phase exfoliation of expanded graphite (Grade ES250 B5) in water with the surfactant Tween
20. (a) Low magnification and (b) high magnification.

106

© University of Pretoria



(02@

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

7.1.3.2 PSD and surface area

Figure 7-6 shows the particle size distribution of the graphite nanoplatelets obtained from
using isopropanol, 1-hexanol and water/Tween 20 as ultrasonication media compared to that
of the initial expandable graphite ES250 B5. Table 7-2 lists the median particle sizes. Particle
size analysis (Table 7-2) showed that at an average of 14 + 1 um, there was negligible
difference between the dso particle sizes of the obtained nanoplatelets. However, this was
almost 30 times smaller than the precursor expandable graphite flakes. Ultrasonication is
known to significantly reduce the particle size proportionally with the ultrasonication time
until a critical size is reached (Chen et al., 2004). The dg particle size of the obtained GNPs
was consistent with SEM observations at 26-46 um. Amongst the ultrasonication media
considered, isopropanol was selected for subsequent work and used to delaminate microwave
exfoliated expandable graphite ES250 B5 into graphite nanoplatelets.

The BET surface area of the GNP aerogel, after solvent removal, was 12 m®g ™. This value is
considerably lower than that for the exfoliated graphite shown in Table 7-1 (40.7 m?g ™). The

discrepancy is attributed to re-agglomeration of GNPs during solvent removal.

14 ¢ ——Expandable graphite

- —O—GNPs in Isopropanol

12 GNPs in 1-Hexanol

[ —A— GNPs in water/Tween 20

1 10 . 100 1 000 10000
Size, pm

Figure 7-6  Particle size distribution of graphite nanoplatelets obtained from expandable

graphite ES 250 B5 in isopropanol, 1-hexanol, and water with the surfactant Tween 20.

107

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

HI YA PRETORIA

Table 7-2 Median particle sizes of graphite nanoplatelets obtained in various sonication

media.
Graphite Ultrasonication Particle size , pm
form medium

dio dso dao
Expandable - 144 381 642
Sonicated Isopropanol 5 13 36
Sonicated 1-Hexanol 5 14 46
Sonicated Water/Tween 20 6 15 26

7.1.3.3 Raman spectra, XRD and density

Graphite nanoplatelets

A

Intensity, a.u.

Natural graphite

1200 1300 1400 1500 1600 1700
Raman shift, cm™?

Figure 7-7  Raman spectra of the natural graphite, expandable graphite ES 250 B5 and the
graphite nano platelets (GNPs) obtained from expandable graphite ES 250 B5.

The Raman spectrum of Figure 7-7 confirms the graphitic nature of the graphite
nanoplatelets. The ratio of the peak intensities of the D (1350 cm™) to that of the G band
(1582 cm™) (Ip/lg) is a measure of imperfection in graphitic materials (Pimenta et al., 2007).

The Ip/lg ratios for the natural graphite, ES250 B5 and the graphite nanoplatelets synthesized
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presently are given in Table 7-3. Relatively, the graphite nanoplatelets had the lowest (Ip/lg)
ratio. The measured density of the graphite nanoplatelets (2.26 g m~®) was also is comparable

to that of pure graphite.

Table 7-3 Raman (Ip/lg) ratios and XRD d-spacing values of reference natural graphite,
expandable graphite ES250 B5 and graphite nanoplatelets obtained from expandable graphite
ES250 B5.

Graphite sample Raman XRD
Type Form (Ip/1g) d nm
Natural 0.18 0.335
ES250 B5  Expandable  0.72 0.346*

0.337%
Nanoplatelets 0.15 0.337

1 d spacing due to graphite peak,
*d due to intercalation

Figure 7-8 shows XRD diffraction patterns of the expandable graphite ES250 B5 and the
graphite nanoplatelets obtained from this graphite. These are compared to that of natural
Zimbabwean flake graphite. The d-spacings in Table 7-3 were evaluated from the 26

positions of the main peaks in the diffractograms using Bragg’s equation:

nl = 2d sinf (7-1)

where 6 is the diffraction angle, A is the wavelength of the X-ray radiation used and n is an
integer. The d-spacing of natural graphite was 0.335 nm. Expandable graphite ES 250 B5
exhibited two d-spacings at 26 positions of 30.01 ° and 30.79 °. The peak position at 2630.79
° appears as a shoulder to the main peak at 30.01 ° and its d-spacing of 0.337 corresponds to
that of natural graphite. The main peak which occurred at the 26 position 30.01 ° had an
increased d-spacing compared to that of graphite, showing evidence of intercalation. The fact
that this peak was overlapping with that of pristine graphite shows that the expandable
graphite was a high stage compound (Inagaki, 1966, Nakajima et al., 1988). The graphite

nanoplatelets had a d-spacing similar to that of natural graphite
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Figure 7-8  XRD patterns of the natural graphite, expandable graphite ES 250 B5 and the
graphite nano platelets (GNPs) obtained from expandable graphite ES 250 B5.

7.2 Discussion

Furdin (1998) proposed that during exfoliation of expandable graphite there were two
competing processes. The first process is boiling or explosion of the intercalate within the
graphite particle which leads to exfoliation. The opposing process is desorption of the
intercalate by evaporating through the graphite edges. Based on this premise, it is plausible
that larger graphite particles exfoliates more efficiently due to a lower rate of intercalate
desorption. It was thus expected that the expandable graphite ES170 300A would exfoliate
much more efficiently than the expandable graphite ES250 B5 due to its larger particle size

(Table 7-1). This was however contrary to observations.

Previous thermo-mechanical analysis (TMA) of expandable graphites ES250 B5 and ES
170 300A showed exfoliation onset temperatures of about 225 and 300 °C, respectively
(Focke et al., 2014). These results also showed a higher expansion ratio for the expandable
graphite ES250 B5. It was speculated that the better exfoliation of the expandable graphite
ES250 B5 was as a result of the evolution of more gases from this particular expandable

graphite, although it was smaller in size. It must be emphasized that as these are commercial
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expandable graphites, the actual nature of processing is unknown. Hence such crucial factors
as the initial stage of the graphite intercalation compound formed and the nature of the
washing steps which determines the amount of intercalate remaining in the expandable
graphite might also influence the exfoliation characteristics. XRD results in section 7.1.3.3

show that the expandable graphite ES250 B5 was a higher stage compound.

Analysis of the FESEM micrographs and particle size distributions showed that all the
ultrasonication media considered for delaminating graphite nanoplates attained more or less

the same level of exfoliation (Table 7-2, Figures 7-3 to 7-6), except the water/SDS medium.

Considering isopropanol which was eventually selected for subsequent work, it has a surface
tension (20.93 mN m™ at 25 °C) (Table 6-1), far from the surface energy of graphite (40 mN
m™). However, its vapour pressure at 25 °C is 6.02 kPa (Table 6-1), which is higher
compared to that of the best ranked exfoliation media for graphite into graphene,
cyclopentanone, which is 1.55 kPa (Table 6-1). This means acoustic cavitation is easily
induced in isopropanol compared to cyclopentanone.

However, cyclopentanone has the most suitable solubility parameters for graphite exfoliation
into graphene, compared to those of isopropanol, according to the work of Coleman’s group
(Hernandez et al., 2009).

Higher viscosity and surface tension liquids require higher ultrasonication intensity to
cavitate, but produce stronger cavitation effects, whereas higher vapour pressure liquids
easily cavitate but produce weaker cavitation effects. The viscosity of 1-hexanol (4.6 mPa s at
25 °C) is particularly higher compared to that of water and isopropanol (1.0 and 2.0 mPa s,
respectively, at 20 and 25 °C) (Table 6-1). However, some residues were observed on the
GNPs obtained by using 1-hexanol for ultrasonication. Out of all the ultrasonication media
considered, water has the highest surface tension (Table 6-1). The water/Tween 20 medium
was effective, except for the manner in which the GNPs oriented after solvent removal, which
suggested GNPs synthesised in this medium had a propensity for agglomeration (Appendix
A). Amongst all the ultrasonication media considered, isopropanol had the lowest boiling
point, meaning it is easily removed (Lide, 2005). Therefore, isopropanol was the most

favourable media.
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The aspect ratio of the graphite platelets obtained from delaminating exfoliated graphite
ES250 B5 was estimated by comparing the BET surface area of their aerogel (12 m?g™) to
that expected for a graphene monolayer, i.e. 2700 m? g™* (Chen et al., 2004). From this
comparison the average GNP consisted of 227 graphene sheets and thus a thickness of 76 nm.
Using the dso particle size of 13 pm obtained for these GNPs resulted in an average aspect
ratio of about w/t = 171. This is a relatively high aspect ratio.

Raman spectroscopy and XRD confirmed the crystal structure and ordering of the graphite
nanoplatelets showing that the facile method adopted yielded good quality graphite
nanoplatelets.
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Chapter 8 Results and Discussion: Rotomoulded
antistatic and flame retardant polymer/graphite

nanocomposites

8.1  Rotational moulding process conditions

Figure 8-1 shows the variation of impact properties and tensile strength with oven time. The
tensile strength of the rotomoulded LLDPE increased almost linearly with increase in oven
time up to 45 min but deteriorated thereafter. The impact resistance was not affected by oven
time up to 40 min but it increased above this heat exposure time. Parts moulded for 30 min or
less featured pin holes in their exterior surfaces and porosity in the wall cross sections. These
defects were not observed for samples moulded at oven times of 45 min or higher (Figure 8-
2). According to Table 8-1, the density of the rotomoulded LLDPE parts increased with oven
time and reached a plateau value at 45 min. This was also the oven time at which the highest
tensile strength was realized.
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Figure 8-1  Effect of rotomoulding oven time on impact resistance (mean failure energy)

and tensile strength.
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Figure 8-2  FESEM micrographs of cross-sections of (a) LLDPE rotomoulded at 30 min
with pin holes on surface in contact with mould (blue arrows) and air bubbles (blue arrow)
and (b) LLDPE rotomoulded at 45 min.

Table 8-1 Variation of LLDPE part density with rotomoulding oven time.

Oventime min 30 35 40 45 60
Density gcm‘3 0.918+0.005 0.923+0.004 0.929+0.001 0.932+0.001 0.933+0.006

The aesthetics of the parts moulded for 60 min were impaired as surface yellowing was
evident. The discoloration probably arose from the sacrificial oxidation of the antioxidants to
chromophoric quinones (Sharifi et al., 2012). Unlike parts moulded at lower temperatures, the
FTIR spectra of the inner walls of these parts also featured a carbonyl peak at ca. 1717 cm™

(Figure 8-3). This indicates that the onset of thermo-oxidative degradation had been reached.
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During the early stages of oxidation the cross-linking reactions dominate in polyethylene
(Oliveira et al., 1996). This effectively increases the molecular mass and provides an
explanation for the continued increase in impact energy beyond 45 min. However, later on
chain scission reactions will dominate and eventually catastrophic property loss will follow
(Henwood et al., 2005).

Based on these observations, all further LLDPE-based mouldings were conducted using an

oven time of 45 min.

60 min

N
W:'VY“N\/_T
N
45 min
=
® 40 min
>4
5
et ' '
E 35 min W
=
£
= 30min

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm!

Figure 8-3  FTIR spectra of the interior of LLDPE rotomoulded at different oven times.

8.2  Rotomoulded nanocomposites properties

8.2.1 Morphology
8.2.1.1 FESEM

Figure 8-4 shows the FESEM micrographs of fractured nanocomposite sections at a graphite
nanoplatelets content of 0.25 wt.%. Figure 8-4a revealed that, in the compounded samples,
the nanoplatelets are uniformly dispersed and well separated. It is even difficult to discern

them as the compounding process probably caused further crumpling into smaller particles.
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In the sample obtained by dry blending random clusters of graphite nano platelets are clearly
identified (Figure 8-4b). Apparently the platelets retained their flake-like shape and
aggregated into larger domains. Away from these clusters, regions devoid of graphite
particles are observed. Figure 8-5 is a FESEM micrograph of a fracture surface obtained from
the cross-section of a dry blended nanocomposite containing 2.0 wt.% graphite nanoplatelets.

This micrograph shows that the fracture surface is covered almost entirely with a tapestry of

graphite nanoplatelets

{

EHT = 1.00 kV
Signal A = InLens Photo No. = 7658 Date :1 Oct2015 WD= 3.9 mm

EHT = 1.00 kV
Signal A = InLens Photo No. = 7628 Date :1 Oct2015 WD = 4.0mm

Figure 8-4  FESEM micrographs of rotomoulded LLDPE nanocomposites with 0.25 wt.%

graphite nanoplatelets filler after (a) melt compounding and (b) dry blending.
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Figure 8-5 Scanning electron microscope image of a LLDPE fracture surface for a dry
blended moulding containing 2.0 wt.% graphite nanoplatelets. The exposed surface is
covered by a tapestry of graphite platelets.

8.2.1.1 Optical microscopy

Figure 8-6 shows an optical micrograph of part of a thin cross section of the rotomoulded
nanocomposite wall. The dark fringes around large polyethylene domains are clearly visible.

They are attributed to the presence of graphite platelets.

Figure 8-6  Optical microscopy image of a thin cross section of the part wall consisting of
LLDPE containing 0.25 wt.% graphite nanoplatelets. The dark fringes represent spatially
continuous graphite agglomerates.
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8.2.2 Surface resistivity of melt compounded and dry blended nanocomposites

The resistivity of the neat polyethylene, and all the melt-compounded LLDPE
nanocomposites considered presently, was outside the range of the instrument employed, i.e.
>10" Ohms per square (Q o).

Figure 8-7 shows surface resistivity data for rotomoulded nanocomposite sheets obtained by
dry blending. The surface resistivity decreased abruptly with increase in graphite content. At
the lowest graphite loading used (0.25 wt.% or 0.10 vol.%), the surface resistivity of the
polyethylene nanocomposites was < 10° Q o™, i.e. well into the static dissipative or antistatic
classification region according to the specifications of the IEC 61340-2-3 standard. Further
addition of graphite nanoplatelets decreased the surface resistivity into the conductive range.
At 0.25 wt.% graphite content, the EVA nanocomposites were already in the conductive
range, i.e. below 10° Q o™. This implies that at 0.25 wt.%, the EVA nanocomposites had
already reached the percolation threshold. Further addition of graphite nanoplatelets did not

reduce the resistivity significantly.

].09 E é
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10% OLLPDE
OEVA
- 10? 5
O
G
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g
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= 2 g % Conductive
104 3 é
103 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Graphite content, vol.%

Figure 8-7  Surface resistivity of nanocomposite sheets prepared via dry blending neat

polymer nanocomposites.
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8.2.3 Surface resistivity of bilayer parts formed via double dumping

The double dumping procedure was used to rotomoulded nanocomposites that retained
antistatic properties at the exterior surfaces. GNPs were included in the outer layer only.
Figure 8-8 shows the surface resistivity of the bilayer nanocomposites obtained by double
dumping. At 0.25 wt.% (0.10 vol.%) graphite nanoplatelet content in the outer layer both the
LLDPE/LLDPE and EVA/LLDPE nanocomposites performed well into the antistatic range.
The EVA/LLDPE nanocomposites showed little change in resistivity with an increase in
graphite nanoplatelet content. However, the resistivity of the LLDPE/LLDPE
nanocomposites decreased with an increase in nanographite content reaching into the

conductive range, i.e. <10°Q o™

10° E
r Double dumping
10% ¢ OLLPDE/LLDPE
©EVA/LLDPE
~ 107 g
O
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=10 p—————————————————————
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103 L 1 L 1 L 1 L 1 1
0.0 0.1 0.2 0.3 04 0.5

Graphite content outside layer, vol.%

Figure 8-8  Surface resistivity of nanocomposite sheets prepared via dry blending neat

polymer nanocomposites bilayer sheets made by double dumping.

8.2.4 Mechanical properties of dry blended and compounded nanocomposites

Impact resistance is a key indicator of rotomoulded part quality. Figure 8-9 compares the
impact resistance and the tensile strength data at a graphite loading of 0.25 wt.%. Figure 8-10
shows the variation of the impact resistance with graphite nanoplatelet loading. Incorporation

of GNPs by melt compounding at 0.25 wt.% decreased the impact resistance by only 31%.
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However, that composite was not conductive. Even at a loading of 2 wt.% graphite the
compounded samples retained the insulative character of polyethylene. Ductile failure was
observed up to 0.50 wt.% and the impact resistance of the nanocomposites dropped by only
32%. However, beyond 0.50 wt.% graphite, mechanical properties deteriorated

catastrophically.

35
30 B Tensile strength, MPa
7 Impact energy, J mm!
0 23
=
=20
@
15
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e
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Figure 8-9  Impact resistance (J mm™) and tensile strength (MPa) of dry blended,
compounded and double dumped nanocomposites containing 0.25 wt.% graphite

nanoplatelets. In the bilayer sheets this corresponds to the concentration in the outer layer.

Considering dry blended LLDPE samples, the resistivity was already in the antistatic range at
0.25 wt.% GNP. However, impact resistance of the nanocomposite was four times lower
compared to the virgin polyethylene. In fact, the nanocomposite exhibited a brittle failure
mode even at this low graphite loading.
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Figure 8-10 Variation of impact resistance (J mm™) with graphite nanoplatelet loading. In

the bilayer sheets this corresponds to the concentration in the outer layer.

Changing to a bilayer structure resulted in significantly improved impact properties. Figure 8-
9 shows the impact and tensile strength results when the outer layer (nominally 1 mm in
thickness) was constructed of either LLDPE or EVA containing 0.25 wt.% GNP. The 2 mm
inner LLDPE layer showed some level of ductility with the impactor making a deep-drawn
dent in the samples before they failed. The impact energy appeared to have been absorbed
through stress whitening in the LLDPE layer. Using EVA rather than PE as the outer
graphite-containing layer improved the reduction in impact resistance compared to that of
LLDPE. EVA is more flexible than LLDPE and thus able to absorb the impact energy more
efficiently. The EVA layer together with the LLDPE exhibited some ductility, but the
LLDPE layer failed first in most instances. The tensile strength was however compromised in

the EVA-based nanocomposites.

8.2.5 Cone calorimeter fire test results

Nanofillers reportedly improve the fire properties of polymers at relatively low addition
levels (Calo et al., 2012). Therefore the fire properties of the rotomoulded nanocomposites

were evaluated at 1.0 wt.% GNP. Figure 8-11 compares the heat release rate (HRR) curves
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for dry blended LLDPE and the bilayer LLDPE/LLDPE and EVA/LLDPE GNPs

nanocomposites. Table 8-2 summarises the test results.
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Figure 8-11 Heat release rate (HRR) curves of graphite-polyethylene composites. (a)
LLDPE and LLDPE/LLDPE bilayer composites. (b) EVA/LLDPE bilayer composites. The
graphite nanoplatelets (GNP) and expandable graphite (EG) fillers were only present in the

outer layer of the bilayer composites.

The inclusion of the graphite nanoplatelets at a loading of 1.0 wt.% graphite nanoplatelets did
not have a significant impact on the fire behaviour of the nanocomposites in cone calorimeter
testing. The HRR curves for most of the nanocomposites featured a single sharp peak. This
behaviour is characteristic of thermally thin samples that are pyrolyzed almost at once
(Schartel and Hull, 2007). The peak heat release rate (pHRR) reached the highest value of
745 + 18 kW m™2 and 714 +53 kW m™ for the bilayer LLDPE/LLDPE and EVA/LLDPE
structures, respectively. The corresponding value for a monolayer LLDPE sheet containing

1.0 wt.% GNP was ca. 667 + 16 kW m™. This is only a marginal improvement.

The HRR curve for the expandable graphite composites that contained 10 wt.% expandable
graphite featured a more flattened shape and a significantly lower pHRR. This attributed to a
protective barrier layer that is formed at the top of the sample surface by the ‘worm like’
structures resulting from the endothermic expansion of the EG. This barrier slowed down

heat transfer into the substrate during cone calorimeter testing. The pHRR was ca. 360 + 10
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kW m™ for the monolayer LLDPE sheet containing 10 wt.% expandable graphite. This
represents a significant improvement (Figure 8-11a). However, unexpectedly the
EVA/LLDPE bilayer structure containing 0.25 wt.% graphite nanoplatelets and 10 wt.%
expandable graphite in the outer EVA layer performed even better. In this case the pHRR was
only about 259 + 26 kW m™ (Figure 8-11b).

Table 8-2 Cone calorimeter data summary.

LLDPE samples

. Bilayer Monolayer Monolayer
Parameter units 1wt% GNP 1wt% GNP 10 Wt.% EG
Time to ignition (tign) S 109+ 6 779 53+ 6
Time to flame out S 722 +110 859 + 178 536 + 27
Time to pHRR S 273 +4 243 +6 123+ 14
Peak heat release rate (pHRR) KW m 745+ 18 667 + 16 360 +10
Total heat release (tHR) MJ m? 103 +8 114 +23 93+7
FIGRA kKW m?s™ 3.2+01 2.79 £0.07 29+0.3
MAHRE KW m 264+ 6 291 £4 217 £5
pHRR/tigy kW m?s™ 6.9+ 0.6 8.7+1.2 6.8+ 0.6
Smoke release m? m™ 655 + 23 706 + 164 681+ 12
Parameter Units EVA/LLDPE bilayer samples

1 wt.% GNP 0.25 wt.% GNP & 10 wt.% EG

Time to ignition (tign) S 64.5+ 3.5 72+2
Time to flame out S 796 +112 926 + 38
Time to pHRR S 235+21 375+0
Peak heat release rate (pHRR) KW m 714 £53 259 + 26
Total heat release (tHR) MJ m 116 + 10 109+ 9
FIGRA kKW m?s? 3.0£0.0 1.34 +0.01
MAHRE kW m? 312+12 160 +7.4
PHRR/tig, KW m?s™ 11.1+0.2 36+0.3
Smoke release m’ m* 688 + 565 792 +17

The FIGRA is an estimator for the fire spread rate and size of the fire whereas the MARHE
estimates the tendency of a fire to develop (Chapter 3, section 3.4). Table 8-2 also reports the
FIGRA and MARHE indices. By far the lowest values (1.34 + 0.01 kW m™s™ and 160 + 7.4
kW m™s?, respectively) were recorded for the EVA/LLDPE bilayer structure containing 0.25
wt.% graphite nanoplatelets and 10 wt.% expandable graphite. This implies that this system
offered the best fire protection as quantified by the cone calorimeter test. This bilayer
nanocomposite also featured acceptable antistatic and mechanical properties. It had a surface
resistivity of 10° Q o™, i.e. within the antistatic range. The tensile strength was 16 MPa, a

value comparable to the samples that contained only GNP as filler (17 MPa). The impact
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resistance was 6 J mm™, a value similar to the impact resistance of the bilayer
LLDPE/LLDPE nanocomposites with 0.25 wt.% GNPs in the outer layer.

8.3 Discussion

The properties of rotomoulded parts are strongly influenced by the oven time and temperature
(Crawford and Throne, 2002). Optimum mechanical properties of rotomoulded parts are
realised through properly cured parts. Insufficient oven time or too low a temperature results
in incomplete melting and densification of the polymer powder. Undercured parts exhibit pin
holes on the surface in contact with the mould wall and porous part cross sections. Such
samples exhibit poor impact properties because these defects act as stress concentrators (Pick
and Harkin-Jones, 2006). Over-curing parts result in thermo-oxidative degradation of the
polymer with a concomitant deterioration in mechanical properties. Optimum part properties
for rotomoulded polyethylene were obtained at an oven time and temperature of 45 min and
300 °C for the rotomoulding machine and polyethylene grade used in this study. Hence 45

min was used for subsequently moulding polyethylene.

The resistivity data in Figure 8-7 appears to follow the universal composition trend predicted
by the percolation theory (Clingerman et al., 2002). Above a critical graphite volume
fraction, corresponding to the percolation threshold, the concentration of graphite
nanoplatelets is sufficient to ensure that a conductive network of touching particles is formed
(Kalaitzidou et al., 2010). FESEM results of the fractured nanocomposites (Figure 8-4a)
revealed that, in the compounded samples, the nanoplatelets are uniformly dispersed and well
separated. It is even difficult to discern them as the compounding process probably caused
further crumpling into smaller particles. Therefore their concentration in the matrix was too
low to set up a conductive network. This is consistent with a previous study of polyethylene
nanocomposites fabricated with GNPs which found percolation thresholds as high as 15 wt.%
(Kim et al., 2009).

In the sample obtained by dry blending random clusters of graphite nanoplatelets are clearly
identified (Figure 8-4b). Apparently the platelets retained their flake-like shape and
aggregated into larger domains. Away from these clusters, regions devoid of graphite

particles are observed. This morphology is attributed to the unique character of the dry-
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blending and rotomoulding processes. During the blending action, in the high speed mixer-
grinder, the graphite nanoplatelets are distributed over the surface of the much larger
polyethylene powder particles. Apparently this accumulation at the periphery of the
polyethylene domains largely persisted even after melting of the powder particles and the
subsequent consolidation and freezing of the polymer phase. This means that the platelets
essentially remained trapped in-between the original polyethylene powder particles. In this
way they formed conductive pathways around the remnants of the original polymer powder
particles that coalesced into a continuous matrix. This hypothesis explains the low

percolation threshold and the severe loss in impact resistance.

Support for this hypothesis is provided by the FESEM image in Figure 8-5 and the optical
microscope image in Figure 8-6 for LLDPE compounds containing 2.0 wt.% and 0.25 wt.%
graphite, respectively. Figure 8-5 shows a fracture surface covered almost entirely with a
tapestry of graphite nanoplatelets. Figure 8-6 is an image of part of a thin cross section of the
moulded wall. The dark fringes around large polyethylene domains are clearly visible. They
are attributed to the presence of graphite platelets.

Long range clustering of GNPs seen in the optical image and FESEM micrographs of dry
blended composites enables the facile formation of a conductive network at low loadings, i.e.
0.25 wt.% graphite at the expense of mechanical properties. The GNPs particle clusters act as
stress concentration points and also encourage crack formation, thereby weakening the
nanocomposites (Pick and Harkin-Jones, 2006). At 0.25 wt.% the compounded composite
exhibits better mechanical properties due to better dispersion (Figure 8-4), but they were not

conductive.

Closer inspection of the FESEM images revealed that there was hardly any adhesion between
the GNPs and LLDPE, with the basal planes of the GNPs mostly uncovered by the polymer
Figure 8-4b, Figure 8-5). A mismatch in surface energies exists between graphite and the
hydrophobic, non-polar polyethylene, hence the poor interfacial interaction (Planes et al.,
2008). However, there is evidence of strong adhesion between the GNPs and LLDPE on the
edges of some the GNPs (Appendix B).
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Chapter 9 Results and Discussion: Phase change

material/graphite nanocomposites

9.1  Stearyl alcohol/stearic acid (C1s-OH/Cyg-Acid) mixtures

9.1.1 Melting and crystallization characteristics

Figure 9-1 shows the second heating and cooling DSC scans of stearyl alcohol and stearic
acid. The heating curve of stearyl alcohol shows one endotherm with an onset temperature of
58.2 °C. The solid-solid transition from the monoclinic ordered y phase into the o rotator
phase which occurs when n-alkanols with an even number of carbon atoms are heated from
room temperature is not apparent in the melting curve of stearyl alcohol as this transition
overlaps with the melting transition hence it exhibits one endotherm (Ventola et al., 2002).
The cooling curve of stearyl alcohol exhibits two exotherms. The first exotherm with an onset
temperature of 57.8 °C exhibits negligible super cooling. The solid-solid transition « — y of
stearyl alcohol exhibits super cooling of close to 5 °C, closer to the upper threshold for proper

heat extraction from the PCM (Sharma et al., 2009).

Endo
Stearic acid (C,3-Acid)
&0
=
z
=
o
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Figure 9-1  DSC heating and cooling scans for stearyl alcohol and stearic acid.
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Commercial stearic acid is a combination of approximately 55 % palmitic acid (saturated
fatty acid with 16 carbon atoms), 45 % stearic acid (saturated fatty acid with 18 carbons) and
other fatty acids (Tillotson, 1955). In Table 9-1, the composition of the stearic acid used in
this study as given by the supplier approximates the aforementioned composition. This
composition was estimated to absolute values as shown in the last column in Table 9-1. In
Figure 9-1, the heating and cooling curves of stearic acid feature single transitions; a melting
endotherm and a crystallization endotherm. The melting endotherm however exhibits a
shoulder. Mixtures of pure stearic acid and palmitic acid which constitute commercial stearic
acid are known to exhibit eutectic behaviour (Tillotson, 1955). The melting temperature of
the stearic acid (onset 56.8 °C, peak 58.1 °C) used in this study is lower than that of pure
stearic acid (69.3 °C) but closer to that predicted in the phase diagram of mixtures of stearic
acid and palmitic acid (Tillotson, 1955, Sato et al., 1990).

Table 9-1 Composition of palm triple pressed commercial stearic acid (Palmac 55-16).

Component  Composition (%) Approximated Composition
C12 1.0 Maximum 1
C14 2.0 Maximum 2
C16 52.0-56.0 52
C18 42.0-47.0% 45
C18:1 0.5 Maximum 0
Others 1.0 0

Figure 9-2 shows the second DSC heating curves of the pseudo-binary mixtures of stearyl
alcohol and the commercial stearic acid as a function of the stearyl alcohol (C1s-OH) mole
fraction. Similar to previous studies on the mixtures of fatty alcohols and fatty acids, the
curves feature multiple endotherms (Gandolfo et al., 2003, Zeng et al., 2009, Zuo et al.,
2011a, Zuo et al., 2011b). However, between 0.1 and 0.7 mole fraction C,3-OH, the curves
feature endotherms virtually at a constant temperature circa 47 °C. The endotherms which
occur at higher temperatures appear to go through a minimum. This behaviour is
characteristic of a eutectic system as observed in previous studies on mixtures of n-alkanols
and straight chain fatty acids (Gandolfo et al., 2003, Zeng et al., 2009, Zuo et al., 2011a, Zuo
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et al., 2011Db). In a eutectic system there is miscibility in the liquid phase and demixing and
segregation in the solid phase (Gandolfo et al., 2003). The constant temperature is the
eutectic temperature and the temperature which goes through a minimum the solid-liquid
equilibrium line (liquidus). At the eutectic composition, a single endotherm representing the
melting transition should be observed in the DSC curves, whereas at any other composition,
two endotherms should be observed, the first for the eutectic transition and the second the
melting transition (Rycerz, 2013). In Figure 9-2, it is apparent that the eutectic composition is

at 0.4 mole fraction stearyl alcohol.
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Figure 9-2  DSC heating curves for pseudo binary mixtures of stearyl alcohol and

commercial stearic acid.

Between 0.4 and 0.9 mole Cy13-OH fraction some endotherms appear before the eutectic
temperatures. These were previously assigned to the effect of the solid transition in the
alcohol (Gandolfo et al., 2003). It has been suggested that the alcohol could be partially
miscible in the solid matrix of the acid (Gandolfo et al., 2003). Table 9-2 gives the transition
temperatures and enthalpies of the transitions of the mixtures of stearyl alcohol (C1s-OH) and
stearic acid (Cyg-Acid) from the second DSC heating run. The phase diagram in Figure 9-3

for the pseudo-binary mixtures was constructed from the peak transitions temperatures of the
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second DSC heating run (Table 9-2). According to Zuo et al. (2011a) the endotherm peak
temperature gives a better representation of the transitions rather than the onset temperatures.
The Schroeder-Van Laar equation also referred to as the van’t Hoff freezing point relation,
can be used to model the solid-liquid equilibrium (liquidus) line for ideal mixtures which are
fully miscible in the liquid phase (Gandolfo et al., 2003, Zuo et al., 2011b). The equation is
given as

Inx; = % (Tll - %) (9-1)
where x;, AH; and T; are mole fraction, heat of fusion and melting temperature of pure
compound i, respectively. R is the universal gas constant and T the melting temperature of
the mixture. Zhao et al. (2014) showed that this empirical equation can also be applied to
pseudo-binary mixtures. The predicted liquidus temperatures and eutectic temperature using
the Schroeder-Van Laar equation are also shown in Figure 9-3. There is a reasonable
agreement between the experimental data and the liquidus predicted by the Schréeder-Van
Laar equation up to 0.7 mole fraction stearyl alcohol. Beyond this composition up to 100 %
stearyl alcohol the Schroeder-Van Laar equation over predicted the liquidus.

A closer examination of the experimental data shows that the liquidus line goes through
another minimum at around 0.8 mole fraction. This suggests that the present system exhibits
two eutectic points. Mixtures which feature two eutectic compositions undergo co-
crystallization and form co-crystals for compositions in-between the two eutectic

compositions (Stahly, 2009).
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Table 9-2 Transition temperatures and enthalpies for mixtures of stearyl alcohol and

stearic acid from the second DSC heating run.

Mole Peak temperatures, °C Enthalpies, J g™

fraction 1stsolid  2nd Solid Eutectic Melting 1stSolid 2nd Solid Eutectic Melting

C1s-OH transition” transition reaction transition transition reaction

0.00 58.11 177.42
0.10 47.13 56.19 22.46 169.59
0.20 47.93 54.45 61.66 120.41
0.30 48.81 51.83 121.47  50.09
0.35 48.99 50.95 141.19 24.33
0.40 38.70 49.01 49.01 16.52 197.02

0.50 36.18 40.18 48.43 50.54 14.45 27.73 128.76  35.68
0.60 33.89 41.09 47.66 52.20 12.85 20.49 56.63 121.45
0.70 33.55 42.01 46.64 54.15 3.66 40.88 30.29 165.29
0.80 41.67 53.79 74.15 156.61

0.90 41.39 50.53 55.51 20.00 2.43 234.78
1.00 59.33 246.86

"Data obtained after peak separation.

The Tamman diagram is a plot of the molar enthalpies of the DSC endotherms associated
with the eutectic transition as a function of the mixture molar composition (Costa et al., 2009,
Rycerz, 2013). A simple eutectic will exhibit a maximum in the molar enthalpies at the
eutectic point, forming a triangular plot. The Tamman plot also shows the composition range
in which solid solubility exists (Costa et al., 2009, Rycerz, 2013). The Tamman plot in Figure
9-4 verifies that the present pseudo-binary system is a bi-eutectic system with eutectic
compositions at 0.40 and 0.80 mole fractions C;5-OH. Between these two compositions co-

crystallization occurs.
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At a composition of 0.35 mole fraction C,3-OH, close to the first eutectic point, the heating
curve features a single endotherm with a small shoulder (Figure 9-2). The DSC cooling
curves in Figure 9-5 showed that this composition had a single exotherm. This composition

was selected as the PCM for further study.
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Figure 9-5 DSC cooling curves for pseudo binary mixtures of stearyl alcohol and

commercial stearic acid.

Optical microscopy pictures acquired during crystallization of the stearyl alcohol, stearic acid
and their mixtures at 0.35 mole fraction stearyl alcohol are shown in Appendix C. These
showed that the mixture at 0.35 mole fraction C,g-OH had smaller crystals compared to the
single components.Gandolfo et al. (2003) also previously observed smaller crystals for
mixtures of stearyl alcohol and stearic acid. XRD studies by Schaink et al. (2007) showed

that these where mixed crystals of stearyl alcohol and stearic acid.
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9.2 PCM/GNPs nanocomposites

9.2.1 Morphology and structure

Figure 9-6 shows FESEM micrographs depicting the morphology of the PCM/GNPs
nanocomposites. Figure 9-6a shows delaminated GNPs in the PCM with thicknesses less than
50 nm at loading of 2.5 wt.% GNPs. Figure 9-6b, shows that at 10 wt.%, the GNPs are
randomly and well dispersed, forming an interconnected network between themselves which

traps the PCMs in-between.

Figure9-6 FESEM micrographs of stearyl alcohol/stearic acid PCM/GNPs
nanocomposites at (a) 2.5 wt.% GNPs and (b) 10 wt.% GNPs.
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9.2.2 Absence of the esterification reaction: FTIR

Figure 9-7 shows the FTIR spectra of stearyl alcohol, stearic acid and the phase change
material (mixture of stearyl alcohol and stearic acid at 0.35 mol fraction stearyl alcohol) with
0 wt.% GNPs and 10 wt.% GNPs. The characteristic broad absorption band of bonded
oxygen-hydrogen stretching vibrations which occurs for fatty alcohols and acids between
3230-3550 cm™ and 2500 and 2700 cm™, respectively is apparent in the spectra in Figure 9-7
(Aydim, 2013). The carbonyl stretching vibrations which occur for fatty acids between 1700-
1725 cm™ can also be seen in the spectra (Aydin, 2013). The carbonyl stretching vibrations
which are observed for acyclic saturated esters at around 1732 cm™ were observed in the
PCM/GNPs nanocomposites synthesized at 150 °C, as shown by the spectrum of 10 wt.%
GNP in Figure 9-7.

10 wt.% graphite esterified
10 wt.% graphite

\WO wt.% graphit;M

Transmttance, au

3600 3000 2400 1800 1200 600
Wavenumber, cm!

Figure 9-7  FTIR spectra of stearyl alcohol, stearic acid and the phase change material
(mixture of stearyl alcohol and stearic acid at 0.35 mol fraction stearyl alcohol) with 0 wt.%
GNPs and 10 wt.% GNPs. The PCM/GNPs nanocomposite which did not esterify was
synthesized at 80 °C, whereas the PCM/GNPs nanocomposite which esterified was
synthesized at 150 °C.
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9.2.3 Melting and crystallization temperatures and enthalpies

Figure 9-8 shows the second DSC heating and cooling runs of the PCM/graphite
nanocomposites. The onset and peak temperatures and enthalpies of melting derived from
DSC runs are reported in Table 9-3. Figure 9-8 and Table 9-3 show that there was a decrease
of more than 1 °C in the onset and peak melting temperatures with an increase in graphite
content up to 10 wt.%. This was probably due to increased thermal conductivity in the PCM.
Table 9-3 also shows that the melting and crystallization enthalpies normalized with respect
to the mass of the organic phases of the PCM/graphite nanocomposites were similar to that of
the PCM at 0 wt.% graphite nanoplatelets. Figure 9-8 and Table 9-3 also show that the

PCM/graphite nanocomposites feature negligible super cooling.

0 wt.% GNPs

2.5wt.% GNPs

Heat flow, au

S wt.% GNPs

g
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£
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10 wt.% GNPs

40 50 60 70 80
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Figure 9-8 = DSC heating and cooling curves of stearyl alcohol/stearic acid PCM/GNP

nanocomposites.

135

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

Table 9-3 Melting and crystallization temperatures and enthalpies of the PCM/GNP

nanocomposites from the DSC second heating cycle.

PCM Composition

Nanographite Melting
content, wt.% OnsetT, °C

Melting
Enthalpy, J g*

Peak Melting

Temperature, °C

C15-OH 0.0 58.1+0.1 248+1.1 59.4+0.1
Cis-Acid 0.0 56.8+0.0 179+1.6 58.1+0.0
0.35 mol/mol C;5-OH 0.0 47.4+0.1 161+9.7 49.0+0.1
0.35 mol/mol C;5-OH 2.5 46.8+0.1 156+15.3 48.3+0.3
0.35 mol/mol C;5-OH 5.0 46.4+0.3 163+20.1 48.2+0.3
0.35 mol/mol C;5-OH  10.0 45.8+1.2 150+12.9 47.8+0.9
PCM Composition Nanographite Crystallization Crystallization Crystallization
content, wt.% OnsetT, °C Enthalpy, Jg* Peak T, °C
Ci13-OH 0.0 58.3+0.1 245+0.7 57.6+0.0
Cis-Acid 0.0 56.1+0.1 185+1.8 55.2+0.0
0.35 mol/mol C;5-OH 0.0 46.6+0.0 158+7.9 46.0+0.1
0.35 mol/mol C35-OH 2.5 46.9+0.1 154+16.1 46.0x0.2
0.35 mol/mol C;5-OH 5.0 47.0+£0.3 164+16.8 46.3£0.4
0.35 mol/mol C;3-OH  10.0 46.6+0.3 145+12.9 45.8+0.3

9.2.4 Thermal conductivity

The thermal conductivity results of the PCM/GNPs nanocomposites are reported in Table

9-4. The results show that both in the solid state and molten state, the nanocomposite

conductivity increases with graphite content. At 10 wt.% (4.2 vol.%) the conductivity is

enhanced by approximately 600 % and 1200 % in the solid and liquid states, respectively.
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Table 9-4 Thermal conductivity (W m™K™) of the PCM/graphite nanocomposites in the
solid state (22 °C) and molten state (70 °C).

Graphite content Solid state (22 °C) thermal  Molten state (70 °C) thermal

wt%  vol.% conductivity, W m*K* conductivity, W m* K™
0.0 0.0 0.252+0.002 0.177+0.014
2.5 1.0 0.565%0.001 0.359+0.014
5.0 2.0 0.833+0.003 0.614+0.024
10.0 4.2 1.687+0.009 2.311+0.027

9.25 Thermal stability

Figure 9-9 shows the accelerated thermal cycling melt/freeze cycles for the PCM/GNPs
nanocomposite at 10 wt.% GNPs obtained using the DSC. All the PCM/GNPs compositions
showed no deterioration in the melting and crystallization temperatures and enthalpies after

100 melt/freeze cycles. They also exhibited negligible super cooling.

oo
T

—— 100 Heating and
cooling cycles

-]

N
T

N
T

F=N
T

Heat flow, W g'!

(8]
T

0 1 1 1 1 1
30 35 40 45 50 55 60
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Figure 9-9  Thermal cycling stability: 100 accelerated melt/freeze cycles in the DSC at

heating/cooling rates of 10 °C min™.
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The settling tests results in Appendix D showed that after 60 days (1440 hours), the
PCM/GNP nanocomposite with 10 wt.% GNPs exhibited no phase separation with the GNPs
still well dispersed within the PCM matrices. However, at 5 wt.% and lower the PCM
matrices and GNPs separated, with the GNPs settling at the bottom of the vial.

9.3 Discussion

To solve the super cooling problem exhibited by stearyl alcohol emanating from its solid-
solid transition during cooling and also reduce the odour and mild corrosivity of stearic acid,
mixtures of stearyl alcohol and stearic acid were prepared as a new PCM. The study by
Gandolfo et al. (2003) on the phase diagram of mixtures of stearyl alcohol and stearic acid
formed the basis of the work. However, because the commercial stearic acid used in this
study was in actual fact a mixture of pure stearic acid and palmitic acid, the prepared
mixtures were in reality ternary mixtures of stearic acid, palmitic acid and stearyl alcohol.
The ratio of stearic acid and palmitic acid for the commercial stearic acid was fixed at 45/52;
therefore the commercial stearic acid could be treated as a pseudo-single component, and the
prepared mixtures as pseudo-binary mixtures of stearyl alcohol/commercial stearic acid
(palmitic/stearic acid) (Zhao et al., 2014).

Analysis of the DSC data showed that the pseudo-binary mixtures formed a eutectic system
with two eutectic points at 0.4 and 0.8 mole fraction stearyl alcohol. At 0.4 mole fraction
stearyl alcohol, the mixtures exhibited single melting endotherms in the DSC curve (Figure 9-
2). However, the cooling curve for this composition showed two exotherms overlapping with
each other at this composition. Further analysis of the DSC curves showed that at a
composition of 0.35 mole fraction stearyl alcohol, the DSC curves featured a single
endotherm with a small shoulder in the heating run, and a single exotherm in the cooling run.
This composition, which does not exhibit appreciable super cooling, is ideal for a phase

change material for energy storage. Hence it was selected for further study.

Examination of the DSC data in Table 9-2 showed that the mixture with 0.35 mole fraction
C15-OH had a melting enthalpy lower than either stearyl alcohol or stearic acid. The smaller
crystals observed in during crystallization of this mixture can explain the reduced enthalpy
(Appendix C). The enthalpy is however relatively comparable to or better than several other
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materials considered as PCMs for energy storage (Zalba et al., 2003, Sharma et al., 2009).
This mixture also exhibits negligible super cooling (Table 9-3 and Figure 9-2), which solves

the problem presented by the solid transition in stearyl alcohol.

The structure and thicknesses of the delaminated graphite nanoplatelets in the stearyl
alcohol/stearic acid PCM/graphite nanocomposite shown in Figure 9-6a shows that ultrasonic
assisted liquid phase exfoliation and the PCM/GNPs nanocomposites synthesis method used
were efficient in delaminating and dispersing the nanoplatelets in the PCM. The GNPs in
Figure 9-6a appear completely covered by the PCM, signifying good interfacial adhesion
between the PCM and GNPs. It is known that the oxidative intercalation process utilized to
obtain expandable graphite, the heat treatment used to exfoliate it and the ultrasonication
process used in the delamination of the GNPs result in some oxygen functionalities on the
GNPs. These can interact with the acid and alcohol groups through hydrogen bonding,
resulting in improved interfacial adhesion. As the PCM/GNPs nanocomposite will undergo
numerous melt/freeze cycles during its life time, it is important that the PCM does not form a
separate phase from the GNPs. The morphology shown in Figure 9-6b suggests that the

GNPs network will offer resistance to the flow of the PCM and hold it in place.

FTIR analysis was conducted on the stearyl alcohol/stearic acid PCM/ GNPs nanocomposites
to confirm the absence of esters during the synthesis of the PCM/GNPs nanocomposites. At
elevated temperatures residual H,SO, from the oxidative intercalation of graphite can
catalyse the esterification reaction between stearyl alcohol and stearic acid. Analysis of the
FTIR spectra in Figure 9-7 showed that no ester was formed as evidenced by the absence of
the absorption band at around 1732 cm™ which shows carbonyl stretching vibrations for
acrylic saturated esters. However, for PCM/GNPs nanocomposites synthesized at a
temperature of 150 °C, the FTIR spectra shows evidence of ester formation as the absorption
band around 1732 cm™ was apparent. Hence all the PCM/GNPs nanocomposites where
synthesized at 80 °C.

It is desirable to minimize the amount of conductive filler in the PCMs in order not to reduce
the enthalpy of phase change and increase the weight of the PCM. The thermal conductivity
results obtained in this study are substantial improvements when compared to several studies

in which highly conductive nanofillers such as carbon nanotubes, carbon nanofibres and
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graphene were dispersed in PCMs. In these studies marginal enhancements of the PCM
nanocomposites of less than 100 % even at up to 10 wt.% nanofiller were reported, and in
some instances carcinogenic solvents were necessary to disperse the nanofillers (Elgafy and
Lafdi, 2005, Zeng et al., 2008, Cui et al., 2011, Wang et al., 2008, Shi et al., 2013). The
results in this study in which a facile method was used to prepare the PCM nanocomposites
are however comparable to those of Shi et al. (2013) and Xiang and Drzal (2011) who
dispersed GNPs into paraffin waxes. Yavari et al. (2011) also obtained similar results with
graphene (reduced graphene oxide) dispersed in stearyl alcohol.

In agreement with the results of Wang et al. (2008), the thermal conductivity of the
PCM/GNPs (Table 9-4) is marginally higher in the solid state up to 5 wt.% GNPs. However,
at 10 wt.%, the conductivity in the molten state is higher than in the solid state, which is an

anomaly.

9.3.1 Thermal conductivity modelling

The thermal conductivity of PCM/dispersed conductive particulates nanocomposites is
influenced by the inherent conductivity of the two separate phases, the composition of the
composite, the size, geometry and distribution of the particulates and the interfacial nature
between the PCM matrix and the nanoparticles (Khodadadi et al., 2013).

Nan et al. (1997) proposed a thermal conductivity model based on the Maxwell-Garnett-type
effective medium approach for predicting the thermal conductivity of particulate composites.
This model considers the interfacial thermal resistance between the particulates and matrix
and also the particle geometry (Chapter 3).

The Nan et al. (1997) model was used to fit the room temperature (22 °C) solid state thermal
conductivity data of the PCM nanocomposites obtained in this study. The dsy particle size of
13 um was used as the GNPs diameter, and the estimated thickness of 76 nm as the GNP
thickness. The graphite in-plane conductivity of 3000 W m™ k* and through plane
conductivity of 6 W m™ k™ where used for graphite. Figure 9-10 shows the room temperature
experimental data and a fit of the Nan model. This fit was obtained with an interfacial
thermal resistance of 4.03 x 10® m* K W™ (equivalent to an interfacial thermal conductance
of 25 MW m™? K™) between the GNPs and the PCM matrix. The order of magnitude (10®
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m? K W) for the interfacial thermal resistance obtained by fitting the Nan model is similar to
that obtained by Xiang and Drzal (2011) for paraffin PCM/GNPs nanocomposites. However,
Xiang and Drzal (2011) fit a version of Nan’s model (Nan et al., 2004), more applicable to
carbon nanotube nanocomposites to their paraffin PCM/GNPs nanocomposites thermal
conductivity data. They obtained a good fit with interfacial thermal resistance of 9 x 10°® m?
K W, which is more than twice higher the value obtained in this study. Simulations by Nan
et al. (2004), Clancy et al. (2010) and Xiang and Drzal (2011) showed that this difference has
a significant impact on the enhancement of the thermal conductivity of the nanocomposites.
In fact these studies showed that if the interfacial thermal resistance is beyond 10 x 10

m? K W, no appreciable thermal conductivity enhancement will occur.

O
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‘<U
04
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0 1 1 1 1 1 1 1 1

0.00 0.01 0.02 0.03 0.04
Graphite content, volume fraction

Figure 9-10 A fit of the Nan model to the Thermal conductivity data of stearyl

alcohol/stearic acid PCM/GNPs nanocomposites.

The interfacial thermal resistance can be reduced by improving the interfacial interaction
between the conductive fillers and the PCM matrix ideally through covalent bonding and also
by increasing the aspect ratio of the GNPs. The FESEM micrograph in Figure 9-6a showed
that the PCM matrix completely covered the GNPs, evidence of good interfacial interaction.

It is known that the oxidative intercalation process used to produce GNPs introduces some
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oxygen moieties on the GNPs. These could have possibly interacted with the carboxylic acid
and alcohol groups on the PCM matrix through hydrogen bonding, resulting in improved

interfacial adhesion.

9.3.2 Thermal stability of the PCM/Graphite nanoplatelets nanocomposites

The thermal stability of the PCM/GNP nanocomposites was evaluated through accelerated
thermal cycling tests and settling tests of the PCM/GNPs nanocomposite in the molten state.
PCM/GNPs nanocomposites in this study were subjected to 100 melt/freeze cycles in the
DSC at a heating rate of 10 °C min™. The advantage of using the DSC for the cycling tests
was that it could be directly observed if there was any deterioration in the melting and
crystallization temperatures and enthalpies or if there any super cooling occurred with an
increase in the number of cycles. The results in Figure 9-9 showed that the PCM/GNPs
nanocomposites exhibited no deterioration for 100 melt/freeze cycles. Previous studies also
showed high thermal stability for eutectic mixtures of a straight chain fatty acid and n-alkanol
(Zuo et al., 2011a). This present study however also showed that the inclusion of the GNPs in
the PCMs does not deteriorate their properties after 100 melt/freeze cycles. According to the
standard RAL-GZ 896, the PCM/GNPs nanocomposites would be classified under the
category E.

Phase separation between the GNPs and the PCM is undesirable as the GNPs will not
contribute in the enhancement of the thermal conductivity. The settling tests therefore
evaluated the long term stability of the PCM/GNPs nanocomposites. The results in Appendix
D showed that only the PCM/GNPs nanocomposites at 10 wt.% GNPs was stable for at least
60 days, with separation occurring between the PCM matrix and GNPs in the other
nanocomposites. The FESEM micrograph in Figure 9-6b shows that in the PCM/GNPs
nanocomposites formed at a loading of 10 wt.% GNPs, the graphite nanoplates are aligned in
a random manner forming a structure which prevents the PCMs from freely flowing and
making a separate phase. At 10 wt.% GNPs, a formstable PCM/GNP nanocomposite is

formed.
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Chapter 10 Conclusions and Recommendations

Commercial expandable graphites exhibit different exfoliation efficiencies. Microwave
radiation exfoliates expandable graphite more efficiently than furnace heating. Graphite
nanoplatelets with thicknesses below 100 nm that retain lateral dimensions in the micrometre
range can be conveniently prepared from expandable graphite by ultrasonic treatment of
microwave-exfoliated material in isopropanol and several other media. Although the surface
tension and solubility parameters of isopropanol are dissimilar to those recommended for the
liquid exfoliation of graphite, its vapour pressure and viscosity are favourable for acoustic
cavitation. Isopropanol also had the lowest boiling point for all liquid exfoliation media
considered, hence easier recovery of the graphite nanoplatelets. Commercial expandable
graphites are high stage compounds; hence they limit the thinness of graphite nanoplatelets

obtained from them.

Rotomoulding blends of polyethylene powder with small amounts of graphite nanoplatelets
yields antistatic and even conductive parts at graphite loadings below 0.5 wt.%. While the
tensile strength of the base polymer is largely retained, the impact properties are significantly
compromised. This problem can be partially overcome by moulding bilayer sheets using the
double dumping rotomoulding technique with only the outer layer containing the filler. It is
even possible to mould an antistatic part with bilayer structure that features both antistatic
and good fire performance in cone calorimeter testing. This was achieved using a 1 mm outer
EVA layer containing 0.25 wt.% graphite nanoplatelets together with 10 wt.% expandable
graphite and a 2 mm inner layer of neat polyethylene. The outer surface resistance of the
resultant sheet was 10° Q o, the tensile strength was 16 MPa, the impact resistance 6 J mm™
and the cone calorimeter peak heat release rate ca. 259 kW m™2. The corresponding values for

polyethylene were >10* Q o, 28 MPa, 12 J mm™ and > 720 kW m™.

A pseudo binary stearyl alcohol-commercial stearic acid mixture with a single endotherm and
exotherm at the melting and crystallization transitions, respectively, can be synthesized as a
new phase change material for energy storage. Although the melting and crystallization
enthalpies of the phase change material are lower than those of the stearyl alcohol and stearic
acid, the PCM exhibits no super cooling. A facile synthesis method can be used to prepare

stearyl alcohol-commercial stearic acid PCM/graphite nanoplatelets nanocomposites.
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Addition of graphite nanoplatelets into this PCM matrix decreases the enthalpies marginally
with an increase in graphite content. However, the PCM/GNPs nanocomposites feature
reproducible melting and crystallization characteristics and exhibit no super cooling.
Inclusion of the GNPs in to the PCM matrices nanocomposites results in substantial thermal
conductivity enhancements of about 600 % and 1200 % in the solid and liquid state,
respectively, at 10 wt.% GNPs loading. Thermal conductivity modelling shows that this high
thermal conductivity is as a result of relatively lower interfacial thermal resistance between
the PCM and GNPs. Thermal cycling tests shows that the PCM/GNPs nanocomposite are
thermally cyclable for at least 100 melt/freeze cycles. Settling tests at 80 °C show that at a
GNPs content of 10 wt.%, the PCM forms a structure which prevents phase separation
between the GNPs and the PCM matrix.

In order to exercise control on the thickness and lateral dimensions of the final graphite
nanoplatelets obtained, it is recommended that expandable graphite should be synthesized
and characterized prior to exfoliating it, rather than using commercial expandable graphites

of unknown treatment history.

It is also recommended that the prior mixing methods (pre-coating method, masterbatch
technique and solid state shear pulverization) which have been used in fabricating polymer
nanocomposites with graphite nanoplatelets be extended to rotomoulding nanocomposites.
These methods, combined with melt compounding, were found to evenly disperse nanofillers
and result in nanocomposites with excellent mechanical properties, low conductivity

percolation thresholds and high conductivities at low filler loadings.

The poor impact properties exhibited by the rotomoulded polymer graphite nanocomposites
could be as a result of poor sinterability. It is recommended that sinterability studies of the
polymer graphite nanocomposite powders be carried out. The studies could also include the

utility of sintering enhancers such as low molecular weight additives.

The utility PCM/GNPs nanocomposites fabricated in this study should be evaluated on a
complete latent heat thermal energy storage (LHTES) unit to evaluate their effectiveness.
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Appendices

Appendix A Graphite nanoplatelets obtained in water with the surfactant Tween 20
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Figure Al  FESEM of graphite nanoplatelets obtained by ultrasonication-assisted liquid
phase exfoliation of expanded graphite (Grade ES250 B5) in water with the surfactant Tween
20.
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Figure Bl ~ FESEM micrograph of LLDPE/ GNPs nanocomposites rotomoulded after dry
blending LLDPE with 0.25 wt.% GNPs at higher magnification showing the existence of
edge interaction of graphite with LLDPE.
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Appendix C Optical microscopy micrographs of the crystallization of stearyl alcohol,

stearic acid and their mixtures

Figure C1  Optical microscopy micrographs showing crystallization of (a) Stearyl
alcohol, (b) Stearic acid and (c) mixture of stearyl alcohol and stearic acid with 0.35 mole
fraction stearyl alcohol at x10 magnification.
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Appendix D Settling tests for PCM/graphite nanocomposites
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Figure D1 ~ Thermal stability: Settling tests. A: 0 wt.% GNPs, B: 2.5 wt.% GNPs, C: 5
wt.% GNPs and D:10 wt.% GNPs. a) Day 1, b) Day 5, and c) after 2 months.
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