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ABSTRACT

Conductive polymer composites (CPCs) based on LDPE, HDPE and iPP filled with carbon
black (CB) and Zn micro-particles and blended with medium-soft wax were studied. The aim
of this study was to investigate the effect of CB content, the presence of wax, y-irradiation,
and Zn metal powder as second filler on the thermal and mechanical properties, and thermo-
electrical behaviour, of the composites. CB was used as the main filler to impart electrical
conductivity to the composites. CB was generally not homogeneously dispersed in all the
composites, while Zn was randomly dispersed with clear areas that were void of Zn, and
agglomeration of Zn particles in other areas. It also seemed as if the dispersions did not
depend on the type of polymer or the presence of wax, and as if there were a weaker
interaction between CB and Zn than between CB particles. The crystallinities of the polymers
generally decreased with an increase in CB loading, while the presence of Zn and/or wax gave
rise to higher crystallinities. The presence of wax, however, had little influence on the melting
and crystallization temperatures of the polymers. Irradiation reduced the crystallinities of the
polymers in all the samples, as expected because of radiation-induced crosslinking. The
storage modulus values of all the composites were higher than those of neat LDPE, although
the presence of wax reduced these values, and the intensities of the a-transition depended on
the type and amount of filler and on the presence of wax. All the composites show
significantly lower resistivity than the neat polymers, and the resistivity decreased with
increasing filler content. The 22 vol.% CB containing composites showed lower resistivities
than the 12 vol.% CB + 10 vol.% Zn containing composites. The presence of wax caused a
slight decrease in resistivity, while the irradiated samples generally showed higher resistivity
values than the non-irradiated samples. The switching temperature shifted to higher values
with increasing CB content, while it remained the same when part of the CB was replaced
with Zn. Wax did not significantly influence the PTC intensity in the low CB content
composites, but it caused a slight increase in PTC intensity in the Zn-containing samples. The
irradiated samples generally showed an increased PTC intensity, but a reduced NTC intensity.
All the samples showed a drop in resistivity after thermal ageing and good electrical stability
during thermal cycling. The HDPE and iPP composites showed a fairly stable resistivity
behaviour in the temperature range of investigation. Both the presence of filler and wax

reduced the impact strengths of the composites.



LIST OF ABBREVIATIONS AND SYMBOLS

12CB 12 vol.% carbon black particles

12CB/10Zn 12 vol.% carbon black particles plus 10 vol.% zinc particles
22CB 22 vol.% carbon black particles

C15 Chain containing 15 carbon atoms in its backbone
C78 Chain containing 78 carbon atoms in its backbone
CB Carbon black

CF Carbon fibre

CNP Carbon nanoparticle

CNT Carbon nanotube

CPC Conductive polymer composite

DBP Dibenzoyl peroxide

DCP Dicumyl peroxide

DMA Dynamic mechanical analysis

DSC Differential scanning calorimetry

DWCNT Double-walled carbon nanotube

E Electric field

E' Storage modulus

E" Loss modulus

EB Electron beam

EG Exfoliated graphite

EPDM Ethylene propylene diene terpolymer (M-class)
EVA Ethylene-vinyl acetate

GO Graphene oxide

HDPE High-density polyethylene

AHp, Observed melting enthalpy

AHp" Normalised melting enthalpy

AHp° Specific melting enthalpy

I Electric current

iPP Isotactic polypropylene

LDPE Low-density polyethylene

LLDPE Linear low-density polyethylene

LMWPE Low-molecular-weight polyethylene



MFI
MWCNT
NTCR
PCM

PE
PMMA
POM

PP

PS
PTCR

rpm
Rn

SEM
SEM-EDS
T

tan o

Te

Tg

Tm
UHMWPE
\Y/

Xe

Melt flow index

Multi-walled carbon nanotube

Negative temperature coefficient of resistivity
Phase change material

Polyethylene

Poly(methyl methacrylate)

Polarizing optical microscopy
Polypropylene

Polystyrene

Positive temperature coefficient of resistivity
Resistivity

Specific resistivity

Resistivity at 70 °C

Resistivity after thermal ageing

Revolutions per minute

Resistivity at room temperature

Scanning electron microscopy

Scanning electron microscopy-energy dispersive X-ray spectroscopy
Temperature

Damping coefficient/loss factor
Crystallization peak temperature

Glass transition temperature

Melting peak temperature
Ultra-high-molecular-weight polyethylene
Applied voltage

Degree of crystallinity



TABLE OF CONTENTS

Contents Page
Declaration i
Dedication ii
Abstract ii
List of abbreviations and symbols iv
Table of contents vi
List of tables viii
List of figures iX
CHAPTER ONE (INTRODUCTION AND LITERATURE REVIEW) 1
1.1 Introduction 1
1.2 Literature review 4
1.2.1 Polymer/wax blends 4
1.2.2 Conductive polymer composites 7
1.2.3 Polymer blend composites 11
1.3 Objectives of the study 15
1.4  References 16
CHAPTER TWO (MATERIALS AND METHODS) 23
2.1  Materials 23
2.2 Methods 24
2.2.1 Sample preparation 24
2.2.2 Sample analysis 24
2.2.2.1 Scanning electron microscopy — energy-dispersive X-ray spectroscopy
(SEM-EDS) 24
2.2.2.2 Differential scanning calorimetry (DSC) 26
2.2.2.3 Dynamic mechanical analysis (DMA) 27
2.2.2.4 Electrical properties 28
2.2.2.5 Impact testing 29

2.3 References 29



CHAPTER THREE (RESULTS AND DISCUSSION)

3.1  Morphology (SEM-EDS)

3.2 Differential scanning calorimetry (DSC)
3.3 Dynamic mechanical analysis (DMA)
3.4 Electrical properties

3.4.1 Electrical conductivity

3.4.2 Thermo-switching

3.4.3 Thermo-electrical stability

35 Impact testing

3.6 References

CHAPTER FOUR (CONCLUSIONS)

ACKNOWLEDGEMENTS

32

32
34
41
47
47
50
55
59
61

64

68

vii



LIST OF TABLES
Table Page

Table 2.1 Volume percentages of samples for the preparation CB composites 25
Table 2.2 Volume percentages of samples for the preparation of 12CB/10Zn hybrid

composites 25
Table 3.1 Values obtained from DSC melting and crystallization data 35
Table 3.2 DMA elastic modulus values of the investigated samples 42

Table 3.3 Resistivity of polyolefin-based composites before and after thermal ageing 50
Table 3.4 Impact strengths of eight samples from the HDPE/wax/12CB composite 61

viii



Figure

LIST OF FIGURES
Page

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15
Figure 3.16

SEM-EDS images of the (a) LDPE/12CB, (b) LDPE/wax/12CB, (c)
HDPE/12CB, (d) HDPE/wax/12CB, (e) iPP/12CB and (f) iPP/wax/12CB
composites showing phosphorus (P) as blue dots 32
SEM-EDS of the (a) LDPE/12CB/10Zn, (b)
LDPE/wax/12CB/10Zn, (c) HDPE/12CB/10Zn, (d) HDPE/wax/12CB/10Zn, (e)
IPP/12CB/10Zn and (f) iPP/wax/12CB/10Zn composites showing P and Zn as
blue and yellow dots, respectively 33
DSC heating curves of pure wax, LDPE, HDPE and iPP 36
DSC heating curves of (a) LDPE, (b) HDPE, and (c) iPP and their respective
36
DSC heating curves of (a) LDPE/12CB, (b) HDPE/12CB, and (c) iPP/12CB
showing the effect of blending 38
DSC heating curves of (a) LDPE/22CB, (b) HDPE/22CB, and (c) iPP/22CB
39
DSC heating curves of (a) LDPE/12CB/10Zn, (b) HDPE/12CB/10Zn and (c)
iPP/12CB/10Zn showing the effect of blending 39
DSC heating curves of (a) LDPE/12CB, and (c)
LDPE/12CB/10Zn showing the effect of irradiation 40
DSC heating curves of (a) LDPE/wax/12CB, (b) LDPE/wax/22CB, and (c)
LDPE/wax/12CB/10Zn showing the effect of irradiation 41
DMA results for LDPE and the non-irradiated LDPE/12CB, LDPE/22CB and
LDPE/12CB/10Zn composites 42
DMA results for non-irradiated LDPE/12CB and LDPE/wax/12CB composites
44
DMA results for the non-irradiated LDPE/22CB and LDPE/wax/22CB
44
and
45
45
45
46

layered  images

composites

showing the effect of blending

(b) LDPE/22CB,

composites

DMA the
LDPE/wax/12CB/10Zn composites
Effect of irradiation on the DMA results of LDPE/12CB composites
Effect of irradiation on the DMA results of LDPE/wax/12CB composites
Effect of irradiation on the DMA results of LDPE/22CB composites

results for non-irradiated LDPE/12CB/10Zn



Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21
Figure 3.22

Figure 3.23

Figure 3.24
Figure 3.25

Figure 3.26

Figure 3.27

Figure 3.28

Figure 3.29

Effect of irradiation on the DMA results of LDPE/wax/22CB composites 46
Effect of irradiation on the DMA results of LDPE/12CB/10Zn composites 46
Effect of irradiation on the DMA results of LDPE/wax/12CB/10Zn composites

47
Room temperature resistivity of different polyolefin composites 49
Switching curves of irradiated and non-irradiated LDPE composites 51

Switching curves of irradiated (a) LDPE/12CB and (b) LDPE/12CB/10Zn

composites 53
Switching curves of irradiated and non-irradiated HDPE-based composites

54
Switching curves of irradiated and non-irradiated iPP-based composites 55

Thermal cycling results of non-irradiated (a) LDPE/CB, (b) HDPE/CB and (c)
IPP/CB composites (RT — room temperature; H — heating; C — cooling) 56
Thermal cycling results of irradiated (a) LDPE/CB, (b) HDPE/CB and (c)
iPP/CB composites (RT — room temperature; H — heating; C — cooling) 57
Percentage change in resistivity of non-irradiated (a) LDPE/CB, (b) HDPE/CB
and (c) iPP/CB composites 58
Percentage change in resistivity of irradiated (a) LDPE/CB, (b) HDPE/CB and
(c) iPP/CB composites 59

Impact strengths of pure HDPE and its respective blends and composites 60



CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW
1.1 Introduction

Polymers, with special reference to plastics, are one of the most commercial and widespread
materials in our life [1-3]. In their pure state, due to high electrical resistivity, with the
exception of intrinsically conductive polymers, most of them are typical electrical insulators.
However, doping them with various conductive fillers imparts conductive properties to
polymers, resulting in the formation of conductive polymer composites (CPCs) [4]. These
materials generally comprise a polymeric matrix into which a particulate filler is incorporated.
Common conductive fillers include carbon black (CB), graphite and carbon fibre (CF),
although other fillers such as carbon nanotubes (CNTSs), graphene, metallic powders, flakes
and fibres, as well as metallic oxides and hydrides have also been used [5,6]. CPCs are
multifunctional materials, and can thus be routinely employed in various commercial
applications due to their desirable properties such as good electrical conductivity, light
weight, corrosion resistance and enhanced mechanical properties. Examples of applications
for which CPCs can be employed include heating, shielding materials, actuators, self-heating
plastics, electromagnetic radiation absorbing materials, battery and fuel cell electrodes, as
well as anti-static, corrosion-resistant and positive temperature coefficient (PTC) materials
[7.8].

Electrical resistivity (p), also known as specific electrical resistance, is an inherent property
which indicates how strongly a given material opposes the flow of electric current. Its
reciprocal, electrical conductivity (c), also referred to as specific conductance, measures a
material’'s capacity to conduct current. A low resistivity indicates a material that readily allows
the movement of electric charge, and high resistivity is characteristic of a material that
impedes the flow of charge. These materials can be termed electrical conductors and

insulators, respectively.

The major applications for electrically conductive polymers and CPCs are governed by the
magnitude of their volume resistivity. For insulation purposes, resistivity values above 10 Q

cm are required, while for anti-static applications, the range is 10°-10* © cm. For electrostatic



dissipation applications the range is 10°-10° Q cm, and for semi-conducting materials used in
power cables to avoid partial discharge at the interface between the insulation and the
conductor, the resistivity is around 10% Q cm [9]. CBs are commonly preferred as fillers for
conducting plastics and rubbers due to their low cost and density, relatively high electrical
conductivity, and the specific structures that permit percolation at relatively low filler
loadings. Metal powders are intrinsically more conductive than CB, but they are not as
frequently used because of their tendency to oxidize and to form insulating layers on their

surfaces.

Polymer composites need to undergo an insulator-conductor transition to be conductive. This
occurs when electrically conductive filler is randomly dispersed in a non-conductive polymer
matrix above a critical concentration [10,11]. At low filler contents the conducting particles
are dispersed within polymeric matrix as isolated clusters, while above a critical concentration
of the filler, the clusters begin to join and form paths of inter-connected filler particles, which
results in a conductive network throughout the entire composite. This critical concentration is
referred to as the percolation threshold, and at this transition the composite undergoes a
several orders of magnitude increase in conductivity and dielectric properties [12]. It is crucial
to obtain conducting composites with the lowest possible volume fraction of conducting
particles so as to avoid high costs but still retain easy processability. Conductive filler
increases the effective conductivity of the composites, and the most important volume fraction
is the one slightly above the percolation threshold. When the filler loading is below the
critical concentration, the composites are anti-electrostatic and can thus be employed for anti-
static applications. However, above the threshold, the percolated composites are suitable for

electrical switching.

Electrical switching can be attained by using a material whose resistivity increases sharply as
a consequence of a certain circumstance, e.g., when the temperature or electric field rises
beyond a threshold value. The switching provides protection for electronic devices from
damage caused by exceeding the threshold. Semi-crystalline polymers filled with electrically
conductive particles are usually employed for electrical switching. Conductive fillers such as
CB, graphite, coke, CFs and titanium diboride (TiB,) have been utilized for electrical
switching. However, due to its low cost and particulate nature, CB is the most preferred filler.
Effective “switching” materials usually contain filler contents slightly above the upper limit
of the percolation region [13-16]. There are two phenomena involved in electrical switching:

2



positive temperature coefficient of resistivity (PTCR) and negative temperature coefficient of
resistivity (NTCR). The former takes place just before the melting point of the matrix while

the latter occurs after melting of the polymer crystals.

Near the polymer melting region, carbon-filled composites exhibit a drastic resistivity
increase with an increase in temperature [17-19]. The matrix undergoes a rapid expansion in
the vicinity of melting, and since the thermal expansion coefficient of the polymer matrix is
larger than that of the filler, voids are formed between filler particles and aggregates, that
break the conductive pathways and hinder conduction. This phenomenon is known as the
positive temperature coefficient (PTC) effect, and the abrupt rise in resistivity provides
switching [20]. The negative temperature coefficient (NTC) effect occurs immediately after
the switching. As the polymer melts, conductive paths form again and distribute as
agglomerates in the melt, rendering the composites conductive again. This is a consequence of
the relaxation of the polymer structure due to the low viscosity of the matrix at high
temperatures, which significantly increases the mobility of the CB particles in the composites
[21,22]. The PTC phenomenon is a disadvantage in cable engineering, but it can be
successfully used in several other industrial applications, such as self-regulating electric
heaters, current limiters, overcurrent protectors and various sensors involving temperature
fluctuations [23].

Just like any other system, thermo-switch materials have their flaws. Examples include the
instability of the resistivity behaviour with temperature due to the presence of the NTC effect,
which causes the PTC effect to lose its significance. Furthermore, where high conductivity is
a requirement, satisfactory switching behaviour is seldom achieved. Generally, low-
conductivity materials exhibit significant switching behaviour, while high-conductivity
composites show poor switching behavior [13-16]. Since the NTC effect is a disadvantage in
switching applications, practical methods to eliminate it include crosslinking, either
chemically with peroxides or by irradiation with electron beam (EB) or y-rays [14]. Adding
rubber as a ‘mechanical stabilizer’ to CB/wax mixtures [24] and using mixtures of two kinds
of CB with polyethylene (PE) [13] have also been employed. CB particles apparently become
attached to or entrapped in the crosslinked network, and crosslinking increases the viscosity
of the matrix resulting in a marked reduction of movement of intermolecular segments, which
fixates the structure and decreases the carbon particle freedom of movement, preventing them

from re-agglomerating above the polymer melting temperatures [6]. When ultra-high
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molecular weight polyethylene (UHMWPE) was used as one of the blend components [19,25-
27], the reproducibility of the resistivity behaviour was satisfactory, since UHMWPE
minimizes the migration of the conductive particles due to its high viscosity even at elevated

temperatures.

1.2 Literature review

1.2.1 Polymer/wax blends

Blending of paraffin wax with polyolefins is well documented in literature [28-42]. Various
processing techniques such as melt-mixing, melt-extrusion and mechanical methods were
used to prepare the blends. Melt-mixing proved to be more appealing to most researchers,
probably due to its quick, simple and cost-effective mode of operation. Different grades of
paraffin wax with different melting temperatures were utilized, including medium-soft, hard
and oxidized paraffin wax. These grades of paraffin wax gave rise to different physical
properties, depending on the type of polymer used. Various microscopic techniques were used
to determine the morphology of the blends, and different grades of paraffin wax gave rise to
different morphologies. The authors reported mainly on phase-separation, continuity, and

interfacial interaction of the blend components.

In one study, polypropylene (PP) was investigated as a potential matrix for the creation of
shape-stabilized phase change materials (PCMs) [37]. Separate crystal fractions were
observed for PP and wax and there was also no indication of co-crystallization on micro level,
suggesting complete immiscibility between the two components. Low-density polyethylene
(LDPE) exhibited different morphologies when blended with hard and soft paraffin wax [32].
The former blend showed a fairly homogeneous surface with only a slight indication of wax
separation, while pronounced phase separation was clearly observed in the latter case. Since
the crystalline structure is the same for both types of waxes, the different behaviour of these
waxes was attributed to their different molecular weights. Apparently soft wax, due to its
lower molecular weight and resulting lower viscosity, was able to separate from the blends
much easier than hard wax with its higher molecular weight. In high-density polyethylene
(HDPE)/wax blends [40-41], paraffin wax was found to be compatible with HDPE since the
former is a homologous compound of the latter, i.e. they have similar chemical structures. The



authors observed that paraffin, which was employed as a PCM, was fairly well dispersed in
the three-dimensional net structure formed by HDPE, which acted as a supporting material.

The thermal properties of polymer/wax blends were determined using differential scanning
calorimetry (DSC). The authors reported mainly on the effect of wax on the melting
temperatures, multiplicity of endothermic peaks as well as the melting enthalpy values of the
polymers. Blending of wax with different polymers produced different behaviour, depending
on the grade of wax used or the type of the matrix employed. It was generally observed that
increasing the wax content induced a reduction in the melting temperatures [30,32,35,39-
40,42] and an increase in the melting enthalpies of the blends [28-29,31-32,36,39,42].
However, an increase in the wax content of the blends did not influence the melting
temperatures in certain studies [29,33]. Paraffin wax was also found to be mostly miscible
with the polyolefins in the crystalline phase at low wax contents, forming a single
endothermic peak in the blends. However, at higher wax contents, multiple endothermic peaks
were observed, which corresponded to the melting peaks of pure components, thus suggesting
partial or no miscibility. The thermal behaviour of low and high molecular weight paraffin
waxes used for designing PCMs was investigated in one study [43]. In its unblended state,
soft wax exhibited two well-resolved endothermic peaks. The low-temperature endothermic
peak was attributed to a solid-solid transition, while the higher temperature endothermic peak

was due to a solid-liquid transition.

Comparison of LDPE, LLDPE and HDPE as matrices for PCMs based on a soft Fischer—
Tropsch paraffin wax was investigated in another study [30]. Two clearly defined
endothermic events were observed for all the blends — the first event corresponded to the
transitions within the wax structure while the second event was associated with the melting of
the polymer crystallites. The melting peak temperature of LDPE in the blend was significantly
lower than that of the pure polymer, and the temperature further decreased with increasing
wax content. This behaviour was probably the result of the molten wax which had a softening
effect on the matrix. This effect was more pronounced in HDPE, because paraffin wax had the
lowest miscibility with HDPE, and it therefore had the strongest influence on its melting

temperature.

PP was also blended with paraffin wax [37-38]. In the one study, a single endothermic peak

was observed at very low wax contents, since PP and wax can in principle not be miscible due
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to different crystallization behaviours, this was ascribed to macroscopic homogeneity at this
concentration. At higher concentrations of wax, two other significant peaks were observed,
implying that no macroscopic homogeneity was observed in the solid state. An increase in
wax content slowly led to a decrease in melting temperatures and an increase in the specific
enthalpy of melting. Complete immiscibility of soft and hard wax with PP was observed in
the other study. The melting point of the PP component in the blends decreased with an
increase in wax content, which indicated a softening effect on the PP by both waxes. The
specific melting enthalpy related to the wax content increased with an increase in wax

content, whereas that related to the PP content decreased.

Dynamic mechanical analysis (DMA) was used to investigate the thermo-mechanical
properties of paraffin wax blends. The effect of wax on the storage modulus, loss tangent and
to a lesser extent loss modulus of the polymer was investigated. Different relaxations, i.e. a,
and vy, were observed, and wax was found to generally reinforce the matrices below their
melting temperatures, softening them in their molten states. For example, this behavior was
observed when LDPE was blended with hard and soft paraffin waxes [32]. The latter
reinforced the PE matrix below its melting temperature by acting as a highly crystalline filler
that immobilized the polymer chains at the crystal surface. However, this matrix
reinforcement, which also yielded high modulus values, did not seem to depend on wax
concentration in the studied concentration range. For loss tangent in injection-molded
HDPE/wax blends [35], neat HDPE displayed a single peak and in the case of the blends, two
peaks were observed. The first one corresponded to an a-relaxation (Tg) of PE, while the
second one represented the Ty of paraffin wax. This was attributed to the immiscibility
between the components of the blend. For the storage modulus, two kinds of behaviour were
identified in the vicinity of the melting temperature of wax. In its solid state, paraffin wax
reinforced the PE matrix by immobilizing the polymer chains, leading to a higher modulus of
the polymer. However, above the wax melting, the decrease of the modulus was more

pronounced, especially in the blends containing higher wax content.

PP was also blended with soft and hard paraffin waxes [37]. In the case of the former,
increasing the wax content induced a corresponding drop in the storage modulus, which was
attributed to the plasticizing effect of the PP matrix by the wax component. This was a
consequence of the changes in mechanical properties due to different structures and especially

molar masses of the components. There was only a slight change in elastic modulus at lower
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temperatures, and the observed relaxation peak was attributed to a solid-solid transition in the
wax. The first relaxation peak of PP overlapped the wax melting peak, while the second
relaxation peak of PP, which occurred below its melting, was shifted to lower temperatures in
the blends. The melting temperature of the material generally decreased with an increase in

wax content, and the effect was more pronounced in the blends with high wax contents.

The effect of crosslinking on the properties of blends of polyolefins with wax was
investigated in a few studies. Dicumyl peroxide (DCP) [29, 34] and dibenzoyl peroxide
(DBP) [31] were used as crosslinking agents. Increasing the content of the crosslinking agent
generally yielded a corresponding increase in the gel content, and thus the crosslink density of
the blends. It was observed that the gel content generally decreased with an increase in wax
content, possibly due to the low molecular weight of wax. It was also noted that because of
wax’ short chains, the peroxides were not effective in small concentrations to sufficiently
crosslink the wax chains in the blends to form an insoluble network. However, at high
concentrations, the crosslinking agents seemed to be more effective, even at high wax
contents, suggesting that wax also contributed to the final gel content, hence a much higher
gel content was measured. At low peroxide concentrations, only the PE phase was
crosslinked, because wax needed a much higher concentration of peroxide for crosslinking.
Crosslinking was found to generally reduce the crystallinity of the blends, causing the

crystallization temperature to decrease with an increase in peroxide concentration.

1.2.2 Conductive polymer composites

A variety of electrically conductive fillers with different dimensions were used to prepare
CPCs, amongst which were CB, CNT, CF and graphite. Different processing techniques such
as melt-mixing, solution-mixing, mechanical-mixing and emulsion copolymerization were
used to prepare the composites. A number of studies investigated the morphology of CPCs
[6,44-46]. In PP/CB composites [46], carbon particles were interconnected in a network,
suggesting that the system had already percolated. In HDPE/CB composites [6], due to the
action of radiation, a sol-gel structure was observed and the CB particles were dispersed in
and bound to the crosslinked networks (gel), which significantly limited the movement of
these particles. In paraffin wax/graphite composites, the nano-platelets were either embedded
in the paraffin matrix or lying on the surface. It was reported that the particles in paraffin

nano-composites maintained their platelet-like shape due to the low viscosity of the polymer

7



matrix [44]. However, in another study [45], it was observed that the dispersion of the
graphite particles in the paraffin wax was uniform. The nano-platelets were fairly well-
dispersed in the paraffin, and were even slightly covered by the paraffin. In iPP/carbon nano-
particle (CNP) composites [47], CNPs were finely dispersed in the iPP matrix at low filler

contents. However, at higher loadings, there was a tendency to form agglomerates.

Combining different conductive fillers can significantly improve the electrical conductivity of
CPCs. Graphite, CB, CF, multi-walled carbon nanotubes (MWCNTS), double-walled carbon
nanotubes (DWCNTS), bismuth telluride (Bi,Tes) and silver flakes have been used to create
hybrid fillers. The hybrid composites were prepared through methods such as mechanical-
mixing, solution-mixing and melt-mixing. The composites generally exhibited good electrical
conductivity and better dispersion in the matrices. In one study [49], UHMWPE granules
were coated with a CNT/Bi,Te; hybrid filler, and a segregated network in which the
conducting CNT/Bi,Te; layers were predominantly located at the interfaces between
UHMWRPE granules was formed throughout the composite. The addition of graphite oxide
(GO) sheets to MWCNTSs greatly reduced the size of their aggregates, and improved their
dispersion [50]. Apparently the MWNTS linked up with the GO sheets, which promoted the
formation of a conductive network at a much lower filler content compared to pristine
MWNTs, causing the hybrid filler to disperse uniformly in the PP matrix. In silver-filled
hybrid composites [51], the dispersion of DWCNTSs in the hybrid composite led to the
formation of agglomerates of very long CNT bundles, while MWCNTs were more
individualized and well-dispersed between the silver flakes. This was attributed to the very
high surface areas of the DWCNTSs. A synergistic effect was found in MWCNTSs/CB hybrid
filler composites [52], where CB addition improved the MWCNT dispersion and also reduced
the size of big primary nanotube agglomerates. In PP/CF/CB composites [53], both the CF
and CB particles were uniformly distributed in the PP matrix and the hybrid structure of the

filler was successfully formed.

The thermal properties of paraffin wax/exfoliated graphite (EG) composites were investigated
[44]. It was observed that the melting and crystallization temperatures were not significantly
affected by the addition of the nano-platelets. The melting and crystallization enthalpies for
the paraffin nano-composites were similar to that of the neat paraffin at low filler
concentrations. However, at high loading levels, the composite’s ability to absorb and release

heat was degraded because of the increasing replacement of paraffin wax with filler particles.
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It was also noted that the incorporation of graphite particles into the paraffin wax did not
reduce its phase-change efficiency. Rather, an increase in filler content led to a slight
improvement in the wax’ heat absorbing and releasing capacity. Similar results were obtained
in another study [45], where it was reported that the thermal characteristics of the composite
PCM were very close to those of the pure paraffin. This was because there was no chemical
reaction between the paraffin and the EG in the preparation of the composite PCM. In
PP/graphene [54] composites, the values of the melting temperature and the degree of
crystallinity did not change significantly with filler addition. However, a significant increase
in the crystallization temperature indicated that the graphene nano-sheets were acting as

nucleating agents in the nano-composites.

The effect of annealing on the thermal properties of LDPE/CB composites were investigated
in one study [55]. It was observed that the peak temperatures of phase transitions of the
polymer matrix were higher for the annealed samples, and the crystallization of the polymer
matrix tended to be more perfect with an increase in annealing temperature. Due to the
reduced volume fraction of the amorphous region, the dispersed CB particles were more
compressed, and the filler content per unit volume increased, resulting in lower resistivity at
room temperature which made the PTC intensity increase. In an investigation of the thermal
properties of recycled PP/CB composites, it was found that the enthalpy of fusion was higher
for the recycled PP compared to that of the pristine PP [46], and the difference was attributed
to a decrease in the molecular weight due to degradation. In iPP/CNP nano-composites [47],
there was a clear shift in melting temperature to higher values, which was attributed to the
crystallization effect of the CNPs. Apparently CNPs can act as a nucleating agents, increasing

the rate of crystal formation, but significantly reducing the size of the formed crystallites.

CNPs imparted a toughening effect on the polymer in iPP/CNP nano-composites [47], and the
storage modulus increased with an increase in the CNP content at low temperatures. However,
this increase was less obvious at higher temperatures, since the mobility of the iPP
macromolecules was very high above its T4. At low CNP concentrations, the T4s of the nano-
composites were almost the same as those of the neat polymer. Usually, the T4 of a polymer
matrix tends to increase with the addition of nanoparticles, due to the interactions between the
polymeric chains and the reduction of their mobility at the interface around the nanoparticles.
In this case, weak changes in the glass transition temperature were observed, probably due to

agglomeration of the CNPs at a higher filler content. An increase in the storage modulus with

9



increasing graphene nano-sheet content was observed in PP/graphene nano-composites [54],
which was attributed to the reinforcing effect of the graphene. However, this effect was more
significant above the Ty when the PP chain mobility was sufficiently high, and it was higher
in the iPP materials prepared by in situ polymerization than in the solution-blended nano-
composites [56]. The rigidity imparted by the graphene slightly modified the amorphous
regions, and small differences were observed in the location and intensity of the B-transition,
causing it to move slightly to higher temperatures. Due to changes in the mobility within the
crystallites, the a-transition also shifted to higher temperatures, and its intensity in the nano-

composites was lower than that in the neat iPP.

In investigations of the thermo-electrical properties of conductive polymer composites it was
found that, in HDPE/CB composites, crosslinking slightly increased the resistivity of the
materials, and increasing the radiation dose caused an increase in the PTC intensity and totally
eliminated the NTC effect [6]. The influence of crystalline and aggregate structures on the
PTC characteristics of conductive PE/CB composites was also investigated [55]. The
resistivity behaviour of HDPE/CB, LDPE/CB, EVA/LDPE/CB and PMMAJ/CB were
compared. All the composites exhibited both PTC and NTC effects, but the PTC intensity of
the PMMA/CB system was very weak because of its amorphous nature. HDPE/CB showed
the highest PTC intensity due to the larger expansion accompanying crystalline melting. In
the LDPE/CB composites, the PTC intensity increased with an increase in annealing
temperature while the NTC intensity decreased. This implied an improvement in the
switching sensitivity. The PTC intensity initially increased with increasing annealing time,

but levelled off at longer annealing times.

The electrical properties of hybrid composites were investigated in a few studies [48-50,53].
In one study [48], CF and graphite blend composites were compared. The PTC of the CPCs
containing CF was markedly lower than that of the CPCs with graphite. Conductivity was
also observed to be more strongly dependent on filler concentration in the CF-based CPCs
than in the graphite-based materials. This was attributed to the relatively longer CF particles,
which were more likely to form continuous conductive pathways in the polymer blend. The
graphite/CF hybrid filler exhibited significantly higher conductivity than the neat graphite.
Apparently the CF bridged the separated and unconnected graphite particles, thereby
increasing the net conductivity of the composites. Similar results were obtained in another

study [49], where the thermo-electric behaviour of segregated CPCs with hybrid fillers of
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CNTs and Bi,Te; was investigated. At a high CNT loading, the electrical conductivity of the
hybrid composites increased, suggesting the Bi,Tes; particles had a positive impact on the
formation of CNT networks. Improved electrical conductivity was also observed in
PP/GO/MWNTs composites [50], indicating that hybrid fillers more easily formed effective
and continuous conducting paths or networks in a PP matrix than pristine MWCNTSs.
Incorporation of CB into PP/CF composites also improved the conductivity with an increased
loading of CF [53]. The significant improvements in the electrical conductivity of the
composites were attributed to the formation of effective three-dimensional conductive

pathways composed of CF and CB in the PP matrix.

The effect of crosslinking on the electrical properties of conducting composites was
investigated in a few studies where EB [6,10] and y-irradiation [57] were used. Since CB
particles locate in the amorphous regions of semi-crystalline polymers, and because the
crosslinking by irradiation also takes place preferentially in the amorphous regions [58], the
freedom of movement of the CB particles may be reduced as a consequence of the shrinking
of the amorphous phase induced by irradiation and the formation of crosslinks. In HDPE/CB
composites [10], crosslinking was very effective in stabilizing the percolation network. The
significant improvement in the conduction stability, even after electric field action, was
ascribed to the restricted mobility of the polymer chains in the amorphous region where the
CB particles were dispersed. In UHMWPE/CB composites [57], increasing the filler content
led to a significant increase in surface conductivity at low irradiation doses. However, higher
irradiation doses caused the breaking of the conductive carbon chains on the composite

surface due to increased crosslink density, which led to a sharp decrease in conductivity.

1.2.3 Polymer blend composites

These composites are usually prepared via melt-mixing, while other processing techniques
such as solution-mixing and mechanical-mixing have also been employed. Different
morphologies were obtained owing to various kinds of fillers with different dimensions. In
LDPE/paraffin/graphite blend composites [59], it was observed that paraffin and LDPE were
mixed uniformly and formed a dense network into which the graphite particles were
uniformly dispersed. EG [60] showed much better dispersion of the smaller graphite particles
and a more well-defined thermally conductive network. In conducting CB/PP/EVA

composites, the distribution of CB in the blend was in the form of distinct particles below the
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percolation threshold. However, above this critical concentration, the filler was in the form of
fibrils that formed aggregates. An obvious percolation network was formed by these

aggregates, rather than the individual particles [61].

In a study where LDPE, LLDPE and HDPE were blended with paraffin wax and filled with
copper (Cu) particles, the composites generally showed a two-phase morphology, which
suggested immiscibility between the PE and the wax [62]. The copper particles were covered
by a wax layer, which indicated that the Cu particles had a higher affinity for the wax. This
preferable crystallization of the wax onto the Cu particles was attributed to the incompatibility
of the wax and the PEs, as well as to the thermodynamically more preferred adsorption of the
smaller wax molecules onto the rough Cu surfaces. Crosslinked HDPE particles were
incorporated in HDPE/CB composites in another study [18], and a two-phase morphology
was observed. The CB particles were dispersed in the HDPE phase, and the addition of
crosslinked HDPE particles increased the effective CB concentration in the HDPE matrix and
thus lowered the room-temperature resistivity of the composites. In another study [63], it was
found that CF particles oriented randomly in the LMWPE/UHMWPE blends. At low filler
content most of the fibres were detached, but at higher loadings most fibres were connected
with each other, forming conducting paths. However, voids were also observed, which

indicated incomplete adhesion between the PE and the CF particles.

In PP/polystyrene (PS)/CB blend composites [11], CB was found to preferentially localize in
the PS phase due to the differences in chemical affinity between the polymers and the additive
filler. A two-phase morphology was also observed in PPFUHMWPE/CB composites [19]. The
CB particles were situated at the interface between the two polymers. After saturation, due to
the high viscosity of UHMWPE, the CB particles were forced to further disperse in the

continuous PP phase.

Investigation of the thermal properties of a new kind of shape-stabilized PCM with PTC
effect showed two endothermic events [59]. The first was characterized by solid-solid as well
as solid-liquid transitions in the paraffin, while the second event showed a small solid-liquid
transition for LDPE due to its low content in the PCM. The switching temperatures were
determined by the solid-solid, as well as the solid-liquid, phase transitions of the paraffin,
which occurred at about 25 and 45 °C, respectively. The temperatures at which the PTC

effects of the materials occurred were therefore related to the phase change temperatures of
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paraffin in the PCM. Thermally conductive PCMs for energy storage based on LDPE, soft
Fischer—Tropsch wax and graphite were also studied [60]. Two endothermic peaks for wax
were observed for pure wax, but when blended with LDPE, even in the presence of graphite,
there was a peak shoulder just after the main peak, which could have been the result of co-
crystallization of the lower molecular weight fractions of the LDPE with the wax. Pure LDPE
also exhibited two endothermic peaks, but only one peak was observed in the blends, which
was attributed to the molten wax in some way inhibiting the crystallization of the LDPE. The
presence, type and amount of graphite did not really influence the crystallization and melting
behaviour of the wax and LDPE. In CB/PP/EVA blend composites [61] the addition of EVA
and CB led to a decrease in the melting temperatures and enthalpies, indicating a decrease in

the crystallinity of the PP.

For LDPE/wax/Cu, LLDPE/wax/Cu and HDPE/wax/Cu blend composites [62], it was
reported that the presence of Cu micro-particles did not significantly affect the thermal
behaviour of the PE/wax blends, even though the wax seemed to have a higher affinity for Cu
and preferably crystallized on its surface. The introduction of CF also did not have a
significant effect on the thermal properties of LMWPE/UHMWPE blends. The crystallinity

and grain size were found to be independent of CF contents.

An investigation of the thermo-mechanical properties of LDPE/wax/graphite blend
composites showed that the presence of wax reduced the storage modulus of LDPE below and
above its glass transition [60]. This decrease was quite significant above the wax melting
temperature. This was attributed to the softening effect of wax on the matrix. Increasing the
graphite content increased the storage modulus, with this effect being more significant for EG.
The blends with higher graphite contents had storage modulus values of the same order of
magnitude as those of LDPE, indicating that the presence of graphite reinforced the
composites and countered the softening effect of the wax. The T, of LDPE broadened and
shifted to higher temperatures because the wax crystals and graphite particles in the

amorphous phase of the LDPE immobilized the polymer chains.

The thermo-electrical properties of PCMs and other blends were investigated in a few studies
[18-19,59,63-64]. Generally the low molecular weight (i.e. low melting point) components
determined the PTC temperature in the composites. The composites exhibited a double PTC

effect at temperatures corresponding to the solid-solid and solid-liquid transitions of wax [59].
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The wax composites showed a sharp decrease in resistivity above its melting temperature,
while no NTC effect was observed when n-alkanes were used as blending components [64].
The graphite content, as well as the mass proportions of LDPE/paraffin had no influence on
the temperatures at which the PTC and NTC phenomena occurred. Another study [61] found
that the addition of EVA to CB/PP composites was essential in the formation of conductive
paths. The incorporation of the crosslinked HDPE particles in HDPE/CB composites led to a
decrease in room-temperature resistivity [18]. Apparently the crosslinked HDPE played the
role of a filler which increased the CB volume fraction in the HDPE matrix. In PPJUHMWPE
composites a sharp increase in the resistivity of the composites occurred in a similar
temperature range as the melting of the UHMWPE and PP crystallites [19], which was termed
the double PTC effect. The PTC effects observed around the melting temperatures of the
semi-crystalline polymers were attributed to the volume expansion as a result of the melting
of UHMWPE and PP crystallites, and the PTC intensities strongly depended on the CB
content. Usually low CB content composites showed a higher room temperature resistivity
and PTC intensity, while high CB content showed a lower room temperature resistivity and
PTC intensity. A better PTC effect was observed for LMWPE and UHMWPE blends
containing CF blends than for the comparable CB containing blends [63]. At the melting
temperature of LMWPE, the thermal expansion of LMWPE was restricted by the solid
UHMWPE, enabling the CF to maintain good electrical conductivity. However, an abrupt
resistivity rise was observed at the onset of the melting of the UHMWPE, which resulted from
the breaking of the conductive paths. The PTC effect was found to be dependent on the CF

content.

Certain studies demonstrated the effect of radiation crosslinking on the resistivity behaviour
of the blend composites [18,23]. EB and y-irradiation were used to crosslink the blend
composites. The degree of crosslinking generally increased with increasing irradiation dose,
but the gel content of the EB-irradiated compounds was higher than that of the y-ray irradiated
composites. This was attributed to the dose rate effect. An increase in the gel content induced
an increase in the room temperature resistivity and a decrease in NTC intensity. For example,
in a HDPE/crosslinked HDPE/CB system [18], at low irradiation doses, increasing the y-
irradiation dose caused a slight decrease in the PTC intensity, and the composites exhibited an
NTC effect above the melting temperature of the HDPE. In contrast, EB irradiation
effectively eliminated the NTC effect at lower doses compared to the y-irradiation. A small
NTC effect was observed in uncrosslinked PE/EPDM/EVA/CB composites, while a sharp
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NTC effect was observed in HDPE/CB systems [23]. This was attributed to the inclusion of
elastomers and different CB characteristics. However, in a well-crosslinked sample of
PE/EPDM/EVA/CB, room temperature resistivity increased slightly, and the initially
observed small NTC effect practically vanished. Crosslinking was thus found to eliminate the
NTC effect and enhance the PTC intensity and the electrical reproducibility of the
composites. Apparently a crosslinked matrix traps the CB particles, allowing them to
redistribute during the movement and expansion of the matrix at high temperatures, but
returning them to their original positions when the composite is cooled. This stabilizes the
PTC behaviour, eliminates the NTC phenomenon, and improves the reproducibility of the
resistivity behaviour. However, in another study [19], elimination of the NTC effect was
achieved by using a very high viscosity semi-crystalline polymer such as UHMWPE as one of

the blend components.

1.3 Objectives of the study

% Investigate the effect of a medium-soft Fischer-Tropsch paraffin wax (M3 wax), y-
irradiation and Zn metal powder as second filler on the thermo-electrical behaviour of
polyolefin/CB composites. CB (activated charcoal) powder was chosen as the main
filler due to its low cost and relatively good conductive properties. LDPE, HDPE and
iPP were used as semi-crystalline matrices due to their wide utilization and differences
in morphologies and properties.

«+ Study the thermal properties of the composites using differential scanning calorimetry
(DSC) in order to understand the influence of the presence and amount of filler on the
melting temperatures and enthalpies of the polymers in the composites.

+«» Establish the morphologies of the composites by studying the phase separation,
continuity, and interfacial adhesion of the blend and composite components by using
polarizing optical microscopy (POM) and scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS).

+«» Determine the toughness of the composites through impact testing in order to establish
their resilience during application.

++ Determine the viscoelastic properties of the composites by analyzing the effect of the
filler and blending on molecular relaxation processes such as the glass transition and
other secondary transitions, as well as intrinsic mechanical properties such as elastic

modulus, viscous modulus and damping coefficient (tan d) of the polyolefins.

15



14

[1]

[2]

[3]

[4]

[5]

[6]

[7]

Study the effect of CB content (12 and 22 vol.%) and blending on the room
temperature resistivity, PTC intensity and switching temperature of the composites.
Check the influence of y-irradiation on the room temperature resistivity, PTC
intensity, NTC intensity and electrical stability of the materials.

Compare the hybrid 12CB/10Zn filler with neat 22CB by studying the effect Zn has

on the resistivity behavior of the composites.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Materials

Low-density polyethylene (LDPE) was supplied in pellet form by Sasol Polymers,
Johannesburg, South Africa. It has a melt flow index (MFI) of 7 g/10 min (ASTM D-1238)
and a molecular weight of 96 000 g mol™. It has a density of 0.918 g cm™ and a melting point
of 110 °C.

High-density polyethylene (HDPE) was supplied in pellet form by Safripol, Sasolburg, South
Africa. It has a melt flow index (MFI) of 2 g/10 min (ISO 1133), a molecular weight of 230
489 g mol™, a density of 0.956 g cm™ and a melting point of 134 °C.

Isotactic polypropylene (iPP) was supplied in pellet form by Sasol Polymers, Johannesburg,
South Africa. It has a melt flow index (MFI) of 12g/10 min (230 °C/2.16 kg), a molecular
weight of 399 000 g mol™, a density of 0.9 g cm™ and melting point of 165 °C.

Medium-soft Fischer-Tropsch paraffin wax (M3 wax) was supplied in powder form by Sasol
Wax, Johannesburg, South Africa. It consists of approximately 99% of straight-chain
hydrocarbons and a few branched chains. It has an average molar mass of 440 g mol™ and a
carbon distribution between C15 and C78. Its density is 0.90 g cm™ and it has a melting point
range of ~40-60 °C.

Carbon black (activated charcoal) was supplied by Minema Chemicals, Northcliff, South
Africa. The particles have an ash content of 2%, moisture content of < 15%, and particle sizes

of 7-75 um.

Zinc metal was supplied in powder form by Merck Chemicals, Wadeville, South Africa. The

metal particles are < 150 um in size and their purity is 99.995%.
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2.2 Methods

2.2.1 Sample preparation

It is common knowledge that carbon blacks (CBs) readily absorb moisture from the
atmosphere. Therefore, prior to sample preparation, the activated charcoal powder was dried
in an oven at 120 °C for 24 hours to eliminate any traces of humidity and to avoid the

formation of lumps.

The composites and blend composites were prepared via melt compounding with the aid of a
Brabender Plastograph with a 55 cm?® internal mixer. CB composites with 12 (12CB) and 22
(22CB) vol.% (~25 and 40 wt.%, respectively) content, as well as 12 vol.% CB/10 vol.% Zn
(12CB/10Zn) hybrid composites, were prepared while the polyolefins were blended with wax
in fixed 90/10 volume ratios. Tables 2.1 and 2.2 provide the different compositions and
proportions for the composites as well as the blend composites. The mixing was conducted
for 15 minutes at a rotor speed of 50 rpm at 140, 160 and 190 °C for LDPE, HDPE and iPP
respectively. For the composites, the polymer was first fed into the heated mixer, followed by
the addition of the filler 5 minutes later, whereas for the blend composites, the filler was
added into the mixing chamber 5 minutes after the addition of the mechanically pre-mixed
blend components. The samples were then melt-pressed at the same temperature for 5 minutes
under 50 kPa using a hydraulic melt-press. The resulting square sheets were allowed to slowly
cool to room temperature between two aluminium plates. The test samples were then cut

accordingly for various analyses.

2.2.2 Sample analysis

2.2.2.1 Scanning electron microscopy — energy-dispersive X-ray spectroscopy (SEM-
EDS)

SEM is a microscopy technique in which a high-energy beam of electrons is scanned across a
sample's surface in a vacuum chamber in a raster scan pattern. When the electrons strike the
sample, a variety of signals, in the form of either X-ray fluorescence, secondary or back-
scattered electrons, are generated [1]. Interaction of the primary beam with atoms in the

sample causes shell transitions which result in the emission of an X-ray. The emitted X-ray
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has an energy characteristic of the parent element. Detection and measurement of the energy

permits elemental analysis in EDS.

Table 2.1 Volume percentages of samples for the preparation CB composites

Sample Vol.% LDPE | Vol.% Wax Vol.% CB
LDPE/12CB 88 0 12
LDPE/22CB 78 0 22

LDPE/wax/12CB 80 8 12
LDPE/wax/22CB 70 8 22
Vol.% HDPE | Vol.% Wax Vol.% CB
HDPE/12CB 88 0 12
HDPE/22CB 78 0 22
HDPE/wax/12CB 80 8 12
HDPE/wax/22CB 70 8 22
Vol.% iPP Vol.% Wax Vol.% CB
iPP/12CB 88 0 12
iIPP/22CB 78 0 22
iPP/wax/12CB 80 8 12
iPP/wax/22CB 70 8 22

Table 2.2 Volume percentages of samples for the preparation of 12CB/10Zn hybrid

composites

Sample Vol.% LDPE | Vol.% Wax | Vol.2% CB | Vol.% Zn

LDPE/12CB/10Zn 78 0 12 10

LDPE/wax/12CB/10Zn 70 8 12 10
Vol.% HDPE | Vol.% Wax | Vol.% CB | Vol.% Zn

HDPE/12CB/10Zn 78 0 12 10

HDPE/wax/12CB/10Zn 70 8 12 10
Vol.% iPP | Vol.% Wax | Vol.% CB | Vol.% Zn

iPP/12CB/10Zn 78 0 12 10

iPP/wax/12CB/10Zn 70 8 12 10
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In SEM, the nature of the sample determines the preparation of the sample, since appropriate
samples may be examined directly with little or no prior preparation. Unfortunately, most
polymers present specific problems making them inappropriate. Therefore proper sample
preparation is necessary prior to characterization, and these include plasma etching,

conductive coatings through evaporation or sputtering and chemical etching methods [2-3].

SEM analyses for this study were carried out using a TESCAN Vega 3 scanning electron
microscope with an Oxford X-Max" energy-dispersive X-ray spectroscope. Samples were
frozen in liquid nitrogen, fractured by simply breaking the specimen into an appropriate size
to fit the specimen chamber, and then mounted onto the holder. The analysis was done at
room temperature and since the samples in this study are electrically (semi) conductive, the

fractured samples were not coated prior to recording the SEM-EDS images.

2.2.2.2 Differential scanning calorimetry (DSC)

DSC is a thermo-analytical technique that provides quantitative information on thermal
transitions in materials, especially polymers. These are the changes that occur within a
polymer when it is either heated or cooled at a controlled rate. DSC measures the heat
required to maintain the same temperature in the sample and an appropriate reference material
during controlled heating. DSC can be used to measure the temperatures, enthalpies and
changes in heat capacity of physical transitions such as melting, crystallization, glass
transition, degradation, dehydration, decomposition, polymer curing, glass formation and
oxidative attack [2,4-10].

The DSC analyses were performed using a Perkin Elmer DSC6000 differential scanning
calorimeter under nitrogen (N2) atmosphere (flow rate of 20 ml min™). The instrument was
computer-controlled and the peak analyses were done using Pyris software. The instrument
was calibrated using the onset temperatures of melting of indium and zinc standards, as well
as the melting enthalpy of indium. The samples (mass range 5-10 mg) were sealed in
aluminium pans and heated from 20 to 190 °C at a heating rate of 10 °C min™, and cooled
under the same conditions. The same conditions were used for heating the samples in the
second scan. The peak temperatures of melting and crystallization, as well as the melting and
crystallization enthalpies, were determined from the cooling and second heating scans to

eliminate the effects of thermal history. All the DSC measurements were repeated three times
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for each composition. The temperatures and enthalpies are reported as average values with
standard deviations.

2.2.2.3 Dynamic mechanical analysis (DMA)

DMA provides valuable data on the viscoelastic properties of materials, particularly polymers.
Viscoelasticity describes the time-dependent mechanical properties which in limiting cases
can behave as either elastic solids or viscous liquids. The basic principle is the application of
an oscillating force to a sample while heating or cooling it over a temperature range, and
analysing the material’s response to that force. The dynamic response of the material can be
divided into two characteristic quantities: the elastic and viscous parts. The former defines the
energy stored in the system, whereas the latter describes the energy dissipated during the
process. The damping coefficient (tan 6), which is the ratio of the loss to storage modulus,
measures the internal friction of the material and indicates the amount of energy lost in the

material as dissipated heat.

DMA can be used to study molecular relaxation processes such as the glass transition and
other secondary transitions. Flow, as well as intrinsic mechanical properties such as elastic
modulus (storage modulus, E"), viscous modulus (loss modulus, E"), and damping coefficient

(tan 9) as a function of time, temperature, or frequency can be determined.

The dynamic mechanical properties of the composites in this work were studied using a

Perkin EImer Diamond DMA. The settings for the analyses were as follows:

Frequency 1Hz
Amplitude 20 pm
Temperature range -120 to +100 °C
Temperature program mode Ramp
Measurement mode Compression
Heating rate 3°C min™
Preloading force 0.02N

Disc thickness 1.4-1.6 mm
Disc diameter 10 mm
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2.2.2.4 Electrical properties

Electrical resistivity describes the ratio of the applied voltage to the measured current. It
quantifies a material’s capacity to conduct, or alternatively resist the flow of electric charge.
Promoting electrons from the valence band into the conduction band is a thermally activated
process, and therefore, in conductive polymer composites (semiconductors), as temperature
increases, the electrons in the valence band will gain energy and go into the higher energy
levels in the conduction band where they become charge carriers. This facilitates conduction
and the effective conductivity of the semiconductor is increased. This temperature-dependent
behaviour is characteristic of conductivity of semiconductors, and it is observed from ambient

to the verge of switching.

Samples in the form of discs were cut from the central parts of the melt-pressed sheets. Since
conductive lining on both sides of the test samples is required for good contact with the
electrodes, the surfaces of the samples were made conductive using soft graphite and volume
resistivity (R) was measured in the thickness direction of the samples. The electrical
measurements were performed using a Keithley 2401 ampere-meter at a constant electric field
(E) application by measuring current (I) as a function of temperature (T). Specific resistivity
(Ro) of the samples was calculated by taking the geometry of the samples into account using
the equation: Ro = RA/I, where R is the resistance of the sample, A is the cross sectional area
and | is the length (thickness) of the sample. R = V/I, where V is the applied voltage and | the
measured current, and A = zr’> where 7 is a constant and r is the radius of the disc. Room
temperature resistivity measurements were done during 10 s of constant electric field

applicationat 25 °C. The settings for the analyses were as follows:

Voltage 10-20 V
Electric field 10 V mm™
Heating rate 2 °C min™
Temperature range 20-95 °C
Disc thickness 1.0-2.0 mm
Disc diameter 10 mm
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2.2.2.5 Impact testing

The toughness of a material can be determined using impact testing. This technique measures
a material's ability to resist high-rate loading since different materials differ in their ability to
absorb energy during plastic deformation. Ductile materials can endure a high amount of
plastic deformation compared to their brittle counterparts. A material's ability to resist impact
is often one of the determining factors in its service life, or in the suitability of a material for a
particular application. Impact testing can be categorized into two main types, the Charpy and
Izod impact tests. Both these methods use the same principle to test the impact strength,
which involves striking a standard specimen with a controlled weight pendulum travelling at a
set speed. When the pendulum impacts the specimen, the specimen will absorb energy until it
yields and the energy that is needed to fracture the sample is measured in kJ m™. In the
Charpy test, the sample is placed horizontally and the hammer strikes the sample on the
opposite side of the notch, while during the Izod test, the sample is placed vertically and
clamped at one end just below the notch and the hammer usually hits the sample on the
notched side. In this study the Charpy testing method was employed to study the impact
properties of pure HDPE, its blends and composites.

A Ceast Impactor II was employed to determine the impact properties of the conductive
composites and also to discover if the addition of the filler did not induce a decline in impact
properties. The samples were rectangular in shape with a width of 10 mm, a thickness of 2.2-
2.9 mm and a length of 80 mm, and were V-notched (2 mm deep) edgewise. The pendulum
hammer was situated at an angle of 150° from the release spot, and the samples were tested at
ambient temperature (usually 24 °C). Five samples from each composition were tested and the

average and standard deviation values are reported.
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CHAPTER THREE

RESULTS AND DISCUSSION
3.1  Morphology

Optical microscopy images (results not displayed here) showed the CB composites as black
sheets, which did not give any information regarding the distribution of the filler particles. It
was therefore assumed that the CB micro-particles were fairly well-dispersed throughout the
polymer matrices in all the composites. In the 12CB/10Zn hybrid composites, the two fillers

could not be distinguished from each other.

6H olds 4]

VR

cB agglomerates -

100 pm
Figure 3.1 SEM-EDS images of the (a) LDPE/12CB, (b) LDPE/wax/12CB, (c)

HDPE/12CB, (d) HDPE/wax/12CB, (e) iPP/12CB and (f) iPP/wax/12CB composites
showing phosphorus (P) as blue dots

The SEM-EDS images clearly show the respective distributions of CB and Zn in the
respective polymers and blends. CB was well-dispersed in all the polymer and blend matrices
(Figure 3.1), as indicated by the dispersion of phosphorus (P) that forms part of the CB

particles (the activated charcoal powder contained phosphates). However, all the pictures

32



show areas where CB is more concentrated, and others with almost no CB (Figure 3.1(f)). It
looks as if the CB dispersion is similar in all the LDPE, HDPE and iPP composites, since
their images show similar filler distributions. Differences in CB dispersion could not be

linked with the type of polymer, or with the absence or presence of wax.

A0 L

Figure 3.2 SEM-EDS layered images of the (a) LDPE/12CB/10Zn, (b)
LDPE/wax/12CB/10Zn, (c) HDPE/12CB/10Zn, (d) HDPE/wax/12CB/10Zn, (e)
iPP/12CB/10Zn and (f) iPP/wax/12CB/10Zn composites showing P and Zn as blue and
yellow dots, respectively

Figure 3.2 presents the distributions of both CB and Zn in the hybrid composites. The images
show that CB was still fairly well-dispersed, despite the presence of the metal particles in the
composites. Zn was, however, randomly dispersed with clear areas that are void of Zn (Figure
3.2(c)), and agglomeration of Zn particles in other areas (Figure 3.2(e)). They also formed
clear conductive pathways. Again the Zn dispersion could not be linked with the type of
polymer and/or the presence of wax in the polymer matrix. The difference in the dispersions
of CB and Zn in the hybrid composites suggests that there was a fairly weak interaction
between the two fillers. It is possible that the metal particles could have had a stronger
interaction with wax than with the matrix polymer and/or CB, which would mean that the Zn
dispersed primarily in the wax. Stronger affinity between wax and copper particles has been

33



previously observed [1]. This could, however, not be established from the presented images in
Figure 3.2.

3.2 Differential scanning calorimetry (DSC)

The DSC heating curves of the neat polymers, used in this investigation, are presented in
Figure 3.3, and the values obtained from these curves are summarized in Table 3.1. The
melting peak maxima were at 60, 110, 134 and 165 °C respectively for wax, LDPE, HDPE
and iPP. The normalised melting enthalpies, as well as the degrees of crystallinity, were
calculated with Equations 3.1 and 3.2, respectively.

AH® = Measured AHp, (3.1)

™M " Mass fraction of polymer

__ AHp,

X. =
¢ 4HY

x 100% (3.2)

where X. is the degree of crystallinity, AH,," the normalised melting enthalpy of the specific
polymer in the sample, and AH; is the specific melting enthalpy of the 100% crystalline
polymer. In this study, the specific melting enthalpies were taken as 293.0 and 134.9 J g™* [2-
4] for polyethylene and polypropylene, respectively. Based on these values, iPP had the
highest crystallinity of 81.9%.

Figure 3.4 shows the DSC heating curves of the LDPE, HDPE and iPP composites filled with
CB at different contents and with 12CB/10Zn. The incorporation of fillers into a polymer
matrix can have two possible effects: a filler could either immobilize the polymer chains or
act as a nucleating agent for the crystallization of the polymer. Chain immobilization usually
leads to reduced crystallinity due to disruption of the reorientation and chain folding during
crystallization, as well as lower melting temperatures as a consequence of the formation of
smaller and more imperfect crystallites. On the other hand, nucleation usually gives rise to
increased crystallinity and higher crystallization temperatures, since the filler particles can act
as nucleating sites for the crystallization and crystal growth of a polymer. The crystallinity
values decreased with an increase in CB loading in all the investigated samples (Table 3.1),
which suggests lower crystallinity. This could be attributed to the immobilization of the

polymer chains by the CB particles, which would suppress the crystallization process. The
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presence of Zn, however, gave rise to higher crystallinities. The Zn particles obviously acted
as very effective nucleation centres and have an opposite effect to that of the CB particles.

Table 3.1 Values obtained from DSC melting and crystallization data

Sample | Ta/°C | AH,/Jg' | AH,"/Jg' | T./°C | X%
Neat polymers/wax
Wax 60.2+0.3 173.7+1.7 - 53.6+0.2 59.3
LDPE 109.9+1.2 73.4+04 - 93.2+1.2 25.1
HDPE 134.3+0.1 210.1+0.9 - 116.9+04 71.7
iPP 164.7+04 1105+0.8 - 113.1+0.3 81.9
LDPE
Non-irradiated LDPE composites
LDPE/12CB 107.3+0.2 53.8+0.6 717 92.9+0.3 24.5
LDPE/wax/12CB 106.5+ 0.0 46.1+1.3 68.3 92.8+0.1 23.3
LDPE/22CB 105.2+0.2 26.3+2.2 43.8 89.9+0.2 14.9
LDPE/wax/22CB 105.7+0.4 27.8+0.8 51.5 89.4+0.3 17.6
LDPE/12CB/10Zn 106.9+0.3 276+0.3 62.6 92.7+0.2 21.4
LDPE/wax/12CB/10Zn 106.5+0.3 26.5+0.7 66.8 92.3+0.3 22.8
Irradiated LDPE composites

LDPE/12CB 105.4+1.1 46.2+3.7 61.6 90.4+90.4 21.0
LDPE/wax/12CB 1049+ 0.6 39.8+23 59.0 91.0+04 20.1
LDPE/22CB 103.3+0.5 252+1.1 42.0 88.3+0.6 14.3
LDPE/wax/22CB 103.0+0.7 248+0.4 45.9 88.5+0.6 15.7
LDPE/12CB/10Zn 105.3+0.7 272+1.3 61.7 90.0+04 21.1
LDPE/wax/12CB/10Zn 1049104 248+19 62.5 90.3+0.3 21.3

HDPE composites

HDPE/12CB 134.1+£0.5 111.2+1.1 148.3 116.8 + 0.6 50.6
HDPE/wax/12CB 1329+0.3 118.7+0.9 175.9 1159+0.2 60.0
HDPE/22CB 133.4+0.6 76.0+2.5 126.7 116.8+0.7 43.2
HDPE/wax/22CB 132.0+0.5 84.7+2.8 156.9 116.1+0.4 53.5
HDPE/12CB/10Zn 1334+04 80.8+3.8 183.2 1174+04 62.5
HDPE/wax/12CB/10Zn 1325+£0.5 742+03 186.9 1159+0.7 63.8

iPP composites

iPP/12CB 168.1+0.2 704+1.4 93.9 128.1+0.1 69.6
iPP/wax/12CB 165.8+0.4 77.8+1.0 115.3 126.8+0.2 85.5
iPP/22CB 167.6+0.1 413+2.7 68.8 131.3+0.5 51.0
iPP/wax/22CB 166.1+0.1 55.9+3.9 1035 129.5+0.0 76.7
iPP/12CB/10Zn 168.3+0.2 38.0+1.9 86.2 128.5+0.1 63.9
iPP/wax/12CB/10Zn 165.8+0.3 39.6+0.4 99.7 128.1+0.2 73.9

T, — melting peak temperature, T, — crystallization peak temperature, AH,, — observed melting enthalpy, AH," —
melting enthalpy normalised with respect to LDPE/HDPE/iPP content; X, — degree of crystallinity of LDPE/HDPE/iPP
calculated from normalised enthalpy values. Values were obtained from LDPE/HDPE/iPP melting/crystallization

peaks.
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Figure 3.3
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The melting and crystallization temperatures of LDPE and HDPE in the composites are
slightly lower than those of the neat polymers (Table 3.1). This shows that the filler particles
also had an effect on the crystallite sizes. In contrast, although the iPP in the composites
showed lower crystallinities, the melting and crystallization occurred at slightly higher
temperatures in all the composites. Although this may indicate the formation of larger
crystallites [5], the differences are fairly small, and therefore it would not be justified to put

too much significance to this observation.

The effect of wax in the LDPE, HDPE and iPP composites on the melting behaviour of these
polymers is illustrated in Figures 3.5 to 3.7. There is a fairly strong general increase in
crystallinity with the addition of wax, which counters the decrease initially observed with the
addition of the filler, and this could be the result of two things: there is either a stronger
interaction between the wax and the filler particles than between the polymer and the filler
particles, so that the wax crystallizes on the surfaces of the filler particles and covers them, or
the wax co-crystallizes with the polymer it has been blended with. If the wax covers the
particles and consequently crystallizes on their surfaces, this would mean the particles are
acting as nucleating agents, and this usually gives rise to a higher crystallinity. If the short
wax chains co-crystallize with the polymer chains, this would also lead to increased
crystallinity since the crystalline wax would contribute to the total crystallinity of the
polymer. It is most likely that the latter is the reason for our observed increase in crystallinity,
since there was no wax melting peak visible in any of the DSC curves of the wax-containing
composites, which should have been the case if the wax on the surface of the particles would
melt before the polymer. The melting and crystallization temperatures of the polymers did not
significantly change in the presence of wax and look very similar within experimental error.

This means that the crystallite sizes were little influenced by the presence of wax.
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The influence of irradiation on the melting behaviour of the LDPE composites is presented in
Figures 3.8 and 3.9. The investigated samples were irradiated with 100 kGy at room
temperature. It is clear from the curves and the values in Table 3.1 that at a specific filler
loading, the irradiated samples show lower melting and crystallization temperatures and
crystallinities than the non-irradiated samples. Irradiation can have two possible effects on a
polymer: it can either cause degradation through chain scission, or induce crosslinking,
although a combination of the two usually prevails. If there is chain scission, there should be
an increase in crystallinity, since the shorter polymer chains will more easily rearrange into a
crystalline structure. On the contrary, if there is crosslinking, the polymer chains will be
immobilised by the crosslinks, causing a reduction in crystallinity. It is known that the
presence of crosslinks suppresses crystallization, and the three-dimensional network formed
as a result of crosslinking inhibits lamellar thickening during crystallization [6-8]. Although

our results may indicate that crosslinking was more dominant than chain scission because of
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the observed lower crystallinities, this might not be true since the degree of crosslinking,
which cannot be determined by DSC, is not known. However, we can conclude from these
melting enthalpy values that the observed crystallinities are lower, probably because gamma
radiation distorted the polymer crystals to a certain extent. Lower melting temperatures,
which usually indicate a decrease in the average lamellar thickness, were also observed, and
this could be ascribed to the effects described above. The presence of wax did not seem to
have changed the influence of irradiation on the crystallinities of LDPE in the composite

samples (Table 3.1), although it is quite possible that crosslinking and/or degradation of the
wax could have taken place.
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Figure 3.9 DSC heating curves of (a) LDPE/wax/12CB, (b) LDPE/wax/22CB, and (c)
LDPE/wax/12CB/10Zn showing the effect of irradiation

3.3 Dynamic mechanical analysis (DMA)

Figure 3.10 shows the DMA curves of LDPE and its composites, and the storage modulus

values of the investigated samples at low and high temperatures are summarized in Table 3.2.
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The storage modulus values of the composites are significantly higher than those of neat

LDPE (Figure 3.10(a)) throughout the investigated temperature range, and this is attributed to

the presence of rigid CB and Zn particles that impart stiffness to the samples. There are,

however, fairly small differences in the modulus values between the different composites.
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Figure 3.10 DMA results for LDPE and the non-irradiated LDPE/12CB, LDPE/22CB
and LDPE/12CB/10Zn composites

Table 3.2 DMA elastic modulus values of the investigated samples

Non-irradiated Irradiated
Sample 10" E’/ Pa 10" E’/ Pa 10"E’/Pa | 10" E’/Pa
(-75 °C) (75 °C) (-75 °C) (75 °C)
LDPE 2.79 1.33 - -

LDPE/12CB 5.75 1.86 6.31 1.78
LDPE/wax/12CB 3.49 0.54 6.10 1.75
LDPE/22CB 5.03 2.09 4.98 2.26
LDPE/wax/22CB 4.37 2.39 4.61 2.02
LDPE/12CB/10Zn 6.03 2.07 6.40 2.01
LDPE/wax/12CB/10Zn 6.27 1.90 6.07 2.09

The damping or loss factor curve of neat LDPE usually shows three transitions or relaxations

before melting, which are termed o, B and y in order of decreasing temperature. The B-

relaxation is usually associated with motions within the amorphous regions, while the a-

relaxation is characteristic of the motions in the crystalline phase of the polymer [9,10]. The

y-transition, which usually occurs around -120 °C, is not clearly visible from our loss factor
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curves (Figure 3.10(b)), since its onset is outside the temperature range used in our analysis.
The B-transition, which can be regarded as the glass transition of LDPE, is observed at around
-15 °C, while an intense, broad a-transition, which can be regarded as a combination of the
movement of larger chain segments in the amorphous phase and the slippage between
crystallites [11], can be seen at approximately 65 °C. The temperatures at which these
transitions occur shifted only slightly in the presence of the fillers, but a significant decrease
in the intensity of the a-transition was observed. Since this transition is related to the
crystalline phase of the polymer, a decrease in its intensity can be attributed to the decreased
crystallinity of the LDPE (Table 3.1), and to the immobilisation of the polymer chains by the
filler particles in the inter-crystalline amorphous regions. This effect becomes more prominent
with increasing CB content, but the presence of Zn did not significantly influence the
intensity of this transition. This corresponds well with our DSC observations, and is probably

the result of a stronger interaction between the CB particles and the matrix.

The DMA results for the different LDPE composites in the absence and presence of wax are
compared in Figures 3.11 to 3.13. A clear decrease in the storage modulus is observed in the
presence of wax in the 12 vol.% CB containing composites (Table 3.2), and this can be
ascribed to the shorter wax chains, which induce softening of the amorphous phase of LDPE.
This effect, however, is more pronounced at +75 °C since the wax is in the molten state at this
temperature. At 22 vol.% CB, the differences in storage moduli are fairly small, since the
stiffness is largely determined by the amount of CB in the sample. The wax therefore seems to
have little influence because of the relatively large amount of CB in the sample. This
behaviour is also observed in the 12CB/10Zn composites, and can be explained in the same
way. The damping or loss factor curves show both the B- and a-transitions in the investigated
temperature range. Addition of wax did not have any significant effect on the glass transition
temperatures, irrespective of the filler loading. It obviously has little influence on the mobility
of the chains in the amorphous regions. In contrast, the presence of wax did influence the
high-temperature a-relaxation, which shifted to slightly higher temperatures and also
increased in intensity. Although wax melts in the same temperature range as the observed o-
transition, the wax melting could not have significantly contributed to the observed increase
in intensity of the transition in this temperature range. Our DSC results (section 3.2) indicate
that the wax co-crystallizes with LDPE, and therefore, it could not melt before the LDPE
lamellae started to melt. However, the amorphous phase of LDPE became softer because of
the presence of wax.
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Figures 3.14 to 3.19 show the influence of irradiation on the DMA curves of the LDPE/CB
composites. There are generally fairly small differences in the storage modulus curves of the
non-irradiated and irradiated samples, which could be an indication that irradiation had little
or no effect on the stiffness of the materials. The irradiated 12 vol.% CB and wax-containing
composite does not show the marked drop in storage modulus as the corresponding non-
irradiated composite, probably because the wax was linked to the polymer through the
formation of crosslinks [12]. Therefore, since the crosslinking binds the polymer and wax
together, the effect of the softness of the wax will be less prominent. However, crosslinking
and the presence of wax did not seem to have a significant influence on the modulus in the
22CB and 12CB/10Zn containing composites due to the much larger amount of filler in the
samples. It therefore seems as if the radiation crosslinking, if any, had little effect on the
dynamic mechanical behaviour of the composites. The exception is LDPE/wax/12CB, but this
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sample may have to be re-analysed to confirm the observed behaviour. This was unfortunately
not possible in the available time frame for the finalisation of this dissertation, but will be

done before writing a publication.
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3.4 Electrical properties
3.4.1 Electrical conductivity

The thermo-electrical properties of a material refer to its change in electrical resistivity with
temperature. Electrical switching can be attained by filling a semi-crystalline polymer with
electrically conductive fillers. In this study, three different polyolefins have been used for this
purpose, i.e. LDPE, HDPE and iPP. Due to structural differences between the three matrices
and the temperature range of investigation for material application, which is from 20 to 95 °C,
only the LDPE composites exhibited switching behaviour. However, in the same temperature
range, the HDPE and iPP composites showed good electrical stability and can consequently

be used for anti-static applications.

Figure 3.20 shows the room temperature resistivity results for the three polyolefins filled with
12 and 22 vol.% CB, and with 12 vol.% CB and 10 vol.% Zn. The effect of CB content, filler
type, matrix type, and blending can be deduced from this picture. All the composites show
significantly lower resistivity than the neat polymers, that have resistivity values ranging from
10" to 10" Q cm, in line with literature [13]. The resistivity decreased with increasing CB
content, which can be attributed to the increased number of conductive particles in the
matrices that readily formed conductive networks. A resistivity drop of up to four orders of

magnitude was observed as the CB loading was increased from 12 to 22 vol.%.
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A decreasing trend in resistivity was observed in the order LDPE > HDPE > iPP for the
composites filled with 12 vol.% CB. This can be largely ascribed to the differences in
crystallinities of the polymers. iPP has a higher crystallinity than the polyethylenes, while
HDPE is more crystalline than LDPE (section 3.2). Highly crystalline matrices comprise
small amorphous fractions, which makes it easier for a conductive network to form, since
filler particles preferentially reside in the amorphous domains of semi-crystalline polymers.
The ordered crystal lamellae in crystalline regions reject these particles, while in polymers
such as LDPE, since it is largely amorphous, a higher level of loading is required to attain the
same conductivity. For the 22 vol.% CB content, although HDPE is more crystalline than
LDPE, the two polyethylene composites behaved similarly, while the iPP composite still
showed a higher conductivity. The melting enthalpy of HDPE decreased from 210 J g™ for
neat HDPE to 127 J g™* for HDPE filled with 22 vol.% CB, while a decrease of only 30 J g™
was observed for LDPE (Table 3.1). It is known that more crystalline matrices undergo
electrical percolation at much lower filler contents than polymers with lower crystallinities
[14], and it was also reported that the mobility of charge carriers (which is directly
proportional to the resulting conductivity) in a crystalline polymer is significantly higher than
in amorphous polymers [15]. Therefore, since high CB loadings obviously suppress the
crystallization process, and since polymer crystals are more electrically conductive than
amorphous chains, the observed relatively lower than expected conductivities in the HDPE
composites can be attributed to this decrease in crystallinity.

Higher conductivities are observed with the additional incorporation of 10 vol.% Zn metal
into the 12 vol.% CB composites, which can be attributed to the increased number of
conductive particles. The 22 vol.% CB composites, however, show higher conductivities than
the 12 vol.% plus 10 vol.% Zn composites, which is surprising since Zn has a much higher
electrical conductivity than CB (volume resistivity of CB is approximately 10 [16] and that
of Zn 10° Q cm [13]). The reason for the lower conductivity in the presence of Zn could be
poor interaction between the two, and possibly the nucleating ability of Zn particles. It will be
easier for CB particles alone to form conductive pathways than for CB combined with Zn,
since they have a higher affinity for each other than the affinity between CB and Zn.
Furthermore, since the Zn particles are more effective nucleating centres for the
crystallization of polyolefins (section 3.2), they are more likely to be covered with a polymer

layer which will effectively separate them from neighbouring conductive particles.
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Figure 3.20 Room temperature resistivity of different polyolefin composites

The effect of blending with wax is more pronounced at low CB loadings, which is not
surprising because highly conductive materials are less sensitive to structural changes. This
corresponds well with our DMA observations (section 3.3), where it was observed that in a
highly filled polymer matrix, wax had little influence on the storage modulus of the
composites, since the stiffness was mostly determined by the amount of CB in the samples.
Larger numbers of conductive particles give rise to more stable conductive networks, and
therefore, any structural changes are less likely to affect these networks. Therefore, the
presence of wax had less influence on the conductivities of the 22 vol.% CB containing
composites. The presence of wax, irrespective of the filler loading, generally caused a slight
increase in conductivity, which could be due to the higher crystallinities of the blend
composites (section 3.2). Increased crystal lamellae reject the conductive particles and force
them into the smaller amorphous portions, which thus increase the effective conductivity of
the composites at the same filler loading. This effect is, however, less prominent in the
highly-filled CB composites, since the bulk conductivity of the materials now depend on the
amount of CB present in the composites, rather than on the slightly higher crystallinity. The
irradiated samples generally showed higher resistivity values than the non-irradiated samples
(Table 3.3), which can be ascribed to a disruption in the conductive pathways, decreased
mobility of the polymer chains, and restricted agglomeration of CB and Zn particles due to

intermolecular crosslinking.
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Table 3.3 Resistivity of polyolefin-based composites before and after thermal ageing

Non-irradiated Irradiated
Composites Resistivity / Resistivity / Resistivity / Resistivity /
Qm Qm Qm Qm

(before ageing) | (after ageing) | (before ageing) | (after ageing)
LDPE/12CB 1.94E8 1.63E8 9.09E8 8.16E8
LDPE/wax/12CB 1.28E8 4.34E7 6.06E8 5.78E8
LDPE/22CB 5.19E5 4.28E5 1.13E6 8.37E5
LDPE/wax/22CB 2.78E5 2.27E5 6.26E5 4.67E5
HDPE/12CB 8.83E7 7.35E7 1.82E8 1.55E8
HDPE/wax/12CB 1.79E8 1.27E8 1.91E8 1.38E8
HDPE/22CB 9.43E5 7.69E5 9.76E5 7.77E5
HDPE/wax/22CB 3.40E5 3.09E5 9.06E5 6.69E5
iPP/12CB 1.08E8 9.04E7 1.60E5 1.33E5
iPP/wax/12CB 4.26E7 4.10E7 2.83E5 2.17E5
iPP/22CB 1.68E5 1.47E5 1.56E3 1.32E3
iPP/wax/22CB 1.90E5 1.53E5 9.99E3 6.13E3

3.4.2 Thermo-switching

Polyolefins are a group of polymers that can be crosslinked by irradiation. The effective
gamma irradiation dose that produces a network can range up to 300 kGy. In this study, the
samples were irradiated using 100 kGy at room temperature. At low irradiation dose, the
extent of crosslinking, which preferentially occurs in the amorphous parts of the polyolefins,
determines the properties of the materials. However, at very high irradiation doses,
degradation effects such as chain scission and oxidation are dominant. In this study, all the
composites showed semi-conductive behaviour at ambient temperature, exhibiting a decrease
in resistivity with an increase in temperature, in contrast to highly conductive metals, which
behave in the opposite manner. However, these materials still show semi-conductive
transitions at higher temperatures, with the HDPE and iPP composites having good electrical
stability while the LDPE composites have a strong resistivity-temperature dependence in the

investigated temperature range.
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3.4.2.1 LDPE/CB composites

Figure 3.21 shows the electrical thermo-switching curves of the LDPE/CB and
LDPE/12CB/10Zn composites. The 12 vol.% CB composites display switching at ~ 85-90 °C,
but the switching temperature shifted to higher temperatures for the 22 vol.% CB composites.
It was shown in section 3.3 that the higher filler content caused a reduction in the intensity of
the oa-relaxation, suggesting decreased mobility of the polymer chains in the crystalline
regions, which was a consequence of their immobilisation by the filler particles. More energy
will therefore be needed to deform the conductive pathways, and hence the switching shifted
to higher temperatures. The switching temperature did not change in the case of the
12CB/10Zn hybrid composites. Since CB was shown to have a much stronger interaction with
LDPE than Zn, the immobilization effect on the matrix chains by the filler particles in the Zn-
containing samples was less pronounced, and less energy was required for breaking up the
conductive network, hence the switching occurred at a lower temperature. The presence of
wax did not have a significant influence on the switching temperature. This can be ascribed to

the single melting temperature for these samples because of the co-crystallization of the wax
with LDPE.
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Figure 3.21 Switching curves of irradiated and non-irradiated LDPE composites
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The PTC intensity of the composites decreased significantly with the addition of Zn particles
(Figure 3.21). The density of Zn is significantly higher than that of CB, and therefore more
energy is needed to separate them and completely break up the conductive pathways.
Moreover, due to the weak interaction between the two fillers, it is possible that there are two
independent conductive networks within the composites: one consisting of CB particles and
the other being made up of Zn particles. This would mean that the CB particles will detach
independently of the Zn particles. Although the PTC effect will occur when the CB network
breaks, it is possible that at the same temperature, part of the Zn network will remain intact,
which would sustain the levels of conductivity, and hence the low increase in resistivity
compared to the 12 vol.% CB composites. Wax did not significantly influence the PTC
intensity in the low CB content composites, but it caused a slight increase in PTC intensity in
the Zn-containing samples. The Zn particles were shown to increase the crystallinity of the
hybrid composites, and the larger thermal expansion of the more crystalline matrices probably
caused this increase. In one study, the influence of crystalline and aggregate structures on the
PTC characteristics and resistivity behaviour of HDPE/CB, LDPE/CB, EVA/LDPE/CB and
PMMA/CB was compared [17]. All the composites exhibited the PTC effect, but the PTC
intensity of the PMMAJ/CB system was very low, since it had the lowest crystallinity. The
HDPE/CB composites showed the highest PTC intensity due to the larger expansion

accompanying crystalline melting.

The irradiated samples generally showed an increased PTC intensity (Figure 3.21), which can
be ascribed to the presence of a crosslink network in the composites. In a crosslinked sample,
the expansion of the matrix is restricted. This means that when the conductive network breaks
and the conductive particles detach from each other, their movement is restricted, which
increases the bulk resistivity of the composites. It also becomes less likely that the particles
will re-agglomerate and form conductive paths at elevated temperatures, since they will be
enclosed in the crosslinked network which will restrict their migration. This behaviour was
also observed in other investigations. For example, in one study, where the influence of
electron beam irradiation on the PTC/NTC behaviour of HDPE/carbon black conducting
polymer composites was investigated [18], the movement of the CB particles was reduced
significantly, since intermolecular crosslinking markedly reduced the mobility of the
segments. The agglomeration of the CB particles was therefore restricted and a higher PTC

intensity was observed for the irradiated samples.
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All the composites showed a mild NTC effect at lower temperatures, due to the thermal
activation of electrons. As the temperature increases, the electrons gain energy and become
charge carriers, which facilitates conduction and increases the effective conductivity of the
materials. Although we did not present curves at higher temperatures, we selected the
LDPE/12CB and LDPE/12CB/10Zn composites to show the influence of irradiation on the
NTC effect (Figure 3.22), since they exhibited switching behaviour. It can be clearly seen that
irradiation was effective in reducing the NTC intensity, and thus eliminating the NTC effect.
This can be ascribed to the presence of a crosslink network in the LDPE matrix, which
reduced the mobility of the intermolecular segments, preventing the unwanted re-
agglomeration of CB particles at elevated temperatures. The wax-containing irradiated
samples also showed a significantly reduced NTC intensity, which suggests that the highly
crystalline wax did not have an adverse effect on the stability imparted by irradiation on the
composites, which is advantageous since electrical stability is crucial in thermo-electrical

applications.
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Figure 3.22 Switching curves of irradiated (a) LDPE/12CB and (b) LDPE/12CB/10Zn

composites

3.4.2.2 HDPE/CB composites

The resistivity behaviour of the HDPE/CB and HDPE/12CB/10Zn hybrid composites is
illustrated in Figure 3.23. Similar behaviour to that of the LDPE composites was observed,
with all the composites showing low resistivities compared to that of the pure polymer, and
with the resistivities decreasing with increasing CB content. The resistivities in all the
composites continuously decreased with increasing temperature, which can be ascribed to the

thermal activation of the electrons. Wax had little effect on the conductivity levels, and its
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influence was uniform throughout the temperature range of analysis. The higher values for the
wax-containing samples are probably because wax increased the crystallinity of the
composites, which was accompanied by a corresponding increase in conductivity, as
discussed earlier. None of the HDPE-based composites showed any switching behaviour, and
wax also did not induce switching around its melting temperature. This is probably due to the
co-crystallization of wax with the matrix polymer and the melting of all the crystals in the
same temperature range. The irradiated and non-irradiated, neat and blended composites
showed a fairly stable resistivity behaviour in the temperature range of investigation, and the
resistivity decrease with increasing temperature was less than an order of magnitude. This
makes these cheap materials suitable for the dissipation of static charge, and they are therefore
good candidates for anti-static applications, where the stability of electrical resistivity with

temperature is a requirement.
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Figure 3.23 Switching curves of irradiated and non-irradiated HDPE-based composites

54



3.4.2.3 iPP/CB composites

Figure 3.24 shows the resistivity behaviour of the iPP/CB and iPP/12CB/10Zn composites.

The general behaviour was similar to that of the HDPE composites.
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Figure 3.24 Switching curves of irradiated and non-irradiated iPP-based composites
3.4.3 Thermo-electrical stability

Thermo-electrical stability refers to the reproducibility of the resistivity behaviour with
temperature during thermal cycling. Since these composites are to be used for thermo-sensing
applications, the samples were subjected to three heating and cooling cycles, using 2 and 3 °C
min™ heating and cooling rates, between 20 and 70 °C, and during this process the resistivity
behaviour was monitored. The results are shown in Figures 3.25 and 3.26. The upper limit of
the temperature range was chosen to correlate with the temperature range for practical
material application. The resistivity decreased during heating, meaning that the composites

became more conductive with increasing temperature, which was probably due to the high
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thermal energy available for electrons to facilitate conduction. It can be seen that all the
composites, irradiated and non-irradiated, exhibit good electrical stability during thermal

cycling, as was evident from the reproducible resistivity behaviour in the temperature range of
analysis.
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Figure 3.25 Thermal cycling results of non-irradiated (a) LDPE/CB, (b) HDPE/CB and
(c) iPP/CB composites (RT — room temperature; H — heating; C — cooling)

Table 3.3 shows the resistivity values at room temperature before and after thermal ageing.
The percentage change in resistivity after thermal ageing, as well as the maximum change in
resistivity at 70 °C during thermal cycling, are reported in Figures 3.27 and 3.28 for the
LDPE, HDPE and iPP composites. The values were calculated using Equations 3.3 and 3.4.

Change in resistivity after thermal ageing = RaR_r’z” x 100% (3.3)
Maximum change in resistivity at 70 °C = % x 100% (3.4)
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where Ry, R, and Ry represent the resistivities at room temperature, after ageing, and at 70

°C, respectively.
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Figure 3.26 Thermal cycling results of irradiated (a) LDPE/CB, (b) HDPE/CB and (c)
IPP/CB composites (RT — room temperature; H — heating; C — cooling)

All the samples show a drop in resistivity due to thermal ageing, which could be attributed to
increased crystallinity in the samples as a result of the recrystallization of smaller polyolefin
crystals. It has been reported in literature [19,20] that when polyethylene and polypropylene
undergo thermal ageing, reorganization of the crystalline phase occurs, which leads to an
increase in its perfection due to relief of local stresses in the strained regions of the crystals.
Therefore, the reduction in resistivity brought about by an increase in crystallinity can be
attributed to an increase in lamellar perfection and/or thickening. This effect is more
pronounced in most of the wax-containing samples, and could be the result of shorter wax
chains being incorporated into the crystal structure during secondary crystallization. However,

most of the irradiated samples show only a small decrease in resistivity after ageing, which is
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probably because of the presence of a crosslink network induced by y-irradiation. It is known
that crosslinking can result in more stable conductive behaviour in thermo-switch materials
[18]. The relatively good electrical stability of these materials, even after being subjected to
thermal cycling, shows that there are no significant structural changes in the materials during
thermo-sensing applications, and hence the resistivity changed only little after thermal ageing.
Such a small resistivity decrease with temperature is beneficial, since a big decrease would
lead to high conductivity, which is practically dangerous. Relatively low levels of
conductivity are good, especially in anti-electrostatic applications. Anti-static materials have
very good static dissipative qualities since they can effectively prevent the build-up of static
charge. However, high conductivity due to an increase in temperature can render the materials
conductive, which can lead to electric shock when these materials are used to protect people

from the flowing current within electronic devices.
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3.5 Impact testing

Polymeric materials, especially semi-crystalline polymers, possess good mechanical
properties such as ductility and strength at ambient temperature or under low to moderate
levels of stress [21]. The incorporation of fillers into polymer matrices generally gives rise to
cost-effective materials with improved physical properties. However, there are some
undesirable effects as well, which include the deterioration of impact properties [22]. The
mechanical properties of composite materials are determined by the volume fraction of the
fillers, their physical form and the interfacial adhesion between the filler particles and the
matrix [23]. In this study, HDPE was one of the polymers blended with wax and filled with
different CB contents, as well as with a hybrid 12CB/10Zn filler.
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Figure 3.29 presents the impact properties of neat HDPE, as well as its blends and
composites. Blending of HDPE with wax clearly results in a significant reduction in the
impact strength. This can be attributed to the poor impact properties of the highly crystalline
wax, and to the wax crystals that formed defect centres inside the polymer matrix. It is known

that brittle materials or particles cannot effectively stop or stabilize crack propagation [24].

A decrease in impact strength was observed for the different composites prepared in the
absence of wax, irrespective of the filler type or loading. Various factors can play a role in
fillers reducing the impact properties of a polymer, like the elasticity of the composites,
particle size, filler aspect ratio, rigidity, concentration, the matrix-filler interaction and
nucleation. However, rigid micro-sized filler particles normally reduce the impact strength

because they act as stress concentrators for the development of cracks.

The presence of wax further deteriorated the impact properties of the different composites,
except in the case of HDPE/wax/12CB (Figure 3.29). This could be the result of the wax,
having a weaker interaction with the matrix than the filler, covering the filler particles. The
wax could also have formed separate crystals in the HDPE matrix, which would increase the
number of defect centres in these composites.
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Figure 3.29 Impact strengths of pure HDPE and its respective blends and composites
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It is, however, difficult to explain the impact strength of the HDPE/wax/12CB composite. We
therefore took a closer look at our Charpy impact data. As can be seen in Table 3.4, the
impact tests on eight samples gave four fairly low values, and four much higher values. Since
we ran out of samples and could not do any further tests, and since we had no grounds to
decide on using only certain of these values, we took the average of all these values which

gave a value that is out of line with the rest of the results.

Table 3.4 Impact strengths of eight samples from the HDPE/wax/12CB composite

Impact strength / kJ m™
4.49 22.32
8.46 22.53
9.09 23.43
11.33 29.19
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CHAPTER FOUR

CONCLUSIONS

The main purpose of this project was to investigate the effect of CB content, medium-soft
Fischer-Tropsch paraffin wax, y-irradiation and Zn metal powder as second filler on the
thermal and mechanical properties, and thermo-electrical behaviour of polyolefin/CB

composites, and the objectives stated in Chapter 1 were reached to a large extent.

Differences between the dispersions of CB, and CB and Zn in the hybrid composites, suggest
that there was a fairly weak interaction between the two fillers which would have influenced
the successful formation of conductive pathways in the composites that contained both CB
and Zn. The crystallinity decreased with an increase in CB loading in all the investigated
samples, and this was attributed to the immobilization of the polymer chains through
interaction with the CB particles. The presence of Zn, however, gave rise to higher
crystallinities, which was ascribed to the Zn particles acting as effective nucleation centres for
the crystallization of the polyolefins. There was a fairly strong general increase in crystallinity
with the addition of wax, which was attributed to the co-crystallization of the shorter wax
chains with the polymer chains. The irradiated samples showed lower crystallinities than the
non-irradiated samples, which was ascribed to the presence of crosslinks, which immobilized

the polymer chains and suppressed crystallization.

The storage modulus values of the composites were significantly higher than those of neat
LDPE throughout the investigated temperature range, and this was attributed to the presence
of rigid CB and Zn particles that imparted stiffness to the samples. However, the storage
modulus decreased when wax was present, and this was ascribed to the softness of the wax
compared to that of LDPE. The presence of the filler particles significantly decreased the
intensity of the o-transition because of the decreased crystallinity of the LDPE and the
immobilisation of the polymer chains by the filler particles in the inter-crystalline amorphous
regions. The presence of wax, however, caused the a-relaxation to shift to slightly higher
temperatures and increased its intensity. This was the result of the wax melting in the same
temperature range as the a-transition. Blending of HDPE with wax resulted in a significant
reduction in the impact strength because of the poor impact properties of the highly crystalline
wax, and because of the wax crystals forming defect centres inside the polymer matrix. The
impact strength was also lower for the filler-containing samples, because the rigid filler
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particles acted as stress concentrators for the development of cracks. The wax and filler
particles were found to have an additive effect on the reduction of the impact properties.

Electrical switching can be attained by filling a semi-crystalline polymer with electrically
conductive fillers. In this study, three different polyolefins were used for this purpose. All the
composites showed semi-conductive behaviour at ambient temperature, exhibiting a decrease
in resistivity with an increase in temperature due to the thermal activation of electrons. A
decreasing trend in resistivity was observed in the order LDPE > HDPE > iPP for the
composites filled with lower CB content. This was largely ascribed to the differences in
crystallinity of the polymers. iPP had the highest degree of crystallinity while LDPE had the
lowest. Due to structural differences between the three matrices and the temperature range of
investigation for material application, which was from 20 to 95 °C, only the LDPE
composites exhibited switching behaviour. However, in the same temperature range, the
HDPE and iPP composites showed good electrical stability and can consequently be used for

anti-static applications.

All the composites showed significantly lower resistivity than the neat polymers, and the
resistivity decreased with increasing CB content, which was attributed to the increased
number of conductive particles in the matrices that readily formed conductive networks.
Increased conductivities were also observed with the additional incorporation of 10 vol.% Zn
metal into the 12 vol.% CB composites, which was also attributed to the increased number of
conductive particles. The 22 vol.% CB composites, however, showed higher conductivities
than the 12 vol.% plus 10 vol.% Zn composites. The reason for the lower conductivity in the
presence of Zn could be the poor interaction between the two fillers, and possibly the
nucleating ability of the Zn particles. The presence of wax, irrespective of the filler loading,
generally caused a slight increase in conductivity, which was ascribed to the higher
crystallinities of the blend composites. This effect, however, was more pronounced at low CB
loadings. The irradiated samples generally showed higher resistivity values than the non-
irradiated samples, which was ascribed to a disruption in the conductive pathways, decreased
mobility of the polymer chains, and restricted agglomeration of CB and Zn particles due to

intermolecular crosslinking.

The 12 vol.% CB composites displayed switching at ~ 85-90 °C, but the switching
temperature shifted to higher temperatures for the 22 vol.% CB composites. This was
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attributed to decreased mobility of the polymer chains in the crystalline regions, which was a
consequence of their immobilisation by the CB particles. The switching temperature did not
change in the case of the 12CB/10Zn hybrid composites. CB was shown to have a much
stronger interaction with LDPE than Zn, and therefore the immobilization effect on the matrix
chains by the filler particles in the Zn-containing samples was less pronounced. The presence
of wax did not have a significant influence on the switching temperature. This was ascribed to
the single melting temperature for these samples because of the co-crystallization of the wax
with LDPE.

The PTC intensity of the 12 vol.% CB composites decreased significantly with the addition of
Zn particles. This was ascribed to the high density of Zn compared to CB, and also to the
weak interaction between the two fillers. Wax did not significantly influence the PTC
intensity in the low CB content composites, but it caused a slight increase in PTC intensity in
the Zn-containing samples. The Zn particles were shown to increase the crystallinity of the
hybrid composites. The larger thermal expansion of the more crystalline matrices probably
caused this increase. The irradiated samples generally showed a significantly increased PTC

intensity, which was ascribed to the presence of a crosslink network in the composites.

All the composites showed a mild NTC effect at lower temperatures, due to the thermal
activation of electrons. y-irradiation was effective in reducing the NTC intensity, and thus
eliminating the NTC effect. This was ascribed to the presence of a crosslink network in the
LDPE matrix, which reduced the mobility of the intermolecular segments, preventing the
unwanted re-agglomeration of CB particles at elevated temperatures. The wax-containing
irradiated samples also showed a significantly reduced NTC intensity, which suggested that
the highly crystalline wax did not have an adverse effect on the stability imparted by

irradiation on the composites.

All the composites showed a drop in resistivity due to thermal ageing, which was attributed to
increased crystallinity in the samples as a result of recrystallization effects. This effect was
more pronounced in most of the wax-containing samples, and could be the result of shorter
wax chains being incorporated into the crystal structure during secondary crystallization.
However, most of the irradiated samples showed only a small decrease in resistivity after

ageing compared to non-irradiated samples, which was probably because of the presence of a
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crosslink network induced by y-irradiation, which gave rise to more stable conductive

behaviour in the materials.

Based on our findings, we identified some areas that still need further investigation. These
include (i) the PTC mechanism in a thermo-switch system of two compatible fillers, (ii) the
effect of the selective distribution of the filler particles on the PTC intensity, (iii) the effect of
the nucleating ability of the filler particles on the formation of conductive networks and the
resulting conductivity, (iv) the effect of irradiation dose on the thermo-mechanical properties
of the composites, and (v), the effect of wax content on the room temperature resistivity,

switching temperature and PTC intensity of the materials.
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