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ABSTRACT

Nanocomposites based on iPP and an iPP/wax phase change blend with Ag nanoparticles were
studied. The aim of this study was to correlate the thermal and electrical conductivity, as well as
dynamic mechanical properties, with the morphology of the samples prepared using quenching
in ice water and slow cooling from the melt, as well as different nanoparticle contents.
Morphological analysis of the iPP/Ag nanocomposites showed that the Ag particles were well
dispersed in the polymer, and formed nucleation centres for the crystallization of iPP. In the
iPP/wax/Ag nanocomposites they were also well dispersed, but in the wax phase in between the
iPP spherulites. The extent of filler agglomeration increased with increasing filler contents in
both iPP and the iPP/wax blend. The Ag particles, whether in the iPP or wax phase, had little
influence on the crystallinities and melting temperatures of iPP samples, even at higher filler
contents. The presence Ag particles in iPP had little influence on the modulus of the iPP, but the
presence of both wax and Ag particles significantly improved the modulus of these phase change
nanocomposites. The thermal and electrical conductivities of the samples more significantly
improved when both wax and Ag were present. With increasing Ag particle contents in both
iPP/Ag and iPP/wax/Ag, the thermal conductivities increased, but leveled off at higher filler
contents, while the electrical conductivities continuously increased with increasing filler
contents. The slowly cooled samples had higher crystallinities than the quenched samples and

therefore the slowly cooled samples were more thermally conductive than the quenched samples.
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CHAPTER 1

Introduction and literature review

1.1 Introduction

The gap between energy supply and demand can be eliminated by the use of proper energy
storage methods [1]. There are different energy storage methods, i.e. electrical, mechanical and
thermal energy storage. In electrical energy storage, energy is stored in batteries. A battery is
charged by connecting it to a source of direct current and when it is charged, the stored chemical
energy is converted into electrical energy. Mechanical energy storage involves gravitational
energy storage or pumped hydropower storage. Storage of energy is carried out when
inexpensive off peak power is available, i.e. at night and weekends [2]. Thermal energy storage
is achieved by cooling, heating, melting, solidifying, or vaporizing a material with the energy

becoming available as heat when the process is reversed [3].

Among the mentioned energy storage methods, thermal energy has gained great interest. This is
due to its storing and releasing ability [2]. There are different ways in which thermal energy can
be stored i.e. thermomechanical, sensible and latent heat energy storage. Thermomechanical
energy storage is based on the energy absorbed and released in breaking and reforming
molecular bonds. In this case thermal energy depends on the storage capacity of the material, the
endothermic heat of reaction and the extent of conversion. In sensible heat storage, thermal
energy is stored by increasing the temperature of a solid or liquid without changing phase. The
amount of the absorbed thermal energy in sensible heat depends on the specific heat of the
medium, the temperature change and the storage capacity of the material. In latent heat storage,
thermal energy is absorbed or released when a material changes phase from solid to liquid or

liquid to solid [2,5,6].

Latent heat is an attractive thermal energy storage method. This is due to its storing and releasing
of a large amount of energy per weight of a material at constant temperature [7-9]. Typical latent

heat storage materials are phase change materials (PCMs). PCMs are substances that are capable
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of storing and releasing energy; they can undergo a solid-liquid, liquid-solid, solid-gas and
liquid-gas phase change over a narrow temperature range [10,11]. The solid-liquid and liquid-
solid systems are the most preferred systems because they store a fairly large quantity of heat
over a narrow temperature range, with small volume change, whereas the solid-gas and liquid-
gas occupies large volumes which makes the system complex and difficult to handle [2,9,12-14].
PCMs are used as latent heat thermal energy storage media, in areas of passive and active storage
systems, heating or cooling of water, solar energy storage, electronics, automotive industry, food

industry, biomaterial and biomedical applications [3].

PCMs are classified into three main categories. These are eutectics, inorganics and organics.
Eutectics involve organics and inorganics with high volumetric storage densities. Inorganic
PCMs include salt hydrates, salts, metals, and alloys. They generally have high volumetric latent
heat storage capacity which is twice those of organic PCMs. However, their utility is limited due
to their non-uniform melting and supercooling effects. Organic PCMs involve fatty acids and
paraffins [15,16]. They melt and freeze continually without phase segregation and a decrease in
their latent heat of fusion [3]. Amongst the above mentioned organic PCMs, paraffins have
gained great interest due to their promising properties. They are more chemically stable than
inorganic substances, have high latent heat of fusion, are commercially available at reasonable

cost and exhibit little or no supercooling [17-19].

Paraffins are mixtures of hydrocarbons, characterized by straight or branched carbon chains with
the general formula CnH2n+2 [20]. They are produced from crude oil and the Fischer-Tropsch
process [21]. Paraffin waxes crystallize in layers that consist of molecules having zigzag
conformations [22]. They are used in the production of candles, paper coating, protective sealant
for food products and beverages, glass-cleaning preparations, floor polishing and stoppers for
acid bottles [23]. Paraffin waxes are combustible and have good dielectric properties. However,
when used as PCMs, paraffin waxes need a supporting material to prevent their leakage during

the phase change process.

There are two methods that can be used to prevent leakage of the phase change materials. These

are blending and encapsulation of paraffin wax with polymers. The encapsulated PCM is



composed of the PCM as the core and a polymer shell to maintain the shape and to prevent
leakage of the PCM during a phase change process [24,25]. In blending, the polymer fixes the
PCM in a compact shape during the phase change process, and hence prevent leakage [26].
However, if polyolefins are used as the fixing polymers, both the polymer and the paraffin wax

have low thermal conductivity which results in a slow heat transfer [27,28].

There are different techniques used to improve the thermal conductivity of the form-stable
PCMs. This includes the introduction of conductive micro- and nano-fillers [29]. The addition of
nano-particles is the preferred method for improving the thermal conductivity of PCMs because
they offer improved properties at relatively low filler content due to their large surface areas [1].
Conductive nano-fillers used for thermal conductivity enhancement includes aluminum, silver,
copper, graphite and carbon black powders [29]. For this work we chose silver because it has

very good electrical and thermal conductivities [30].

1.2 Literature review

1.2.1 Polymer/wax blends

A number of studies have been conducted on blending of paraffin wax with polyolefins
[7,11,23,25,31-38]. The blends were prepared using a variety of processing techniques such as
melt mixing, melt extrusion, in situ polymerization and mechanical methods. Among all the
aforementioned methods melt mixing is the most commonly used technique because it is
cheaper, easier and not time consuming. In all these studies, different grades of paraffin wax with
different melting temperatures were used. This includes technical grade, soft, hard and oxidised
paraffin wax. Different morphologies were observed for different grades of paraffin wax blended
with polyolefins. For example, in the system of an HDPE/wax blend the authors reported that
paraffin wax was well dispersed in the network structure of HDPE. This was an indication that
HDPE kept paraffin in a compact shape to prevent its leakage [31-33]. It was also reported that
the blends containing equal concentrations of HDPE and wax showed no difference in

morphology. This was attributed to the similar chemical structures of HDPE and paraffin wax

[7].



Blending of soft and hard paraffin wax with polypropylene (PP) and low density polyethylene
(LDPE) was reported in a few studies [11,34,35]. In these studies the authors generally observed
two-phase morphology of the blends. The blends based on hard and soft paraffin waxes showed
different morphologies. Apparently that soft paraffin wax, because of its lower molar mass and
viscosity, could separate more easily from the polymers than the hard paraffin wax. Different
morphologies were observed when increasing the wax content in LLDPE/wax blends [35]. It was

reported that an increase in wax content caused the blends to rupture along different lines.

The immiscibility of the components in polymer/wax blends was confirmed by a number of
studies based on the reported thermal properties [7,11,20,23,25,34-36,37,38]. In these studies,
polyolefins were blended with different grades of paraffin wax. The blends were prepared using
a variety of processing techniques such as melt mixing, melt extrusion and mechanical methods.
In these studies, different types of behaviour were observed depending on the method and the
type of wax used. The authors observed a general decrease in the melting temperatures of the
polymer matrix and this was attributed to the plasticizing effect of the wax. It has also been
reported that the melting enthalpies of the blends increased with wax loading [11,23,25,34-
36,37,38]. This increase was attributed to the contribution of the highly crystalline wax. It is well
known that the melting enthalpy is directly related to the crystallinity [37,39-42].

The thermal properties of PP/wax blends were investigated for the creation of shape stabilized
phase change materials [11,36]. In this study isotactic polypropylene (PP) was blended with soft
and hard Fischer-Tropsch paraffin waxes. It was observed that the specific melting enthalpy
related to the wax portion increased with an increase in wax content, while the melting enthalpy
related to the PP portion decreased. The thermal behaviour of refined and semi-refined wax
blended with high-density polyethylene (HDPE) was reported in another study [7], where

multiple peaks corresponding to wax and HDPE were observed for the form stable blends.

A single endothermic peak was observed in the DSC curves of LLDPE/hard paraffin wax blends
at low wax loadings [23], while LLDPE/soft paraffin wax blends showed two separate melting
peaks for all the blends with different wax loadings [25]. It was concluded that the hard paraffin

wax and LLDPE were miscible in the crystalline phase, whereas soft paraffin wax was



immiscible with the matrix for all the investigated wax loadings. Similar studies were done on
the thermal behaviour of wax blended with LDPE [34,38]. A single endothermic peak was
reported at low wax contents in the case of the LDPE/hard wax blends [38], which was attributed
to the miscibility and co-crystallization of the wax and LDPE. However, in the case of
LDPE/soft wax blends, multiple peaks were observed for the different wax loadings [34]. A
decrease in the melting temperature of LDPE and LLDPE in the blends with an increase in wax
loading was also reported [25,34]. This was attributed to the formation of smaller crystallites due
to the miscibility of the components in the molten state and the plasticizing effect of the wax.
The authors reported that soft paraffin wax has strong London interactions with LDPE as a result
of the miscibility in the melt, and their effect on the melting of LDPE was more significant. In
the case of HDPE, the authors observed two melting peaks when blending with hard and soft
paraffin waxes. The peak that appeared at lower temperatures was related to the melting of wax
crystals, whereas the peak at higher temperatures was related to the melting of the polyolefin
crystals. The observed separate melting peaks of the blends were reported to be an indication of

the immiscibility of the blends as confirmed by morphology studies [25,37].

A limited amount of research was done on the crosslinking of polymer/wax blends [23,38].
Different behaviour was observed when uncrosslinked and crosslinked LLDPE/hard paraffin
wax blends were investigated [23]. The melting temperature of uncrosslinked LLDPE remained
unchanged in the presence of hard paraffin wax, while in the presence of a crosslinking agent, a
decrease in the melting temperature and an increase in the melting enthalpy with the addition of
DCP was observed [23]. The authors concluded that the presence of a crosslinking agent reduced
the crystallinity of the polyolefins. However, the study on LDPE/hard paraffin wax attributed the
decrease in melting temperature to a reduction in the lamellar thickness of the crystallites [38]. In
this study the melting enthalpies of the blends also increased with an increase in wax content as a

result of an increase in crystallinity.

A number of studies investigated the thermomechanical properties of polyolefin/paraffin wax
blends [11,34,37,43-45]. In these studies, different behaviour was observed for the different
grades of paraffin wax used. The authors reported mostly on the effect of wax on the storage

modulus and loss tangent of the polymer. It was generally observed that the storage modulus



increased at temperatures below the melting of wax, and decreased above it. It was concluded
that hard paraffin wax in its solid state reinforced the polymer, whereas soft paraffin wax acted
as a highly crystalline filler which immobilized the polymer chains at the crystal surface. Similar
results were reported on HDPE/soft paraffin blends [37]. These authors also reported higher and

lower temperature relaxation peaks corresponding to HDPE and the wax.

In the PP/soft paraffin wax blends, a decrease in the storage modulus was observed with an
increase in wax loading [11,43]. This was attributed to the plasticizing effect of the PP matrix by
the wax. Three relaxation peaks, corresponding to the solid-solid transition in wax, and the
melting of the wax and PP, were observed [11]. In the case of PP/polystyrene (PS):wax
microcapsules, the blends showed three relaxation peaks in the presence and absence SEBS [43].
The B relaxation, which is usually related to the glass transition temperature of PP, was observed
at lower temperatures for the blends. A transition corresponding to the melting of wax was also
observed in the temperature range 40-60 °C, whereas the relaxation corresponding to the glass
transition of PS appeared at higher temperatures. The glass transition of PP in the blends shifted
to lower temperatures compared to that of the pure polymer. This was attributed to the increase
in free volume of PP in the presence of the paraffin wax microcapsules. The presence of the
SEBS modifier had no influence on these properties. It formed a layer around the microcapsules

without affecting the interaction between PP and the microcapsules.

In the case of an HDPE matrix blended with hard and soft paraffin wax, pure HDPE showed a
high storage modulus and no specific trends were reported with an increase in wax loading
[44,45]. The lower storage modulus of the blends indicated a plasticizing effect of the wax. In
these studies two relaxation peaks corresponding to a- and y-transitions were observed. The -
relaxation remained the same with an increase in wax content, while the a-relaxation shifted to
lower temperatures. The decrease in the temperature of the a-relaxation was attributed to thinner
lamellae. An additional peak related to the B-relaxation of HDPE was observed at higher wax

loadings [44].



1.2.2 Polymer/wax blend composites

The morphologies of form-stable PCM composites were investigated in a number of studies
using scanning electron microscopy (SEM) [44-50]. Different morphologies were reported
depending on the method used to prepare the samples. The polymer/wax blends were mixed with
different fillers such as wood-flour, copper, and clay. Generally the authors observed two phase
morphologies with the filler covered by wax. This was attributed to a higher affinity between the
fillers and the wax, the separate crystallization of wax in the amorphous phase of the polymer,
and to the thermodynamically more preferred adsorption of the smaller wax molecules onto the

rough filler surfaces.

In studies on HDPE-EVA alloy/wax/organophilic montmorillonite (OMT) [47,48] the authors
reported that the wax was dispersed in the three-dimensional network structure formed by
HDPE-EVA. This was attributed to the fact that paraffin wax and HDPE have similar structures,
and thus could be easily mixed with polyethylene. The OMT filler particles apparently acted as
interfacial modifiers which improved the dispersion of the blend components. Similar studies on
the morphology of PMMA/PEG and their composites prepared through in situ polymerization
showed good dispersion of the filler particles [49,50], and of PEG in the network structure of
PMMA. The filler particles were also well dispersed in the blends.

The latter studies [49,50] also investigated the melting behaviour of form-stable PCM
composites. The composites showed two endothermic peaks corresponding to the melting of wax
and the polymer crystals. This was attributed to the immiscibility of wax and polymer in the
composites. Other authors [46] reported that in the PE/soft paraffin wax system the presence,
type and amount of the filler particles did not change the melting temperatures of PE or wax in
the composites. However, in the case of HDPE/soft paraffin wax/wood flour composites a
decrease in the melting temperatures of the HDPE in the composites was observed with an
increase in wax content at a specific filler content [45]. This was attributed to the plasticizing

effect of wax.



The studies on HDPE-EVA/wax/OMT [47,48] reported two melting peaks for both the pure
paraffin and the form-stable PCM composites. This was an indication that there was no chemical
reaction between the paraffin, HDPE-EVA and the organophilic montmorillonite (OMT) during
composite preparation. The phase change peaks of the form stable PCM composites were less
intense compared to that of the pure paraffin. This was because the three-dimensional net
structure, observed in the morphology studies, confined the heat movement to and from the
paraffin during the phase change. The latent heat of the form stable PCM composites decreased
with an increase in OMT loadings [47,48]. In the case of PMMA/PEG form-stable composites
incorporated with graphite nanoplatelets (GnPs) and aluminum nitride (AIN), the authors
reported insignificant changes in the melting temperatures of the composites [49,50]. The
melting enthalpy of the composites increased with an increase in PEG content [49], but in the
case of PMMA/PEG/GnP the authors observed a decrease in the melting enthalpy of the PCM in
the composites [50].

There were a limited number of studies on the thermomechanical properties of form-stable PCM
composites [45,51]. In these studies graphite and wood flour were incorporated in the form-
stable PCM blends. An increase in storage modulus was observed with an increase in filler
content in the case of LDPE/soft paraffin wax/graphite [51], which was explained as being an
indication that graphite reinforced the matrix and countered the softening effect of the wax. The
glass transition temperature of these composites also increased and broadened with an increase in
filler content. This was attributed to the immobilization of the polymer chains by the wax and the
filler particles in the amorphous phase of the polyolefin matrix. In the case of HDPE/soft paraffin
wax/wood flour [45] no specific trends related to the amount of filler particles were observed.
However, the presence of the filler particles in the polymer/wax blends reduced the storage
modulus and induced a shift in both the y- and a- transitions towards higher temperatures. This
was related to the restricted motions of the polymer chains and the increased lamellar thickness

with the addition of filler particles.

A number of studies investigated the thermal conductivity of form-stable PCM composites
[27,33,46,50,51]. The form-stable PCMs used in all the studies were based on different grades of
paraffin wax blended with polymers. Graphite and copper were incorporated in the PCM blends



to improve the thermal conductivity. The authors reported a general increase in thermal
conductivity of the composites with an increase in filler content. Moreover, a significant increase
in thermal conductivity was reported in the case of the composites incorporated with expanded
graphite [33,51]. This was attributed to a better dispersion of expanded graphite in the presence
of wax in the blends. However, the thermal conductivity of PE/soft paraftin wax/Cu composites
initially decreased at low filler content and increased at higher filler loadings [46]. The initial
decrease was reported to be the result of the voids formed at the interface between the polymer
and the wax. In the case of PMMA/PEG/GnP composites an increase in thermal conductivity
with an increase in filler content was also observed [50], as well as the formation of thermally

conductive paths at higher filler loadings.

Some authors studied the effect of the preparation method on the thermal conductivity of shape
stabilized paraffin/SBS/EG composites [27]. In this study two different methods were used to
prepare the composites. In the first method the EG, paraffin and SBS were mixed on a two roll
mill, while in the second method EG was directly added to the molten paraffin/SBS shape
stabilized blends. There was an increase in the heat transfer for both the solidification and
heating processes with the addition of EG. However, a faster heat transfer was reported for the
composites prepared using the second method. This was attributed to the formation of a

thermally conductive network.

1.2.3 Polymer/filler composites

The morphology of polymers incorporated with different fillers was investigated in a number of
studies [52-57]. The polymer composites were prepared using methods such as melt mixing
method and in situ polymerization. Different behaviour was observed depending on the size and
type of filler used. In HDPE/Ag nanocomposites the Ag nanoparticles were in contact with one
another, and this was attributed to the large surface areas of the nanoparticles. The silver
nanoparticles had a tendency to form agglomerates, especially when the composites were
prepared using melt mixing [56]. However, in LDPE/Cu nano and micro composites [57] the
copper micro particles were well dispersed with no obvious agglomeration, while the copper

nanoparticles were fairly dispersed with obvious agglomerations.



The morphology of different fillers such as carbon nanoparticles (CN), fumed silica and
nanosilica in PP where the composites were prepared through melt mixing, was investigated in a
few studies [52-55]. In the case of PP/CN the filler particles were well dispersed as individual
particles at low filler content [52,54]. However, at higher filler loadings filler agglomerations
were observed with a reduction in the number of individual particles. This was attributed to the
higher surface energy of the nanoparticles and the presence of reactive functional groups which
caused stronger interaction between the particles and the formation of large aggregates.
However, when fumed silica and nanosilica were used, filler agglomerations were observed at all
filler contents indicating poor interaction between the filler and the polymer [53,55]. The sizes of
the aggregates depended on the filler content, with larger aggregates at higher filler loadings.
Even when compatibilizers were used to improve the interaction and dispersion of the fillers in
the matrix, there were still aggregates, but they were smaller. In the case of PP/nanosilica [55],
silane-treated mSiO2 was dispersed more effectively than unmodified SiOz. This was attributed to
the increase in affinity of the modified filler to the polymer because of the compatibilizer. Acid
treatment of the filler particles was also used to improve the dispersion of multiwalled-carbon
nanotubes (MWCNT) in PP [58], and a decrease in size of the aggregates was reported. The acid
oxidation treatment was reported as a cutting process for filler particles by reducing the length

and entanglements of the fillers.

A number of studies investigated the thermal properties of polymer/filler composites [56,57].
Generally there was a decrease in melting enthalpy of the polymer with increase in filler content.
There were, however, no significant changes in the melting temperatures of the polymers with
the addition of fillers. A decrease in the melting enthalpies was reported in the case of
polyethylenes incorporated with both micro- and nano-sized copper. This was attributed to a
reduction in chain mobility which gave rise to the lower crystallinity. In the case of HDPE/Ag
nanocomposites [56] an increase in crystallization temperatures of the composites was observed,

indicating that the Ag nanoparticles acted as nucleation sites for the polymers.

The melting and crystallization behaviour of PP incorporated with different filler particles such
as silver (Ag) and graphene nanosheets (GNs), exfoliated graphene and carbon nanofiber (CNF)

were investigated in a number of studies [39-41,59-61]. Different methods such as melt

10



extrusion, melt compounding, facile solution dispersion and melt mixing were used to prepare
the composites. In all these studies, the nanocomposites showed either one [39,41,42] or two
melting peaks [40,59,61]. However, in the case of PP/GNs composites two melting peaks were
observed for pure PP while the composites showed one melting peak [60]. The two melting
peaks were attributed to the melting of both a-crystals at higher temperatures and B-crystals at
lower temperatures [59]. The a-phase is the thermodynamically stable crystalline form of PP and
appears under normal processing conditions, while the B-phase is a thermodynamically unstable
phase which is usually observed in commercial grades of PP at higher undercooling. This phase
can also be generated under some specific conditions, such as quenching, and hence it is not
observed in some of the PP composites [62,63]. In PP/Ag nanocomposites based on the organic-
soluble Ag nanocrystals and pure Ag nanoparticles very similar behaviour was reported [40,59],
although there were observable differences. When organic-soluble Ag nanocrystals, that were
coated with a mono-layer of surfactants consisting of oleic acid and alkylamine, were
incorporated in PP, an increase in the intensity of the -peak and a decrease in the intensity of the
a-peak were observed [40]. Apparently the organic-soluble Ag nanocrystals promoted the
nucleation and crystallization of B-crystals during quiescent conditions. However, when pure Ag
nanoparticles were used, the intensity of the a-peak remained fairly constant while a B-peak
started developing and increased in intensity with increasing nanofiller content [59]. Negligible
changes in the melting behaviour of PP composites were reported with the addition of EG, CNF
and Ag nanoparticles and with increasing filler content [41,42,61], while in the case of PP/GNs
the melting temperature increased [60]. An increase in the crystallization temperatures of the PP
composites with an increase in EG and Ag content was observed [41,59,61]. This was attributed

to the filler particles acting as nucleating sites for PP.

When copper particles were incorporated in polyethylenes [57], the storage modulus of the
composites increased with an increase in filler content. This was attributed to the stiffening effect
of the filler particles on the polymer matrix. Different relaxations were reported for the different
polyethylenes. In case of LDPE and LLDPE, three relaxations were observed in the order of
increasing temperature, i.e. y-, B-, and o-transitions. However, in the case of HDPE two
relaxations were reported, i.e. y- and o-transitions. The B-transition which corresponds to the

glass transition temperature was difficult to identify in the highly crystalline HDPE matrix.
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The effect of different fillers such as carbon black, carbon particles (CP) and carbon fibre (CF),
graphene nanosheets (GNS), wollastonite, attapulgite and halloysite on the thermomechanical
properties of PP were studied [52,64-68]. In all these studies the storage modulus of the
composites increased with an increase in filler content. The presence of the fillers in the polymer
strengthened the matrix by reducing the deformation of the matrix and the mobility of the chains.
In the PP/GNS system the composites showed three relaxations in the tan § curves, namely a, B
and vy in the order of increasing temperature [65]. In the case of PP/wollastonite composites, two
relaxations, y and 3, were observed [66]. Further additions of the filler particles led to an increase
in the intensity of the B-relaxation. However, depending on the temperature range in which the
viscoelastic properties were studied, some of the relaxations were not observed in the composites
[52,64,67,68]. The P-relaxation, which is usually associated with the motions within the
amorphous regions, shifted to higher temperatures with an increase in filler contents. This was
attributed to a reduction in the macromolecular chain mobility of the polymer due to the strong
interaction with the filler particles. However, in the case of PP/halloysite nanotubes (HNT)
nanocomposites, the glass transition temperature of the composites decreased with the addition
of the filler particles [68]. This was attributed to the poor interfacial adhesion between the HNTs
and the PP matrix. Apparently the incorporation of filler particles deteriorated the entanglement
and interaction among PP molecules by mobilizing the polymer chains, which led to a decrease
in Tg. Surface modification of the filler particles led to an increase in Tg with an increase in filler
content. This was attributed to the improved interfacial adhesion between the matrix and the

filler particles, reducing the mobility of the PP chains.

In studies on the thermal conductivity of polymer/filler composites, [56,57,69] an increase in the
thermal conductivity was generally observed. This increase was attributed to a number of factors
such as the crystallinity of the polymer and the high thermal conductivity of the filler. Higher
thermal conductivity values were reported for HDPE because of the higher degree of crystallinity
of this polymer. In the case of HDPE/Ag [56] and PVDF/Ag [69] composites, an increase in
thermal conductivity with an increase in filler content was observed. This was attributed to the

formation of the thermally conductive paths at higher filler contents.
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A number of studies showed that polypropylene was commonly studied in the formation of
conductive polymer composites [64,70-72]. The effect of different conductive fillers such as
graphite, graphene, carbon nanotubes (CNT), Al-flake, CP and CF on the thermal conductivity of
polypropylene composites was investigated. In these studies graphite particles of up to 20 wt%,
graphene up to 5 wt%, CP and CF up to 40 wt%, CNT up to 5 wt% and Al-flake up to 50 wt%
were incorporated in polypropylene. The composites were prepared using melt mixing and melt
extrusion. The thermal conductivity always increased with an increase in filler content,
especially at higher loadings. Despite the weak interaction of PP and Al-flake, the PP/Al-flake
composites showed the highest thermal conductivity [72], probably because of the higher Al-
flake content used. PP/CP showed the lowest thermal conductivity, which was attributed to the

agglomeration of the carbon particles [64].

In a study on the electrical conductivity of HDPE/Ag composites prepared through melt
extrusion, a linear dependence of AC conductivity on frequency was reported at lower filler
loadings, which indicated an insulating behavior [56]. For higher filler loadings, a DC plateau
region was observed, which indicated conductive behaviour of the composites. The dielectric
properties of PP filled with various conductive fillers such as multiwalled carbon nanotubes
(MWCNTs), carbon nanofibre (CNF), graphene, and reduced graphene oxide (rGO), prepared
through a variety of methods, were also investigated [73-79]. Generally, the composites showed
two different types of behaviour depending on the filler content. The AC conductivity of pure PP
and the composites with low filler content increased linearly with frequency. This is typical
behaviour for insulating materials, indicating that the electrical properties of the composites are
controlled by the matrix. At this concentration the conductive particles are too far apart to allow
electrical conduction. At high filler loadings the conductivity showed a DC plateau accompanied
by a significant increase in conductivity. In this case the electrical conductivities of the
composites were independent of the frequency, indicating the formation of three-dimensional
interconnecting networks by the dispersed fillers. This is typical behaviour for electrically
conductive materials, indicating that the electrical properties of the composites are controlled by
the conductive fillers. The PP/rGO composites showed a lower electrical percolation threshold
[76]. The influence of surface modified and as prepared filler particles on the electrical

conductivities of PP/MWCNTs nanocomposites was compared [78]. The authors reported higher
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conductivity with lower percolation threshold for the composites with surface modified filler
particles. A similar investigation was done on PP incorporated with sonicated and pristine
graphene nanoplatelets (GnP) [79]. In the case of the sonicated filler particles, lower
conductivity with a much higher percolation was reported. This was attributed to a reduction in

the size of filler aggregates and a uniform distribution of filler particles in the polymer matrix.

1.3 Aims and objectives

The main aim of this study was to correlate the thermal and electrical conductivity with the
morphology of the samples prepared using different conditions. These conditions were
quenching in ice water and slow cooling from the melt. iPP/wax blends at different wax ratios,
iPP/Ag nanocomposites at different Ag loadings and iPP/wax/Ag shape-stabilized PCM
nanocomposites were prepared. The dispersion of Ag particles in iPP and iPP/wax blend, the
influence of different Ag contents, and the influence of quenching and slow cooling treatments
on the morphology, thermal and dynamic mechanical properties, and the thermal and electrical
conductivities were investigated. All the investigated properties were explained in terms of the

obtained morphologies.

1.4 Thesis outline

e Chapter 1: Introduction and literature survey
e Chapter 2: Materials and methods
e Chapter 3: Results and discussion

e Chapter 4: Conclusions
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CHAPTER 2

Materials and methods

2.1 Materials

Isotactic polypropylene with a melt flow index of 12g/10 min (230 °C/2.16 kg), density of 0.9 g
cm™ and melting point of ~160 °C was supplied by Sasol polymers.

Medium-soft paraffin wax (M3 wax) was supplied in powder form by Sasol Wax. It consists of
approximately 99% of straight chain hydrocarbons and 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 around 40-60 °C.

The 99.99 % pure silver (Ag) nanoparticles with particle size 30-50 nm was supplied by Dong
Yang (HK) Int’l group limited in China.

2.2 Composite preparation

All the samples were prepared by melt mixing using a Brabender Plastograph with 55 ml internal
mixer. The samples were mixed for 15 min. in the proportions represented in Table 2.1 at 190 °C
and a mixing speed of 50 rpm. The Ag powder was exposed to ultra-sonication for 6 hours prior
to the sample preparation. For the blends, the components were premixed and then fed into the
heated mixer, whereas for the composites, the Ag nanoparticles were added into the Brabender
mixer 10 minutes after adding the premixed iPP/wax blends. The samples were then melt pressed
at 190 °C for 5 minutes under 50 kPa using a hydraulic melt press. The prepared samples were
then exposed to two thermal treatments, either quenching in ice water or slow cooling from the

melt at 190 to 100 °C.
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Table 2.1 Sample ratios used for the preparation of the blends and composites

iPP (w/w) iPP/wax (w/w)
100 95/5
90/10
80/20
iPP/Ag (w/w) iPP/wax/Ag (w/w)
98/2 88/10/2
97/3 87/10/3
96/4 86/10/4
95/5 85/10/5

23 Characterization techniques

2.3.1 Transmission electron microscopy (TEM)

TEM is a high resolution electron microscopy technique which forms an image through an
electron beam that passes through the sample [1]. In TEM experiments, the electrons are emitted
by an electron gun, commonly fitted with a tungsten filament cathode as the electron source. In
order to allow proper image formation, the sample thickness is limited to a few hundred
nanometers [2]. TEM provides atomic scale resolution, combined with nano-scale crystal
structure elucidation through convergent beam electron diffraction (CBED), chemical
information through energy dispersive spectroscopy (EDS), and electronic structure elucidation
through electron energy loss spectroscopy (EELS). It involves two techniques, planar view and
cross-section TEM. Planar view TEM provides a relatively large view area of a thin film normal
to its surface and gives information about the grain size and distribution of defects. Cross-section
TEM is a technique which is used to study film thickness, step coverage, implant damage, and
etch profiles via contact filing, interface contamination, particle identification and failure

analysis [3].
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For the TEM analysis the samples were sectioned at 150 nm using a Leica UC7 (Viennna,
Australia) ultramicrotome, and examined with a Philips (FEI) (Eindhoven, The Netherlands) CM

100 transmission electron microscope at 60 keV.

2.3.2 Differential scanning calorimetry (DSC)

DSC is an analytical technique which gives information about the heat capacity, glass transition,
melting, crystallization, enthalpy and entropy changes in materials [4]. A DSC technique
provides a curve showing endothermic and exothermic peaks, and baseline shifts due to the
occurrence of chemical and physical reactions in various steps [5]. There are two types of the
commonly used DSCs, i.e. power compensation and heat flux. A power compensation DSC
consists of the two separate identical holders i.e. the sample and reference holders, each with its
own heater and sensor. A heat flux DSC is composed of sample and reference holders separated
by a bridge that acts as a heat leak surrounded by a block that is a constant-temperature body [6].
In a DSC the experiments are carried out using aluminium, copper or steel pans in various inert

or oxidizing atmospheres [7-9].

The DSC analyses of all the blends and composites were done using a Perkin-Elmer DSC 7
differential scanning calorimeter. The experiments were done under a nitrogen atmosphere with
a flow rate of 20 ml min™'. The instrument was computer controlled and all the calculations were
done using Pyris software. Samples with masses of 5-10 mg were sealed in aluminium pans. All
the samples were heated from 20 to 180 °C at a heating rate of 20 °C min™, and cooled at 30 °C
min’!. The peak temperatures of melting and crystallization, as well as the enthalpies of melting
and crystallization, were determined from the first heating scan. All the measurements were
repeated three times for each sample. The melting and crystallization temperatures, as well as

enthalpies, are reported as average values with standard deviations.

2.3.3 Dynamic mechanical analysis (DMA)

DMA is an analytical technique used to determine the low-strain thermomechanical properties of

materials as a function of frequency, temperature or time [10-12]. The thermomechanical
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properties are determined by either applying a small oscillating strain to the sample and
measuring the resulting stress, or a periodic stress and measuring the resulting strain [11-13]. The
dynamic complex modulus measured by DMA instrument is divided into the storage modulus
(E"),which corresponds to the elastic modulus which is proportional to the energy fully recovered
per cycle, and loss modulus (E"), which is proportional to the net energy dissipated per cycle in
the form of heat. The loss tangent is given by tan 8 = E"/E’. The occurrence of molecular
mobility transitions such as the glass transition temperature (Tg) is usually determined from the

loss modulus and tangent curves [14,15].

The dynamic mechanical properties of the blends and composites were investigated using a
Perkin Elmer Diamond DMA. The analyses were performed from -40 to 140 °C in bending (dual

cantilever) mode at a heating rate of 3 °C min™! and a frequency of 1 Hz.

2.3.4 Thermal conductivity

Thermal conductivity is a measure of thermal heat transport property of a material. There are two
techniques that are usually used to measure the thermal conductivity i.e. the steady-state and
transient methods. The steady state method involves the radial heat flow and heat guarded hot
plate methods. The hot disk technique, which is a transient plane source, uses a metal strip or
disk as a continuous plane heat source as well as a temperature monitor [16,17]. The temperature
change can be accurately measured by determining the electric resistance across the hot disk
sensor. The information on the thermal heat transport properties of the material surrounding the
hot disk sensor can be determined by monitoring the temperature increase over a short period of
time after the start of the experiment. The hot disk technique gives accurate measurements, has
shorter test times, and can measure thermal conductivities of small samples. It has been
successfully used to measure the thermal conductivities of various materials with low electrical
conductivity (such as fused quartz), building materials (e.g. cement and brick powder), stainless

steel, copper powder, anisotropic solids (crystalline quartz), and thin metallic materials [16-18].

The thermal conductivity measurements were done using a Therm Test Inc. Hot Disk TPS 500

thermal constant analyzer. The hot disk sensor used in this study was a Kapton sensor with a
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radius of 3.2 mm and the samples with 10 mm thickness and a diameter of 13 mm were used for
the analysis. The sensor was placed between two samples of the same composition. The
measurements were done for 20 s in order to prevent the heat flow from reaching the boundary
of the samples. All the measurements were repeated ten times for each sample. The thermal

conductivities are reported as average values with standard deviations.

2.3.5 Dielectric properties

Dielectric properties refer to the variation of direct current (DC), alternating current (AC) and
electric breakdown strength as a function of frequency, composition, voltage, pressure and
temperature [1]. They give information about the orientation and translational adjustment of the
mobile charge present in the dielectric medium [19]. Dielectric properties are usually measured
using impedance spectroscopy, which is a very powerful technique in solid state electronic
systems. It correlates the dielectric properties of a material with its microstructure, and analyzes
the separate the contributions from various components i.e. through grains, grain boundaries and

interfaces over a wide frequency range [20,21].

Samples in the form of discs (D = 13 mm, d = 1 mm) were cut from the centre of the melt-
pressed sheets. The surfaces of the samples were made conductive using soft graphite. Dielectric
measurements were done using an Agilent 4263B dielectric spectroscopy instrument in the
frequency range between 1 kHz and 17 MHz at room temperature, and with an applied voltage of
1 V. Conductance (G) and susceptance (B) were measured and the AC conductivity (cac) was
calculated as cac= VB2 + G2 and the following relations were derived: tand= G/B and B = 2xfC,
where f is the frequency and C is the capacitance, and C = £’g,5/d, where &’ is the real part of the
dielectric permittivity, & the vacuum permittivity and S/d describing the geometry of the samples
(S = nD%*4). DC measurements were done using a Keithley 2401 amperemeter during 10 s of

electric field application at 200 V mm'.
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CHAPTER 3

Results and discussion

3.1  Transmission electron microscopy (TEM)

Figure 3.1 shows the TEM images of some of the investigated nanocomposites that were slowly
cooled from the melt. The TEM image of the iPP/Ag nanocomposite containing 2 wt%
nanoparticles shows iPP spherulites containing Ag nanoparticles at their growth centres (Figure
3.1a, arrow A). It looks as if primary nucleation could have started at the nanoparticles that
formed nucleation centres from which the spherulitic growth evolved [1]. Ag nanoparticles (with
diameters ranging from 0.09 to 1.15um) can also be seen on the edges of the iPP spherulites, but
they are fairly well dispersed, although some obvious aggregates are visible. However, at a
higher Ag content (Figure 3.1b) there are fewer individual Ag particles and more of the filler
aggregates (with diameters ranging from 0.12 to 3.11 pum). The nanoparticles have a tendency of

forming aggregates because they have a higher affinity for each other than for the matrix.

In the iPP/wax nanocomposites (Figure 3.1c) the wax probably crystallized separately in the
areas between the iPP spherulites. This separate crystallization of the wax can be expected
because iPP crystallizes before the wax. The presence of a molten wax during the crystallization
must have influenced the crystal growth of the iPP by acting as a plasticizer, and therefore the
spherulites in Figure 3.1c seem to be smaller and somewhat differently structured from the
spherulites in Figure 3.1a. Individual Ag nanoparticles and some aggregates (with diameters
ranging from 0.11 to 1.53 pum) are observed in Figure 3.1c. These nanoparticles are only
dispersed in between the spherulites (arrow B), with none visible at the growth centres of the
spherulites. The nanoparticles seem to have a higher affinity for the wax, and therefore remained
in the molten wax phase during the crystallization of iPP. They were then trapped in the wax
phase after wax crystallization. However, at higher Ag content the filler particles (with diameters
ranging from 0.11 to 1.72 um) were not well dispersed and the extent of agglomeration increased
(Figure 3.1d). Nanoparticles are also visible at the growth centres of the PP spherulites (arrow
O).

33



Figure 3.1 TEM images of (a) 98/2 w/w iPP/Ag, (b) 95/5 w/w iPP/Ag, (c¢) 88/10/2 w/w
iPP/Wax/Ag, and (d) 85/10/5 w/w iPP/Wax/Ag slowly cooled from the melt

3.2 Differential scanning calorimetry (DSC)

The DSC heating curves of the iPP/wax blends that were quenched and slowly cooled from the
melt are shown in Figure 3.2. The iPP/wax blends with 5 wt% wax show a single melting peak
which is associated with the melting of the iPP crystals. This indicates that the wax and iPP are
probably miscible in the molten state. However, when the wax content is 10 wt% and more, two
separate melting peaks appear at lower and higher temperatures. These are associated with the
melting of wax and iPP crystals, respectively. This is observed in both the slowly cooled and
quenched samples. The observed behaviour indicates the (partial) immiscibility of the blend
components. From this it is clear that iPP and wax are probably miscible up to 5 wt% wax. At
higher wax contents there is a partial immiscibility and most of the wax crystallized separately

from iPP. Moreover, the melting peaks corresponding to the melting of iPP crystals shifted to
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lower temperatures with an increase in wax content. This is attributed to the plasticization effect

of the paraffin wax [2-4].

At lower wax contents, the normalised melting enthalpies of the wax component are lower than
that of pure wax (Table 3.1). However, at 20% wax content, they are comparable to that of pure
wax. This is probably because the individual wax chains are trapped in the amorphous phase of
iPP, or co-crystallized with iPP chains, at low wax content and as a result only a small portion of
the wax crystallized separately. However, at a higher content, more wax crystallized separately
from iPP. The normalized melting enthalpies of the iPP component increased with an increase in
wax content (Table 3.1). This confirms the co-crystallization of some of the wax with iPP giving
rise to the higher melting enthalpy of iPP. The normalised melting enthalpies of the iPP
component in the slowly cooled blends are higher than the comparable blends quenched from the
melt. This is attributed to the higher crystallinity of the blends slowly cooled from the melt. In
the slow cooling process there is enough time for the crystals to form, whereas faster cooling

such as quenching reduces the time for crystal nucleation and growth [5,6].

The iPP/wax/Ag nanocomposites containing 10 wt% wax, that were quenched and slowly cooled
from the melt, are shown in Figure 3.3. Both the slowly cooled and quenched samples show two
separate melting peaks associated with the melting of wax and iPP crystals. There are no
significant changes in the melting temperatures and normalised enthalpies of the iPP component
with an increase in Ag content for both the quenched and slowly cooled samples (Table 3.1).
This indicates that the presence of Ag nanoparticles had little influence on the crystallite sizes
and mobility of the polymer chains. However, if the normalized enthalpies of the quenched and
slowly cooled samples are compared, it is clear that the melting enthalpies of the slowly cooled
samples are higher those of the quenched samples. This is the result of the higher crystallinity of
the slowly cooled samples. The crystallization and melting temperatures of the quenched and
slowly cooled iPP/wax blends and iPP/wax/Ag blend composites are very similar within
experimental error, although the values are slightly lower at higher wax content for the iPP/wax
blends (Table 3.1). Wax normally acts as a plasticizer by enhancing the mobility of the polymer
chains, leading to lower crystallization and melting temperatures. However, when Ag

nanoparticles are present, they can act as the nucleating sites for the crystallization of iPP, and
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this will give rise to higher crystallization and melting temperatures. It therefore seems as if the

opposing effects of wax and Ag on iPP crystallization balance each other in the iPP/wax/Ag

blend composites, which causes the crystallization and melting temperatures of iPP to remain

unchanged.
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Table 3.1

DSC melting and crystallization parameters of the investigated samples

Sample Twm/°C AHp / J g1 AH", / J g! T./°C
/
ww Quenched Slowly Quenched Slowly Quenched Slowly Quenched Slowly
cooled cooled cooled cooled

iPP 163.7+£0.6 163.9+1.1 793 +£6.7 100.0 £5.1 - - 104.6 £ 0.8 102.1+£1.2

Wax 60.7+0.4 60.7+04 137.5+ 7.6 137.5+ 7.6 - - 432+0.8 43.2+0.8

iPP/wax

95/5 161.0 £ 0.6 160.8 £ 0.2 81.3+3.5 96.9+2.2 85.6 102.0 107.2+0.3 99.7+0.6

90/10 59.3*+0.8 55.0°+0.3 59+3.6 6.9+0.7 59.0 69.0 43.7*+0.3 42.22+0.3
161.1°+04 161.0°+1.0 |83.5+3.7 86.0£3.0 92.8 95.6 103.2°+0.3 102.2°+4.9

80/20 56.6°+£3.2 59.7+£3.2 120+1.8 17.6 £6.1 120.0 176.0 41.6°+£0.3 40.9*+0.5
158.2°+£0.8 157.3°£ 1.9 82.2+3.2 100.2 +£5.3 102.8 125.3 99.4°+35 97.2°+0.8

iPP/wax/Ag

88/10/2 51.0°+0.4 55.3*+0.3 1.7+£0.2 6.0+0.2 17.0 60.0 4522+ 0.6 42.6°+0.3
160.2°+ 0.2 166.2°+1.4 | 74.1+3.1 92.8+1.7 84.2 105.5 105.6°+ 0.3 100.1°+0.3

87/10/3 51.6°+£0.2 53.7°+£0.9 43+0.3 44+0.9 43.0 44.0 43.1*+0.3 4342+ 0.5
161.9°+0.2 162.1°+0.7 | 71.7+1.0 83.8+43 82.4 96.3 98.9°+0.5 100.4°+ 1.1

86/10/4 549*+2.8 54.0°+1.2 34+1.3 54+20 34.0 54.0 43.1*+£0.3 422°+0.3
162.5°+0.9 162.1°+0.7 | 72.5+8.0 82.5+3.4 84.3 95.9 100.9° £ 0.9 100.1°+0.3

85/10/5 54.8°+£1.6 53.1*+0.7 3.8+0.5 44+1.0 38.0 44.0 4412+ 0.3 442*+0.3
162.0°+ 0.1 160.5°+0.7 |69.4+1.3 83.4+39 81.6 98.1 101.9°+ 0.5 101.9°+ 0.5

iPP/Ag

98/2 165.0 0.5 165.3 £0.7 79.6+ 1.6 97.2+£29 81.2 99.2 106.7 £ 0.8 104.2 +0.3

97/3 1653 +0.4 165.3 £0.7 73.7+5.8 95.0+3.0 76.0 97.9 107.7+0.3 106.7 £ 0.6

96/4 167.3+1.9 1658 £1.2 75.1+£2.0 95.0+3.2 78.2 99.0 107.9+0.9 108.1 £0.3

95/5 165.6 £ 0.7 167.1+14 73.3+£2.6 89.9+£2.7 77.2 94.6 107.4 £ 0.5 106.6 £ 0.3

Tm-melting peak temperature, Tc-crystallization peak temperature, AH",-melting enthalpy normalised with respect to PP content
# Melting/crystallization of wax.
® Melting/crystallization of PP
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slowly cooled from the melt

The DSC heating curves of the iPP/Ag nanocomposites, that were quenched and slowly cooled
from the melt, are shown in Figure 3.4. Both the quenched and slowly cooled iPP/Ag
nanocomposites show a single melting peak associated with the melting of the PP crystals. There
are no significant differences between the enthalpies of iPP in the iPP/Ag nanocomposites and
that of pure iPP for both the quenched and slowly cooled samples (Table 3.1). However, the
melting and crystallization temperatures are slightly higher than that of pure iPP. It is clear from
this observation that the presence of Ag nanoparticles reduces the iPP chain mobility, as already
mentioned before. The melting enthalpies of the slowly cooled composites are higher than those
of the comparable composites quenched from the melt. The reason for this has already been

discussed.

33 Dynamic mechanical analysis (DMA)

The storage modulus of the quenched iPP shown in Figure 3.5a increases with the addition of 10
wt% wax. This is attributed to the increase in crystallinity because of the much higher
crystallinity of the wax. However, the storage modulus of the iPP/Ag nanocomposites changed
very little compared to that of pure iPP, which indicates that the nanoparticle content was too
small and the interaction with the polymer was too weak to significantly influence the polymer

stiffness. When both wax and Ag are present, the storage modulus of the nanocomposites is very
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similar to that of the iPP/wax sample. This confirms that the highly crystalline wax provided

more stiffness to the sample, while the small amount of Ag had very little influence.

In the slowly cooled samples, the storage modulus of the iPP/wax samples is significantly lower
than that of iPP (Figure 3.5b). This could be attributed to a decrease in iPP crystallinity, or to a
softening effect of the much softer wax. If one looks at the values in Table 3.1, it is clear that the
normalised melting enthalpy of iPP in the 90/10 w/w iPP/wax sample is slightly lower than that
of pure iPP, although very similar within experimental error. It is, therefore, doubtful that the

decrease in storage modulus is the result of lower iPP crystallinity.

1E11

1E10 4

E'/Pa

&  1E10
w

—iPP —iPP
—— 90/10 wiw iPP/wax —— 90/10 w/w iPP/wax
87/10/3 wiw iPP/wax/Ag 87/10/3 wiw iPP/wax/Ag
——97/3 wiw iPP/Ag ——97/3 wiw iPP/Ag
1E9 T T T 1E9 T T T
0 50 100 0 50 100

Temperature / °C Temperature / °C

Figure 3.5 Storage modulus as a function of temperature of iPP, iPP/wax, iPP/Ag and

iPP/wax/Ag samples (a) quenched and (b) slowly cooled from the melt

When comparing the storage modulus of the iPP/Ag sample with that of iPP and iPP/wax, it can
be seen that it is lower than that of iPP, but higher than that of iPP/wax. According to Table 3.1
the melting enthalpies of iPP and iPP in iPP/wax and iPP/Ag are very similar, so differences in
their storage moduli cannot be the result of differences in iPP crystallinity. It has been reported
previously that the nanoparticles can have a plasticizing effect on a polymer [8], and therefore
the lower storage modulus in the case of iPP/Ag is probably the result of such a plasticizing
effect. However, this plasticizing effect is not as pronounced as the softening effect of the wax,
therefore the storage modulus of iPP/Ag is still higher than that of iPP/wax. The storage modulus
is the lowest when both wax and Ag are present. Again the melting enthalpy of iPP in
iPP/wax/Ag is not much different from that of pure iPP (Table 3.1), and therefore the reduction

in storage modulus cannot be the result of a change in crystallinity. It is expected that there will
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be a very weak interaction between iPP and wax, while it seems as if there is a strong interaction
between wax and Ag (section 3.1). The wax-covered Ag particles will then increase the free
volume in the sample, which will give rise to higher iPP chain mobility in the amorphous phase

and reduced stiffness.

The tan & curves in Figure 3.6a show that the quenched iPP has two relaxation peaks associated
with the B- and a-relaxations, respectively at about 10 and 70 °C. The B-relaxation is usually
associated with motions within the amorphous regions during the glass transition, and the a-
relaxation is related to the crystalline phase of the polymer [9,10]. When wax is present, an
additional peak appeared at about 60 °C, which is associated with the wax melting. The B-peak
of the iPP/wax sample looks very similar to that of pure iPP, and appears at about the same
temperature, while the a-peak moved to higher temperatures. This indicates that the highly
crystalline wax did not influence the iPP chain mobility in the amorphous phase, but in some
way influenced the crystalline phase of iPP. According to Table 3.1 the normalised melting
enthalpy of iPP in the blend is higher than that of the pure iPP, which could explain the increase
in the a-transition temperature. The iPP/Ag sample also shows two relaxation peaks associated
with the B- and a-relaxations. The temperature of the B-peak is very similar to that of iPP, but the
a-peak appeared at a slightly higher temperature. This can be attributed to the dispersion of the
Ag particles in the inter-crystalline amorphous areas of the iPP (as discussed in section 3.1), and
therefore they will have an immobilizing effect on these chain segments. However, in the
presence of both Ag and wax, only the -relaxation and the wax melting peaks are visible. The a-
peak is not visible in the investigated temperature range. The B-peak appeared at an observably
lower temperature and the wax melting is much more prominent than that of the iPP/wax blend.
It is expected that there will be a weak interaction between iPP and wax, while there is a stronger
interaction between wax and Ag (see section 3.1). The wax-covered Ag particles will then
increase the free volume in the sample, which will give rise to higher iPP chain mobility in the
amorphous phase, leading to lower Tg values. It is not clear why the a-peak has disappeared,

unless it has moved to an even higher temperature outside our analysis range.

The slowly cooled iPP has two relaxation peaks associated with the - and a-relaxations at about

10 and 130 °C (Figure 3.6b). When wax is present there are also two relaxation peaks,
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respectively associated with the glass transition and wax melting. The a-peak is not visible in the
investigated temperature range, probably because wax has crystallized in the inter-crystalline
amorphous regions of iPP, and as a result reduced the mobility on these chain segments. The -
peak of the iPP/wax sample is at a lower temperature than that of the pure iPP, which can be
attributed to the increase in free volume because of the relatively weak interaction between iPP
and wax, which gives rise to higher iPP chain mobility in the amorphous phase. The iPP/Ag
nanocomposites also have two relaxation peaks associated with the - and a-transitions. In this
case both the B- and a-peaks appear at lower temperatures than those of pure iPP. This is an
indication that Ag particles to some extent have plasticized iPP, giving rise to an increase in iPP
chain mobility in the amorphous phase [8,11]. The decrease in the a-transition temperature must
be related to the presence of the Ag particles in the inter-crystalline amorphous areas of iPP. It is,
however, not clear exactly how these particles influenced the relaxation of the chains in these
areas, since for the quenched samples the temperature of this transition increased. When both
wax and Ag were present, the observation is similar to that of the quenched sample, and the

explanation will be the same.
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iPP/wax/Ag nanocomposites (a) quenched and (b) slowly cooled from the melt

Figure 3.7 compares the storage modulus curves of the quenched and slowly cooled samples.
The storage modulus of the slowly cooled iPP and iPP/Ag nanocomposites is much higher than
that of the quenched samples (Figures 3.7a and 3.7b). This is attributed to the higher crystallinity
of the slowly cooled samples, as can be seen from the higher normalised melting enthalpies of

the slowly cooled samples (Table 3.1). However, the quenched and slowly cooled iPP/wax
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samples show almost the same modulus (Figure 3.7c), indicating that the presence of the soft
wax counter-acted the influence of the higher crystallinity of the slowly cooled blend. When both
wax and Ag are present, the storage modulus of the slowly cooled sample is significantly lower
than that of the quenched sample (Figure 3.7d). According to Table 3.1 the normalised melting
enthalpy of iPP in the slowly cooled iPP/wax/Ag is higher than that in the quenched sample, and
the differences in storage modulus is therefore not related to the differences in crystallinity. The
only possible reason for this observation is that more wax crystallized around the nanoparticles

in the quenched samples, giving rise to more rigidity from the wax-covered Ag filler.
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Figure 3.7 Storage modulus as a function of temperature of the quenched and slowly

cooled (a) iPP, (b) iPP/wax, (c) iPP/Ag and (d) iPP/wax/Ag nanocomposites

There is no difference between the temperatures of the B-peaks in the quenched and slowly
cooled iPP (Figure 3.8a), which is to be expected because differences in cooling rate will only
influence the crystallinity of iPP. The a-peak of the slowly cooled iPP appears at a significantly
higher temperature than that of the quenched iPP. This is attributed to the higher crystallinity of
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the slowly cooled samples (compare melting enthalpy values in Table 3.1). If one compares the
relaxation peaks of the iPP/Ag samples, it can be seen that the B-peak of the slowly cooled
iPP/Ag sample appears at a lower temperature, but the a-peak is still at a higher temperature,
than those of the quenched samples (Figure 3.8b). The difference between the a-peaks of the
samples is attributed to the difference in crystallinity between the quenched and slowly cooled
samples (Table 3.1), although Ag had an influence in both cases, as discussed before. Therefore,
the presence of Ag particles in the inter-crystalline amorphous regions (section 3.1) influences
the crystalline phase more than the amorphous phase in the slowly cooled sample, because of its
higher crystallinity, but the amorphous phase more than the crystalline in the quenched sample,

which has a lower crystallinity.
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In the iPP/wax samples, the B-relaxation and wax melting peaks of the slowly cooled sample

appear at a higher temperature than those of the quenched sample (Figure 3.8c). This is probably
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because larger wax crystals formed during slow cooling, which had a stronger immobilizing
effect on the amorphous iPP chains and which had melted at higher temperatures. There is little
difference between the B-transition and wax melting temperatures of the quenched and slowly
cooled samples when both wax and Ag were present (Figure 3.8d). The reason is probably that
the wax crystallized mostly around the Ag nanoparticles, and since the rate at which the sample
was cooled would not seriously affect the wax crystallization, and since there is very little
interaction between iPP and wax, it could be expected that these transitions would not be

seriously affected by the rate at which the samples were cooled.

34 Thermal conductivity

The thermal conductivities of the quenched and slowly cooled iPP samples increased with
increasing Ag content at lower Ag contents, but leveled off at higher contents (Figure 3.9). This
can be attributed to a better dispersion of the Ag particles at lower contents. At higher Ag
contents the particles were not so well dispersed and formed agglomerates (Figure 3.1b). It has
been reported previously that the agglomeration of filler particles increased with an increase in
filler content [12-14], and that these agglomerations gave rise to lower thermal conductivities
[15,16]. In the iPP/Ag nanocomposites, phonons are transported from one Ag particle to another
via the polymer. Since the polymer is not a good thermal conductor, it is important that the filler
particles must be well dispersed and fairly close to each other, and that there should be fairly
strong interactive forces between iPP and Ag. In such a case heat will be transported by high
frequency phonon vibrations leading to higher thermal conductivity values. However, if the
particles are poorly dispersed and/or the interaction between iPP and Ag is weak, a small amount
of heat will be transported by low frequency phonons as a result of higher thermal contact
resistance. When the thermal conductivities of the quenched and slowly cooled samples are
compared (Figure 3.9), it can be seen that the thermal conductivities of the quenched samples are
significantly lower than those of the slowly cooled samples. It is known that higher crystallinities
give rise to better thermal energy transport [17], which is also the reason for the better thermal
conductivity of the slowly cooled samples, that have previously been shown to have much higher

crystallinities (melting enthalpy values in Table 3.1).
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The thermal conductivity of the quenched iPP shown in Figure 3.10 slightly increases after the
addition of 10 wt% wax. This can be attributed to the wax crystals in the sample, which
increased the total crystallinity (Table 3.1) and therefore the thermal energy transport. The
thermal conductivity of iPP/Ag is slightly lower than that of iPP/wax, but is very similar to that
of pure iPP. Again, if one looks at the values in Table 3.1, it is clear that the normalised melting
enthalpy of the iPP/Ag sample is very similar within the experimental error to that of pure iPP,
but lower than that of iPP/wax. As already seen, the crystallinities of the quenched samples are
significantly lower, and therefore the Ag particles are probably dispersed in the amorphous phase
of iPP with less contact with the crystallites, which could inhibit the thermal transport through
the iPP/Ag samples. Although Ag is thermally more conductive than wax and iPP, it seems as if
the thermal conductivity of the quenched iPP sample depends more on the crystallinity than on
the presence of conductive metal particles. When both wax and Ag are present, the thermal
conductivity of the sample is higher than that of iPP/Ag. This can again be attributed to the
higher crystallinity of the sample (Table 3.1), but also to the dispersion of Ag within the highly
crystalline wax phase (section 3.1). Therefore, the wax-covered Ag particles significantly

increased the thermal conductivity of the quenched iPP sample.

In the slowly cooled samples (Figure 3.10), the thermal conductivity of iPP/wax is observably
higher than that of iPP, which is also the result of the presence of the more crystalline wax. The
thermal conductivity of the iPP/Ag sample is significantly higher than those of the pure iPP and
the iPP/wax samples. According to Table 3.1, the slowly cooled iPP/Ag sample has a much
higher crystallinity than the quenched sample, and therefore the Ag particles should have better
contact with the iPP crystallites, which probably is the reason for the improved thermal energy
transport in the slowly cooled iPP/Ag sample. The thermal conductivity of the iPP/wax/Ag
sample is about the same as that of the iPP/Ag sample. In the slowly cooled iPP/Ag sample, Ag
particles acts as nucleation centers and are therefore in intimate contact with the iPP crystallites.
However, when wax is present, the Ag particles are no longer in contact with the iPP crystallites,
but are probably covered by the crystalline wax, which will also improve the thermal energy
transport. Crystallites in contact with the Ag nanoparticles, whether they are iPP or wax
crystallites, seem to have a very strong influence on the thermal conductivities of the

nanocomposites.
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There is no specific trend in the thermal conductivities of the quenched and slowly cooled
iPP/wax/Ag samples shown in Figure 3.11. In this case there is a complex combination of effects
that will influence the thermal conductivities of the samples: (1) Ag dispersion; (2) extent of
agglomeration; (3) covering of Ag particles by crystalline wax; (4) extent of formation and
dispersion of wax crystals in between the iPP spherulites. If the filler particles are not well
dispersed, and if there are fewer (iPP or wax) crystallites, high frequency phonon movement will
be inhibited and the thermal conductivity will be lower. The separate crystallization of the wax in
the areas between the iPP spherulites and the covering of the Ag particles by the crystalline wax
should improve the thermal conductivity, but the weak interaction between iPP and wax may
negatively influence the thermal conductivity. All these factors will contribute in one way or the
other to the thermal conductivity, but it is difficult to isolate any one of these factors as possible
reason(s) for the differences in the conductivity. However, when the thermal conductivities of
the slowly cooled and quenched samples are compared, it is clear that slowly cooled samples
have higher thermal conductivities than the quenched samples because of their higher

crystallinities.
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Figure 3.11 Thermal conductivity of iPP/wax and iPP/Ag with 10 wt% wax
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35 Dielectric properties

Figure 3.12 presents the DC conductivity, conductance and susceptance of the 10 wt% wax
containing iPP/Ag nanocomposites. The DC conductivity of the iPP/wax/Ag samples showed
little change up to 3 wt% Ag, but increased significantly at higher Ag contents. For the lower
filler content, the mean distance between the individual metal particles and aggregates must have
been too large and the conductivity was therefore controlled by the insulating polymer matrix.
When the distances between individual filler particles are large, electrons do not easily hop from
particle to particle. However, at higher Ag contents the individual particles and aggregates were
closer to each other and the mean distance between the metal particles was small enough for the
electrons to fairly easily hop from one particle to another. The conductance at different
frequencies showed similar behaviour (Figure 3.12a), but susceptance only showed small
changes with increasing Ag content (Figure 3.12b). This is probably because the Ag particles do
not improve the polarity of the blend. Both the conductance and susceptance increased with
increasing frequency for all the investigated Ag concentrations, which indicates that the Ag
particles did not form a well-developed conductive network. However, if one looks at the DC
conductivity of the 10 wt% wax containing iPP/Ag samples, it seems as if the percolation

threshold occurred at about 3.5 wt% Ag.
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Figure 3.12 (a) DC conductivity and conductance, and (b) susceptance of 10 wt% wax

containing iPP/Ag composites as function of Ag content

Figure 3.13 presents the temperature dependence of the dielectric properties of iPP and iPP/wax
composites with 2 wt% Ag nanoparticles at a frequency of 172 kHz. The conductance of the
samples decreased after the addition of 10 wt% wax, which can be attributed to the presence of
the interface between the immiscible wax and iPP. When Ag particles are present, the
conductance of the iPP/Ag sample is higher than those of pure iPP and the iPP/wax sample. In
the iPP/Ag sample, the Ag particles acted as nucleation centers, as discussed in section 3.1, and
are therefore in intimate contact with the iPP crystallites. The iPP crystallites in contact with the
Ag particles seem to have a strong influence on the conductivity of the nanocomposites. In the
presence of both wax and Ag, the conductance of iPP in the iPP/wax/Ag sample is even higher.
When wax is present in the iPP/Ag sample, the Ag particles are no longer in contact with iPP
crystals, but covered by the more crystalline wax which further improves the electrical

conductivity. The conductance of iPP and iPP/Ag remained nearly constant at lower
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temperatures, but slowly increased at higher temperatures. When wax was present, the
conductance of iPP/wax and iPP/wax/Ag also remained nearly constant at lower temperatures,
but decreased at about 325 K, followed by a significant increase in conductivity. This indicates

that the presence of the more crystalline wax had a strong influence on the conductivity.

The susceptance showed different behaviour from that of the conductance in the presence of wax
(Figure 3.13b).The susceptance of iPP/wax is higher than those of both pure iPP and iPP/Ag
samples. In iPP/wax, both iPP and wax are non-polar materials, but excellent electric insulators
that can be polarized by the applied electric field [18,19]. When the electric field is applied to
iPP/wax, the electrons do not move through the blend as they would have done in a conductor,
but move only slightly causing a small dielectric polarization so that wax more easily responded
to polarization than iPP. When both wax and Ag were present, the susceptance of iPP in
iPP/wax/Ag sample was higher than those of iPP/Ag and iPP/wax. This shows that in the
presence of both the conductor and wax, when the external electric field was applied, the
electrons moved in such a way that they were free to polarize the conductor. The wax-covered
Ag particles easily responded to the polarization, and the susceptance was therefore very large.
When the susceptance of iPP/wax and iPP/wax/Ag are compared, the wax slightly improved the
polarity of iPP, but the wax-covered Ag particles significantly improved its polarity. The
susceptance is the ratio of polarization to the applied electric field, and the changes observed in

the susceptance of the composites are the result of the changes in polarization.
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Figure 3.13 Temperature dependence of the dielectric properties of the composites with 2

wt% Ag nanoparticles at 172 kHz

In order to study the effect of Ag particles on the conductivity of iPP and the iPP/wax blend, the
relative increase in admittance (AY(f,T) = 100-(Ypor+ag - Ypo1)/Ypol) of iPP and iPP/wax due to the
presence of 2 wt% Ag was determined. The results are presented in Figures 3.14 and 3.15. A
transition which is associated with the y-relaxation appeared at about 173 K in both composites.
It has been previously reported that the y-relaxation of iPP appears between 150 and 230 K, and
this relaxation is usually associated with the local motions in the amorphous phase [20]. The
difference in conductivity between iPP and iPP/Ag slightly increases with increasing temperature
up to this temperature, followed by a decrease at higher temperatures. The non-polar iPP usually
shows a y-relaxation, but the introduction of polar groups had previously made the y-relaxation
peak disappear [19]. The observed y-relaxation in iPP/Ag therefore confirms that the Ag particles
did not improve the polarity of iPP. The iPP/wax/Ag sample has two transitions associated with
the y-transition and the softening of wax, respectively at about 173 K and 300 K (Figure 3.15).
Although the conductivity of iPP/wax and iPP/wax/Ag increased with increasing temperature

(Figure 3.13), the difference in their admittance increased up to the y-transition of iPP, followed
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by a decrease in conductivity at temperatures above the y-transition. Again, the difference in
conductivity (AY) slightly increased with increasing temperature up to the onset of wax
softening, followed by a significant increase in conductivity up to wax melting. At temperatures
above the melting of wax the conductivity of iPP/wax/Ag more slowly increased than that of
iPP/Ag, probably because of the destruction of the semi-conductive paths during the softening of
the wax. The difference in conductivity only slightly changed during the softening of iPP, but

significantly changed during the softening of the wax, which confirms that the Ag particles were
mostly dispersed in the wax phase.
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Figure 3.14 Relative increase of admittance due to the presence of 2 wt% Ag

nanoparticles in iPP as function of temperature and frequency
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Figure 3.15 Relative increase in admittance due to the presence of 2 wt% Ag nanoparticles

in 90/10 w/w iPP/wax as function of temperature and frequency
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CHAPTER 4

Conclusions

The purpose of the study was to correlate the morphologies of quenched and slowly cooled
iPP/Ag and iPP/wax/Ag samples with the thermal and thermomechanical properties, as well as
the thermal and electrical conductivities. The Ag nanoparticles were concentrated at the growth
centres of the iPP spherulites in the iPP/Ag nanocomposites and formed nucleation centres for
the crystallization of iPP. Wax crystallized separately from iPP in the areas between the
spherulites in the iPP/wax/Ag nanocomposites, and influenced the growth of the iPP spherulites
by acting as a plasticizer or diluent. The Ag nanoparticles had a larger affinity for wax and were
no longer observed at the growth centres of the iPP spherulites, but remained in the wax phase
which was dispersed in between the iPP spherulites. The Ag nanoparticles, whether in the iPP
spherulites or in the wax phase, had little influence on the mobility of the iPP chains and on its
crystallinity. The wax-covered Ag particles more significantly improved the thermal and
electrical conductivities of the samples than the Ag particles in neat iPP. The Ag particles in
iPP/Ag had little influence on the modulus of iPP, but the presence of both wax and Ag particles

significantly reduced the modulus, probably because of the plasticizing effect of the wax.

With increasing Ag contents in iPP/Ag, the nanoparticles remained at growth centres of the iPP
spherulites, but the filler was not so well dispersed and the extent of the agglomeration increased.
In iPP/wax/Ag with higher filler contents, Ag agglomerates were also observed at the growth
centres of the iPP spherulites, probably because the wax content was too low for all the particles
to be covered by wax. The Ag particles had little influence on the crystallinites of iPP in all the
samples, even at the higher contents. The thermal conductivities of both the iPP and iPP/wax
based samples increased with increasing Ag content, but leveled off at higher filler contents,

while the electrical conductivities continued increasing with increasing filler contents.

In iPP/wax blend the melting enthalpies of iPP increased with an increase in wax content, which
could only be attributed to co-crystallization between the wax and iPP. The highly crystalline

wax increased the stiffness of the quenched samples because of the lower iPP crystallinity, but it
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had a softening effect on the slowly cooled samples because of the higher iPP crystallinity and
the plasticizing effect of the wax. The presence of wax increased the thermal conductivities,
probably because of its higher crystallinity, but decreased the electrical conductivities of the

blends.

Both the quenching and slow cooling treatments had an influence on the crystallinities of the
samples. Because of their lower crystallinities, the thermal conductivities of the quenched
samples were significantly lower than those of the slowly cooled samples. The slowly cooled iPP
and iPP/Ag samples showed higher moduli than the quenched samples because of their higher
crystallinities. In the iPP/wax blend, the differences in the iPP crystallinities of the quenched and
slowly cooled samples had less influence on the modulus of the samples because of the presence
of highly crystalline wax. When both wax and Ag were present, the slowly cooled sample
showed a lower modulus than the quenched sample, indicating that the wax-covered Ag particles

provided more stiffness in the quenched sample.

In conclusion, the highly crystalline wax improved the thermal heat transport of both the
quenched and slowly cooled samples, but decreased the electrical conductivity because of the
immiscibility of iPP and wax. The presence of Ag in the iPP/wax phase blend significantly
improved the thermal and electrical conductivities of both the quenched and slowly cooled

samples, because of the coverage of the Ag particles by the highly crystalline wax.

Based on our findings, there are some areas that need further investigation. These are the
investigation of the dispersion of Ag particles in quenched iPP and iPP/wax blends, the influence
of quenching and slow cooling treatments on the electrical conductivity of the nanocomposites,
and the influence of wax on the percolation threshold of both the quenched and slowly cooled

iPP/Ag nanocomposites.
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Figure A.1 DSC cooling curves of iPP and iPP/Ag nanocomposites quenched from the

melt

Figure A.2 DSC cooling curves of iPP and iPP/wax blends slowly cooled from the melt
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Figure B.5 Storage modulus as a function of temperature of iPP

from the melt
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Figure B.18 Loss factor as a function of temperature of iPP and iPP/Ag slowly cooled from

the melt
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