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ABSTRACT

The aim of this study was to prepare LDPE-Cu and LLDPE-Cu composites containing
different amount of copper, and to determine the morphology, surface free energy, thermal
and mechanical properties, as well as thermal and electrical conductivities of the samples. The
copper powder particle distributions were found to be relatively uniform at both low and high
copper contents. There was cluster formation of copper particles at higher Cu contents, as
well as the formation of percolation paths of copper in the PE matrices. The surface free
energy results show an increase in the total surface free energy and its disperse part, but a
decrease in the polar part of the surface free energy for the Cu-PE composites in comparison
with pure PE. There was an initial increase, followed by a decrease in melting temperature of
LDPE with increasing copper content. When the observed enthalpy was compared with the
expected enthalpy, a higher enthalpy was observed in the presence of low copper contents.
For LLDPE the melting temperatures did not change appreciably. Comparison of the observed
and expected enthalpies also showed that there was very little increase in total crystallinity.
The TGA results show that there was a general decrease in thermal stability with increasing
copper content in both LDPE and LLDPE. For LDPE the elongation and stress at break
slightly decreased with increasing copper content, while the decrease in the case of LLDPE
was much more significant. Young’s moduli of LLDPE and its composites had slightly
higher values than those of LDPE and its composites, because LLDPE is more crystalline and
therefore more stiff than LDPE. These values strongly decreased from the values for both
pure LDPE and LLDPE to those of their composites containing 2 vol.% copper, after which
the moduli slightly increased with increasing copper content. The thermal conductivities of
the cr posites were higher than that of the pure polyethylene matrix for both LDPE and
LLDPE. A linear increase in thermal conductivity was observed with an increase in filler
content. The electrical conductivity of polyethylene-copper composites increased with
increasing copper content in the composite for both LDPE and LLDPE. From these results

the percolation concentration was determined as 18.7 vol.% copper for both polymers.
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CHAPTER ONE

INTRODUCTION

1.1  Background

The general tendency of man is to lead a comfortable life. For this he needs new and
useful materials. The search for new materials has been going on for a long time. Many new
materials have been developed in the 20™ century. A composite is one such a material, which
has revolutionized the concept of high strength.

A composite, as its name indicates, is made by combining two or more dissimilar
materials in such a way that the resultant material has properties superior to any of its
parental components. Unlike a chemical compound, the components of a composite neither
take part in a chemical reaction nor dissolve completely in each other. They remain strongly
bonded together while maintaining an interface between them, and they act in concert to give
much improved performance.

Composites are not new materials. The first composite was probably made in Biblical
times when man added chopped straw to clay to make stronger bricks. Steel rod reinforced
concrete, widely used in modern buildings, is also an example of a composite. With the
inexorable —~arch of civilization, man felt that more novel materials are required. Necessity,
as it is said, is the mother of invention. So, to meet his ever growing and diversifying needs,
man started fabricating new materials from a judicious combination or manipulation of the
old.

The tremendous progress in science and technology brought about the Industrial
Revolution in the 19 ™ century. As this revolution progressed and encompassed every aspect
of human life, an increasing need was felt for materials capable of resisting fatigue,
environmental corrosion, pressure, stress and exposure to chemicals. They also have to be
adaptable for use under extreme temperature variations. Newer and more versatile materials
in the form of composites evolved as an answer to this need.

Their emergence has an impact in several fields like transportation, marine
engineering, chemical equipment and machinery, construction, electrical and electronic
equipment, space technology, sports goods, and medical engineering. These alternatives to

traditional materials took the industry by storm. Composites manufacturing is one of the



fastest growing industries, with the United States being the major consumer of these
materials. The global consumption of composites is now around two million tons annually
and is growing at a rate of ten percent every year [1].

Composites are materials based on the controlled distribution of one or more
materials, termed as reinforcement, in a continuous phase of a second material, called the
matrix. The reinforcement is added to provide strength and stiffness to a composite. The
matrix is also known as 'binder' material. Its function is to make the composite resistant to
degradation. The ultimate performance of a composite depends not only on the matrix and
the reinforcement but also on the matrix-reinforcement interface. The interface is a critical
part of composite technology [2]. A third material, called a coupling agent or compatibilizer,
controls it. Alkyl silanes, organo titanates, high molecular weight carboxylic acids and esters
are examples of coupling agents. These coupling agents have two different functional groups.
One is attracted to the resin and the other to the surface of the filler [3]. However, when
both the matrix and fibre are organic in nature, greater bonding is expected between these
components and as a result a coupling agent is generally not required. The composite matrix
can be a plastic (resin), a metal or a ceramic. It is responsible for the integrity of the
composite compound.  Plastic matrix based composites constitute more than 95 % of
composite materials in use today. These may be either ther oplastics or thermosets. 95 %
of the plastic matrices are thermoset in nature. Some of the thermoplastic matrix materials
are polyethylene, polypropylene, and nylon. Unsaturated polyester, epoxy, and phenol-
formaldehyde are examples of thermoset matrix materials [4].

In case of metal matrix composites, the choice of the metal is governed by factors
such as light weight and high temperature resistance. The aerospace industry has always
stressed its need for lightweight metals, metal alloys or substitutes, which could be used to
make aircraft parts. These increase the fuel efficiency and maneuverability of an aircraft
without jeopardizing safety. Boron reinforced aluminum is very popular for aircraft
applications. Ceramic matrices are chosen for their toughness. A ceramic-ceramic composite
is an exception to the normal definition of composites. In these composites, the ceramic
matrix is reinforced with ceramic fibres. These are considered composites, even though both
the matrix and reinforcement are ceramic, because the two are in different forms. The
matrix may be a sheet or fluid and the reinforcement is in the fibre form [5].

The performance of a composite material not only depends on the selection of the
matrix, reinforcing, and auxiliary materials, but also on the interface. The interface must be

as narrow as possible. Sometimes the bonding between the matrix and the reinforcement may
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be poor. In such cases the performance of the composite can be improved either by the

modification of the reinforcement or the matrix [5].
1.2  Conductive polymer composites

Scientists have become more interested in creating conductive polymers. Common
polymers are electrically insulating with volume resistivities ranging from 10" to 10" Q.cm.
There are two methods used to reduce polymer resistivities to 10° Q.cm or less. One method
involves the synthesis of intrinsically conductive macromolecules, which is made possible by
adulteration of the polymer with small quantities of doping agents. The other approach is to
add conductive fillers, such as copper or nickel powder, metal-coated glass spheres or fibres,
to the resin [6].

The conductivity of a polymer composite, which contains dispersed conductive filler,
depends on factors such as the size and shape of the filler particles, their spatial distribution
within a polymer matrix, the interactions between the filler surface and the polymer matrix,
and the contact resistance between adjacent particles [7, 8]. All these factors determine the
conditions of charge transport from one particle to another, i.e., the conductivity of the filler
phase. Taking into account all these factors gives a suitable processing method to obtain the
composites and to improve the electrical characteristics of these systems. Contact resistance
between the particles is important in the case where the filler volume concentration exceeds
the percolation threshold and the charge transport through the filler phase takes place via
direct contact between the particles. In this case, conductivity can be defined as metallic
conductivity. On the other hand, when a thin, insulating polymer layer separates the filler
particles, conductivity is dominated by charge transport via a tunneling effect [8].

Graphite is available in different sizes and shapes, and Nagata et al. [9] investigated
the importance of these factors on conductivity. By modifying low-density polyethylene
(LDPE) with both plate-like and spherical graphite, they found that the conductivity of
LLDPE/graphite composites with spherical graphite particles increases with decreasing size,
while the conductivity of composites with plate-like graphite particles increases linearly with
increasing particle size.

Liu and Chung [10] studied the characteristics of conductivity-improved polypyrrole
films via different procedures. In this study, three electrochemical procedures were used to
improve the conductivity of polypyrrole (PPy) films. One is to modify PPy with valence
copper. Another is to synthesize a polyethylene oxide (PEOQ)/PPy composite. The last is an
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original method to polymerize PPy on a rough gold substrate pre-treated with an
electrochemical oxidation-reduction cycle (ORC). They observed that electrical conductivity
of PPy is attributed to the electrons hopping along and across the polymer chains with
conjugating bonds, giving rise to more positively charged PPy, more available electron holes,
longer polymer chains and more co-planar between interchains, are favorable for better
conductivity. The PEO/PPy composite becomes more flexible and compact by incorporating
PEO into the PPy matrix.

Thongruang er al. [11] investigated the correlated electrical conductivity and
mechanical properties of high-density polyethylene filled with graphite (G) and carbon fibre
(CF). Addition of CF to an HDPE/G composite was found to increase the conductivity
relative to that of the HDPE/G composite at the same filler concentration. The observed
increase in conductivity is more pronounced if the concentration of G is already above its
threshold value. The conductivity of the composite was found to jump from 0.1 (Q cm) at 50
wt % pure G, and from ~ 5.0 (Q cm)™ at 10 wt % pure CF to ~ 18.0 (€ cm)”' when these two
fillers are combined in a 40/(50+10) (w/w) HDPE/(G+CF) composite. This result confirms
that the conductivity of an HDPE/G composite, already loaded above its threshold
concentration, can be significantly improved upon by addition of a reasonably small amount
of CF.

Miyasaka et al. [12] reported that the conductivity of polyethylene/carbon black
(PE/CB) composites jumps by 10 orders of magnitude at a critical concentration of CB, which
they designate as the threshold concentration for CB, that is the percolation threshold [13, 14].
Graphite is another carbonaceous filler that has been incorporated into PE for electrical
conductivity purposes [15]. Addition of G to thermoplastics generally combines the electrical
properties of G with ease of processing, and may likewise promote attractive electrochemical,
physical, mechanical and economical considerations [16].

Gu et al. [17] studied conductive polymer-modified boron-doped diamond (BDD) for
DNA hybridization analysis. Taking advantage of the conducting nature of the BDD film, a
thin layer of polyaniline/poly(acrylic acid) (PANI/PAA) composite polymer film could be
readily electro-polymerized onto the diamond surface. The carboxylic acid residues in the
polymer film act as the binding sites for DNA attachment, whilst the conductive polymer
matrix enhances the electron-transfer between DNA and the . mond surface. Fluores: ce
microscopy and cyclic voltammetry measurements indicate that the polymer-modified BDD
has minimal non-specific DNA adsorption, and provides a stable transduction platform for
DNA sensing.



Zhao et al. [18] studied the conduction mechanism of carbon black (CB) filled
poly(vinylidene fluoride) composites. The positive temperature coefficient (PTC) effect of CB
filled poly(vinylidene fluoride) (PVDF) composites and the changes in resistivity under
different conditions were studied. They found that there was some coherence between the
volume expansion and the crystallite melting of PVDF. The homogenization diffusion of CB
particles results in increasing resistivity during volume expansion and crystallite melting. At
high temperature, the resistivity decrease is due to the agglomeration of CB particles or
aggregates, which results in a new CB distribution of better conductivity. On basis of the
experimental evidence, the volume expansion of the composite matrix, the diffusion of CB
particles from the amorphous region to the melt crystalline region and the agglomeration of
CB particles dominate the PTC effect of PVDF/CB composites.

Yu-chuan and Hwang [19] investigated the enhancement of conductivity stability of
polypyrrole (PPy) films modified by valence copper and polyethylene oxide in an oxygen
atmosphere. The results reveal that polymerization potential, solvents used in polymerization,
modification of PPy with valence Cu, and introduction of polyethylene oxide (PEO) into PPy
all significantly influence the conductivities of PPy films and their correspondent stabilities.
Pure PPy, prepared in water at an over-oxidized potential, shows a serious decrease in
conductivity. However, valence Cu-modified PPy and PEO-modified PPY can depress the
ageing reaction, resulting in an electron transfer from Cu to the N* of PPy and a more
compact, dense surface and hydrogen bonds forming, respectively.

Feller et al. [20] investigated the influence of processing conditions on the sensitivity
of conductive polymer composites to organic solvent vapours. The electrical properties of two
conductive polymer composites (CPC) not yet studied in the literature, poly(amidel2-b-
tetramethylene oxide)-carbon black (PEBAX-CB) and poly(ethylene-co-ethyl acrylate)-
carbon black (EEA-CB) in the presence of two organic solvent vapours, chloroform and
toluene, have been studied as a function of processing conditions (in the melt by extrusion and
from solution by casting). The experiments show that the electrical response of the CPC to
solvent vapours can be modulated, not only by changing the chemical nature of the polymer,
but also by tailoring the CPC morphology, i.e. the area accessible to solvent molecules both at
a micro and nanometric scale. For this purpose, the use of block or statistical copolymers is
interesting in achieving microphase separation or good CB dispersion, respectively. The
results show on the one hand that important responses to solvent vapours AR/Rmax can be
achieved with high conductivity samples, but at the detriment of response time. On the other

hand, the use of the curve shape, i.e. the diffusion mode characterized by AR/Rpax versus JF



curves slope and onset, would allow them to decrease the number of CPC for vapor detection.
Sorption kinetic measurements show that toluene diffusivity is about two times lower in EEA-
CB than in EEA. This phenomenon can be explained by a barrier effect of the carbon black
particles and a decrease of plasticization of EEA chains by toluene molecules due to
interactions between EEA and CB. Therefore, the sensitivity of the CPC to solvent vapors
results from conductive particles disconnection due to volume expansion during the matrix
swelling.

Dilhan et al. [21] investigated the development of the electrical properties of
composites as a function of the degree of mixedness of conductive filler into an insulating
polymer. Increasing the time and hence, the specific energy input, during the mixing process
results in a more homogeneous spatial distribution of conductive filler in the polymer matrix,
which in turn results in a decrease of the volume conductivity of the composite. The
decreasing conductivity of the composite is attributed to the better coating and hence the
isolation of the conductive particles from each other, thus hindering the formation of a
conductive network. Overall, these results suggest that the control of the electrical properties
of a conductive composite could benefit from a good understanding and sufficient control of
the dynamics of the mixing process and the resulting degree of mixedness of the conductive
particles in the polymer matrix.

Yazici et al. [22] studied particulate-based conductive composites exploiting
percolation-range microstructure. A tri-block copolymer with polystyrene end blocks and
poly(ethylene-butylene) mid block was used as the primary matrix materials. Graphite
powders with controlled particle size distributions were used as conductive fillers. Systematic
studies were carried out varying the volume percent and mixing distribution characteristics of
the filler particles. The volume resistivity of the composite exhibited a significant increase
with the increased specific energy input. The increase was associated with the enhanced
coating of conductive particles and better distribution of the matrix polymer as the specific

energy input increased.

1.3  Percolation theory

The percolation theory was developed to mathematically deal with disordered media,
in which the disorder is defined by a random variation in the degree of connectivity. The main
concept of the percolation theory is the existence of a percolation threshold, defined in the

following way: Suppose p is a parameter that defines the average degree of connectivity
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between various sub-units of some arbitrary system. When p = 0, all sub-units are totally
isolated from every other sub-unit. When p = 1, all sub-units are connected to some maximum
number of neighboring sub-units. At this point, the system is connected from one side to the
other, since there are paths that go completely across the system, linking one sub-unit to the
next along the spanning cluster [23]. Now suppose, starting at p = 1, connections are
randomly broken, so that p, the measure of average connectivity, decreases. The percolation
threshold is the value of p, usually denoted p., at which there is no longer an unbroken path
from one side of the system to the other. Alternately, if we start at p = 0, and randomly create
connections, so that p increases, p. is defined as the point at which a spanning cluster first
appears. For p less than pc, only isolated, non-spanning clusters can exist. For p greater than
pe, there is always a spanning cluster, although some isolated, non-spanning clusters can still
be present.

Mamunya et al. [24] investigated the electrical and thermal conductivity of systems
based on epoxy resin (ER) and poly(vinyl chloride) (PVC) filled with metal powder. Copper
and nickel powder having different particle shapes were used as fillers. Their observations
show that the electrical conductivity of the composites of 1 = and PVC containing copper
were similar. For the ER-Ni systems, the percolation threshold was 0.085; while for the ER-
Cu composites it was 0.050. The difference in the percolation threshold values for ER-Ni and
ER-Cu relates to the influence of the particle shape on the filler packing density. In contrast to
the electrical conductivity, the concentration dependence of the thermal conductivity shows
no jump in the percolation threshold region. The shape and spatial distribution of dispersed
filler particles are important factors controlling the electrical and thermal properties of metal-
filled polymer systems.

When a polymer matrix having conductivity oy, is filled with dispersed filler having a
conductivity oy, the prepared composite gains a conductivity value 6. When the volume filler
fraction ¢ reaches a critical value ¢ (so-called percolation threshold), an infinite cluster (IC)
is formed, and the composite becomes conductive [25]. As the filler concentration increases
from @, to the filling limit F, the value o increases rapidly over several magnitudes, from the
value of o, at the percolation threshold to a maximum value o,. Below the percolation
threshold, the conductivity change is negligible and the conductivity of the composite is equal

to the polymer conductivity oy, or slightly higher.
One of the most important characteristics of the filler-polymer composites is the filler-

packing factor () [26]. The value of F depends on the shape and on the possibility of the



skeleton or chained structure formation [27]. The parameter F is a limit of system filling and

is equal to the highest possible filler volume fraction at a given type of packing factor:

F=V;/ (Vs+ V) (M

where V¢ is the volume occupied by the filler particle at the highest possible filler fraction and
V, the volume occupied by the polymer (space among filler particles). For statistically packed
monodispersed spherical particles of any size, F is equal to 0.64 [28]. F decreases in the case
of deviation of shape from spherical, as well as in the case of formation of the volume filler
skeleton structure, due to increase of V.. The use of polydispersed filler particles results in an
increase of F. As a rule, real fillers have F values smaller than 0.64. Thus, the value of F
characterizes the filler phase topology taking into account the shape, fraction size and spatial
distribution of particles. Equation (2) links the value of F with the percolation volume of

conductive sites, in the framework of the lattice model by Scher and Zallen [29]

@c=XF ()

where X; is a critical parameter, which has the meaning of a site percolation probability. For
any lattice type, X and F have such values, that their product percolation threshold equals
approximately 0.16. Equation (2) is valid also in the case of randomly distributed conductive
sites [30]. The model by Scher and Zallen predicts an insulator-conductor transition at a strict
value of the critical volume of conductive sites. In real two-phase systems, a sharp
conductivity increase occurs within the concentration region called the smearing region [31].
Equation (2) does not hold true when polymer-conductive phase interactions exist. In
this case, the filler phase topology depends not only on the filler phase geometry but also on
the interfacial interaction at the polymer-filler boundary. Consequently, the equation linking
percolation threshold and packing factor F has a more complex nature [32]. According to
Wessling’s thermodynamic model, in this case the relationship between percolation threshold
and packing factor is not defined by a constant, but includes parameters, which reflect the
interaction between phases 1 (polymer) and 2 (filler) [33]. The formation of a dispersed filler
segregated structure in the polymer matrix, may be achiev. by pressing the n = ture of
thermoplastic polymer powder having particle size D and of conductive filler having particle
size d, provided that D >> d [34, 35], extrusion or casting of a mixture of incompatible

polymers provided that only one polymer contains conductive filler [36, 37], or filling the
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polymer matrix with conductive and non-conductive fillers simultaneously, having particle
sizes d and d; respectively, with d;>d. The segregated structure formation allows control of
those properties susceptible to spatial filler particle distribution (electrical and thermal
conductivity, dielectric and magnetic properties).

Feller et al. [38] comparatively studied the mechanical and electrical properties of
conductive polymer composites of poly(ester) — short carbon fibres and poly(epoxy) — short
carbon fibres. The reinforcement effect of SCF filled thermoset CPC is more important with
the poly(epoxy) than with the poly(ester) matrix. Electrical measurements show a small
amplitude positive temperature coefficient (PTC) effect between 90 and 160 °C. The
percolation threshold is reached at about 1 % v/v SCF and igher conductivity is obtained
with the poly(ester) matrix. Up to 3 % v/v, a good correlation between resistivity and relative
Young's modulus is found.

Novék et al. [39] investigated the electrical conductivity and elongation at break of
epoxy filled with electroconductive carbon black, graphite, or silver-coated basalt particles or
fibres. Percolation concentrations were determined to be 14 vol. % for epoxy/carbon black
composites, 22 vol. % for epoxy/graphite composites, 28-29 % for both epoxy/silver-coated
basalt particles and fibres. The steepest increase in electrical conductivity and the most
pronounced decrease in elongation at break occurred at a similar filler concentration range for
all investigated systems.

Novak et al. [40] also investigated the correlation between electrical conductivity and
elongation at break of polyurethane (PU) filled with two different grades of graphite, Ag-
coated basalt particles and fibres. Percolation concentrations were determined to be
approximately 21-22 vol. % for PU/graphite composites, 29 vol. % for both PU/Ag-coated
particles and PU/Ag-coated fibers composites. The results show the same behaviour as in

[39].

1.4  Electrical properties

Yang and Schruben [41] investigated the electrical resistivity behaviour of mold-cast
metal filled polymer composites. Mold-cast metal filled composites made of poly(methyl
methacrylate) and aluminum or nickel exhibited electrical resistance « li ive bel siour as
predicted by the percolation and tunneling mechanisms. A precipitous change in resistivity of
about 10* ohm.cm was found at volume concentrations of filler in the range of 18.5 to 19.8

volume percent. When comparing the non-filled polymer to the filled polymers, they observed
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that certain of the samples’ mechanical properties, such as strength, decreased significantly.
They found that the aluminum-nickel composite conformed to the percolation-tunneling
model for a well-dispersed system. Nickel has a lower resistance than aluminum, so their
metal-filled composites had lower resistance. After adding metallic powder filler to the
polymer, the material’s physical properties decreased and its metal-like properties increased.

Dang et al. [42] investigated the dependence of dielectric behaviour on the physical
properties of fillers (carbon fiber (CF), copper (Cu) and nickel (Ni) powders) in polymer-
matrix composites. Low-density polyethylene (LDPE) — electrical conducting fillers were
prepared via simple blending and hot-molding techniques. ; the same concentration of the
fillers, the dielectric constants of the composites with CF fillers were lower than those of the
composites with Cu and Ni fillers, respectively. For these composites the dielectric loss
decreases first and then increases with the experimental frequency. There was a higher
dielectric loss in the composites loading Cu filler of 0.20 in the frequency areas from 10* to
107 Hz, which can be understood due to a large electrical conducting loss in the Cu-containing
composite. The dielectric losses increase gradually with a rise of the volume fraction of Cu
fillers, and the composites with CF and Ni fillers have the same dielectric loss values at the
same concentration. The ac conductivity of the compos s increases with increasing
frequency and volume fraction of fillers The conductivity of Cu is the biggest among three
conductive fillers. Therefore, the conductivity of the composites with Cu fillers increases
rapidly when the concentration of filler increases. It is assumed that an electrical conducting
path and network could be formed in the composites with increasing the concentration of
fillers [43, 44].

Kalyon and Birinci [45] investigated the electrical conductivity of a graphite-based
composite as affected by the degree of mixedness of graphite in an elastomeric matrix. A
wide-angle x-ray diffraction (WAXD) based quantitative phase analysis method was used.
They observed that increasing the specific energy input during the mixing process resulted in
a more homogeneous spatial distribution of graphite in the elastomer, and altered the rheology
of the composite suggesting that significant structural changes did occur. The results show
that volume resistivity of the composite increases exponentially with increasing the mixing
time. The volume resistivity increases from 10° Q cm at specific a energy input of 12 MJ kg’
to 10" Q cm at specific energy input of 3.5 MJ kg'. Upon increasing the mixing time and
hence the specific energy input incorporated during the mixing process, the homogeneity of
the spatial distribution of the conductive graphite particles in the binder was improved and the

conductive particles were better coated with the binder.
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Biggs and Bhattacharya [46, 47] reviewed the development of the electrical properties
of metal-filled polymers and the mechanism involved in the formation of conductive
composites of polymer/metal systems. They found that metallic powders generally suffer from
the oxidation of the metallic particles and the corresponding deterioration of the electrical
properties of composites due to the non-conductive nature of such an oxide layer. The
electrical properties of the composite are dependent on the concentration, size and shape
distributions of the conductive particles [48, 49]. A number of studies revealed that the mixing
time of the conductive filler into the polymer matrix also affects the ultimate electrical
conductivity of the composite [50, 51].

Mamunya et al. [52] studied the influence of pressure on the electrical conductivity of
metal powder used as fillers in polymer composites. They studied the influence of the particle
size on the conductivity of the powders, and compared their data with that of the conductivity
of composites based on an epoxy resin with the same metal powders as fillers. The results
show that the dependence of electrical resistance on the powder thickness, for all size
fractions of the copper powder, is linear. For the same value of the copper powder thickness,
the measured resistance of the copper particles, having small size fraction, is higher than that
of the bigger ones. For copper powder, the packing factor increased with increasing particle
size, because small particles have more irregular shapes than the larger ones. Packing factors
also increased with an increase in the applied pressure, due to e deformation of the particles.
This change of the packing factor is affected by the hardness and size of the metal particles.
Small copper particles deform more than larger ones.

Das et al. [53] investigated the effect of processing parameters, applied pressure and
temperature on the electric resistivity of rubber-based conductive composites. Carbon black-
and short carbon fibre (SCF)-filled conductive composites were prepared from ethylene vinyl
acetate (EVA), ethylene propylene diene (EPDM) rubber and their 50:50 blends. The
electrical resistivities of carbon black- and SCF-filled composites were measured under the
different conditions. The electrical conductivity of filled polymer composites is due to the
formation of a continuous conductive network in the polymer matrix [54]. This conductive
network involves a specific spatial arrangement of conductive elements so that low resistance
electrical paths are formed for free movement of electrons. It was found that electrical
conductivity of filled conductive composites depends on different processing parameters, like
mixing time, rotor speed, mixing temperature, vulcanization time and pressure, and service
conditions like applied pressure and temperature. The results show that the electrical

resistance of fibre is lower than the resistance of carbon black aggregates and this accounts for
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high conductivities of the fibre-filled composites. The effect of mixing time on the volume
resistivity of carbon- and SCF-filled composites initially show that the volume resistivity
decreases with increasing mixing time in the case of carbon black-filled composites, and
shows the lowest value within 2-3 min of mixing time. * e volume resistivity increases
rapidly with increasing mixing time. Slow decrease in resistivity at the beginning of the
mixing is due to the formation of a conductive network by 1 : distribution of the particulate
black filler in the polymer matrix. A marginal change in resistivity is exhibited with further
increase in mixing time. A different effect is observed in the case of carbon fibre-filled
composites. Between 4 and 7 min of mixing there is only a marginal increase in resistivity,
but beyond that the increase in resistivity with mixing time is much faster. Mixing causes
breakdown of the carbon black structure and generally loose agglomerates, so-called
secondary structures, break more easily, whereas the primary carbon structures in the form of
particles and aggregates are relatively more stable towards mechanical shear.

The situation for SCF-filled composites is somewhat different. SCF is considered as a
rigid brittle long chain of carbon aggregates, which undergoes extensive breakage during
mixing with rubber [55, 56]. The increased mixing time reduces the aspect ratio (L/D), due to
a reduction of carbon fibre length, while its diameter remains unchanged during mixing.
Investigation of the effect of rotor speed on the volume resistivity of carbon black- and SCF-
filled conductive composites showed that the resistivity increases at a faster rate with increase
in rotor speed from 20 to 60 rev. min™ at fixed mixing time and temperature for carbon black-
filled composites, but with further increase in rotor speed the rate of increase is relatively low.
With increasing rotor speed, the carbon black aggregates are subjected to more shearing
action leading to appreciable structure breakdown due to their frequent passage through
shearing zones. The conductive network breakage takes place with increasing rotor speed, and
hence the resistivity of the composite increases.

Investigation of the mixing temperature on the resistivity of the composites shows that
with increasing mixing temperature the resistivity gradually decreases for both systems. The
increase in mixing temperature reduces the viscosity of the matrix in the internal mixer, as a
result of which the carbon particle aggregates and carbon fibres experience a lesser degree of
shear during mixing. Thus the efficiency of black structure breakdown and fibre length
reduction both decrease with an increase in mixii temper ire. As result, increa in
mixing temperature acts favorably in the formation of a conductive network.

Tzeng and Chang [57] investigated the electromagnetic interference (EMI) shielding

effectiveness of metal-coated carbon fibre-reinforced ABS composites. The coaxial
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transmission line method was used to measure the EMI shielding effectiveness of the metal-
coated carbon fibres-ABS composites. The carbon fibres were coated with copper or nickel
using cementation and electroless deposition techniques. Copper-coated carbon fibres-ABS
composites showed poor EMI shielding effectiveness due to a shorter fibre length distribution
after composite fabrication. Among the metal-coated carbon fibres-ABS composites studied in
this investigation, electroless nickel-coated carbon fibres-ABS composites showed the best
EMI shielding capability. In spite of the lower electrical conductivity of electroless Ni-P
coating compared with that of cementation nickel, EN shielding effectiveness of the
electroless nickel-coated carbon fibres-ABS composites is better due to excellent bonding
between the electroless nickel coating and the fibres. The bonding between metal coating and
the fibres is not satisfactory when the cementation method was used to deposit a metal layer.
As a result, the metal coating tended to detach during the compounding process, and
consequently, poor EMI shielding effectiveness was obtained for their composites.

Philip et al. [58] investigated the friction and wear of an electrically conductive
polyester-carbon film. This behaviour was examined during dry reciprocating sliding against
typical noble and base metal pins. While the frictional force was monitored continuously, the
wear volume was determined at the conclusion of each test. The experimental results suggest
that the carbon filler acted as an effective solid lubricant during tests against the noble metal
pins. During tests against the base metal pins, at relative humidities above about 40 %, this
lubricating mechanism was impaired, thus resulting in an increase in the friction and wear of
the polyester-carbon composite. An adhesive wear mechanism is proposed to account for the
observed behaviour.

Vil¢dkova et al. [59] investigated the switching effect in pressure deformation of
silicone rubber-polypyrrole composites. Conductive silicone rubber-polypyrrole composites
were prepared by cast molding of the polymer matrix components and chemically synthesized
polypyrrole (PPy). Composites contained from 2.2 to 8.5 vol % of PPy. A sigmoid
dependence of the conductivity of the original uncompressed sample on the filler was found
and a PPy percolation threshold concentration lower than 4 vol % was estimated. Electrical
conductivity of silicone rubber-polypyrrole composites in pressure deformation showed a
steep decrease more than five orders of magnitude to values corresponding to an insulator.
This "switching effect" had a good reproducibility, which si  :sts a possible use of this

material in microelectronics.
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1.5  Thermal properties

Kuljanin et al. [60] studied the influence of CdS filler particles in the micrometer size
range on the properties of a polystyrene (PS) matrix, using structural and thermal techniques.
An improvement of 50 K was found in the thermal stability of the PS matrix in the presence
of CdS-filler. Infrared measurements revealed that the interaction between the surface of the
CdS-filler particles and the PS chains was weak, and a possible reason for the increase in
thermal stability was the partially altered molecular mobility of the polymer chains due to
their adsorption on the surface of the CdS filler particles.

Weidenfeller et al. [61] investigated the thermal roperties of injection-molded
polypropylene samples with various fillers and filler fractions. As filler materials, copper, talc,
magnetite, strontium ferrite, barite and glass fibers were selected to vary over a broad range of
different filler properties, ranging from 2.58 (glass fibers) to 8.94 g/cm® (copper) in density,
and from nearly 1.5 (glass fibers) to approximately 400 W m™? K" (copper) in thermal
conductivity. The highest thermal conductivity of a composite was achieved with talc which
has a moderate thermal conductivity (A ~ 10.6 W m™ K™*) compared to the high thermal
conductivity of copper (Acopper = 400 W m™ K™). The thermal conductivity of the talc-filled
polymer was increased from 0.27 to 2.50 W m™ K! with 30 vol. % talc filler. This behaviour
was a consequence of the microstructure of talc-filled PP showing a high interconnectivity of
the talc crystals. The thermal conductivity of copper-filled polypropylene is, in spite of the
very high conductivity of pure copper, lower than that of talc lled PP composites due to the
poor interconnectivity of the copper particles. To increase the thermal conductivity
significantly without increasing the density very much, talc-filled composites seem to be a
good candidate and can help to save cooling time during the injection molding process.

Araujo and Rosenberg [62] investigated the thermal conductivity of composites made
from the epoxy resin Epikote 828 with metal powder fillers. The metals were Cu, Ag, Au, Al,
Sn, Pb, stainless steel and bronze. In each case the thermal conductivity decreased
monotonically as the temperature was reduced, but at higher temperatures it was substantially
higher than that of the resin, especially for large volume concentrations of filler. At low
temperatures, the effect of adding filler is very much reduced d is dependent on the particle
size. In liquid helium range the conductivity of the samples containing 11 pum Cu and 10 um
Sn powders were lower than that of the unfilled resin. At higher temperatures, the thermal
conductivity of the composite is dependent on the filler concentration and not on the filler

material.
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Kim et al. [63] studied the effect of temperature on the electrical resistivity and
thermal conductivity of tungsten-copper (W-Cu) composites. W-Cu composites are promising
materials for micro-electronic applications like blocking materials for microwave package,
high voltage contact materials, and heat sink materials for high-density integrated circuits.
Their observations showed that increasing the Cu content to 30 wt % caused the electrical
resistivity to decrease, which corresponded directly to the addition of Cu having high
electrical conductivity. Increasing temperature produced an increase in electrical resistivity.
They found that the thermal conductivity of metal could be approximated by the sum of two
terms, i.e. a residual component and a thermal component. As a result, a larger number of
thermally excited elastic waves, called photons, scatter conduction electrons and decrease the
relaxation time between collisions.

Koréb et al. [64] investigated the thermal conductivity of unidirectional copper matrix-
carbon fibre composites. The thermal conductivity of these composites is characterized and
analyzed in directions parallel and transverse to the carbon fibre orientation. Unidirectional
samples with different fibre content were produced by diffusion bonding of continuous
copper-coated carbon fibre tows. The conductivity decreased with increasing fibre content.
The low transverse thermal conductivity of the Cu-C; composite was due to a broken copper
network and the low thermal conductivity of the fibre.

Brito and Sénchez [65] studied the influence of metallic fillers (copper, zinc, and
aluminum) on the thermal and mechanical behaviour of composites with an epoxy matrix. In
the filled materials, various percentages (10 %, 20 % and 30 % by weight) were used.
Samples with and without metallic fillers, and three epoxy-amine molar ratios (1:1, 1:1.5 and
2:1) were selected. The results show that at 10 % of the filler, the composite with copper
showed the highest breaking strength for all the studied ratios. At the epoxy/amine ratios 2:1
and 1:1.5 with 20 and 30 % of the filler the composite with Al presented the highest breaking
strength. Such effects can be attributed to strong filler-matrix adhesion. The filler decreased
the thermal stability of the diglycidylether of bisphenol "A" (DGEBA)/ethylenediamine
(ETDA) matrix.

Gaier et al. [66] investigated the electrical and thermal conductivity of woven pristine
and intercalated graphite fibre-polymer composites. To date the high electrical and thermal
conductivity of laminar carbon fibre-polymer composites have been la :ly overlooked when
designing aerospace structures. This was in spite of the fact that high-grade graphite fibres
have thermal conductivities exceeding that of metals [67], and when modified by

intercalation, have electrical conductivity comparable to metals [68], but at much lower mass
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density and higher strengths and moduli. The resistivity measured on a narrow composite strip
revealed a dependence on the angle of measurement with respect to the weave direction. The
angular dependence on the resistivity fits a very simple model. The first assumption of the
model was that the current travel only along the axis of the fibres, i.e. the transverse resistivity
of the fibres was much higher than the axial resistivity. This was supported by measurements
in metal matrix composites, which indicate that the transverse resistivity of the fibre is about
10? times higher than the axial resistivity [69]. The current can only transverse one fibre
diameter, and then it must travel through the resin, which has a very high resistivity (> 10"* Q
cm). The second assumption was that the contact resistance between fibres within the weave
was negligible, because each axial fibre crosses several thousand transverse fibres, in effect a
parallel circuit of several thousand resistors. Qualitatively, the thermal conductivity results
mirrored the electrical resistivity, and the thermal conductivity of composites made from the
most highly conductive fibre was much lower than that predicted by the rule of mixtures. This
was thought to be an artifact of the measurement technique employed.

Yu et al. [70] studied the thermal conductivity of polymer composites having a matrix
of polystyrene (PS) containing aluminum nitride (AIN) reinforcement. The results showed
that the polystyrene particles were essentially surrounded by AIN powder, although there was
some connectivity between adjacent polystyrene particles in small regions. The particle size of
the polystyrene matrix had an effect on the thermal conductivity of the composites in this
dispersion state. Larger polystyrene particles gave rise to a higher thermal conductivity of the
composites. Addition of aluminum nitride resulted in a continuous increase in the thermal
conductivity of the composites. In the present study, polystyrene composite with aluminum
nitride have been prepared. A special dispersion state of the filler was achieved in these
composites in which the polystyrene particle are surrounded by aluminum nitride particle. The
results show that it is possible to improve the thermal conductivity of the polymer at low filler
contents with this kind of dispersion, so that the adverse effect of the filler on the dielectric
properties of the polymer composites may be minimized.

Agari et al. [71] investigated polyethylene composites filled with graphite, prepared by
using four dispersion methods:

(a) Powder mix: mixing the powders of polyethylene and graphite.

(b) Solution mix: dispersing ~aphite into polyethylene dissolved in toluene.

(©) Roll-milled mix: melting of polyethylene kneaded with graphite on a roll mill.
(d)  Melt mix: dispersing graphite in molten polyethylene.
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They found that, for a given volume fraction of graphite, the thermal conductivity of
polyethylene composites were ranked as follows: powder mixture > solution mixture > roll-
milled mixture > melted mixture.

Krupa and Chodak [72] investigated the physical properties of thermoplastic/graphite
composites. The thermal and electrical conductivity, as well as thermal diffusivity of
HDPE/graphite and polystyrene/graphite composites were investigated. Two grades of
graphite (EG-10, synthetic graphite, SGL carbon, UK and KS-15, synthetic graphite, Lonza,
Switzerland) were used as fillers. A nonlinear increase in thermal conductivity was observed
with an increase in graphite content, and the thermal conductivity of composites containing
graphite KS-15 was higher than that of composites containing the same concentration of
graphite EG-10. This difference is more significant for the PS matrix, especially at higher
filler concentration. Since thermal conductivity should not depend on the size of the particles
[73, 74], the most probable explanation is that more conductive paths are created because of
higher agglomeration of graphite KS-15. The results show that the thermal conductivity of
HDPE is higher than the thermal conductivity of PS. Semi-crystalline matrices have higher
thermal conductivity compared to amorphous matrices, since the crystalline phase enables a
better transport than the amorphous phase.

Several models have already been developed to describe the thermal conductivity of
composites [73, 74], but none of them has general validity. The models can be divided into
three groups. The first is based on an exact approach to the problem of transport of heat using
an effective medium approximation. The second one deals with a calculation of the upper and
lower boundaries, and the last one is based on the bond percolation theory [95]. The models
based on the effective medium approximation as well as the boundary calculations often fail if
the thermal conductivity of the filler is substantially different from that of the matrix (by more
than one order of magnitude). This is also the case for other properties [96]. Other known
models, that correlate thermal conductivity with the ability of the filler to create infinit
clusters of particles is that of Agari ef al. [97, 98] and Wunderlich [99]. The thermal
conductivity is generally described by Equation 3.1.

log Ac = O¢c; log As+ (1- Of) log (¢1 Am) 3.1

where Ac, A , Af are the thermal conductivities of the composite, matrix, and filler, & is the

volume portion for the filler and the parameter ¢, characterizes the ability of the filler particles
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to create an infinite cluster. Parameter c, is related to the change in thermal conductivity of a
semicrystalline matrix, as a consequence of a change in the degree of crystallinity.
Weidenfeller et al. [75] investigated the thermal conductivity, thermal diffusivity, and
specific heat capacity of particle-filled polypropylene. As filler materials copper, talc,
magnetite, strontium ferrite, barite and glass fibers were selected to vary over a broad range of
different filler properties, ranging from 2.58 (glass fibers) to 8.94 g cm™ (copper) in density,
and from nearly 1.5 (glass fibers) to approximately 400 W m™ K™ (copper) in thermal
conductivity. The highest thermal conductivity of a composite was achieved with talc which
has a moderate thermal conductivity (Agc = 10.6 W m™ K'') compared to the high thermal
conductivity of copper (Acopper = 400 W m™ K™). The thermal conductivity of the talc-filled
polymer increased from 0.27 to 2.50 W m™ K™ with 30 vol % talc filler. This behaviour is a
consequence of the microstructure of talc-filled PP showing a high interconnectivity of the
talc crystals. On the other hand, the thermal conductivity of copper-filled polypropylene is, in
spite of the very high conductivity of pure copper, lower than that of talc-filled PP composites
due to the poor interconnectivity of the Cu-particles. The talc platelets and the glass fibres
were aligned in the test samples by the injection molding process. This led to a thermal
conductivity close to the upper boundary according the Hashin and Shtrikman (HS) model
[76], and simulated a talc matrix and a glass matrix, respectively, which surrounded the
polypropylene particles. In addition, the specific heat capacities and thermal diffusivities of
talc-filled polypropylene were much higher than those of copper filled polypropylene. A
comparison of the two competing materials, barite and magnetite, for increasing the weight of
polymers, showed for magnetite-filled PP a higher thermal ¢ ductivity than for barite-filled
PP. This resulted not only from small differences in specific density, but also from lower
specific heat capacity and thermal diffusivity of barite-filled PP compared with magnetite-
filled PP. The significant lower thermal conductivity of the barite-filled PP compared to the
magnetite-filled one could be directly related to the substantially lower thermal conductivity
of barite (= 2 W m™ K') compared to the higher conductivity of magnetite (~ 5 W m™ K™).
Furthermore, the higher interconnectivity of magnetite-filled PP increased the thermal
conductivity of the composite compared to the barite-filled one. In the temperature range from
300 to 385 K the specific heat capacity of the composites was increased for PP with magnetite
(from 1.20 up to 1.87 J g K') and for PP with barite fillers (from 0.77 up to 1.29J 'K™).
In the same temperature region, the thermal diffusivity decreases. This study indicates that,
for injection molding processes of heavy plastic composites, magnetite might be a good

choice, as it allows higher production cycles than the barite-filled composites. To increase the
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thermal conductivity significantly without increasing the density very much, talc-filled
composites seem to be a good candidate and can help to save cooling time during the injection

molding process.
1.6  Mechanical properties

Baré et al. [77] investigated the effect of irradiation on the mechanical properties of
HDPE reinforced with carbon steel and copper fibres. The sample was irradiated with a °Co
source at doses between 10 and 70 kJ kg'l (kGy) using an irradiation rate of 4.8 kJ kg™ h™ in
an oxygen atmosphere at room temperature. The results show that, at lower irradiation doses,
the mechanical properties of the material were positively affected; reaching their highest
values at approximated 10 kJ kg™'. For the pure HDPE, Young’s modulus increased up to 100
% independent of the irradiation dose, while for the polymer containing metallic fibres this
parameter increased to approximately 200 %, and the impact resistance increased by up to 600
% due to the presence of the metallic fibres.

Chodék and Krupa [78] investigated the percolation effect and mechanical behaviour
of carbon black filled polyethylene. The results show that the presence of the filler resulted in
both an easier initiation of crack formation via stress concentration on the filler surface, and a
decrease in chain mobility due to polymer-filler interaction, resulting in lower deformation of
the material. Both effects contribute to a decrease in the elongation at break values.

Fan et al. [79] investigated the thermal, electrical and mechanical properties of
plasticized polymer electrolytes based on poly(ethylene oxide) (PEO)/poly(vinylidene
fluoride-co-hexafluoropropylene (P(VDF-HFP)). They observed that, when the plasticizer
content increased, the electrolytes showed a dramatic decrease in their elongation at break
values and critical stresses, and when a small amount of PEO was added to the film, it showed
a large increase in both critical stress and elongation at break values. The mechanical strength
of the plasticized polymer electrolytes depended on both the ratio of PEO/P(VDF-HFP) and
the plasticizer content.

Bloom et al. [80] investigated the fabrication and wear resistance of Al-Cu-Fe
quasicrystal-epoxy composite materials. Novalac epoxy filled with Al-Cu-Fe quasicrystal
powders were evaluated by pin-on-disk testing using 52100 steel counterfaces. The ac tion
of a particulate filler, often a ceramic, metal or polymer, led to the production of materials
with increased strength and wearability when compared to their unfilled counterparts. High-

speed steels that incorporate Al,O; and TiN-coated Al,Os particles, were found to have
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excellent wear resistance under dry sliding conditions [81]. Durand et al. [82] demonstrated
similar improvements in the wear resistance for epoxies filled with Al;Os, and noted that
while their interests were to evaluate the role of ceramic particles for metal matrix composites,
there were no wear studies of ceramic filled epoxies in the literature. While ceramic particles
increased the wear resistance of the epoxy, they were rough to the 52100 steel counterface
(700 HVyg). In order to achieve low wear on both mating surfaces, the aluminum oxide
counterface (1900 HV ) is required.

Anderson et al. [83] investigated Al-Cu-Fe quasicrystal/ultra-high molecular weight
polyethylene composites as biomaterials for acetabular cup prosthetics. The wear properties of
the Al-Cu-Fe/UHMWPE samples and a 440 steel ball counterface were measured. The
mechanical strength of the Al-Cu-Fe/UHMWPE composites was compared to UHMWPE
and alumins/UHMWPE. The wear on both the substrate and the counterface for the
alumina/UHMWPE samples was much higher than that of either the UHMWPE or Al-Cu-
Fe/UHMWPE samples. Dynamic mechanical analysis determined that the mechanical
strength, represented by the storage modulus and tan £, was improved by the addition of the
Al-Cu-Fe quasicrystals to UHMWPE. The storage modulus increased by over 25 % at 37 °C,
and tan § was lower over the entire temperature range for the Al-Cu~Fe/UHMWPE relative to
the UHMWPE. Direct contact cytotoxicity tests revealed that the Al-Cu-Fe/UHMWPE
composites elicited the same cytotoxic response as pure UHMWPE that is routinely used for
acetabular cup prosthetics.

Kim et al. [84] investigated the characteristics of a carbon fibre phenolic composite for
journal bearing materials. In this study, a hybrid composite journal bearing composed of a
carbon fibre reinforced phenolic composite liner and a metal backing was manufactured to
solve the seizure problem of metallic journal bearing materials, because the carbon fibre has a
self-lubricating ability and the phenolic resin has thermal resistance characteristics. To
estimate the wear resistance of carbon fibre phenolic composite, wear tests were performed at
several pressures and velocities. The oil absorption characteristics, coefficient of thermal
expansion, strength and stiffness of the composite were also tested. Using the measured
stiffness values, the thermal residual stresses in the composite were calculated to check the
reliability of the composite journal bearing. The friction and wear characteristics of the carbon
fibre reinforced phenolic composites and the asbestos fibre reinforced phenolic composites
were measured, and it was found that the former had superior characteristics to that of the
latter. Especially, the carbon fibre reinforced phenolic composites was not susceptible to

change of load and velocity under the same PV value (P: pressure, V: speed). The wear
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volume of the carbon fibre reinforced composites, saturated with oil, was less than half of the
dry specimen. The dry friction coefficient of carbon fibre reinforced phenolic was about 60 %
of the asbestos fibre reinforced phenolic under the same PV value. The safety of the hybrid
composite journal bearing was verified by stress analysis results. It was found that the hybrid
composite journal bearing may solve the problems of conventional journal bearings such as
white metal lining and polymeric journal bearings.

Bloom et al. [85] investigated the development of novel polymer/quasicrystal
composite materials. The results indicate that new composites are a means of enhancing the
properties of certain organic polymers, while providing a new means of processing
quasicrystals. Al-Cu—Fe gas atomized powder was used as reinforcing filler in the polymer
matrices of this study. The addition of Al-Cu-Fe quasicrystal (QC) rich powder to
amorphous, semicrystalline, and thermosetting polymers showed improved wear resistance to
volume loss compared to the unfilled polymers. The corresponding reduction in wear was
attributed to the low coefficient of friction and high hardness of the quasicrystal rich powders.
The storage modulus (£') of the composite materials was found to increase with increasing
volume fraction of the quasicrystal powder, as expected for a filled polymer composite
containing rigid fillers [86].

Weick and Bhushan [87] investigated the relationship between dynamic mechanical
behaviour, transverse curvature, and wear of magnetic tapes. Five types of tapes were
analyzed including three polyethylene terephthalate (PET) tapes with metal particulate,
barium ferrite particulate, and metal-evaporated coatings. A polyethylene naphthalate (PEN)
tape with a barium ferrite particulate coating was also analyzed along with an aromatic
polyamide (ARAMID) tape with a metal-evaporated coating. From the dynamic mechanical
analysis (DMA), the storage (or elastic) modulus, E’, was obtained as a function of
temperature and frequency along with the loss tangent, tan 8, which is a measurement of
viscous energy dissipation. Frequency-temperature superposition was used to predict the
dynamic mechanical behavior of the tapes and substrates over a 10-12 decade frequency
range. The results show that the advanced PEN and ARAMID tapes tended to have higher
storage moduli than the PET tapes, and the PET tapes were more susceptible to non-
recoverable deformation at higher frequencies due to their higher loss tangents. The storage
moduli for the tapes were typically higher than those for the substrates, due to the role that the
particulate or metal-evaporated coatings played in increasing the overall modulus of the tapes.
Tapes with particulate coatings had higher loss tangents than their constitutive substrates,

whereas ultra-thin metal-evaporated coatings contributed little to the loss tangent behaviour of
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a tape. The DMA data was used in a model to predict the resistance of a tape to transverse
curvature when tension was applied. The transverse curvature of a magnetic tape is related to

higher edge wear of a head.

1.7  Surface energy

Surface energy evaluation is used in various fields. The surface properties of polymers
play a major role in applications such as blending, adhesion, and coatings. There is however,
not much known about the surface energy of metal-filled polymers. The adhesive bond
between paint or adhesive and a substrate requires the establishment of interfacial molecular
contact by wetting. One of the important characteristics of a liquid penetrant material is its
ability to freely wet the surface of the object being inspected. At the liquid-solid surface
interface, if the molecules of the liquid have a stronger attraction to the molecules of the solid
surface than to each other, the adhesive forces are stronger than the cohesive forces, and
wetting of the surface occurs. Alternatively, if the liquid molecules are more strongly attracted
to each other than to the molecules of the solid surface, the cohesive forces are stronger than
the adhesive forces, and the liquid beads up and do not wet the surface. One way to quantify a
liquid's surface wetting characteristics is to measure the contact angle of a drop of liquid
placed on the surface of the solid object. The contact angle is the angle formed by the solid-
liquid interface and the liquid-vapor interface measured from the side of the liquid. Liquids
wet surfaces when the contact angle is less than 90 degrees. For a penetrant material to be
effective, the contact angle should be as small as possible, th  for liquid penetrants are very
close to zero degrees [88].

Jintang [89] investigated the friction and wear on various polymers/stainless steel,
PTFE/various metals and JS material (a multilayer composite)/stainless steel composites. The
XPS spectra and atomic relative concentrations of elements on mating surfaces, the EPM
spectra of element line distributions on frictional surfaces and the ESR spectra of radicals in
polymer wear debris were determined. The test results indicated that polymer transfer films
were formed on all friction surfaces. Meanwhile, extremely ¢ 1plex tribochemical reactions
took place on the interfaces. The friction and wear properties of polymer were closely related
to the adherent strength and covering extent of the transfer film on the counterface. The
transfer film formation was influenced by polymer structure characteristics, tribochemical

reactions and friction conditions.
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Marzouk et al. [90] studied the non-selective copper film growth on polyimide by
reduced—pressure (20 Torr) metal organic chemical vapor deposition (MOCVD). In the fist
few minutes of deposition, the deposition film consisted entirely of the copper oxide phase.
As the reactions continued, pure copper films were obtained. The simple scotch-tape adhesion

tests revealed qualitatively that the deposited films adhere well to the polyimide substrate.

1.8  Polarized optical microscopy

Oriented polymeric structures often exhibit optical birefringence [91] as a result of the
difference in polarization along and across the molecular backbone. Orientation in polymers
and liquid crystals is often investigated in conventional far-field microscopy using polarized
light. The simplest method for the study of birefringence is crossed-polar arrangement, in
which the specimen is placed between a polarizer and an analyzer, the electric vectors of
which are rotated through 7/2 with respect to each other. With no specimen between the
crossed polars, no light is transmitted through the optical system. When a birefringent
specimen is placed between the crossed polar with its anisotropic axis at some angle 8 to the
electric vector of polarized light, the transmitted intensity varies with 6 according to sir’ (26).
Thus, in a specimen of uniform thickness, regions of different molecular orientation appear
with different intensities in the microscope.

Polarized light microscopy is known for its geological applications, primarily for the
study of minerals in rock thin sections, but it can also be used to study both natural and
industrial minerals whether refined, extracted or manufactured, composites such as cements,
ceramics, mineral fibres and polymers, and crystalline or highly ordered biological molecules
such as DNA, starch, wood and urea. Most of the techniques developed in conventional far-
field optical microscopy can be transferred to scanning near-field optical microscopy
(SNOM). The instrument incorporates a non-contact force control system [92] so that
topographic and optical data can be collected simultaneously.

Williamson and Miles [93] studied the molecular orientation in polymers from near-
field optical polarization measurements. Using polarized light, the birefringence structure of
the spherulite revealed a concentric ring structure with sub-micron resolution. They found that
the optical images could be correlated with the topc aphic images, recorded simultaneously,
of the same area. This demonstrated directly the correlation between the twisting structure of

ribbon-like polymer crystallites and the birefringent concentric ring structure, and
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demonstrates the capability of scanning near-field optical microscopy for studying molecular

orientation as a function of topographic structure.

1.9 Aim and scope of this work

Fillers play an important role in the production of polymeric materials. In addition to
cost saving, other value-added properties are gained through the use of fillers. Fillers can
improve the physical, rheological, chemical resistance, ermal, optical and electrical
properties of a polymeric material. The electrical and thermal conductivity of polymers can be
increased with the addition of a metallic filler. Polymer composites can be modified for more
specific uses including anti-fouling compounds, corrosion-resistant paints, maintenance and
repair products, such as cold-poured steel and tooling with the use of metallic fillers in the
polymer matrix.

Metal filled polymer composites are widely used for electromagnetic interference
shielding. They have a lighter weight than metals and are less costly. The physical properties
and the percentage of the filler materials must be known in order to determine the usefulness
of the materials. It is therefore important, from a scientific and practical point of view, to
understand the effects of a metallic filler on the properties of ¢ olymer matrix.

The aim of this study was to investigate the thermal, mechanical and electrical
properties of copper powder filled polyethylene composites. Thermal and mechanical
properties, electric and thermal conductivity, as well as the surface properties and optical
appearance of the samples were determined. The influence on these properties of the amount

of copper powder in the polymer matrix will be discussed.
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CHAPTER TWO

MATERIALS AND METHODS

2.1  Materials
2.1.1 Polyethylene

Low-density and linear low-density polyethylenes were used as the matrix components.
Sasol Polymers, South Africa, supplied these polymers. The LDPE has an MFI of 7.0 g/ 10
min, a melting temperature of 106 °C, a molecular weight of 96 000 g mol”, and a density of
0.918 g cm™. The LLDPE has an MFI of 1.0 g / 10 min, a molecular weight of 191 600 g
mol ™, a melting temperature of 124 °C, and a density of 0.924 g cm™.

2.1.2 Copper powder

Merck Chemicals in South Africa supplied copper powder, which was used as the filler
component. It has a melting point of 1083 °C and a density of 8.96 g cm™. The particle sizes

were < 38 um.
2.2 Methods

2.2.1 Preparation of composites

The composites were prepared by mixing the polymer and copper powder in a
Brabender Plastograph at different ratios (Table 2.1). Samples were weighed according to the
required ratios, and mixed in a 55 cm® mixing chamber at 160 °C and a speed of 30 rpm for
10 minutes. The volumes of PE and copper to be mixed were obtained from the ratios in

Table 2.1 and Equation 2.1.

V Vi+Vy=55cm’ 2.1
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where V is the volume of the mixing chamber of the Brabender Plastograph, V, the volume of
the filler (Cu) and V, the volume of PE. The respective volumes were calculated and

substituted in Equation 2.2 to get the required masses to be mixed.
m = (V/em®) x (p/g em?) x K 2.2)

where m is the mass of the component, V the volume of the component, p its density, and K a
constant which is referred to as a non-dimensional coefficient which considers the optimum
filling level for different dynamic loads. This factor is usually smaller than 1 and, based on
this, the recommended value for initial tests is 0.7. To calculate the mass values required for
LLDPE-Cu and LDPE-Cu, Equation 2.2 was used. After preparation, the samples were melt
pressed at 160 °C for 10 minutes, and were allowed to cool for 10 minutes at room

temperature.

Table 2.1 Compositions of composite samples

PE-Cu (V/V) PE-Cu (V/V)
100-0 90-10
99-1 88-12
982 84-16
97-3 82-18
96-4 7822
95-5 76-24

2.2.2 Differential scanning calorimetry (DSC)

DSC analyses were performed in a Perkin-Elmer DSC 7 under flowing nitrogen. The
instrument was computer controlled and calculations were done using Pyris software. The
instrument was calibrated using the onset temperatures of melting of indium and zinc
s " ds, as well as the meltit enthalpy of indium. 5-10 mg samples we | in
aluminium pans and heated from 25 to 160 °C at a heating rate of 10 °C min™, and cooled at

the same rate to 25 °C. For the second scan, the samples were heated and cooled under the
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same conditions. Onset and peak temperatures of melting and crystallization, as well as

melting and crystallization enthalpies were determined from ' : second scan.

2.2.3 Thermogravimetric analysis (TGA)

Thermogravimetric analyses were carried out in a Perkin-Elmer TGA7
thermogravimetric analyzer under flowing nitrogen. The instrument was computer controlled
and calculations were done using Pyris software. Samples of 5-10 mg were heated from 25 to

600 °C at 20 °C min™. The instrument uses mass % on the y-axis of the TGA curve.

2.2.4 Tensile testing

A Hounsfield H5KS tensile tester was used for the tens : analysis of the samples. The
dumbbell samples were stretched at a speed of 50 mm min™ under a cell load of 2500 N. The
gauge length was 24 mm, the thickness ranged between 0.5 and 1.0 mm, and the width was

4.8 mm. The final mechanical properties were evaluated from 5 different measurements.

2.2.5 Surface free energy testing

For the determination of the total surface free energy of the samples, as well as its
disperse and polar parts, a surface energy evaluation system (SEES, Czech Republic) was
used, which is able to determine the polar and dispersed components of the total surface
energy with standard deviations. In this work, contact angle measurements were done by a
drop method using the Owens-Wendt regression method. Five liquids of different polarity
(benzyl alcohol, aniline, formamid, ethylene glycol) were used. For each measurement, 15

drops of each of the liquids were used to ensure reproducibility at room temperature.
2.2.6 Electrical conductivity

The volume electrical conductivity in the polymer composites was measured according
to ASTM D257. A three-e trode electrometer arrangement v . used for tt DC
measurements of the resistance. A voltage of 500 V was used, due to a very low level of
electrical conductivity. An electro-conductive solution was used to achieve good electrical

contact between the sample surface and the electrode of the conduction tester.
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2.2.7 Thermal conductivity

The thermal conductivity was measured using a multipurpose apparatus (ISOMET,
Applied Precision, Bratislava, Slovakia) for non-steady measurements of thermal properties.
The data are calculated automatically from a time dependence of the thermal flow in the
material. Measurements were made at 25 + 2 °C with a flat probe.

Thermal conductivity is a property of materials that expresses the heat flux f (W m™)
that will flow through the material if a certain temperature gradient DT (K m™") which exists
over the material. The thermal conductivity (A) is usually expressed in W m™ K. Equation

2.3 was used for the calculation of the thermal conductivity.

f=AxDT 2.3)

2.2.8 Polarized optical microscopy

Polarized optical micrograms were taken at 100x and 400x magnifications, using a
CETI polarized optical microscope, made in Belgium. The hotographs were taken with a

Ceist DCM digital camera. The samples were placed on a glass plate for analysis.
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CHAPTER THREE

RESULTS AND DISCUSSION

3.1 Polarized optical microscopy

Optical micrograms of different Cu/PE composites, at different magnifications, are
shown in Figure 3.1. The copper powder particle distributions are relatively uniform at both
low and high copper contents, although not completely homogeneous. There are, however,
large variations in copper particle size distributions. Figure 3.1 (b, ¢, f and g) shows cluster
formation of copper particles at higher Cu contents. Figure 3.1 (¢ and f) also shows the

formation of percolation paths of copper in the PE matrices.

3.2 Surface free energy

The surface free energy values of the pure polyethylenes and their different
composites are presented in Table 3.1. These values are plotted in Figures 3.2 (LDPE) and 3.3
(LLDPE). These results show an increase in the total surface free energy and its disperse part,
but a decrease in the polar part of the surface free energy for the Cu-PE composites in
comparison with pure PE. The respective increase and decrease of values is relatively strong
after addition of low amounts of copper, whereafter the values slightly increase up to 18 vol.%
copper in the composites. Polyethylene is known to be non-p: r, and the presence of copper

filler further reduces the polarity.

Table 3.1 The surface free energy, as well as its disperse and polar parts, of the
different samples (gsg = total, g; w = disperse, gap = polar)
LDPE-Cu LLDPE-Cu
Vol.% gse gLw gas Vol.% gse gLw gas
Cu Cu
0 31.8+1.8 | 285+1.2 {3.3+£0.2 0 39.8+22 | 36.7+2.1 | 3.1+0.2
3 323+1.9 | 299+1.0 | 1.4+0.3 3 40.7+3.1 | 39.1£2.7 |1.5+1.3
T b} ’—34.1 =RV .u.)'—:t 4D | 1.0 % U.4— d 4u.6_iz./ 38.4 Z._7— 2.2 :t—ZZ_
18 343+2.0 | 32.7+1.0 | 1.8+04 18 40.6+2.5 | 38.5+25 [24+22
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3.3  Thermal properties

3.3.1 Differential scanning calorimetry (DSC)

The DSC curves are shown in Figures 3.3 — 3.5, and the results are summarized in
Tables 3.2 and 3.3. The figures show only one melting and one crystallization peak for each
sample. Pure LDPE has a melting peak temperature of 103.2 °C, and this temperature initially
increases to 107.4 °C for the composite containing 1 vol.% Cu, after which it gradually
decreases to 103.7 °C as the Cu content in the samples increases. This is the result of
changing lamellar thickness, which is due to additional crystallization in the presence of
copper. It may be explained through LDPE chains in the amorphous phase crystallizing
epitaxially on the copper particle surfaces. The enthalpy data (Table 3.2), where the observed
enthalpy is compared with the expected enthalpy (calculated taking into account the weight
f tion of LDPE in the samples, and assuming that the LDPE crystallization mechanism does
not change in the presence of copper), indicates a higher enthalpy in the presence of low

copper contents. This indicated higher crystallinity, which supports the explanation above.

Table 3.2 DSC data of LDPE-Cu composites

First heating Second heating Cooling

VoL o T Ton (AR T [ AH/ | Toml | Tom/ | AHZ™7 | AH™7 | Tos | Toe | AH. 7
Cu °c | °c | Jg' Jg' | °c | °c | 3¢’ Jg' | r°c e Jgt
0 968 | 1033 | 583 - 9%.1 | 1032 | 525 - 89.9 | 863 | -418
I 1005 | 1072 | 570 531 | 101.0 | 1074 | 520 478 949 | 920 | -414
2 1005 | 1065 | 528 486 | 100.8 | 1069 | 460 37 95.1 | 923 | -337
3 1006 | 1062 | 428 448 | 1006 | 1067 | 452 204 953 | 92.6 | -304
7 999 | 1057 | 407 414 | 1007 | 1065 | 388 373 951 | 923 | 315
5 1001 | 1067 | 414 345 | 1008 | 1070 | 378 347 949 | 92.1 | -246
12 970 | 1057 | 316 251 | 953 | 1041 | 242 26 913 | 856 | -155
16 959 | 1037 | 193 204 | 956 | 1037 | 219 184 92.1 | 866 | -16.1
18 972 | 1033 | 155 187 | 953 | 1034 | 207 16.8 911 | 859 | -11.8
2 934 | 1034 | 162 145 | 969 | 1037 | 157 3.1 866 | 833 | -139

T,, m — onset temp. of melting, T, = — peak temp. of melting, AH,, - melting enthalpy, T, . — onset temp. of

crystallization, T, . — peak temp. of crystallization, AH, - crystallization enthalpy, obs — observed, exp - expected
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3.3  Thermal properties

3.3.1 Differential scanning calorimetry (DSC)

The DSC curves are shown in Figures 3.3 — 3.5, and the results are summarized in
Tables 3.2 and 3.3. The figures show only one melting and one crystallization peak for each
sample. Pure LDPE has a melting peak temperature of 103.2 °C, and this temperature initially
increases to 107.4 °C for the composite containing 1 vol.% Cu, after which it gradually
decreases to 103.7 °C as the Cu content in the samples increases. This is the result of
changing lamellar thickness, which is due to additional crystallization in the presence of
copper. It may be explained through LDPE chains in the amorphous phase crystallizing
epitaxially on the copper particle surfaces. The enthalpy data (Table 3.2), where the observed
enthalpy is compared with the expected enthalpy (calculated taking into account the weight
fraction of LDPE in the samples, and assuming that the LDPE crystallization mechanism does
not change in the presence of copper), indicates a higher enthalpy in the presence of low

copper contents. This indicated higher crystallinity, which supports the explanation above.

Table 3.2 DSC data of LDPE-Cu composites

First heating Second heating Cooling
Vol.% Tom/ | Tom/ | AH™ / [ AHL™/ | Ty n/ | Tpm/ | AHR™ /| AHL™/ | T, | Tpe | AH./
Cu °C °C Jg' Jg! °C °C Jg! Jg! /°c | /°c | Jg!
0 9.8 | 1033 58.3 . 9.1 | 1032 52.5 - 899 [ 863 | 418
1 100.5 | 107.2 57.0 53.1 101.0 | 1074 52.0 478 949 [ 920 [ -414
2 100.5 | 106.5 52.8 48.6 100.8 | 1069 46.0 43.7 95.1 [ 923 | -33.7
3 100.6 | 106.2 42.8 4438 100.6 | 106.7 452 40.4 953 | 926 | -30.4
4 99.9 | 105.7 40.7 414 100.7 | 106.5 388 373 951 [ 923 | -315
5 100.1 | 106.7 414 345 1008 | 107.0 378 34.7 949 [ 92.1 | -2456
12 97.0 | 105.7 31.6 25.1 953 | 104.1 242 22.6 913 | 856 | -155
16 959 | 1037 19.3 20.4 956 | 103.7 219 184 921 [ 866 | -16.1
18 972 [ 1033 15.5 18.7 953 | 103.4 20.7 16.8 91.1 [ 859 | -11.8
24 93.4 | 103.4 162 14.5 9.9 | 103.7 15.7 13.1 866 | 833 | -13.9

To, m — onset temp. of melting, T, » — peak temp. of melting, AH,, - melting enthalpy, T, . — onset temp. of

crystallization, T, ; — peak temp. of crystallization, AH, - crystallization enthalpy, obs — observed, exp - expected
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and 3.3. Since copper has a relatively high heat capacity, its presence in high contents has an

influence on the heat transport in the samples.
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Figure 3.3  DSC heating curves of LDPE and its copper composites
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Figure 3.5 DSC cooling curves of LDPE, LLDPE and their copper composites



LDPE-Cu I
60

g0

40 F

AH/J g’
8
I
'

20 -

A . 1 ' 1 A L . i
0 5 10 15 20 25

Cu content/ %

10

Figure 3.6  Experimental and theoretically expected melting enthalpies as function of

Cu content in the LDPE composites

oo L LLDPE-Cu
50 |- \

20 |-

10 |

1 ) 1 A I ) 1 A 1 A 1
0 5 10 15 20 25

Cu content / %

Figure 3.7 Experimental and theoretically expected melting enthalpies as function of

Cu content in the LLDPE composites



3.3.2 Thermogravimetric analysis (TGA)

The TGA curves for LDPE, LLDPE and their copper composites are shown in Figure
3.8, and the onset temperatures of decomposition are summarized in Table 3.4. There seems
to be a general decrease in thermal stability with increasing copper content in both LDPE and
LLDPE. There are, however, a few exceptions to the general trend, and these may be because
(i) the thermographic analyzer did not have the same calibration parameters during the
analyses of the different samples, or because (ii) the copper « itribution differed from sample
to sample. It was, however, not possible to repeat these analyses because of serious problems
with the instrument. A possible explanation for the decrease in thermal stability is that, since
copper has a relatively high heat capacity, most of the heat is absorbed by the copper, which
makes it a very localized source of heat energy. Thermal decomposition of the PE matrix is

then initiated at a lower temperature.

Table 3.4 Onset temperatures of decomposition of LDPE, LLDPE and their copper

composites
Vol.% Cu Onset temperature / °C
LDPE LLDPE
0 392.0 489.0
1 478.1 428.0
3 404.9 481.6
4 476.8 432.8
5 420.0 491.7
16 419.5 422.1
18 415.1 423.2
24 416.8 427.1

Table 3.5 compares the % residue of the different samples with the wt.% copper
initially mixed with the polyethylenes. Although there is a good correlation between the
values, there are some differences, especially at higher Cu contents. This shows that the

cop; did not homogeneously mix with the matrix in all cases.
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Table 3.5 Comparison of wt.% copper mixed into PE with wt.% residue at the end

of the TGA
Vol.% LDPE LLDPE
Cu Wt.% residue | Wt.% Cu in PE Wt.% residue Wt.% Cu in PE
1 8.9 8.9 8.3 8.9
3 223 23.1 22.5 23.1
4 27.5 28.7 28.6 28.6
16 65.4 65.0 63.2 65.0
18 66.7 68.1 68.1 68.1
24 79.5 82.0 75.3 82.0
r . . |
2" 2"
i i

200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550

Tempearture / °C Temperature / °C

Figure3.8  TGA curves of LDPE, LLDPE and their copper composites

3.4  Mechanical properties

Figures 3.9 and 3.10 show typical stress-strain curves for I JPE, LLDPE and their
copper composites. A possible reason for the differences between replicate tests is the non-
homogeneous distribution of copper powder in the polymer matrices (see Figure 3.1).

Tables 3.6 and 3.7 summarizes the tensile properties of LDPE, LLDPE and their
copper composites. The dependence of these values on the copper content in the composites

is illustrated in Figures 3.6 — 3.8.



Table 3.6 Mechanical properties of LDPE-Cu composites
Vol.% Cu eptse,/ % optso,/ MPa E+ sE/MPa

0 181.0 £40.0 9.4+04 94.8 +3.1

2 157.0 £ 34.0 82+0.2 959+1.6
3 146.0+ 5.9 7.7+0.3 94.0=+1.9
4 158.0+18.0 83+0.1 98.0+2.7
5 73.0+£ 6.0 7.9+0.1 994 +4

12 430+1.2 8.6+0.4 120.0 £ 1.1
16 36.5+1.4 8.7+0.3 123.0+6.3
18 21.9+0.7 9.0+0.5 140.0+ 7.0

g, — elongation at break, o, — stress at break, E — tensile modulus

LDPE-pure
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Table 3.7 Mechanical properties of LLDPE-Cu composites

Vol.% Cu ep£sey/ Y% optse, / MPa E £+ sE/MPa
0 1219.0 +£ 58.0 27.1+0.7 118.4+4.7
2 1119.0+ 16.0 21.5+02 104 +£3.6
3 1084.0 +23.4 204 +£0.7 114£1.5
4 851.0£22.7 17.9+0.5 114£5.0
5 863.4 + 80.0 17.4+2.0 122 +6.0
12 685.0+31.0 128+ 1.1 165+ 1.5
16 713.0+£25.0 13.0+03 142+34
18 636.0+13.4 11.0+£0.5 153+7.5

&, — elongation at break, o}, — stress at break, E — tensile modulus

For LDPE the elongation and stress at break slightly decrease with increasing copper
content (Figures 3.11 and 3.12), while the decrease in the case of LLDPE is much more
significant. Pure LLDPE has a high value of elongation as well as stress at break compared to
LDPE, probably because of the difference in branching between the two polymers. Adding
filler to the polymer matrix results in a decrease in both elongation and stress at break.
LLDPE has a high value of elongation at break, because when force is applied, the polymer
chains have enough space and time to orientate, which is the result of the chemical structure
of LLDPE. Immediately when the chains are oriented, they start to form orientation
crystallinity, which evokes an increase in the strength of a sample. Adding filler to the
polymer matrix reduces chain mobility, giving rise to a rapidly decreasing elongation at break.
Generally, a decrease in elongation at break with an increase in filler content is observed. A
few models have been suggested for this behaviour. The most well known is Nielsen’s model
[94]. This model is valid if particles have a spherical shape assuming adhesion between the
phases. Many fillers do not fulfill these conditions, as seen in Figure 3.1 where it is clear that
the filler particles do not have a uniform size distribution. These factors probably contribute
significantly to a dramatic decrease in elongation at break. At medium filler content, a number
of stress concentrating sites are formed, and they are not close to each other. In some sites the
inhomogeneities may lead to a favourable situation for fast crack growth. A general decrease
in stress at break is also observed in the composites. This behaviour is probably the result of
p in ition betv 1t polymer dfil . Forbothl — and ’E the t
decrease is observed up to 5 vol.% copper, whereafter the influence of copper on these

properties is less dramatic. This indicates that the presence of the filler in the matrix hinders
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the sample to deform due to polymer chain mobility, which makes it difficult for the segments

of polymer materials to easily slip past each other.
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Figure 3.11 Elongation at break as function of copper content in the composites
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Figure 3.12  Stress at break as function of copper content in the composites



The dependence of Young’s modulus of the composites on the volume percentage of
filler is shown in Figure 3.13. Young’s moduli of LLDPE and its composites have slightly
higher values than those of LDPE and its composites, because LLDPE is more crystalline and
therefore more stiff than LDPE. These values strongly decrease from the values for both pure
LDPE and LLDPE to those of their composites containing 2 vol.% copper, after which the
moduli slightly increase with increasing copper content. The initial decrease is probably the
result of the weak interaction between PE and copper, giving rise to more freedom of chain
movement, despite the higher than expected crystallinity (see discussion of DSC results). The
size and distribution of filler particles also play a significant role, since the filler is much
stiffer than the polymer matrices and the stiffness increases with increasing filler content.
This behaviour was also observed in previous studies where investigations showed that
mechanical properties are influenced by the reinforcing effect of the metal fillers [73]. The
extent depends on the filler surface area, as indicated by an increase in Young’s modulus, and

a decrease in both elongation and stress at break.
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Figure 3.13  Young’s modulus as function of copper content in the composites



3.5 Thermal and electrical conductivity

The values of the thermal and electrical conductivity of LDPE and LLDPE and their
copper composites are presented in Table 3.7. The dependence of the thermal conductivity on
copper content is shown in Figure 3.14. It is clear that the thermal conductivities of the
composites are higher than that of the pure polyethylene matrix for both LDPE and LLDPE. A
linear increase in thermal conductivity is observed with an increase in filler content. The
reason is that more conductive paths are created as a consequence of the higher content of

copper powder particles (see photos in section 3.1).

Table 3.7 Thermal conductivity and specific resistivity of LDPE, LLDPE and their

copper composites

SAMPLES Thermal conductivity / Specific resistivity /
wWm'K' Q.cm
LDPE : 0.31 13.79
93/7 w/w LDPE-Cu 0.35 13.18
88/12 w/w LDPE-Cu 0.43 12.58
86/14 w/w LDPE-Cu 0.51 12.49
84/16 w/w LDPE-Cu 0.63 12.32
82/18 w/w LDPE-Cu 0.65 11.39
78/22 w/w LDPE-Cu 0.68 8.97
76/24 w/w LDPE-Cu 0.72 8.91
LLDPE 0.36 13.91
93/7 w/w LLDPE-Cu 0.39 13.61
88/12 w/w LLDPE-Cu 0.55 13.30
86/14 w/w LLDPE-Cu 0.57 13.11
84/16 w/w LLDPE-Cu 0.59 12.08
82/18 w/w LLDPE-Cu 0.68 11.32
78/22 w/w LLDPE-Cu 0.71 8.95
rorza wiw LL. _ Zu 0.76 8
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The thermal conductivity is higher in the LLDPE matrix than in the LDPE matrix for all
copper contents. The reason is probably that more conductive paths are created as a
consequence of higher agglomeration of particles [72]. Since the Cu particles are restricted to
the amorphous parts of a polymer, and since LLDPE has lower amorphous content, it is quite
possible that there will be more agglomeration of particles in the LLDPE matrix.

From Figure 3.15 it can be seen that the electrical conductivity of polyethylene-copper
composites increases with increasing copper content in the composite for both LDPE and
LLDPE. From this graph the percolation concentration may be determined. At this
concentration at least one cluster of particles is formed in the polymeric matrix. This cluster
penetrates throughout the sample, while the particles in the cluster are in close contact and
represents a conductive path for the movement of electrons throughout the sample. The
percolation point has been arbitrarily identified as the inflexion point in an empirical fitting
curve. The percolation concentrations are almost the same for both LDPE and LLDPE
composites, and the value was determined to be 18.7 vol.%. According to Lux [100] the
percolation concentration strongly depends on the shape of the particles, but should not
depend on their size. Figure 3.15 shows that the electrical conductivities of LDPE-Cu
composites are generally higher than those of LLDPE-Cu composites. This is probably the
result of the more amorphous nature of LDPE, which allows higher mobility of the copper
particles.
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Figure 3.14 Thermal conductivity of the composites as function of copper content



0.12 —

011 |

0.10

0.09

0.08 |

Electrical conductivity / Q.cm

0.07 |

0 5 10 15 20 25
Cu content/ %

Figure 3.15 Electrical conductivity of the composites as function of copper content



CHAPTER FOUR

CONCLUSIONS

The aim of this study was to prepare LDPE-Cu and LLDPE-Cu composites containing
different amount of copper, and to determine the morphology, surface free energy, thermal
and mechanical properties, as well as thermal and electrical conductivities of the samples.
These properties were compared as function of copper content, and its was attempted to
explain the observations in terms of the morphologies of the composite samples.

The copper powder particle distributions were found to be relatively uniform at both
low and high copper contents. There were, however, large variations in copper particle size
distributions. There was cluster formation of copper particles at higher Cu contents, as well as
the formation of percolation paths of copper in the PE matrices.

The surface free energy results show an increase in the total surface free energy and its
disperse part, but a decrease in the polar part of the surface free energy for the Cu-PE
composites in comparison with pure PE. The respective increase and decrease of values is
relatively strong after addition of low amounts of copper, whereafter the values slightly
increase with increasing copper content.

There was an initial increase, followed by a decrease in melting temperature of LDPE
with increasing copper content. This is the result of changing lamellar thickness, which is due
to additional crystallization in the presence of copper. It may be explained through LDPE
chains in the amorphous phase crystallizing epitaxially on the copper particle surfaces. When
the observed enthalpy was compared with the expected enthalpy, a higher enthalpy was
observed in the presence of low copper contents. This indicated higher crystallinity, which
supports the explanation above. For LLDPE the melting temperatures did not change
appreciably. This indicates that lamellar thickness was not influenced by the presence of
copper in the polymer matrix. The reason for this is probably that LLDPE has a relatively
high crystallinity, and there is not a major amorphous part in which the copper particles can be
accommodated. The copper particles therefore probable locate themselves in the
interlamellar spaces, which leaves very little room for additional crystallization. Comparison
of the observed and expected enthalpies also showed that there was very little increase in total

crystallinity.
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The TGA results show that there was a general (iecrease in thermal stability with
increasing copper content in both LDPE and LLDPE. A possible explanation for this is that,
since copper has a relatively high heat capacity, most of the heat is absorbed by the copper,
which makes it a very localized source of heat energy. Thermal decomposition of the PE
matrix is then initiated at a lower temperature.

For LDPE the elongation and stress at break slightly decreased with increasing copper
content, while the decrease in the case of LLDPE was much more significant. Adding filler to
the polymer matrix reduced chain mobility, giving rise to a rapidly decreasing elongation at
break. The decrease in stress at break probably is the result of poor interaction between the
polymer and filler. Young’s moduli of LLDPE and its composites had slightly higher values
than those of LDPE and its composites, because LLDPE is more crystalline and therefore
more stiff than LDPE. These values strongly decreased from the values for both pure LDPE
and LLDPE to those of their composites containing 2 vol.% copper, after which the moduli
slightly increased with increasing copper content. The initial decrease is probably the result
of the weak interaction between PE and copper, giving rise to more freedom of chain
movement, despite the higher than expected crystallinity. The size and distribution of filler
particles also play a significant role, since the filler is much stiffer than the polymer matrices
and the stiffness increases with increasing filler content.

The thermal conductivities of the composites were higher than that of the pure
polyethylene matrix for both LDPE and LLDPE. A linear increase in thermal conductivity
was observed with an increase in filler content. The reason is that more conductive paths are
created as a consequence of the higher content of copper powder particles. The electrical
conductivity of polyethylene-copper composites increased with increasing copper content in
the composite for both LDPE and LLDPE. From these results the percolation concentration

was determined as 18.7 vol.% copper for both polymers.
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