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Abstract

and physical properties was investigated.

composite was mixed using a mechanical stirrer.

fraction and filler loading.

Background: The effect of mixed size of recycled-copper-filled epoxy composites on mechanical, electrical, thermal
Methods: The recycled copper was collected as a waste from the milling machine. The recycledcopper-filled epoxy
Results: The effect of volume fraction of recycled copper of the epoxy composites were studied based on the

flexural properties, coefficient of thermal analysis (CTE), electrical conductivity, hardness and density.

Conclusions: The incorporation of recycled copper has decreased the CTE of the composites. The flexural
properties, electrical conductivity, hardness and density of the composites increased with increasing volume
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Background
Recently, conductive polymer has received considerable
interest as a solder replacement in flip chip packaging
because there is a significant reduction in pitch, weight
and volume and increased environmental compatibility
(Sun 2001). Conductive polymer materials, which have
both strong conductivity and the properties of polymers,
are widely used in electronics and biosensors (Glouannec
et al. 2008). Polymer materials are often used as insulators
because of their low thermal and electrical conductivity.
This has led to limitations of the use of polymer in elec-
trical and electronic applications (Boudenne et al. 2005).
However, the introduction of conducting polymer
composites (CPCs) has initiated the application of poly-
mers in many fields of engineering especially in the elec-
trical and electronic applications. Indeed, conducting
polymer composites have shown its crucial importance
in many useful and high-end applications since few de-
cades ago, and it continues to become a choice of selec-
tion in various industries especially in electrical and
electronic applications (Ramasubramaniam et al. 2003).
Conducting polymer composites involve incorporating a
conductive filler into the polymer matrix. These
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composites are produced from the blending of an insu-
lating polymer matrix with electrical conductive fillers
(carbon black, carbon fibre, metal particles) show many
interesting features due to their electrical resistivity vari-
ation with thermal solicitations (Li et al. 2011).

A conductive polymer composite can be produced by
loading an insulating polymer matrix with a sufficient vol-
ume of electrically conductive filler, so that interconnectiv-
ity of conductive pathways exists throughout the bulk
material (Feller et al. 2004). The reinforcement phases, es-
pecially the metal particles in epoxy resin, are usually
discrete particles, which lead to discontinuous heat conduc-
tion paths (Ji et al. 2014). Factors such as the size, shape,
chemistry and aggregation behaviour of filler particles must
be considered in conjunction with the thermodynamic and
rheological properties of the polymer matrix and the pro-
cessing conditions employed (Burden et al. 1998). The main
significant factor is the filler distribution within the matrix,
which can result from processing conditions (temperature,
shearing, viscosity and orientation), formulation (filler con-
tent, molecular weight and crystallinity of the polymer,
solubility parameters, particle/particle and particle/macro-
molecule interactions) and spatial parameters (shape factor
of the conducting particles, exclusion domains in which
particles cannot go) (Feller et al. 2004).
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Polymer-based electrically conducting composites have
several advantages over their pure metal counterparts in-
cluding lower cost, ease of manufacture, high flexibility,
reduced weight, mechanical shock absorption ability,
corrosion resistance and conductivity control of many
fields of engineering, such as for electromagnet interfer-
ence (EMI) shielding, safe packaging, corrosion protec-
tion, electrostatic discharge (ESD) control, conductive
adhesive etc. (Teh et al. 2011; Rupprecht 1999). This
interest arises from the fact that the electrical character-
istics of polymer composites are closed to properties of
metals, whereas the mechanical properties and process-
ing methods are typical for plastic (Mamunya et al. 2002).
In addition, since conducting polymer composites have the
advantages of being less costly and lighter weight compared
to metals, they are positioned to play an increasingly im-
portant role in affairs of mankind, specifically in the area of
electronic and electrical conductivity (Tavman 1996). Poly-
mer composites filled with metal are of interest for use; one
main parameter determining CPC properties is the con-
ductive pathway structure, depending on many parameters
such as filler content (¢), surface free energy of the filler
and the matrix, crystallinity, reticulation and exclusion
volume, ie. zones where carbon black is concentrated
(Gazotti et al. 1999).

Metal-filled polymer composites are getting accept-
ance for the past few years, mainly due to concerns
about the environment (Lira and Coérdoba de Torresi
2005). The most general approach to describe the
charge transport in conducting polymer composites in
relation to the content of conducting particles is pro-
vided by the percolation theory (Battisti et al. 2010).
When a polymer matrix is filled with dispersed con-
ductive filler, the composite prepared gains a conduct-
ivity value. When the filler volume fraction reaches a
critical value, the so-called percolation threshold, an in-
finite conductive cluster, is formed, and the composite
shows a drastic increase in the conductivity value
(Stauffer and Aharony 1985). In such networks, there is
either direct contact between adjacent particles, or suf-
ficiently small gaps between them, to enable a mechan-
ism of quantum mechanical tunnelling conductivity.

The percolation threshold is strongly influenced by the
geometrical characteristics of the conductive filler, such as as-
pect ratio and particle size distribution, so that an increase in
their value may dramatically drop the filler concentration re-
quired to achieve conduction in a given polymeric matrix
(Teh et al. 2011). The transfer conditions of the electric
charge and heat flow determine the electrical and thermal
conductivity level in the heterogeneous polymer-filler system,
in which the conductive phase is formed by dispersed
metallic or carbon filler (Jaafar @ Mustapha 2008).

An important feature of metal-filled polymeric materials
is a transition from insulating to conducting behaviour
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over a narrow range of the volume fraction of the con-
ductive filler. The critical volume fraction of the filler
associated with the transition has been variously re-
ported to range from about 5 to 40 vol% metal filler.
The value of the critical concentration depends on the
shape, size and orientation of the filler and on the
method of fabrication of the composite material (Michael
et al. 1985). Since metals are the quintessential conductors
of electricity, it is not surprising that they have been used
as fillers to create conductive plastic composites (Luyt
et al. 2006). In comparison to conductive carbon, the re-
sistivity of metals is much lower, while their densities are
higher (Bhattacharya 1986). However, density advantage is
insignificant when the electrical conductivity is centred.

Generally, the metal with high electrical conductivity
will become the choice of selection in producing con-
ductive composites. Although silver is a better electrical
conductor than copper, copper has been preferred owing
to its more economical reason compared to costly silver
(Bhattacharya 1986).

Copper is 100% recyclable. Virtually all products
made from copper can be recycled. Due to high prod-
uct value and some related environmental issues, cop-
per is recycled where there is possible. Using recycled
copper can save energy as copper extraction is very en-
ergy consuming. Consequently, it can save landfills by
reducing the amount of waste copper (Cleveland 2004).
The electrical conductivity of the recycled copper may
differ from the pure one. In fact, there are many
sources of recycled copper ranging from copper piping
of the air conditioning units, scrap electrical wiring to
door and window frames. Besides, many machining op-
erations such as milling, grinding, drilling etc. produce
waste which can be recycled. In this research, waste
copper from milling machine is collected and recycled
to produce copper-filled epoxy composite. The epoxy
resins have been extensively used in many industrial
fields such as adhesives, constructions, coating and
insulation materials for electric devices due to their
good balance of properties such as excellent moisture,
solvent and chemical resistance, low shrinkage after
cure, superior electrical and mechanical properties and
good adhesion to many substrates (Tao et al. 2007).
Epoxy matrix composites are prone to impact damage
which includes failure modes such as transverse crack-
ing, delamination, fibre/matrix debonding and fibre
fracture, all limiting their uses for many structural ap-
plications (Wong et al. 2010).

Methods

Sample preparation

Recycled-copper-filled epoxy composites were prepared
according to the volume fraction method by using the
formula:
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where V4 is the filler volume fraction, W is the weight of
the filler, p¢ is the density of the filler, W, is the weight
of the matrix and p,, is the density of the matrix.

The recycled copper was milled into finer powder
using different milling hours for 24 and 72 h, respect-
ively. Samples of epoxy composites filled with 0, 10, 20,
30 and 40 vol% of recycled copper were prepared, re-
spectively. First, the epoxy resin (D.E.R 331 was sup-
plied by Eurochemo Sdn. Bhd., Prai, Malaysia) with
required weight was measured and poured into a
mould. Then, the recycled copper filler was added, and
the mixture was stirred using a mechanical stirrer until
the mixture was homogeneous. A hardener (a polyamine
clear hardener was supplied by Eurochemo Sdn. Bhd.) of
about 60 phr by weight was added and the mixture was
stirred again. The mixture was then poured into the
mould, and the composite was left in the vacuum oven at
room temperature for about 20 min to remove the bub-
bles. Then, it was cured using air oven at 100°C for 1 h.
The samples were polished using a polishing machine
to obtain samples with smooth surfaces prior to testing.

Coefficient of thermal expansion (CTE) of the com-
posites was determined by using a L75 platinum series
dilatometer (Linseis Inc., Robbinsville, NJ, USA). The
dimensions of the sample were 8 mm in diameter and
with a maximum thickness of 20 mm. Testing was con-
ducted at a heating rate of 5°C/min from a temperature
of 0°C to 200°C. A flexural property was carried out by
using a universal testing machine (UTM) with a cross-
head speed of 0.5 mm/min with a sample dimension of
3-mm thickness and 6-cm length. The electrical con-
ductivity is the reverse of the resistivity values; it can be
measured by using a GDM 352A multimeter (GW
Instek America Corp, Chino, CA, USA) with a sample
dimension of 1-cm diameter and 0.3-cm thickness. The
hardness value of the composites was obtained by using
a Vickers hardness tester FV-700e (Future-Tech Corp.,
Tokyo, Japan) where the composites were indented
with a load of 1 kg (9.8 N) for 15 s. The density of the
composites was determined by using a AccuPyc 11340
gas pycnometer (Micromeritics Instrument Corpor-
ation, Norcross, GA, USA) where the dimension is
8 mm in diameter and 20 mm in thickness.

Results and discussion

Recycled copper particle size

In this research, the recycled copper waste chips that
were collected from the milling machine were milled
into powders for two sets of milling hours which were
24 and 72 h at a speed of 250 rpm. Table 1 shows the
results of average powder particle sizes of the recycled
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Table 1 The particle sizes of the recycled copper powders
at different milling times

Milling time (h) Particle size Average powder particle size
distribution of recycled copper (um)

24 Bimodal 300 to 400

72 Monomodal 10

copper for different milling times. It shows that when
the milling time increases, finer powder of the recycled
copper was obtained. During ball milling, powders were
trapped between colliding balls and were subjected to
high stress. Consequently, powders were subjected to a
severe plastic deformation which exceeds their mechan-
ical strength (Xu et al. 2006). Thus, when the milling
time or processing time was increased, the finer pow-
ders were obtained. Indeed, in most cases, the rate of
particle refinement (i.e. particle size and/or crystallite
size) is roughly logarithmic with the processing time or
ball-to-powder ratio (Xu et al. 2006).

Figure 1 shows the particle size distribution obtained
through a Malvern particle size analyser (Malvern In-
struments, Malvern, UK). When the powders were
milled for longer hours, the multimodal distribution
was gradually shifted to monomodal distribution, with
a significant reduction of the volume percentage of
coarser particles (around 350 um). Owing to a higher
stress subjected to the powders at longer milling hours,
a more efficient milling operation was performed, chan-
ging the form of the powder from a mixture of fine and
coarse particles to completely fine particles.

Coefficient thermal expansion
The effect of different particle sizes which are coarse,
fine and mixed at different recycled copper filler load-
ing on coefficient thermal expansion was investigated.
From Figure 2, it was found that epoxy composites with
mixed particle size have the lowest CTE value followed
by fine and coarse, respectively. The addition of fine
filler strengthens the composites since it provides less
gap between the filler. Therefore, the filler packed
closely and the gap between the filler becomes smaller.
Reducing the particle size to a smaller level is assumed
to reach a significant efficiency. Fine particles seem to
contribute better to the property improvement (Klaus
et al. 2005). The thermal properties of polymers can be
significantly enhanced by the addition of fine filler
(Osman 2010). Fine particulate filler has played a vital
role in the development of commercially viable polymers.
They not only provide significant cost reduction but also
improve thermal behaviour (Willis and Masters 2003).
Coarse filler in composite structure tends to have
bigger gap in between them. It allows the composites
to expand more when thermal was supplied. The
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Figure 1 Particle size distribution. The particle size distribution for recycled copper powder which was milled for (a) 72 h and (b) 24 h, respectively.
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properties of filler-filled composites are determined by
the characteristic of its components, composition, struc-
ture and interfacial interaction (Erika and Janosmoczobe-
lapukanszky 2004). The fine particle filler has better
interaction since it has better orientation. Although filler
content and filler size significantly influence the properties
of polymer composites, any changes in polymer/filler
interaction also have considerable effect on these proper-
ties. This effect depends both on the size of the contacting
surfaces and on the strength of the interaction.

The addition of recycled copper was decreasing the
CTE value of the epoxy composite. By adding the
recycled copper to the matrix, it will reduce the CTE
value of the composites. At a higher Cu content, the
CTE decreases substantially. The high heat capacity and
thermal conductivity of Cu causes these particles to
quickly reach a higher temperature than the surrounding

matrix (through the percolation pathways observed for
high Cu content composites) (Luyt et al. 2006). From
the figure, it shows that the epoxy composites with
mixed filler particle size have lower CTE value than 10
pum in particle size. The composite CTE decreases
linearly with the filler volume fraction. The formation of
a conductive network in the composites should be more
likely with small and coarse particles. The effective ther-
mal conductivity of the composites filled with mixed
with smaller and larger particles is higher than the one
with the larger particles at a given volume fraction
(Boudenne et al. 2005).

Flexural strength

Figure 3 shows the flexural strength of epoxy compos-
ites filled with coarse, fine and mixed filler sizes at dif-
ferent recycle copper filler loading. The debonding
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Figure 2 CTE of epoxy composites. The epoxy composites are filled with coarse, fine and mixed particle sizes at different recycled copper
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stress is one of the key parameters of particulate-filled
composites, and it is strongly related to particle size
(Luyt et al. 2006). Smaller particle filler size enables the
composites to have good strength since it provides a
compact structure. In the presence of particles, the
stress fields change locally and thus may suppress cavi-
tational deformation modes at least to some extent and
instead may initiate local shear yielding of the sur-
rounding matrix (Dekkers and Heikens 1985). The fine
filler particle caused fewer voids in the composite
structure. It was shown in earlier work that smaller par-
ticles are not desirable, for they require more polymers
for effective binding, resulting in a lower flexural
strength. Too large particles, on the other hand, act as
discontinuities, again lowering the flexural strength.
The difference between the size groups, however, is
most likely due to differences in packing density.
Denser packing, i.e. a smaller composite porosity, will
result in a higher flexural strength.

The fine filler fulfilled the gap that is present between
the coarse filler which is shown in Figure 4. Therefore,
the composites become more rigid. Two different sizes
of particle composition enabled significant increase in
fracture behaviour of the composite for a given con-
stant volume fraction. This is because of a more uni-
form particle size distribution due to the presence of
large particles which reduced the particle agglomer-
ation. Moreover, particles with larger sizes can induce
easier crack propagation owing to the stress concentra-
tion in particulate-reinforced composites. Since epoxy
composite with mixed particle size gives better filler
packing, the dispersion of the filler throughout the
epoxy composites is well-dispersed. A broad size distri-
bution will result in larger maximum packing friction
than with monodisperse spheres, as small particles can

fit into spaces around larger ones. The addition of two
different sizes as a filler in the composites leads to the
assembling of the sub-micron particles in the polymer
medium from the balance between particle-particle and
particle-polymer interaction (Kitey and Tippur 2005).
The flexural strength and modulus of epoxy composites
improved with the incorporation of mixed copper par-
ticle; however, as shown in Figure 4, it can be seen
clearly that there are gaps between the epoxy and cop-
per particle (as shown in dotted circles). It can be con-
cluded that interfacial bonding between the copper
particle and epoxy can be further improved.

Flexural modulus
The flexural modulus of epoxy composites filled with
coarse, fine and mixed particle sizes at different filler
loading was also investigated as shown in Figure 5. The
flexural modulus is found to increase with decreasing
particle size. Strongly bonded fillers show higher flex-
ural modulus since weakly bonded particles act as
sources of inherent flaws provoking crack initiation.
When the particle size increases the crack deflection,
debonding and particle fracture increase. The size and
distribution of filler particles play a significant role,
since the filler is much stiffer than the polymer matrix,
and the stiffness increases with the increasing filler
content. The propagation of the crack is impeded by
the stiff particles that act as obstacles slowing down the
advancing of the crack front, whereas the latter takes
place in a localised shear yielding, with the formation
of damaged zone due to crack diversion, particle frac-
ture and debonding of the particle/matrix interface
(Luyt et al. 2006).

From the figure, it indicates that epoxy composites
with mixed particle size of recycled copper filler give a
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Figure 4 SEM of epoxy composites. SEM of epoxy composites with recycled filler content at (a) 0 vol%, (b) coarse 20 vol%, (c) coarse 40 vol%,
(d) fine 20 vol%, (e) fine 40 vol%, (f) mixed 20 vol% and (g) mixed 40 vol%, respectively.

higher flexural modulus than with a 10-um particle size
of recycled copper filler. Internal defects and imperfect
interfaces are well known to exist in composites. The
incorporation of such phenomena into the general the-
ory requires modification and relaxation of the continu-
ity of displacements between the constituents. The
imperfect interface bond may be due to the compliant
interfacial layer known as interphase or interface dam-
age, which may have been created deliberately by coat-
ing the particles. Moreover, the strength of the bond at
the interface controls the mechanical response and fa-
tigue life of the composite.

Electrical conductivity
From Figure 6, it shows the electrical conductivity of
epoxy composites filled with coarse, fine and mixed

filler particles at different filler loading. The composites
that consist of an insulating matrix and fine conductive
filler have generated significant research interest, mostly
due to their electrical conductivity. The conductive par-
ticles are in contact, inside the insulating matrix; perco-
lation paths should exist through the entire system and
thus metallic type conduction occurred (Psarras 2006).
The fine filler will have a compact structure compared
to coarse particle. Therefore, the percolation threshold
effect is about to happen. The electrical performance of
matrix-conductive filler composites is sufficiently af-
fected by the size of the inclusions (Psarras 2006).

The addition of metallic increases the electrical con-
ductivity of the epoxy composites. The electrical per-
formance is directly related to the permittivities and
conductivities of their constituents, the volume fraction
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Figure 5 Flexural modulus of epoxy composites. The epoxy composites are filled with coarse, fine and mixed particle sizes at different
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of the filler and the size of this particle. The conduction
behaviour is dependent on the creation of conducting
contacts between metallic filler particles as predicted by
the percolation theory. It is suggested that good adhe-
sion of filler-matrix and filler-filler minimise the gap be-
tween filler-filler and filler-matrix. The presence of gap
may contribute to a certain degree of resistance to the
conduction process.

The well distribution of epoxy composites with mixed
particle size produced a well-packed composite. There-
fore, percolation threshold effects easily take place as
shown in Figure 7. A higher concentration of recycled

copper is needed to create a conductive path throughout
the entire composite (Rupprecht 1999). The absence of a
transition to conducting behaviour was attributed to the
broad size of filler powder which reduced the formation
of continuous chains of contacting metal particles.

Vickers hardness

By referring to the Vickers hardness of the composites
filled with coarse, fine and mixed recycled copper in
Figure 8, it indicates that the Vickers hardness increases
with the increment of the filler loading. The addition of
filler will improve the composites to become more rigid
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Figure 6 Electrical conductivity of epoxy composites. The epoxy composites are filled with coarse, fine and mixed particle sizes at different
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Figure 7 SEM of copper distribution in epoxy for epoxy composites with recycled filler content at (a) 0 vol%, (b) coarse 20 vol%,
(c) coarse 40 vol%, (d) fine 20 vol%, (e) fine 40 vol%, (f) mixed 20 vol% and (g) mixed 40 vol%, respectively.
A\

of the composite. During indentation and under the
same applied load, particles will collide more rapidly
and distribute the stresses effectively. It serves as a
blockage to resist higher magnitude of stresses prior to
plastic deformation (Montoya and Pech 2007).

The fine filler caused the composites to have fewer
voids since it will pack the structure (Chan et al. 2011;
Suriati et al. 2011). The packed composites will
strengthen the composites and therefore have high
Vickers hardness value. The fine filler will tend to col-
lide more frequently, leading to less easiness to be
subjected to plastic deformation as its resistance to
higher stress applied is higher. From the testing of
flexural modulus, it was found that there was an in-
creased in the stiffness of the composites resulting

from the increase in filler concentration; therefore, the
hardness is aligned with the flexural stiffness (Rupprecht
1999). In epoxy composites with mixed particle size, the
fine filler fulfilled the space that is created by the coarse
filler. This led the composites to have a better struc-
ture. During indentation and under the same applied
load, particles in the composite with mixed distribution
will collide more rapidly and distribute the stresses ef-
fectively. It serves as a blockage to resist higher magni-
tude of stresses prior to plastic deformation (Montoya
and Pech 2007).

Density
The effect of different particle sizes which are coarse,
fine and mixed at different filler loading on density was
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investigated. From Figure 9, it shows that epoxy com-
posites with fine particle size have the highest density
followed by mixed and coarse, respectively. The density
was affected by the copper itself. Since copper has a
higher density than epoxy, therefore, the density of com-
posites will increase. The intrinsic property, which is
density, is dependent on compaction and bridging
phenomenon (Sided et al. 1992).

The addition of the fine filler causes the composites
to have better distribution since particles distribute all
around the composites. From the figure, it indicates
that the recycled copper with a smaller average particle
size of 10 pm has a higher density than the recycled
copper with a size of 300 to 400 pum. This difference

proves that the optimal gradation factor is affected by
the balanced distribution of the filler particles in the
mixture achieving a maximal packing (Sided et al
1992). At such high particle volume fractions, the pro-
cessing of the material often becomes difficult, and
since the inorganic filler has a higher density than the
resin, the density of the filled resin is also increased.
The packing behaviour of particles in a polymer matrix
determines on what loading particle/particle effects
become important and is a critical factor in the under-
standing and design of polymer composites. The max-
imum packing fraction can be achieved by the addition
of two different particle sizes so that the void can be
filled by the finer particles.
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Figure 9 Density of epoxy composites. The epoxy composites are filled with coarse, fine and mixed particle sizes at different recycled copper
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Conclusions

In overall, epoxy composites filled with mixed recycled
copper content showed the best performance in term of
overall properties, because had lowest CTE value and
highest flexural properties, electrical conductivity, hard-
ness and density value respectively.
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