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Abstract This article reports on the influence of copper
content and particle size on the tensile properties of low-
density polyethylene (LDPE), linear low-density polyeth-
ylene (LLDPE), and high-density polyethylene (HDPE)
mixed with up to 25 vol.% Cu micro-particles and up to
5 vol.% Cu nano-particles, and on the influence of Cu
micro-particle content on the dynamic mechanical prop-
erties of these polymers. This influence depends upon the
extent of branching and crystallinity in the particular
polymer. The copper micro-particles seemed to have a
negligible influence on the tensile strength of LDPE and
HDPE, while there was quite a significant reduction in
tensile strength when LLDPE was used as matrix. The
elongation at break generally decreased with increasing
copper content, but the effect was more significant in the
case of LDPE and HDPE. The tensile modulus generally
increased with increasing Cu content, but the extent of
increase was lower in the case of the more crystalline
HDPE. The nano-copper containing samples showed
comparable properties at equivalent Cu contents. The
storage and loss moduli generally increased with increasing
Cu. For all three polyethylenes the p-transition (where
present) was not significantly influenced by the presence
and amount of copper, but the «-transition was strongly
influenced, especially in the case of LDPE and LLDPE.
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Introduction

Both inorganic and organic fillers play an important role in
modifying the desirable properties of polymers, such as
mechanical properties, thermal and electrical conductivity,
permeability, and thermal stability. In conventional poly-
mer composites, many inorganic fillers with dimensions in
the micrometer range, e.g., calcium carbonate, glass beads
and talc, metal, graphite, carbon black, and others were
used extensively to enhance the complex behavior of
polymeric composites. All these fillers give special prop-
erties to the polymers, but they significantly change the
mechanical properties of the polymers. All the properties
can be tailored by changing the volume fraction, shape, and
size of the filler particles [1-3]. Composites are usually
designed to have a set of specific properties, of which the
mechanical properties are very important to both resist the
mechanical stress during various practical applications and
for safe manipulation.

Further improvement in the mechanical properties can
be achieved by using nano-structured fillers with a larger
aspect ratio such as short glass fibers, nanoclays [4—6], or
fillers having a large total surface area [7]. It is logical to
anticipate that the dispersion of fillers, with dimensions in
the nanometer level having very large aspect ratio, stiffness
and a large total surface area, in a polymer matrix could
lead to even better mechanical performance.

In our previous article [8], where we discussed the ther-
mal properties of different types of polyethylene filled with
Cu micro- and nano-particles, we concluded that the Cu
particles in the PE/Cu micro-composites were fairly well
dispersed in the polymer matrix, but as the filler content
increased, voids around the Cu particles were observed
indicating poor interaction between the polymer and the Cu
micro-particles. The lack of adhesion between the polymer
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and filler indicates poor interfacial interaction. The Cu nano-
particles were well dispersed in the polymer matrix, except
that they tended to form agglomerates. Incorporation of both
Cu micro- and nano-particles into the different polyethyl-
enes reduced the crystallinities of the different polyethyl-
enes. Generally the nano-composites had a more significant
influence because of the larger total surface area of these
particles. Even though the nano-particles tended to form
agglomerates, their influence was still more significant than
that of the micro-particles. The micro-particles generally
had a nucleating effect and facilitated the crystallization
process, while the well-dispersed nano-particles hindered
the crystallization of polyethylene.

In this article, we compare the influence of both micro-
sized and nano-sized copper particles on the mechanical
and dynamic mechanical properties of three different types
of polyethylene.

Experimental

In this work, low-density polyethylene (LDPE) and linear
low-density polyethylene (LLDPE) were supplied in pellet
form by Sasol Polymers. LDPE has an MFI of 7.0 g/
10 min (ASTM D-1238), a melting point of 106 °C, a
molecular weight of 96,000 g mol_l, and a density of
0.918 g cm™> and LLDPE has an MFI of 1.0 g/10 min
(ASTM D-1238), a molecular weight of 191,600 g mol ™",
a melting point of 124 °C, and a density of 0.924 g cm ™.
High-density polyethylene (HDPE) was supplied in pellet
form by DOW Chemicals. It has an MFI of 8 g/10 min
(ASTM D-1238), a molecular weight of 168,000 g mol ™!,
a melting point of 130 °C, and a density of 0.954 g cm ™.
Merck Chemicals in South Africa supplied the copper
powder, which was used as one of the conducting fillers.
It has a melting point of 1,083 °C and a density of
8.96 g cm ™, and the particle sizes were less than 38 um
determined by using a laboratory test sieve with a pore
sizes of 38 pum. The copper nano-particles were supplied
by Lawrence Packaging Supply Corp., Moonachie, New
Jersey, USA, Lot # R402 and the particle size was 50 nm.

All the samples were prepared by mixing the compo-
nents in a Brabender Plastograph 50 mL internal mixer at
160 °C and a speed of 70 rpm for 15 min. After the mix-
ing, the samples were melt pressed at 100 bar and 160 °C
for 15 min.

A Hounsfield HSKS universal testing machine was used
for the tensile analysis of the samples. The dumbbell
samples were stretched at a speed of 50 mm min~' under a
cell load of 250.0 N. The dumbbell samples had a total
length of 75 mm, a gauge length of 24 mm, a neck width of
5 mm, and a thickness of 1 mm. About nine test samples
were cut using a dumbbell cutter and they were all tested.

Stress—strain curves that indicated sample deficiencies
were ignored during the final calculations of the tensile
properties.

The dynamic mechanical properties of the composites
were investigated using a Perkin Elmer Diamond DMA.
The settings for the analyses were as follows:

Frequency 1 Hz

Amplitude 20 pm

Temperature range —140 to —80 °C
Heating rate 5 °C min "'

Preloading force 0.02 N

Length 20 mm

Width 12.0-12.5 mm

Thickness 1.0-1.3 mm.

Results and discussion

The tensile properties of the different PEs and their Cu
micro-composites are listed in Table 1. The stress at break
of all three PEs decreased with increasing Cu content. The
highest decrease was observed for LLDPE, where the sup-
pression of cold flow and orientation hardening was the
most pronounced. The smallest decrease was observed for
LDPE, where no orientation hardening was observed, even
for the pure polymer. In all the cases no reinforcing effect of
the filler was observed. This is due to a weak interfacial
adhesion between the filler and the matrix as was shown by
the SEM results [8].

Pure LLDPE had the highest value of stress at break. At
10 vol.% of Cu micro-particle content, the initial stress at
break of LLDPE (26 MPa) decreased to a value of 14 MPa,
and for LDPE it decreased from 10 to 9 MPa, while that of
HDPE decreased from 16 to 10 MPa. As pointed out
above, LLDPE has a very significant orientational hard-
ening, which will always be reduced by the presence of
filler particles, and therefore the decrease in stress at break
was more pronounced for the LLDPE than for the LDPE or
HDPE matrices. The presence of defects in front of the
neck has a critical influence on the drawability. A higher
concentration of the defects, caused by a higher local
concentration of the filler, resulted in a steeper decrease in
stress at break for the HDPE matrix, which is probably due
to its higher crystalline content. Since the filler is located
only in the amorphous phase, the concentration of the filler
related to the amorphous content is higher in LLDPE and
HDPE than in LDPE. The consequence of this is that the
amorphous part in the more crystalline polymer (HDPE) is
more reinforced compared to the relatively low crystalline
polymer (LDPE), due to a higher local concentration of the
filler in the amorphous phase. The mechanical properties of
metal filled polymers are strongly affected by factors such
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Table 1 Tensile properties of PE/Cu micro-composites

vIv o, = Say, (MPa) &, = Sey, (%) E £ sE (MPa)
LDPE/Cu
100/0 10.1 £ 0.5 336 + 1 120 + 8
99/1 9.6 £ 04 325 +£ 10 135+ 5
97/3 9.1 £ 0.2 223 £ 5 155 +7
95/5 8.6 £0.5 86.3 + 10.0 158 £ 5
90/10 8.6+ 1.0 192+ 1.3 191 + 4
85/15 8.6 + 0.6 20.0 £ 3.2 192 £ 7
80/20 9.3 +0.8 199 £ 5.1 207 £ 5
75125 94 £+ 0.5 10.6 £ 6.4 219 + 4
LLDPE/Cu
100/0 257+ 1.4 1054 + 3 123 + 1
99/1 209 + 1.2 911 £ 8 171 £ 16
97/3 19.6 + 1.2 874 + 4 169 £+ 15
95/5 182 £ 04 857 + 2 141 £ 4
90/10 140 £ 04 741 £ 2 194 £ 9
85/15 120 £ 0.5 669 + 6 176 + 19
80/20 8.7+ 0.7 454 + 15 222 + 27
75125 8.1+1.0 278 + 13 237 + 34
HDPE/Cu
100/0 156 £53 792 + 3 566 + 8
99/1 11.7 £ 58 769 + 4 594 + 3
97/3 9.1 £22 276 + 5 597 £2
95/5 7.1 £54 158 £ 2 594 + 3
90/10 95+34 315+ 25 670 + 4
85/15 146 £1.3 145+ 1.8 670 + 4
80/20 13.2 + 2.8 128 £ 1.5 780 + 7
7525 13.8 £ 8.7 13.8 £ 0.7 552 +3

oy, is the stress at break and Soy, is the standard deviation, g, is the
elongation at break and Sg, is the standard deviation, E is Young’s
modulus and sE is the standard deviation

as type, concentration, size, shape, and orientation of the
filler particles [9-14]. These parameters are affected by
the strength of the adhesive bond between the two phases,
the type of dispersion and the amount of particle agglom-
eration. The influence of these factors on the tensile
behavior is often difficult to separate and evaluate in a
quantitative manner. Since there is no good general theory
about the stress—strain behavior of metal filled polymers [9,
10], it is known from observations that the tensile strength
of a material decreases with an increase in filler content [9—
16]. However, it is not always the case that the stress at
break decreases with an increase in filler content. For
example, in the case of the HDPE composites investigated
in this article, the initial decrease is caused by a reduction
in the drawability as well as by the presence of defects.
However, if there is good interaction between the polymer
and the filler or reinforcement due to immobilization of the
polymer chains onto the filler surface, there may be a
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reinforcing effect and an increase in stress at break is
observed [9]. This can result in stress at break values that
are higher than that of the pure polymer.

The elongation at break data of the PE/Cu micro-com-
posites are summarized in Table 1. There is a significant
drop in the drawability after addition of the copper parti-
cles. A decrease in the elongation at break for polymers
filled with inorganic fillers is always observed [9-14], and
the presence of defects in front of the neck has a critical
influence on the drawability. According to Rusu et al. [14]
the occurrence of particle agglomeration is responsible for
the appearance of metal particle contacts, instead of poly-
mer—metal particle contacts, characterized by a total lack of
adhesion. In our case a considerable decrease in the elon-
gation at break of the PE/Cu micro-composites were
observed with an increase in Cu content.

It can be seen in Table 1 that the elongation at break of
pure LLDPE and HDPE show higher values than pure
LDPE, because when force is applied, the polymer chains
have enough space and time to orientate, which is the result
of the chemical structure of crystalline polymers. Imme-
diately 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. When 10 vol.% of copper micro-par-
ticles were incorporated into the respective matrices, the
initial elongation at break of pure LLDPE decreased from
1,054 to 740%, for pure HDPE it decreased from 791 to
32%, and for pure LDPE it decreases from 336 to 19%.

The Young’s modulus data of the pure the PEs and their
Cu micro-composites are summarized in Table 1. Young’s
modulus slightly increased with an increase in copper
content for all three polyethylenes, except for HDPE at the
highest filler content. The size and distribution of the filler
plays a significant role, since the filler is much stiffer than
the polymer matrix, and the stiffness increases with
increasing filler content. The extent depends on the filler
surface area. This is common behavior for polymers filled
with inorganic fillers [10-12, 14]. The modulus of the
HDPE composites increased up to 20 vol.% of copper, but
for the 25 vol.% Cu containing composite the value
dropped even lower than that of pure HDPE. This is
probably caused by insufficient de-wetting of the filler and
de-bonding of the matrix, similar to the case of stress at
break, since the bonds between the polymer and the Cu
particles are weak. Similar behavior was observed where
HDPE was filled with an inorganic filler [13].

The stress at break results for the PE/Cu nano-com-
posites are presented in Table 2. The presence of copper
nano-particles in the PE matrices slightly decreased the
stress at break of the nano-composites. The lower stress at
break values of the nano-composites could be due to a
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Table 2 Tensile properties of the PE/Cu nano-composites

vIv o, = Say, (MPa) &, = Sey, (%) E £ sE (MPa)
LDPE/Cu
100/0 10.1 £ 0.5 336 + 1 120 + 8
99/1 8.6 £04 153 £1 134 + 4
97/3 89 +0.2 558 £ 1.2 158 + 4
95/5 74 £0.5 144 + 4.0 159 £ 7
LLPE/Cu
100/0 257+ 14 1054 £ 3 123 £ 1
99/1 223 £ 1.1 917 + 4 216 + 8
97/3 23.6 £ 0.6 900 + 3 260 + 6
95/5 187+ 14 749 £ 5 273 £ 4
HDPE/Cu
100/0 156 £ 53 792 £3 566 + 8
99/1 103 £ 2.2 402 + 4 621 £ 6
97/3 8.6 + 4.1 339+ 77 709 £ 7
95/5 7.8 +£6.3 193 £ 75 726 + 5

oy, 1s stress at break and Say, is the standard deviation, ¢, is elongation
at break, Sgy, is the standard deviation, E is Young’s modulus and sE
is the standard deviation

number of reasons such as weak interfacial bonding
between the Cu nano-particles and matrix interfaces,
aggregates of Cu nano-particles and nano-size processing
related defects. There were no obvious differences in stress
at break values between the HDPE micro- and nano-com-
posites. The values for the nano-composites were slightly
lower for LDPE and slightly higher for LLDPE than those
of the micro-composites. It is difficult to establish a rela-
tionship between these observations and the respective
morphologies of the polyethylenes.

The dependence of elongation at break on Cu nano-
particle content is summarized in Table 2. There was a
decrease in elongation at break with an increase in Cu
nano-particle content for all the investigated nano-com-
posites. The decrease is much more significant for HDPE
and LDPE than it is for LLDPE. The decrease is also more
significant for the nano-composite samples compared to the
micro-composite samples. The reason for the difference in
behavior between LLDPE on the one hand and LDPE and
HDPE on the other hand is not obvious. However, the more
significant decrease for the nano-composites compared to
the micro-composites may be explained in terms of the
increase in number of nano-particles in the polymer matrix
and the accompanying increase in number of defect points.

Young’s modulus of the nano-composites as function of
the Cu nano-particle content is summarized in Table 2. The
values increase with an increase in filler content for all
three polymers. If the increase is taken as a percentage of
the modulus value of the pure polymer, the increase is
much more pronounced for LLDPE, followed by HDPE,

while the LDPE moduli did not change appreciably with
increasing Cu content. The modulus of the LDPE micro-
composites are almost the same as those of the nano-
composites, while those of the LLDPE and HDPE micro-
composites are lower than those of the nano-composites.
All these observations may be explained in terms of the
fact that the Cu particles are most probably located in the
amorphous regions of the respective polymers. The higher
the amorphous content, the weaker the influence of the Cu
particles on the overall chain mobility of the polymer. As a
result of their higher total surface area, the nano-particles
have a stronger influence, especially in the more crystalline
polyethylenes.

The DMA storage modulus results of the PE/Cu micro-
composites are shown in Figs. 1, 2, and 3. Generally, for all
three polyethylenes, the storage modulus increased with an
increase in Cu content. This increase is attributed to the
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Fig. 3 DMA storage modulus curves of pure HDPE and HDPE/Cu
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presence of Cu particles which resulted in the stiffening of
the polyethylene matrices. This is in line with the tensile
results, where Young’s modulus increased with increasing
Cu particle contents. The storage moduli for all the samples
decreased with increasing temperature, and the slopes of
the lines change at the transition temperatures, that are
different for the different types of polyethylene. These
relaxations are due to an increased mobility in the poly-
ethylene chains. However, for LDPE and its Cu-composites
and for pure LLDPE the storage modulus curves show a
peak around or above 50 °C. This is not a typical obser-
vation for the storage modulus as function of temperature,
and currently the only explanation is that it is related to the
melting of the thinnest lamellae.

The loss modulus curves for the different polyethylenes
and their Cu micro-composites are presented in Figs. 4, 5,
and 6. Three loss maxima are found at about —121
(y-transition), —16 (f-transition), and 66 °C (o-transition)
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Fig. 4 DMA loss modulus curves of pure LDPE and LDPE/Cu
micro-composites

@ Springer

(13
o
—
[%2]
=2 s
™ ..
=] B
o "\
£
w
e L
g 1E8 I g
= | — LLDPE .
| - - - 95/5 viv LLDPE/Cu
85015 viv LLDPE/Cu
[ ----- 80/20 viv LLDPE/Cu
" 1 i 1 1 1
-150 -100 -50 0 50

Temperature / °C
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Fig. 6 DMA loss modulus curves of pure HDPE and HDPE/Cu
micro-composites

for LDPE, and at about —125, —27, and 25 °C for LLDPE.
For HDPE two loss maxima are found at about —112
(y-transition) and 48 °C (o-transition). For the purpose of
this study, the f-transitions at —16 °C for LDPE and
—27 °C for LLDPE can be seen as their glass transition
temperatures. The glass transition is where the chains in the
amorphous regions start with coordinated large-scale
motion, and it is therefore not observable in the highly
crystalline HDPE. The glass transition in highly crystalline
polymers (HDPE) is difficult to identify [17], and this is in
line with the current observations. Although there is a
controversy concerning the glass transition of polyethyl-
enes [17], it is generally agreed that the f-transition is
associated with the transition of branch points. For LDPE,
which is a branched polymer, a clear f-transition peak
was also detected by other researchers [18]. Sirotkin and
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Brooks [19] reported that for HDPE the p-transition is
usually absent. This relaxation is, therefore, generally
attributed to segmental motions in the non-crystalline
phase. The o-transition is observed between 20 and 70 °C
and is attributed to chain movements in the crystalline
region. The position and intensity of this transition depends
on many factors like the heating rate, density, and
branching [20]. An increase in density (which normally is
the result of increased crystallinity) increases the intensity
of this peak, and therefore the o-transition is more promi-
nent in the case of HDPE. An increase in the loss modulus
with an increase in copper particle content was observed
for most of the samples. The higher loss modulus implies
lower elastic recovering, which can be attributed to the
higher polymer rigidity.

The damping factor, tan o, is the ratio of the loss
modulus to the storage modulus and gives information on
the relative contributions of the viscous and elastic com-
ponents of viscoelastic materials. Figures 7, 8, and 9
present the tan ¢ curves of the pure polyethylenes and their
Cu-composites. In addition to the y- and f-transitions, pure
LDPE shows two transitions that may be called the «- and
o*-transitions. The o-transition is related to larger chain
segments in the amorphous phase that start to move, while
the o*-transition is associated with the slippage between
crystallites [20]. As the Cu particle content increases, the
composites show only one transition in this temperature
region, indicating that the Cu particles suppress large-scale
chain movement in LDPE through chain immobilization.
As a result the a- and o*-transitions merge into a single,
more intense transition during which both large-scale chain
movement and slippage of crystallites occur. Another
explanation for the double transition around 50 °C may be
that there is melting of the smallest crystallites closely
followed by interlamellar shear of the larger crystallites.
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Fig. 7 DMA damping factor curves of pure LDPE and LDPE/Cu
micro-composites
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Fig. 8 DMA damping factor curves of pure LLDPE and LLDPE/Cu
micro-composites
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Fig. 9 DMA damping factor curves of pure HDPE and HDPE/Cu
micro-composites

The presence of Cu-particles seems to inhibit the melting
process (see storage modulus curves in Fig. 1), so that
both processes occur in the temperature range of the
o-transition.

The damping factor curves of LLDPE and its compos-
ites show y-, -, and o-transitions. In this case there is,
however, only one peak in the high temperature region.
This is probably due to the higher crystallinity of LLDPE,
as well as the absence of premature melting. The «-tran-
sition also appears at a higher temperature for the com-
posites compared to the pure polymer, which is the result
of the immobilization of the polymer chains in the presence
of the Cu particles. In the highly crystalline HDPE and
its Cu micro-composites there is no f-transition, while the
strong o-transition is the result of interlamellar shear.
Since the Cu particles are probably located in the small
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amorphous areas between the crystallites, they should have
an influence on the slippage between crystallites. This is,
however, not clear from the presented curves in Fig. 9.

Conclusions

The influence of the presence of copper particles in dif-
ferent polyethylene matrices depends upon the extent of
branching and crystallinity in the particular polymer. In
this investigation copper micro-particles seemed to have a
negligible influence on the tensile strength of LDPE and
HDPE at copper contents up to 25 vol.%, while there was
quite a significant reduction in tensile strength when
LLDPE was used as matrix. The elongation at break gen-
erally decreased with increasing copper content, but the
effect was more significant in the case of LDPE and HDPE.
The tensile modulus generally increased with increasing
Cu content, but the extent of increase was lower in the case
of the more crystalline HDPE. The nano-copper containing
samples showed comparable properties at equivalent Cu
contents. The storage and loss modulus generally increased
with increasing Cu content over the whole investigated
temperature range for all three polyethylenes. For all three
polyethylenes the p-transition (where present) was not
significantly influenced by the presence and amount of
copper, but the a-transition was strongly influenced, espe-
cially in the case of LDPE and LLDPE.
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