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ABSTRACT: In this study, nanofillers composed of alumina, titania, and organoclay were separately embedded in 50% polypropylene
(PP) and 50% ethylene propylene diene monomer (EPDM) blends. Several formulations of PP/EPDM nanocomposites were prepared
using an internal mixer and were molded using a compression mold to produce test samples. The effects of filler loading (2, 4, 6,
and 8 vol %) on the dielectric breakdown strength, dielectric properties, hydrophobicity, and flammability were determined. The
addition of nanofillers improved the breakdown strength (up to 2 vol %) and increased the dielectric constant and dielectric loss of
the PP/EPDM nanocomposites. The hydrophobicity of PP/EPDM/AL,O; increased, whereas the hydrophilicity of PP/EPDM/TiO, and
PP/EPDM/organoclay increased. Flammability test results showed that PP/EPDM/TiO, had a lower burning rate than PP/EPDM/

Al,O3 and PP/EPDM/organoclay. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41184.
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INTRODUCTION

In the early development of polymeric insulators, neat polymer
was used, and its insulation properties are enhanced by the
addition of micron fillers. However, the enhancement is mini-
mal and the breakdown strength of the insulators may be
reduced.' Polymer nanocomposites are promising materials that
can be used to enhance the engineering macroscopic properties
of polymeric insulators. Polymer nanocomposites are composite
materials that contain inorganic particles of nanosized dimen-
sions that are homogeneously dispersed into the polymer
matrix. This new type of polymeric insulators has gained
increasing attention over the past few years because nanocom-
posite or nanostructured polymers can improve the electrical,
mechanical, and thermal properties of the bulk material as com-
pared with neat polymers.” During outdoor service, the surface
of the insulating materials is frequently subjected to moisture
and contamination, which leads to reduction in electrical insu-
lation. Compared with traditional glass or ceramic insulation
systems, polymer nanocomposite insulators have several advan-
tages, which include low surface energy. Low surface energy is
related to a surface that is not easily wet or exhibit high contact
angle and it remain hydrophobic in a wet condition, such as
when the material is exposed to fog, dew, or rain.” The use of
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polymer nanocomposites as insulators is expected to increase
significantly in the future because fabrication costs are reduced
and these materials have considerable advantages such as high
mechanical strength to weight ratio, resistance to vandalism,
and good performance despite the presence of heavy pollution
and in wet conditions. Flammability is also one of the require-
ments to be used as an insulator. Better dispersion of nanofillers
will result in better stability of the polymer and decrease in
polymer flammability.

The use of polymer insulation, such as ethylene propylene diene
monomer (EPDM) has been reported in previous works.*
EPDM is used in electrical insulation because of its combination
of superior electrical properties, flexiblility over a wide tempera-
ture range, and resistance to moisture and weather.* However,
synthetically produced EPDM is relatively expensive as com-
pared with other conventional elastomers.” Polypropylene (PP)
as a high-volume commodity plastic has very interesting charac-
teristics, such as low density, good surface hardness, and excel-
lent price performance ratio.® PP is blended with EPDM in
order to reduce the production cost and toughened the blend
system. For several decades, the use of PP/EPDM blends has
been continuously growing in various industrial domains. PP/
EPDM blends offer a wide spectrum of materials from elastified
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PP to EPDM rubber reinforced with thermoplastic because PP
mixing in any ratio is possible.”’

Addition of talc in a PP/EPDM system has been reported by
Oksiiz et al.,® it is found that the use of annealing heat treat-
ment increased its tensile strength, yield strength, elastic modu-
lus, and impact strength. Previous studies on PP/EPDM focused
more on their mechanical properties,”® rheology,” and mor-
phology.'® However, the effect of PP/EPDM on electrical insula-
tion characteristics has not been adequately studied yet. In the
present study, three types of nanofillers, namely, aluminum
oxide (ALO;), titanium dioxide (TiO,), and organoclay, were
added to the PP/EPDM formulation. The dielectric breakdown
strength, dielectric properties, hydrophobicity, and flammability
of the nanocomposites of nanofiller-filled PP/EPDM were
evaluated.

EXPERIMENTAL

Materials

The homopolymer PP (Titanpro 6431) was a commercial prod-
uct from Titan Polymer (M) Sdn. Bhd. with a melt index of
7 g/10 min and a density of 0.9 g/cm’. EPDM-grade Buna EP G
2070 (Mooney viscosity, 25 + 5 MU; density, 0.86 g/cm’) con-
taining 73 wt % ethylene was supplied by LANXESS Deutsch-
land GmbH. Aluminum oxide (Al,Os3) and titanium dioxide
(TiO,) were supplied by Sigma-Aldrich (M) Sdn. Bhd. Organo-
clay type Cloisite 15A (in a layered structure form) is a natural
montmorillonite modified with a dimethyl dehydrogenated tal-
low quarternary ammonium having a cation exchange capacity
of 125 mequiv/100 g''™'* was used in the study. Al,O; and
TiO, were used as received without any surface modification.
The particle sizes of Al,Os, and TiO, are 12 and 25 nm, respec-
tively. The organoclay with a thickness of 1 and 40 nm diameter
were supplied by Southern Clay Products, Dicumyl peroxide
(DCP) was obtained from Bayer (M) Sdn. Bhd. All materials
commercially available and wused without further
purification.

were

Composite Preparation

The PP/EPDM blends were prepared by mixing the polymer
and the filler powders in an internal mixer followed by com-
pression molding. The temperature and the rotor speed of the
internal mixer were set to 180°C and 50 rpm, respectively. The
ratio of PP/EPDM was fixed at 50/50, and the blending
sequence was initiated using PP, EPDM, nanofillers, and DCP
for 10 min. After the compounding process, the filled PP/
EPDM nanocomposites were compression-molded to form a
plate with thicknesses of 1 and 3 mm in an electrically heated
hydraulic press at 185°C. The samples were preheated for 6 min
and held at a pressure of 1500 psi for 2 min. Cooling was then
carried out at the same pressure for 3 min.

Characterization

The fracture surface morphology of the selected PP/EPDM com-
posites was characterized using a field emission-scanning elec-
tron microscope (FE-SEM; model ZEISS SUPRA 35 VP). The
fracture surface of the sample was coated with a gold-palladium
layer by using a Sputter Coater Polaron SC 515 to avoid electro-
static charging during observation. The dielectric breakdown
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strength was measured based on IEC60243-1 standard. The
stainless steel plane-plane electrodes with a diameter of 25 mm
were used in this experiment. Each sample with the thickness of
1+0.1 mm was placed between the two electrodes, and an
incremental AC voltage rate of 500 V/s was applied until electri-
cal breakdown occurs. The samples and electrodes were
immersed in transformer oil to prevent flashover. The dielectric
breakdown strength (kV/mm) was determined by dividing the
breakdown voltage (kV) with the thickness (mm) of the sam-
ples. Ten samples for each composition were tested and the
results were analyzed using Weibull statistical analysis. The
dielectric constant and dielectric loss of the PP/EPDM compo-
sites were measured using a Hewlett Packard 4291B LCR Meter.
For dielectric measurements, disk-like shape specimens of 1 cm
diameter were cut from the prepared sheets. The test specimen
is placed firmly between two copper electrodes connected
through cables to the impedence analyzer. The measurements
were performed in the frequency range of 1 MHz to 1 GHz at
room temperature. The equations used in calculating the dielec-
tric properties are based on previous works.'*'> The surface
hydrophobicity was classified by determining the contact angle
by the sessile drop technique. A droplet of a purified liquid
(distilled water) was placed on the sample surface by using a
syringe. The resulting angle between the droplets was measured
using a goniometer or a charge coupled camera device (CCD)
fitted onto a microscope. Five measurements on different parts
of the samples were averaged. All tests were carried out at room
temperature. The rate of burning was subjected to a flammabil-
ity test based on the ASTM D 635 method. The nanocomposite
sheet was cut into bar-shaped test specimens with a dimension
of 125 X 13 X 3 mm’. At least ten specimens were prepared
for each composition and composite system. The gauge length
was fixed to 25 mm, and the average rate of burning was
reported in millimeters per minute. All tests were performed at
room temperature.

RESULTS AND DISCUSSION

Dielectric Breakdown Strength

The dielectric breakdown strength was investigated to determine
the maximum voltage that can be applied to the materials
before dielectric failure occurs. The dielectric breakdown test of
polymers usually involve multiple samples because of statistical
variations in the recorded values of breakdown strength. A
study has reported that even though the samples are identical,
the extent of breakdown strength of the specimens may be sig-
nificantly different.'® The dielectric breakdown data are known
to be in good agreement with the Weibull distribution, which
can be expressed by eq. (1).'”'®

F(Et)=1—exp [— <§—tt>ﬁ} (1)

where Et; is the scale parameter or the characteristic parameter,
Et is the random variable (the measuring values of the cumula-
tive breakdown strength), and F(Ef) indicates the cumulative
failure probability for the Weibull distribution. The scale
parameter, Ef,, represents the cumulative dielectric breakdown
strength required for 63.2% of the tested specimens to fail. The
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Table I. Weibull Parameters of Dielectric Strength of Each Samples

Weibull parameter

Scale, Et,

Samples Shape (p) (kV/mm)
Unfilled 65.85 53.44
2 vol % Al>03 34.33 54.87
4 vol % Al;03 52.85 45.04
6 vol % Al>O3 12.84 18.15
8 vol % Al>03 45.39 8.48

2 vol % TiO2 44.07 55.03
4 vol % TiOz 54.57 51.99
6 vol % TiO2 43.82 49.44
8 vol % TiOo 46.12 46.76
2 vol % Organoclay 37.32 56.29
4 vol % Organoclay 38,23 52.47
6 vol % Organoclay 21.01 48.66
8 vol % Organoclay 26.81 46.36

shape parameter, f§, a dimensionless number, is a measure of
scattered values of the cumulative breakdown strength for
Et = Et, and determines the shape of the probability density
function. Two Weibull parameters obtained from Weibull distri-
bution plots for Al,O;, TiO,, and organoclay are summarized
in Table I.

The dielectric breakdown strength data obtained from different
loadings of Al,O;, TiO,, and organoclay in the PP/EPDM
blends were compared with the behavior of unfilled PP/EPDM
in Figure 1. From this figure, the addition of 2 vol % of AL, Os,
TiO,, and organoclay slightly increases the dielectric breakdown
strength of the nanocomposite system by 1.03, 1.59, and 2.85
kV, respectively. The addition of 2 vol % organoclay resulted in
the highest breakdown strength as compared with other sys-
tems. The addition of AL,Os;, TiO,, and organoclay by more
than 2 vol % substantially decreased the breakdown strength of
the PP/EPDM nanocomposite.

Data from Table I shows the dependence of Weibull shape
parameter, f3, of the samples with respect to filler loading. The
p-value shows breakdown distribution and dielectric reliability
of the blend system. It can be observed that addition of 2 vol %
AL O;, TiO,, and organoclay has reduced the f-value. Further
addition of organoclay in PP/EPDM nanocomposites reduces
the f-value. However, such behavior does not observed in PP/
EPDM/TiO, and PP/EPDM/AL,O3 nanocomposites where the f§
shows inconsistent trend with the addition of Al,O; and TiO,
loadings. It is reported by previous work that this behavior is
probably due to the heterogeneous distribution of Al,O; and
TiO, and aggregation phenomena of oxide particles."’

The increase in breakdown strength in vol % PP/EPDM with 2
vol % nanofillers can be explained by the barrier effect of the
nanofillers. The tree propagation time in the PP/EPDM nano-
composite might be increased, and the accelerating test results
show that the dielectric breakdown strength increased. When
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the filler content was increased, however, the defects at the
interface, voids, and cracks increased and dielectric breakdown
strength decreased.”” However, the breakdown voltage in 4, 6,
and 8 vol % Al,Os-filled PP/EPDM nanocomposites decreased
because the AlL,O; nanoparticles tend to agglomerate [Figure
2(b)], and these clusters function as electrical defects. The addi-
tion of 4, 6, and 8 vol % TiO, also substantially weakened the
PP/EPDM/TiO, nanocomposite. This result is due to the high
permittivity of TiO,, which indicates highly polar materials that
contain dipoles.”' Accordingly, TiO, has a low breakdown
strength, which is consistent with the energy band gap of insu-
lating materials.”> The relative enhancements of 2 vol %
organoclay-filled PP/EPDM nanocomposites are comparable to
those in previous reports,” which also show a similar trend.
The addition of a small amount of organoclay results in a grad-
ual increase in breakdown strength, which is consistent with the
obstruction of localized breakdown events. Thus, a supplemen-
tary and tortuous path exists between and around the inorganic
molecules to reach the electrode.”® At a high organoclay load-
ing, the probability for the composites to form bereft regions is
high, and a significant fraction of mesoscopic voids are located
in regions between adjacent coherently stacked layers [Figure
2(d)]. Hence, the particle is not longer under the barrier effect
and only contribute negatively to the electrical stability of the
material by increasing the number of possible tree propagation
paths.””> The presence of voids in the PP/EPDM/AL,O; nano-
composites significantly reduced the breakdown strength.*® This
result is due to a combination of two factors, namely, (a) air
(which exists at the voids) has a lower breakdown strength than
polymers and (b) the presence of a void creates local electric
field strength irregularities, and the lower permittivity of air
intensifies the electric field at the solid/void interface. Conse-
quently, breakdown preferentially occurs first at a solid/void
interface, which consequently disrupts the polymer structure
and increases the void size.”’

Dielectric Properties

The dielectric constant refers to the capability of a material to
store electric potential energy under the effect of an alternative
electric field.”® The influence of filler loading and the effect of
filler type as a function of frequency on the dielectric constant
(¢') and dielectric loss (¢”) of AlL,Os, TiO,, and organoclay PP/
EPDM nanomposites at various sweep frequencies are shown in
Figures 3 and 4, respectively. The dielectric constant for various
loadings of AlL,O;, TiO,, and organoclay shows frequency-
independent behavior within a wide range of frequencies. How-
ever, an anomaly is shown in 8 vol % Al,O3; where the disper-
sion of real part of complex permittivity is observed in the
system, and the trend is observed in the loss part as well (Figure
4). On the basis of the comparison between 2 and 8 vol %
AL O3, TiO,, and organoclay-filled PP/EPDM nanocomposites,
the dielectric constant increased with increasing addition of
nanofiller particles. The enhancement of dielectric constant val-
ues for 8 vol % Al,O;, TiO,, and organoclay in PP/EPDM
nanocomposties compared with unfilled PP/EPDM and 2 vol %
nanofiller in their respective systems is probably due to the sig-
nificant contribution of the interfacial polarization, which is
determined by the increased number of charges (impurities and
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Figure 1. Weibull distribution plots for unfilled, 2, 4, 6, and 8 vol % (a)
AL O3, (b) TiO,, and (c) Organoclay (Org) filled PP/EPDM nanocomposites.

small ions) introduced in the polymer by the nanoparticles.”*™"
PP/EPDM/TiO, had the highest dielectric constant, followed by

PP/EPDM/AL,O5; and PP/EPDM/organoclay. The highest value
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of ¢ was obtained from 8 vol % TiO,-filled PP/EPDM nano-
composites because the TiO, used in the study consists of rutile
phase, which has a high dielectric constant.*

The dielectric loss is a measure of the energy lost into a system
during a cydlic electric excitation.”® The value of dielectric loss
is the highest for PP/EPDM/AL, O3, followed by PP/EPDM/TiO,
and PP/EPDM/organoclay. The abrupt increase in dielectric loss
of 8 vol % AlL,O; as compared to 2 vol % ALOs; is clearly
shown in Figure 4. As reported by previous work,”* the dielec-
tric loss is usually increased with increasing moisture content,
polarization of water atoms, and free volume. Perhaps the
absorbed moisture is hardly removed from AlL,O; as compared
to other composite systems. A distinct increase in dielectric loss
was also observed in the PP/EPDM/TiO, nanocomposites when
the TiO, filler loading was increased. This result is in agreement
with those of previous results and confirms the agglomeration
of the filler and the enhancement in interfacial polarization at
or about this volume percent.”® The increase in dielectric loss in
2 and 8 vol % organoclay-filled PP/EPDM nanocomposites is
also attributed to the entrapment of more charges in the PP/
EPDM/organoclay nanocomposites, especially in the spacing
between clay platelets. Thus, the conduction current is enhanced
because of the inelastic displacements of charge carriers in the
dielectric material.”>* It should be reiterated that the intercala-
tion and exfoliation of organoclay might also govern the dielec-
tric properties of polymeric nanocomposite materials.’> In
Figure 4, the frequency dependence of dielectric loss for the
AL O3, TiO,, and organoclay-filled PP/EPDM nanocomposites is
relatively stronger at higher frequencies than that of unfilled
PP/EPDM blends. At higher frequencies, less time is required
for charge migration to the interfaces and/or polarization of
polymer chain dipoles. Thus, the dielectric loss decreases.”® The
negative dielectric loss observed at higher frequency is probably
due to interference present in the measuring circuit. In addi-
tion, defects such as air gaps and the interfacial phase between
the filler and the matrix in the composite materials can affect
the dielectric constant and dielectric loss of the nanocompo-
sites.”” Therefore, a good insulation core would be a material
with a low dielectric constant and a low dielectric loss at vari-
ous frequencies.

Contact Angle Measurement

Contact angle measurement can be used to determine the
hydrophobicity of the composite samples. Hydrophobicity is the
ability of polymer nanocomposites to repel water on its surface,
where individual droplets are formed rather than a film. This
measurement is important in considering materials as outdoor
insulators. The contact angle 0 of a liquid droplet is defined as
the angle formed between the tangent to the water droplet and
the horizontal surface. In general, if the contact angle of the
material is greater than 90°, then the material is hydrophobic. If
the value is less than 90°, then the material is hydrophilic.’® Fig-
ure 5 shows the dependence of contact angle of the samples
with respect to filler loading. The contact angle of PP/EPDM/
Al,O; nanocomposites had an ascending trend with respect the
increase in filler loading. On the other hand, the addition of
TiO, and organoclay into the PP/EPDM blends gradually
decreased the contact angle of the nanocomposites with respect

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41184
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Figure 2. SEM micrograph showing fracture surface morphology of (a) unfilled, (b) 2 vol % ALO3, (c) 2 vol % TiO,, and (d) 2 vol %. Organoclay filled
PP/EPDM nanocomposites (at X1000 magnification). Insert figure refers to X5000 magnification.

to filler loading, and the trend varies almost linearly. In general
the contact angle of the composites is also governed by the con-
tact angle of the nanofillers.

Previous studies conducted by Tadanaga et al.”® and Karapana-

giotis et al.’® also observed the same trend of increasing hydro-
phobicity when the ALO; loading was increased. On the
contrary, the increase in hydrophilicity of PP/EPDM/TiO, can
be related to the hydroxyl groups that were formed on the sur-
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Figure 3. Behavior of dielectric constant (¢') of Al,O3, TiO,, and organo-
clay filled PP/EPDM nanocomposites as a function of frequency.
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face of the PP/EPDM/ TiO, nanocomposites. The hydroxyl
groups that were formed because of the presence of TiO, nano-
particles are polar. These polar groups can interact with water
molecules through van der Waals’ force and hydrogen bonds*};
thus, the contact angle of the PP/EPDM/TiO, nanocomposites
decreased. For the PP/EPDM/organoclay nanocomposite sys-
tems, the hydrophilicity had an increasing trend, which is in
agreement with the results obtained by a previous study.** This
trend is related to the hydrophilic nature of the clay
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s — — (b) 2wl % ALO,
0.04 4 — ——(c)2wl. % TiO,
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Figure 4. Behavior of dielectric loss (¢”) of AL,Os, TiO,, and organoclay
filled PP/EPDM nanocomposites as a function of frequency.
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Figure 5. Variations in contact angle of AL,Os, TiO,, and organoclay filled
PP/EPDM nanocomposites.

incorporated, which results in the increase in surface hydrophi-
licity of the PP/EPDM/organoclay nanocomposites.*’

Linear Rate of Burning

Polymers are known for their relatively high flammability. The
tendency of polymers to spread flame away from a fire source is
critical because many polymer melt and tend to produce flam-
mable drips or flows.** Therefore, the horizontal burning test
was performed to evaluate the rate of burning of PP/EPDM
composite with the addition of Al,Os;, TiO,, and organoclay
nanofillers, as depicted in Figure 6. The addition of AlLO;,
TiO,, and organoclay nanofillers has significant effects on the
flammability of the PP/EPDM nanocomposites. These results
show that the burning rate decreases after the addition of
AlLO;, TiO,, and organoclay as compared with that of the
unfilled PP/EPDM composites, which had a rate of burning of
15.17 mm/min and had melting and dripping characteristics.

On the basis of Figure 6, at all filler loadings, the PP/EPDM/
TiO, nanocomposites had the lowest linear burning rate, V;
whereas the PP/EPDM/organoclay nanocomposites had the

—e—— ALO,
—_—— TiO,
e

Organoclay

Linear Rate of Bumning, V [mm/min]

Filler Loading [vol. %]

Figure 6. Effect of filler loading on linear burning rate of Al,Os, TiO,,
and organoclay filled PP/EPDM nanocomposites.
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highest value. At a filler loading of 8 vol %, AL,Os, TiO,, and
organoclay had the lowest V-values in their systems, which are
10.51, 10.14, and 12.39 mm/min, respectively. The increase in
Al O3, TiO,, and organoclay loadings increases the flame retard-
ancy of the PP/EPDM composites. This result is strongly sup-
ported by the decrease in the burning rates of all three PP/
EPDM composites.

The addition of Al,O; and TiO, in the PP/EPDM system
reduces the ability of the nanocomposites to ignite and also
reduces the heat release rate (HRR) peak. These results show a
correlation with those of previous studies, where the addition of
15 vol % AlLO; and TiO, into poly(methyl methacrylate)
(PMMA) causes a reduction in the HRR peak by 274 and 277
KW m™?, respectively, compared with that of virgin PMMA.*
The reduction in the burning rate of the PP/EPDM/organoclay
nanocomposites is due to the formation of a protective layer
during combustion. This is in agreement with previous work
where it is reported that organoclay is layered structure nanofil-
lers, clay stacks and clay platelets that exist in the system have a
possibility to reduce the burning rate of the polymer compos-
ite.'"**® Upon heating, the viscosity of the molten polymer/lay-
ered silicate nanocomposite decreases with increasing
temperature and facilitates the migration of clay nanolayers to
the surface. Therefore, the accumulated clay on the surface of
the material functions as a protective barrier that limits heat
transfer into the material.*®

CONCLUSIONS

The dielectric breakdown voltage shows that the addition of 2
vol % Al,Os;, TiO,, and organoclay into PP/EPDM blends
increases the breakdown voltage of the PP/EPDM composites as
compared with unfilled PP/EPDM. Further increasing the load-
ings of Al,Os, TiO,, and organoclay until 8 vol % reduces the
breakdown voltage of the composite. In terms of dielectric con-
stant, the PP/EPDM/TiO, system exhibited the highest values,
followed by PP/EPDM/AL,O; and PP/EPDM/organoclay. The
PP/EPDM/ALO; exhibited the highest dielectric loss as com-
pared with PP/EPDM/TiO, and PP/EPDM/organoclay systems.
The PP/EPDM/ALO; system shows an ascending trend of
hydrophobicity, whereas an opposite trend was observed in PP/
EPDM/TiO, and PP/EPDM/organoclay systems. The PP/EPDM/
Al,O; nanocomposites exhibited the lowest burning rate as
compared with PP/EPDM/TiO, and PP/EPDM/organoclay sys-
tems. The nanocomposite filled with TiO, has better flame
retardancy properties compared with those filled with Al,O;
and organoclay. In short, 2 vol % organoclay-filled PP/EPDM
nanocomposites, which exhibit the highest dielectric breakdown
strength, low dielectric constant, low dielectric loss, acceptable
contact angle, and burning rate is suitable to be used as poly-
meric insulators.
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