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Microstructure and electrical breakdown properties of blends and nanocomposites based on low-density polyethylene (LDPE) have
been discussed. A series of LDPE nanocomposites containing different amount of organomodified montmorillonite (clay) with and
without compatibilizer have been prepared by means of melt compounding. Two sets of blends of LDPE with two grades of Styrene-
Ethylene-Butylene-Styrene block copolymers have been prepared to form cocontinuous structure and host the nanoreinforcement.
A high degree of dispersion of oriented clay was observed through X-ray diffraction, scanning, and transmission electron
microscopy. This was confirmed by the solid-like behavior of storage modulus in low frequencies in rheological measurement
results. An alteration in the morphology of blends was witnessed upon addition of clay where the transportation phenomenon to
the copolymer phase resulted in a downsizing on the domain size of the constituents of the immiscible blends. The AC breakdown
strength of nanocomposites significantly increased when clay was incorporated. The partially exfoliated and intercalated clay
platelets are believed to distribute the electric stress and prolong the breakdown time by creating a tortuous path for charge carriers.
However, the incorporation of clay has been shown to diminish the DC breakdown strength of nanocomposites, mostly due to the

thermal instability brought by clay.

1. Introduction

It has been more than eight decades that synthetic polymers
have been used as solid electrical insulating materials because
of their excellent dielectric properties, the most important
of which is the high dielectric breakdown strength. When
a dielectric is subjected to a rising voltage, with a high
enough applied electrical field the electrical pressure will
eventually overcome the insulating material and electrical
charge carriers will flow. Current flow behavior through an
insulator is not linear as in conductors and practically no
electrons will flow below a certain threshold level, above
which current will gain sufficient kinetic energy and forcibly
runs through the material. Electrons will multiply as a result
of the ionization of the collision process, electronic conduc-
tion takes place, and breakdown occurs. This mechanism is
known as avalanche process [1, 2] and the dielectric strength
is defined as the highest voltage the insulator withstands
before breakdown divided by its thickness. However, this is

not the only known mechanism and breakdown may occur
in advance of electron avalanche by insulation melting due to
temperature rise (thermal breakdown) and enhanced electric
stress when the insulation thickness is mechanically reduced
(electromechanical breakdown) or due to partial discharge
[3-6]. In reality the mechanism of dielectric breakdown
is more complicated in many polymers and preexisting
discontinuities also contribute to the cumulative breakdown.
It was found out that impurities, defects, and degradation
caused by electric field or heat will accelerate the failure
[7]. Extensive works have been done to understand the
behavior of polymers towards electrical breakdown which
has led to considering several factors such as thickness,
surrounding medium, pressure, and temperature, all along
with the complicated morphology and structure of polymers
which make the understanding of breakdown process very
difficult.

One proposed solution to improve the breakdown
strength of polymers consists of adding a reinforcing
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inclusion as fillers (composites). Despite improvements in
mechanical and thermal properties, micro inclusions are
believed to decrease the breakdown strength of polymers as
they may act as defects [8]. Consequently, nanofiller inclu-
sions have been introduced recently to overcome the negative
effects [3, 9], thus creating a new area of materials called
nanometric dielectrics or nanodielectrics [10]. Nanoparticles
which may be chemically modified with different approaches
in order to have polar or nonpolar functional groups on
their surface have shown very promising results [11]. It is
well known that they have a great influence on breakdown
properties of polymers, especially by the change in mor-
phology of the semicrystalline polymers [12]. They reduce
the internal field [13] and alter the space charge distribution
within the polymer matrix [14]. Furthermore, the interface
between polymer and nanoparticle plays a crucial role in the
dielectric breakdown performance [15, 16]. The final obtained
morphology and the physical and chemical characteristics
of the interface are greatly influenced by the dispersion and
localization of nanoparticles and the nature of both phases,
which will eventually influence the breakdown process by
changing the microscale aspects, that is, traps, free volume,
and carrier mobility [17]. Therefore, considerable attentions
must be paid to tailor the interface with proper physical and
chemical methods to obtain improved dielectric breakdown
properties [18, 19].

Another well-established approach to develop new mate-
rials is polymer blending [20]. Since usually polymers have
low mixing entropy, most polymer pairs tend to make an
immiscible blend [21]. During the mixing process and at
rest, the dynamic interplay between rheological phenomena
determines the final morphology of the blend. When having
different mixing proportion, the minor component tends to
distribute all over the major phase as droplets. However,
in a narrow range of composition with proper processing,
the blend microstructure can turn into cocontinuous, distin-
guished by a mutual interpenetration of the two components.
This type of microstructure is well-known for its tunable and
substantial combination of functional and structural proper-
ties but is hard to achieve [22]. It has been well-established
that nanoparticles can be adopted to stabilize the morphology
of immiscible blends [23-25]. However, this approach has not
been fully employed to discover the potential improvements
in electrical breakdown properties of polymers.

In this paper, attempts to evaluate the short-term AC and
DC electrical breakdown properties for clay-based nanocom-
posites of low-density polyethylene (LDPE) have been pre-
sented, alongside with observation of the morphology of
those materials. Also the possibility of using a binary blend
to achieve a tailored dispersion of nanoclays to result in an
improved AC and DC electrical breakdown was evaluated.

2. Experimental

2.1. Materials and Processing. Commercially available pre-
mixed LDPE/clay masterbatch (nanoMax®-LDPE) contain-
ing 50% organomodified montmorillonite (O-MMT) was
supplied from Nanocor and used as the source of the nanor-
einforcement. The masterbatch was further diluted with
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low-density polyethylene (LDPE), supplied from Marplex
in powder form with a density of 0.922 g/cm® and MFI of
0.9 g/10 min (190°C/2.16 kg), to the desired concentrations of
clay. Maleic anhydride grafted linear low-density polyethy-
lene (LLDPE-g-MA) was supplied from DuPont (Fusabond
M603) and has been used as a compatibilizer. It has a density
of 0.940 g/cm® and MFI of 25 g/min and is being referred to
as MA in this manuscript. Two series of nanocomposites were
prepared with and without 5 wt% of the compatibilizer, with
concentration profile of clay being set as 1, 2.5, 5, 10, and 15%.

The same procedure was used to prepare blends and
nanocomposites of LDPE with two grades of polystyrene-
b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) thermo-
plastic elastomer supplied from Kraton: G1652 and FG1901.
The former with a MFI of 5 (230°C/2.16 kg) based on ASTM
D1238 (as declared by the supplier) is referred to as SEBS in
this manuscript. The latter with a MFI of 22 which contains
1.4-2wt% of maleic anhydride (MA) is referred to as SEBS-
MA. Both grades contain 30 wt% fractions of polystyrene
(PS) block in their structure and have a density of 0.91 g/cm”.

Melt compounding via extrusion process has been per-
formed using a corotating twin-screw extruder. All materials
were dried prior to extrusion in a vacuum oven at 45°C for
at least 36 h and manually premixed. A temperature profile of
145-170°C was set from hopper to die. The pellets obtained
were press-molded using an electrically heated hydraulic
press into thin plates with various thicknesses regarding the
future characterization. Samples were first preheated for 5
minutes and then hot-pressed at 155°C (165°C for blends) for
another 5 minutes under the pressure of 10 MPa. Press plates
then were water-cooled with a rate of 10°C per minute to
the ambient temperature. Table 1 represents a summary of
the composition of the final blends and nanocomposites. In
case of blends the mass fractions of the two phases are set
equal. Note that the nominal percentages of clay have been
used since the thermogravimetric analysis (TGA) showed
(not shown here) that the actual weight percentage of clay in
the masterbatch is 32 wt%.

2.2. Characterization. The morphology of the as-obtained
nanocomposites was characterized by high resolution scan-
ning electron microscopy (SEM) using a Hitachi SU-8230
Field Emission-STEM microscope. Samples were cryogeni-
cally cut and sputtered with a 20 nm layer of platinum using
a Turbo-Pumped Sputter Coater (Q150T S) prior to the
observation. Solvent extraction has been used to investigate
the microscopic structure of the blends. Some samples were
held in Toluene for 24 h while being gently stirred at room
temperature and then washed with alcohol before SEM
observation.

Transmission Electron Microscopy has been also con-
ducted. With respect to SEM, it employs electron beam
instead of light beam. It has been done using a FEI Tecnai
G2F20 S/TEM, operated at 200 kV. The device is equipped
with a Gatan Ultrascan 4000 4k x 4k CCD Camera System
(Model 895). Samples were cryogenically cut to create thin
layers that allow electron beam penetration. The point-to-
point and line resolutions of the TEM are, respectively,
0.24 nm and 0.17 nm.
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TaBLE 1: Composition and nomenclature of LDPE/SEBS blends and nanocomposites.
LDPE (wt%) Clay (%) MA (wt%) SEBS (wt%) SEBS-MA (wt%)
LDPE/nC (100 — n)* n - - -
LDPE/MA/nC (95 -m) n 5 - -
LDPE/SEBS 50 - - 50 -
LDPE/SEBS-MA 50 - - - 50
LDPE/SEBS/5C 475 5 - 47.5 -
LDPE/SEBS-MA/5C 475 5 - - 475
*n=1,25,5,10,and 15.
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FIGURE 1: Electrical breakdown measurement setup for (a) AC short term and (b) DC short term.

X-ray diffraction has been employed to evaluate the
degree of dispersion and intercalation/exfoliation of the
nanoclay using PANanalytical X’Pert Pro with K« radiation
(A = 1.542 A). Accelerating voltage and electrical current
was set to 40 kV and 40 mA, respectively. The scanning was
conducted from 2° to 10° with a step size of 0.102° and the
counting time was 400 ms per step. Bragg’s law was used to
calculate the intercalate spacing (dy,) as

2dsinf = A, 1

where A is the wavelength of the X-ray radiation used, d is
the distant between the diffraction of lattice plans, and 0 is
the diffraction angle measured [26].

The morphological data were further enriched by con-
ducting rheological measurement at 160°C via a strain-
controlled rheometer (MCR 501 Anton Paar). First a strain
sweep was carried out to determine the linear viscoelas-
tic range; then small amplitude oscillatory shear (SAOS)
tests were performed in the frequency range from 0.01 to
300 rad-s™". Samples in parallel plate geometry with diameter
of 25 mm were used in a 1 mm sample gap.

The AC short-term breakdown test was conducted to
measure the dielectric strength of the samples using a BAUR
DTA 100 device where the samples are gently held between
the electrodes (ball-type, 4 mm diameter) while all immersed
in insulating oil (Luminol TR-i, Petro-Canada) to avoid
flashover. Method A from ASTM D149 was chosen, according
to which the ramp was set to 2kV/s and continued until
failure of the sample. The test was performed at ambient
temperature and the insulating oil was dried in vacuum oven

for a minimum of 48 h. Twenty specimens were tested for
each sample. Each time before changing the sample, the oil
was removed and fully replaced, and the electrodes were
cleaned. A thickness of 140 ym was used for the breakdown
test; while to find out the role of thickness on the breakdown
strength variation, the test was also conducted for two other
thicknesses (200 ym and 300 ym) for LDPE/clay nanocom-
posites. A power law relationship was used to correct the
measurement data as a result of the nonuniformity in the
thickness of specimens, as discussed in [27].

The same approach was used to measure the DC break-
down strength of the samples having 200 ym thickness.
Specimens were placed between a spherical electrode on top
(30 mm diameter) and a disk-shape electrode on the bottom.
The diameter of the lower electrode was 60 with a rounding
radius of 7 mm. Electrodes were placed in a container while
immersed in mineral oil. The specimens were subjected to
a voltage raise of 5kV/s. Eight specimens were tested for
each sample, between which the oil was renewed completely.
LabView software was used to computerize the measuring
system. Figurel depicts a schematic representation of the
measurement setups used for both high voltage AC and DC
breakdown tests. A commercially available software was used
to retrieve the data for both AC and DC breakdown strengths
based on two-parameter Weibull distribution.

3. Results and Discussion

3.1. X-Ray Diffraction (XRD). Figure2 shows the X-ray
diffraction spectra for the LDPE clay nanocomposites. This
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FIGURE 2: X-ray diffraction pattern for LDPE nanocomposites: (a) parallel emission and (b) perpendicular emission.

technique allows us to determine the interlayer distance of
nanoclay by utilizing Brags law. The identification of the
nanocomposite structure can be done via monitoring the
intensity, shape, and position of the basal reflection peaks.
The layers of the silicates usually form stacks with a regular
van der Waals gap, called the interlayer or the gallery. A single
layer has a thickness around 1nm but tactoids formed by
several layers can reach up to several hundreds of micron
when forming stacks [28]. According to Brag’s law, a shift of
diffraction peak towards lower diffraction angle is a sign of
an increase in the interlayer spacing as a result of polymer
intercalation. Higher extent of polymer intercalation would
result in a greater shift towards lower value of 20, signaling
a better dispersion of the clay nanoplatelets [28, 29]. This
increase in interlayer spacing also decreases the periodicity
which reflects a reduction in the intensity of the peak.

The XRD measurements were conducted in two different
directions, having the radiation starting parallel and per-
pendicular to the surface of the sample. As can be seen in
Figure 2(a), in parallel emission there is a peak at 20 of 6.34
corresponding to an interlayer spacing of around 1.39 nm and
no evident sign of the primary diftraction peak (d,, ), while
the corresponding peak for masterbatch occurs at 20 of 7.26
showing a shift of diffraction peak for nanocomposites to

lower degrees originating from the increase in the interlayer
spacing during the melt mixing. That means at least one
extended polymer chain is intercalated between the stacks of
silicate layers. As expected the intensity of the peak increases
with the increase in the amount of clay incorporated. For
sample containing 5 wt% of MA (LDPE/MA/5C), the diffrac-
tion peak occurs at the same place but is broader than the
original nanocomposite (LDPE/5C). This broadening of the
diffraction peak suggests that the degree of dispersion of the
clay within the polymer matrix is further improved, possibly
due to the polar interactions between the maleic anhydride
groups in the compatibilizer and the hydroxyl groups of
clay and the increase in the shear stress because of the low
molecular weight of MA. This may end up in formation
of covalent bond and facilitate the penetration of polymer
chains into the galleries of clay [30].

When the direction of the radiation is normal to the
surface of the sample (Figure 2(b)), nanocomposites patterns
show some fluctuations but no clear peak can be recognized.
The same pattern is seen for the masterbatch. This is probably
due to the orientation of the clay layers parallel to the surface
when molded in hydraulic press under high temperature and
high pressure into thin plates. This was possible since the final
thickness of the samples was all less than 300 ym, and under
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FIGURE 3: SEM (a) and TEM (b) micrographs for LDPE/5C.

pressure the molten polymer had to flow in the directions
perpendicular to the applied pressure. Thicker samples have
not been prepared; however, it is expected that the anisotropy
of the clay is maximum under the highest applied pressure
[31].

However, XRD do not fully reveal the spatial distribution
of the layered silicates; besides, some layered silicates do not
show observable basal reflections. Therefore, the morphology
of the nanocomposite must also be evaluated by other means
of spectroscopy.

3.2. Scanning (SEM) and Transmission Electron Microscopy
(TEM). The dispersion of nanoclay was examined using SEM
and TEM. Figure 3 shows both techniques’ micrographs of
LDPE nanocomposites reinforced with 5% clay. Stacks of
clay tactoids with a high degree of aspect ratio and surface
area are visible in both cases. They are uniformly distributed
throughout the polyethylene matrix. A noticeable orientation
of clay stacks is visible which is in agreement with the XRD
results. The distances between clay sheets are huge and stacks
are totally separated from each other. Moreover, there are

clear signs of polymer intercalation in some clay stacks as can
be seen in TEM micrograph. However, sheets of clay are not
tully inlaid within the LDPE matrix and despite the achieved
separation, a noticeable amount of gaps is visible from SEM
micrograph in the interfacial area. This hints that even surface
modification of the clay does not fully repair the poor bond
and weak interaction between hydrophilic silicate layers with
the hydrophobic polyethylene.

The SEM micrographs of blends and their nanocompos-
ites are shown in Figure 4, alongside with their corresponding
images where the SEBS phase is selectively removed using
solvent extraction process. The white areas are believed to
be the elastomer phase. When SEBS is blended with LDPE
(a-d), a random micrometric mixture of the two phases is
visible, which is revealed from the solvent extracted images to
be a cocontinuous structure. When SEBS-MA is used (e-h),
the resultant is still a cocontinuous structure. However, the
elastomer phase is less evident, possibly because of the optical
effects of MA grafted to the SEBS molecules.

Due to the complexity of the images, it is hard to point
out the possible stacks of clay, but a noticeable change in
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FIGURE 4: SEM micrographs of LDPE blends before and after solvent extraction: (a) and (b) LDPE/SEBS, (c) and (d) LDPE/SEBS//5C, (e)

and (f) LDPE/SEBS-MA, and (g) and (h) LDPE/SEBS-MA/5C.

the structure of both blends is obvious when 5% of clay is
incorporated. The nanocomposites maintain the cocontinuity
but it goes to smaller dimensions. Regarding the elastomer
phase, the curves and arcs are much smaller in the presence
of nanoclay. Also the black holes in the solvent extracted
images, representing the absence of the elastomer phase, have
lower diameters. This downsizing effect of clay on the domain
size of the constituents of the immiscible blends having
cocontinuous structure has been previously reported [23, 32].

That means the introduction of clay into the blend actually
alters the morphology of the blends. Clay may prevent or
slowdown the coalescence phenomenon by acting as solid
barriers or can act as compatibilizer and interact with the
two components simultaneously [33, 34]. Even under weak
interaction, clay has been reported to act as coupling agent
among the polymer constituents [35, 36].

Regarding the SEM images of LDPE/SEBS-MA blend and
nanocomposite (Figures 4(e) and 4(g)), the surface texture
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appears to be more homogenously dispersed and domains
are stretched alongside each other, signaling a smooth and
strong interaction between the two polymers. This is probably
due to the refinement of the SEBS backbone by grafted
MA. Lower viscosity ratio of SEBS-MA also would induce
a change of hydrodynamic stresses during the mixing and
enhance the refinement by improving the phase separation
kinetics and decreasing the interfacial tension [37]. However,
the immiscibility in the blend comes from the polystyrene
blocks of the elastomer phase which is highly incompatible
with LDPE. Therefore, the refinement of ethylene-butylene
midblock of the elastomer cannot dramatically change its
mixing behavior. It would, however, make the elastomer
phase more attractive towards clay, promote the melt inter-
calation process, and accelerate the clay transportation.

It appears that the localization of clay and its possi-
ble selective interaction with the blend matrix constituents
controls the morphology of the final nanocomposite. It is
well-recognized that the localization of the nanoparticles is
mostly determined during the mixing stage and further in
the melting process. In low viscosity blends, the thermo-
dynamic preferential attraction between nanoparticles and
blend constituents determines the localization of nanoparti-
cles, whereas, for higher viscosity, kinetic parameters such as
sequence of feeding and viscosity difference of the compo-
nents are dominating.

Direct feeding was used to prepare the samples; however,
clay was available in the form of masterbatch, meaning that it
had already been mixed with polyethylene. This order of the
component mixing directly influences the clay distribution
and preferential localization since polyethylene is the less
favorable phase for clay to be distributed in due to the
polarity difference and thermodynamic attraction. In a binary
system of clay and SEBS matrix, it was shown that clay
nanoparticles would locate into polystyrene (PS) cylinders
of SEBS and further into poly(ethylene-co-butylene) (PEB)
blocks in case of SEBS-MA [38]. With a narrow range of
viscosity difference between the two polymer components,
the interfacial energy becomes the main parameter deter-
mining the direction of redistribution of the nanoparticle
[39-41]. Therefore, there is a great chance that during the
melt processing clay would be transported from polyethylene
phase to the elastomer phase. A similar phenomenon was
reported for carbon black nanoparticles and assumed to be
the only feasible approach [42, 43]. Also in another study Elias
et al. [44] reported that the hydrophilic silica would transfer
from polypropylene to polystyrene phase during the melt
mixing. Later, they reported the same mechanism for silica
in polypropylene/ethylene vinyl acetate (EVA) blend [45]. As
a result of this transportation the coalescence mechanism is
obstructed and the polymer domains shrink into smaller size.

To evaluate this hypothesis, TEM observation was also
conducted on LDPE/SEBS/5C sample, as illustrated in
Figure 5. As can be seen, the orientation of clay sheets is
hugely affected by the cocontinuous structure of the blend
matrix. Clay stacks and separated layers can be spotted
in both phases that confirm the nanofiller’s transportation;
however, they are mainly located in the interface. This was
expected since the mixing time do not exceed a few minutes

SEBS

LDPE

e

FIGURE 5: TEM micrograph of LDPE/SEBS/5C (schematic phase
representation on top).

and is well lower than the Brownian diffusion time required
for clay to reach the preferred localization. Also the high
aspect ratio of clay reduces the speed of the transportation.
For the same reason the chance of clay getting stuck in the
interface of the two phases is high, where it also happens to be
the area with low interfacial energy. Helal et al. [46] estimated
the wetting coeflicient of ZnO nanoparticles in PE/SEBS-MA
blend and reported that the nanoparticles should be mainly
localized in SEBS-MA phase and probably at the interface
PE/SEBS-MA. This conclusion can also be applied here since
the values of surface tension for ZnO and organomodified
clay are close to each other.

3.3. Rheological Properties. To have more insight of the
dispersion of the clay and the morphology of the blends and
nanocomposites at larger scale, Small Amplitude Oscillatory
Shear (SAOS) test has been conducted.
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Figure 6 shows plots of storage modulus of LDPE and
its blends and nanocomposites as a function of angular
frequency. For neat LDPE a predictable terminal behavior
is seen with a high slope and drop of the modulus at
low frequencies. Similar behavior was obtained with the
addition of nanoparticle up to 5% of clay where the plots
of nanocomposites overlap the LDPE (not shown here) and
show a homopolymer-like terminal behavior. This hints a
relatively weak interfacial interaction of clay with LDPE,
as was seen in SEM micrographs. Therefore, it is believed
that within this range the nanoparticles’ contribution is
limited to the hydrodynamic effect. At 10% loading of clay
(LDPE/10C) the curve slightly shifts to higher values. At
15% loading of clay (LDPE/15C) the increase is much larger
and a plateau of storage modulus can be seen at low fre-
quencies. At this point the rheological percolation threshold
has been reached and nanocomposite exhibits a liquid-solid
transition (LST) [47, 48]. The increase of elasticity can be
originated from the three-dimensional network formed by
the clay-clay and/or clay-LDPE interaction and the resulting
limitation in the molecular motion of the polymer which
inclines the plot towards a solid-like response [49, 50]. A
similar behavior has been reported for nanoparticles other
than clay [51-55]. In case of the nanocomposite containing
compatibilizer (LDPE/MA/15C) this change of behavior is
more pronounced. The low-frequency solid body response
of LDPE/MA/15C nanocomposite is stronger than that of
LDPE/15C. MA with lower molecular weight can easily enter
the clay galleries and form a stronger interaction with the
hydroxyl group on the clay layer [56, 57]. This compatibilizing
effect of MA increases the degree of interfacial interaction
between LDPE/MA matrix and clay tactoids. As a result, due
to the enhanced polymer intercalation the effective volume
fraction of clay increases and consequently higher degree of
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clay dispersion is achieved. This is in accordance with the
XRD pattern.

A general look at the storage modulus plots for blends
and their nanocomposites represents a consistent increase
through the whole range and especially in low frequencies.
Due to the high level of heterogeneity in block copolymers
their rheological behavior is strongly related to the phase-
separated morphology and it is brought into the blend. The
low-frequency increase in the storage modulus is as a result of
the characteristic nonterminal behavior of block copolymers
and/or possible presence of droplets that deform and increase
the elasticity [58]. It has been proposed that the dominant
parameter in determining the rheology behavior of cocontin-
uous blends is the components’ contribution and it is rarely
dependent on the morphology [59]. In fact, in the case of
LDPE/SEBS blend this factor is either so strong that the intro-
ducing 5% of clay does not appear to change it or still there
is a weak interfacial interaction between clay and the blend
matrix similar to the binary nanocomposite. In the matrix
of LDPE/SEBS-MA, however, clay noticeably enhances the
storage modulus where its slope approaches zero towards low
frequencies. Nanofillers dispersed in each phase increase the
viscosity of that phase, but more importantly those located in
the interface of the two phases change the morphology of the
blend by suppressing the coalescence of the blend as was seen
by the downsizing effect in SEM micrographs. This will enable
the LDPE/SEBS-MA matrix to form a strong network with
clay, most likely due to the interaction of functional groups
of clay with the maleic anhydride groups grafted on the
backbones of SEBS-MA [27]. Also due to the lower viscosity
of SEBS-MA, platelets and/or tactoids of clay are more easily
transported, localized, and dispersed in the elastomer phase.
This improved degree of dispersion of clay helps forming a
stronger percolated network structure and showing such a
pronounced pseudosolid-like behavior [60-62].

3.4. AC Short-Term Breakdown Strength. A two-parameter
Weibull distribution was used to retrieve the dielectric break-
down data of blends and nanocomposites via commercial
software. Figure 7 exhibits the plots of AC short-term break-
down strength of LDPE/clay nanocomposites with different
thicknesses alongside with a column chart to compare the
Weibull characteristic breakdown strengths («), which rep-
resent the scale parameter of the Weibull distribution, that
is, the 63.2th percentile. Scale and shape parameters together
with the 95% confidence intervals for each sample are listed in
Table 2. From Figure 7(a) it can be found that when having an
average thickness of 140 ym, all nanocomposite samples show
improved breakdown strength. The characteristic breakdown
strength for neat LDPE is 206 kV mm ™', while it goes up
upon addition of clay to 227 kV mm™ for 1% incorporation of
clay and to 248 kV mm ™" when 2.5% of clay is incorporated.
At maximum improvement it reaches 266kVmm™ for
nanocomposite sample containing 5% of clay, showing almost
30% improvement, and then drops to 225 and 223 kV mm™
for LDPE/10C and LDPE/15C samples, respectively.

Overall breakdown strength is enhanced at low nanoclay
loadings up to 5% where it reaches the maximum but
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FIGURE 7: Weibull probability plots of LDPE/clay nanocomposites with different thicknesses: (a) 140 ym, (b) 200 ym, and (c) 300 pm.

Comparison of the characteristic breakdown strength (d).

decreased beyond a certain value. Consequently, there is an
optimum loading of clay beyond which the enhancement
is diminished. A similar trend was seen in other works
[63, 64]. Under AC condition, the direction of the charge
carrier transportation keeps changing back and forth which
results in local trapping and charge accumulation in the
areas close to the electrodes. Therefore, the electric field is
enhanced more between the interface of the electrodes and
the specimen where breakdown tends to initiate and prop-
agate through the bulk. This suggests that the improvement
of AC breakdown strength upon incorporation of clay may
be originated from the delaying in the process of charge
transfer between electrodes through the material. Layered

clay silicates despite having weak interfacial interaction with
the polymer matrix would postpone breakdown by creating
a tortuous path between and around themselves for charge
carriers to reach the opposite electrodes [65].

The influence of clay on improving the breakdown
strength of polymers has been widely discussed among
researchers. Zazoum et al. [15] observed a consistent
improvement of dielectric breakdown strength on LLDPE
upon addition of clay up to 20% when 5% clay is incorporated.
They related the improvement to the impact of the interface
between the polymer matrix and the nanoclay on the space
charge distribution and charge densities. They also explained
the further improvement on sample having compatibilizer



Journal of Nanomaterials

10

“so[dures [[e 10§ (T ST sUaWAS Jo JoqunN

Syl €€l ¢TIl 6¢€1 (74} 91 65°Gl L91 LTC 81¢ 0LTC €CC os1/d4dd
6¥1 Gel 99°6 (44! VL1 ¥91 VL 91 691 0¢€T 0ce 01'ce §TC O01/4dd’T
161 8¢1 0%°0L vl ¥0T 6l SLST 861 SLT LST 0T°¢l 99¢ 0s/dddl
0¢<I 6¢1 [3A jdd! 0el 181 176l S8I1 §S¢C (444 9T81L 8¥¢ 05'7/4dd1
(418 ()41 (318 Piid! 08I €L1 91T LLL [4%4 (444 €L°0C LTT o1/4dd1
4! e¢l 6591 LeT SL1 691 94°'9¢ (44! 60¢ 0¢ 96'%¢ 90T d4ddT
pddny 1omog (_urur AY) pddny  1omo J (urur AY) pddny 1omo J (purur AY)
10 %S6 g 0 IO %S6 LY IO %56 0 ,o[dureg

wH ()¢ ~ SSAUNIIYT,

wr ()7 ~ SSOUNIIYT,

wr O] ~ SSAUWPIY],

‘sayisodwoooueu Ae[d/gJ (T JO 1591 UMOPYeaIq DY J0F s1ajourered [NqQIop :g T14V],



Journal of Nanomaterials

to the possible change of microstructure. Thelakkadan et al.
[66] suggested that clay layers act as scattering sites for the
charge carriers. During the scattering, the charges transfer
their energy to nanoparticles and lose momentum. However,
the nanoparticles are closely packed and do not involve in the
breakdown process; therefore it requires additional voltage.
This also suggests that the highest improvement happens
when nanoclay is in the exfoliated state.

Liao et al. [67] investigated the electrical properties of
LDPE composites containing various contents of montmo-
rillonite. They found out that the AC breakdown strength
increased when 1, 3, and 5% of MMT are incorporated, with
the maximum improvement by 11% in case of 1% incorpora-
tion of MMT. Shah et al. [68] witnessed a massive 60% and
80% improvement in the dielectric breakdown strength of
high density polyethylene (HDPE) upon addition of 5wt%
of unmodified and organomodified clay, respectively. They
assumed that the exfoliated and intercalated clay platelets
distribute the electric stress and increase the path length
for the breakdown. They concluded that the modification
of clay with quaternary ammonium compound reduces the
surface energy of the clay platelets making the intercalation
of polymer molecules more feasible.

Moreover, Ghosh et al. [69] reported a remarkable 84%
improvement in the dielectric breakdown strength upon
incorporation of only 0.2wt% unmodified nanoclay into a
poly(vinylidene fluoride) (PVDF) matrix. They observed a
layer-by-layer structure of nanoclay within the PVDF matrix
and hypothesized that the formation of the tortuous path
between the electrodes blocks the path of the applied electric
field and enhances the breakdown strength. This barrier effect
has been shown to be maximum when the layers are oriented
perpendicular to the field.

Also the orientation of clay layer can add to the mag-
nitude of the improvement. Tomer et al. [70] studied the
alignment effect of nanoclay on electrical properties of
polyethylene. They reported that when 6% nanoclay is ran-
domly distributed, the characteristic DC breakdown strength
is notimproved and the shape parameter is reduced from 21 to
7 with respect to the original matrix. However, when nanoclay
is oriented the breakdown strength increases by 23% and the
reduction in shape parameter is negligible. They hypothe-
sized that the randomness acts as defect initiators, promoting
electron tree inception, whereas the orientation of filler
frustrates the progress of electrical treeing, by offering more
tortuous paths to treeing and possessing larger populations
and more structured scattering centers. In their recent work
they quantified the effect of orientation and confirmed the
barrier effect [71]. Bulinski et al. [72] challenged the type of
nanoclay and concluded that polypropylene nanocomposite
shows higher breakdown strength when it is reinforced with
synthetic clay than with natural clay. They stated that this
discrepancy goes to the degree of pureness, and the slightly
lower improvement for natural clay is due to the negative
effects of the impurities.

Studies on the influence of nanoparticles on the break-
down strength of polymers have not been limited to clay.
A huge part of the recent works was dedicated to the
polymeric nanocomposites containing silica nanoparticles.

1

The incorporation of nanosilica is widely reported to decrease
the AC and DC breakdown strength of polymers [73-80].
However, there are some reports indicating no change [81, 82]
or even improvement on the breakdown strength [83-85].
Readers are referred to a review on the effects of addition
of nanoreinforcements on dielectric breakdown properties of
polymers that has been published by Li et al. in 2010 [11].
Later, they published another review [17] with a comprehen-
sive look into breakdown mechanism of nanocomposites.

From Figure 7 it is also clear that when the thickness
of specimens increases the breakdown strength significantly
decreases. For neat LDPE, « drops to 172kVmm™" and
137kVmm™" for samples with 200 yum and 300 um thick-
nesses, respectively. Nanocomposites also show reduced
breakdown strength to the point where no significant
improvement is detected with the thickest samples. The
reduction of breakdown strength with sample thickness is a
general trend for solid dielectrics. It is often related to the
greater density of defects within the material [86]. Breakdown
is believed to initiate from defects where electrons can
gain enough energy since the free path length in insulating
polymers is short and cannot be easily destroyed by electron
avalanche [87]. These defects include preexisting disconti-
nuities and defects generated while under electric field. The
number of defects in the pathways of charge carriers is
higher in thicker samples which facilitate the percolation path
development, thus lowering the breakdown strength [88-90].

When modeling the breakdown mechanism, researchers
have incorporated the empirical thickness dependence using
a prefactor term in Lorentz relation firstly introduced by
Klein and Gafni [91]. However, very recently McPherson
[92] challenged this long-term belief. He stated that the
reduction in breakdown strength of dielectric towards higher
thicknesses comes from the reduction in bond strength as a
result of higher electric field within the thicker dielectrics.
He claimed that bond weakening leads to lower breakdown
strength in thicker dielectrics and is independent of actual
bond-breakage mechanism.

On higher loading of clay, the reduction in breakdown
strength is more pronounced. This is because, with increasing
amount of clay, chance of particle agglomeration increases
which adds to the defect density. Electric field is enhanced
around these agglomerates and eventually advances the
breakdown [93-95]. In samples with thickness of 200 ym
(Figure 7(b)) this effect dominates the mechanism, neutral-
izes the improvement of clay, and takes o below the neat
LDPE. Here the saturation effect happens at 5% of clay, above
which the breakdown strength is heavily diminished. With
300 um of thickness (Figure 7(c)), the general defect density
is large enough to solely dominate the breakdown mechanism
and is independent of agglomeration effect of clay.

According to Table 2, Weibull shape parameter (f3) is
maximum for neat LDPE for all series but significantly
decreases upon incorporation of clay. This is most likely origi-
nated from an evolution of the sensitivity of the measurement
to defects which speeds up the breakdown and increases the
unreliability. This scattering probability is mostly determined
by the presence of clay tactoids boundaries, as was evidence
in SEM images, and the possible agglomerates.
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Figure 8 exhibits the Weibull probability plots for AC
breakdown strength of a series of LDPE/Clay nanocompos-
ites containing 5 wt% MA as compatibilizer (a) and blends of
LDPE and two types of SEBS along with their corresponding
nanocomposites containing 5% of clay (b). Comparing to
the original LDPE/Clay nanocomposites, here more or less
a similar trend in increasing the breakdown strength can be
seen for samples containing MA. Saturation happens at 5% of
clay and then reduces but still remains above the neat LDPE.
However, the improvement is not significant as to compare
when MA is not incorporated. This means the addition of
MA compatibilizer was unnecessary and does not affect the
breakdown strength enhancement and yet diminishes it to
some degree.

Regarding the AC breakdown strength of blends of LDPE
with SEBS elastomers (Figure 8(b)), a noticeable reduction is
seen comparing to the neat LDPE. « is down to 199 kV mm™
for LDPE/SEBS and to 198kV mm™' for LDPE/SEBS-MA,
while f3 is significantly reduced. This can be explained by
the dilution effect, as neat SEBS polymer generally possesses
lower breakdown value than the neat LDPE and according
to the rule of mixture for plastics, LDPE/SEBS blend is
expected to have lower breakdown strength [96]. The lower
breakdown value for SEBS elastomer probably comes from its
lower Young’s modulus [97], where electromechanical tensile
strength generated orthogonal to the field during breakdown
mode would induce more voids and crack propagation in
a similar manner to that caused by mechanical stress [98].
Upon addition of 5% clay, the characteristic breakdown
strengths of blends significantly increase, similar to the result
of original LDPE/clay nanocomposite.

3.5. DC Short-Term Breakdown Strength. Figure 9 compares
the DC breakdown strength of blends and nanocomposites of
LDPE. Table 3 lists the statistical variables of the mentioned

TaBLE 3: Weibull parameters for DC breakdown test of LDPE/clay
blends and nanocomposites.

95%

Sample Number of a L B cgnﬁdence

specimens (kVmm™) intervals

Lower  Upper

LDPE 8 470 19.87 453 478
LDPE/IC 8 387 10.77 361 414
LDPE/2.5C 8 439 11.23 412 469
LDPE/5C 8 366 9.33 338 396
LDPE/10C 8 337 9.54 312 364
LDPE/15C 8 294 11.16 275 314
LDPE/SEBS 8 386 10.14 359 415
LSPE/SEBS/5C 8 276 7.02 248 306
ILV[TE/ SEBS- 8 385 155 361 410
;“/E:;ESEBS_ 8 309 7.09 279 343

plots. One can see that the DC breakdown strength of neat
LDPE is as high as 470kV/mm. From Figure 9(a), it goes
down upon addition of clay for all the formulations and sinks
to around 294kV/mm at highest amount of nanofiller. The
DC breakdown strength decreases with increased loading of
clay. The only comparable result is seen for 2.5% loading of
clay which shows a characteristic DC breakdown strength of
439 kV/mm. Blends of LDPE with both types of SEBS also
show a noticeable 18% reduction in DC breakdown strength
with having « around 386 kV/mm. Further reductions are
seen for the corresponding nanocomposites containing 5% of
clay.
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corresponding nanocomposites containing 5% of clay.

Unlike the AC breakdown strength, the DC breakdown
trend is completely different. It is strongly sensitive to the
type of matrix and the amount of nanofiller and in all
cases the DC breakdown strength is lower than that of
neat LDPE. This behavior is not strange and has been
reported before [93, 99-101]. The reduction in DC breakdown
strength could be originated from several parameters and it
is beyond the agglomeration effect of nanofiller which was
the primary reason for reduction in AC breakdown strength.
Nevertheless, the particle agglomeration still remains as a
simple explanation and its effect might be more pronounced
on DC breakdown strength due to the higher required voltage
for breakdown.

The increased charge trapping as a result of the intro-
duction of clay can also contribute to the reduction of DC
breakdown strength in nanocomposites. Charges can become
stationary in trap sites around the nanoparticle, also known
as space charge effect. This will increase the field inside the
material and advance the breakdown. Space charge is not an
issue for AC systems where the oscillating polarity reversal
does not allow sufficient time for charge to be trapped. The
poor dispersion of clay tactoids also adds to the magnitude
of charge trapping and the breakdown strength goes to lower
amount with increasing in clay loading. Thermal breakdown
is another possible process of DC breakdown for LDPE
[102], which under DC supply can be affected largely by the
electrical conductivity. As the voltage goes up much more
before breakdown comparing to AC test, it is possible that
thermal instability of the material advances the breakdown.

4. Conclusion

In this study dielectric breakdown properties of clay-based
LDPE nanocomposites have been investigated as one of the

most important parameters to evaluate the potentials to
replace the current HV cable insulating materials. Clay layers
have been shown to be widely dispersed and distributed in
LDPE matrix, especially when a compatibilizer is utilized. As
a result, a remarkable improvement on the AC breakdown
strength of the nanocomposites has been achieved. This
was maximized when 5% of clay was incorporated, while
the degree of improvements in lower amount of clay is
still significant. It suggests that organomodified clay has
the potentials to make electrical properties of LDPE matrix
comparable to currently used XLPE-type cable insulation
materials considering its easy access and cheap price.

The use of immiscible blends of LDPE with two types
of SEBS copolymer also showed interesting results upon
addition of clay. It was witnessed that clay can alter the
morphology of the blend when it is firstly mixed with
the polyethylene through the migration process into the
elastomer phase and results in higher AC breakdown strength
comparing to the unfilled blends. Considering the proven
mechanical flexibility of SEBS copolymer, this type of blends
does have the potentials to be used as insulating materials in
HYV applications.
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