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Composite dielectrics with two types of 2D-nanoclays (i.e., Kaolinite and Talc) incorporated in ethylene pro-
pylene diene monomer (EPDM) as the polymer matrix exhibit distinctly different electrical performances for
high-voltage direct current (HVDC) cable insulations. This study investigated electrical conductivity and space
charge as the key electrical characteristics of DC cable insulation in conjunction with dielectric spectroscopies.
The findings of this study revealed that the composite dielectric with Talc 2D-nanoclays significantly suppressed
space charge and thus minimized electric field distortion to less than 9% under 20 kV/mm at both measured
temperatures of 25 °C and 50 °C with thermal gradient. In addition, the activation energy of electrical con-
ductivity for the composite dielectric with Talc 2D-nanoclays is 0.45 eV which is notably lower than that of the
composite dielectric with Kaolinite 2D-nanoclays, 0.95 eV. Based on the experimental results, the microstructural
characteristics of composite dielectrics were discussed to provide insights into charge transport and space charge
dynamics in the composite dielectrics. The charge transport mechanism attributed to the electronic and ionic
conduction was explained, and the reasons for space charge accumulation were discussed. The larger interfacial
area of 2D-nanoclay particles, the uniform and oriented distribution of 2D platelet-like nanoclay, and the smaller
difference between the bandgap of polymer and 2D-nanoclay particles contribute to controlling the charge
transport and suppressing the space charge accumulation in the composite dielectrics. Charge dynamics from the

dielectric spectroscopy based on the Dissado-Hill model analysis confirms the explained mechanism.

1. Introduction

Large scale offshore wind farms successfully developed in Europe are
rapidly expanding around the world. In 2020, the Global Wind Energy
Council (GWEC) predicted that the global offshore capacity will reach
over 234 GW by 2030. This would add more than 205 GW of new
offshore wind farms to the 2019 capacity of 29.1 GW with new in-
stallations mainly led by the explosive growth in Asia-Pacific regions as
well as the continuous significant growth in Europe [1]. The wind tur-
bines of the offshore wind farms can provide a reliable power generation
in regions with strong and steady wind power with a lower acoustic and
visual impact on people’s life compared with onshore wind farms [2].
Transmission of the generated power can be accomplished with both
high-voltage alternating current (HVAC) and high-voltage direct current
(HVDC) cabling. However, with the trend of increased distance between
offshore wind farms and onshore grid, utilizing HVDC cabling becomes
more cost-effective.

Developing high-quality HVDC cable insulations requires delicate
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tuning of the electric field across the insulation. The electric field dis-
tribution under DC voltage in the cylindrical cable insulation initiates
with the Laplacian electric field distribution; however, the thermal
gradient (TG) across the insulation and the change of the electrical
conductivity because of its temperature dependence under loading
conditions will lead to the phenomenon of electric field inversion across
the dielectric [3]. In addition, the electric field distribution across a DC
cable insulation is affected and often distorted by the accumulation of
space charge. Therefore, controlled electrical conductivity and highly
suppressed space charge accumulation are desired for tailoring the
electric field across the cable insulation under DC.

The mass-impregnated (MI) insulations have been used traditionally
for DC cabling systems with line-commutated converter (LCC) schemes.
The MI insulations produced by a lapping process could be considered as
a layered composite structure with excellent performance under polarity
reversal condition which is essential for changing the direction of power
flow in LCC systems. With the rapid expansion in the adoption of DC
cabling systems with voltage sourced converter (VSC) free from the need
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of the polarity reversal, special grades of extruded HVDC cables based on
the cross-linked polyethylene (XLPE) can now be used. Compared with
MI insulation cables, the XLPE insulations are lighter, less expensive,
and less harmful for the environment compared with MI insulation ca-
bles, and can be manufactured by continuous extrusion process and
conveniently extended during installation by oil-free pre-molded joints.
However, DC cables with XLPE insulation are only applicable for the
VSC systems [4]. Therefore, there still exists the need for insulation with
the advantages of both MI and polymeric insulations, i.e., an extrudable
insulation that is compatible with polarity reversal.

In comparison with XLPE, ethylene propylene rubber (EPR) is a
promising polymer for high-voltage applications because of its higher
flexibility, more stable mechanical properties with temperature, and
lower thermal expansion [5,6]. However, EPR is amorphous and does
not have a proper mechanical performance such as toughness.
Furthermore, the pure EPR shows a high amount of space charge
accumulation and high dependency of electrical conductivity on electric
field [7]. The composite dielectrics with the addition of inorganic
two-dimensional (2D) nanoclays to polymer can regulate the mechani-
cal and electrical properties of the polymer due to the combined excel-
lent performances of organic and inorganic materials [8]. For example,
the incorporation of aligned nanoplatelet montmorillonite into poly-
ethylene yields an independent and complementary enhancement of the
breakdown strength beyond any improvements related to the crystal
orientation [9,10].

The 2D-nanoclays are among the favorable fillers for the larger
interfacial area compared with the three-dimensional (3D) nano-
particles like spherical particles. Moreover, clays are abundant as nat-
ural minerals, so they can be produced on a large scale. The 2D-
nanoclays have a great capability in upgrading the mechanical proper-
ties of composite dielectrics [11,12]. More importantly, the engineered
presence of 2D-nanoclays in dielectrics has exhibited great improvement
in the suppression of space charge accumulation. In addition to the
chemical, physical, and morphological characteristics of inorganic
fillers, the key to achieve the improved electrical performance for the
composite dielectrics is the uniform distribution of nanoparticles and
being free from aggregation [13,14]. As the larger interfacial area and
the smaller size of the nanoparticles make them easier to aggregate,
close attention should be paid to the distribution of the nanoparticles in
composite dielectrics for HVDC cable applications [15,16].

A fundamental understanding of charge transport mechanisms can
rationally guide the targeted improvement of the engineering process of
composite dielectrics for HVDC cable insulation. In polymeric insu-
lations, the charge transport mechanism has been studied for years, and
some numerical models have been developed to describe the charge
transport and accumulation phenomena [17,18]. However, the charge
transport under DC electric field in composite dielectrics is still not clear
due to the complicated interfacial states between nanoparticles and
polymer matrix. There are some models that emphasize the interface
between polymer chains and nanoparticles. Lewis in 2004 introduced
the concept of the interface in nanometric dielectrics and highlighted
the importance of interface in dielectric nanocomposites [19]. In 2005,
Tanaka established a Multi-core model to describe the behavior of
nanoparticles interface for spherical nanoparticles and defined three
layers between nanoparticles and polymer chains [20]. Since then, other
researchers tried to shed light on the mechanisms related to electrical
properties of dielectrics with incorporated nanoparticles [21-24].
Nonetheless, the way that nanoparticles affect charge transport and
contribute to the modification of DC electrical conductivity and space
charge accumulation has been given little attention. This work aims to
investigate the impact of the 2D-nanoclays on charge transport and
accumulation in composite polymeric dielectrics and elucidate the
mechanism therein to guide the design of the next generation of DC
cable insulation. Focusing on the charge transport dynamics and
considering the well-known models regarding nanodielectrics such as
the Lewis model and the Multi-Core model of Tanaka, this study
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discusses the experimental results of composite dielectrics with ethylene
propylene diene monomer (EPDM) as the base polymer matrix and two
different 2D-nanoclays, Kaolinite and Talc. Space charge and electrical
conductivity as two major electrical properties of dielectrics used in DC
cable insulations were measured, and the results were explained. The
dielectric spectroscopy analyzed with the Dissado-Hill dielectric
response theory was utilized to support the discussion.

2. Experiments
2.1. Sample preparation

Two different 2D-nanoclays which are Kaolinite, an aluminum sili-
cate, and Talc, a magnesium silicate, were incorporated in EPDM
polymer matrix with a constant 40% weight ratio based on the total
weight of the composite dielectric followed with peroxide crosslinking.
The Kaolinite is the Translink from BASF and the Talc is a treated Talc.
The materials were mixed and prepared using the melt blending method
with roller style mixing blades. The model EPR composite materials
were provided by the EPR consortium including companies of Kerite,
Okonite, Electrical Cable Compounds, Lion Elastomers, and ExxonMo-
bil. The prepared materials were hot-pressed at 120 °C with 9 tones
pressure to make the flat plaque samples with a desired thickness. The
desired thickness of the samples for electrical conductivity and space
charge measurement is 250 pm. Then, the samples were cross-linked at
165 °C under 5 tones pressure. All the samples were degassed for 5 days
at 80 °C in a vacuum oven. The first sample is the EPDM polymer with
Kaolinite 2D-nanoclays which is named EPDM1. The second sample has
Talc 2D-nanoclay particles in the EPDM polymer labeled as EPDM2.
Differential scanning calorimetry (DSC) scans with 10 °C/min rate of
heat flow were used, and the glass transition of the pure EPDM and the
EPDM filled with 2D-nanoclays was observed to be ~ —50 °C. Therefore,
adding the 2D-nanoclays does not appear to change the glass transition
temperature of the EPDM.

A ThermoFisher Teneo scanning electron microscope (SEM) was
used to investigate the 2D-nanoclays distribution in the EPDM matrix
across the samples. The samples were fractured in liquid nitrogen and
then coated with a 2 nm layer of Au/Pd to avoid e-beam charging. As
demonstrated in Fig. 1(a), the 2D-nanoclay particles in EPDM1 were
aggregated and formed the bulb-like micro particles. The size and dis-
tribution of particles in EPDM1 are not uniform. Conversely, the 2D
platelet-like Talc particles were distributed uniformly in the polymer
matrix without significant aggregation in EPDM2 as shown in Fig. 1(b).
It can be observed that EPDM2 has a textured structure with clear
orientation of the 2D-nanoclay particles.

The X-ray pole figure technique was utilized to study the orientation
of the 2D platelet-like nanoclay in EPDM2 [25]. The high-resolution
X-ray diffractometer (XRD) Rigaku SmartLab was applied to record
the pole figure. As the first step, the X-ray diffraction (XRD) spectros-
copy of EPDM2 was measured as shown in Fig. 2(a). The XRD reveals the
sharp diffraction peaks at 20 = 9.4°, 19°, 28.6° and 38.5° and a wide
amorphous peak at around 21° related to the amorphous EPDM. The
sharp diffraction peaks are related to the Talc 2D-nanoclay particles
orientation and assigned to (002), (004), (006), and (008), respectively.
All these peaks indicate the orientation of the particles parallel to the
surface of the sample. Therefore, only the preferred orientation of (002)
with the peak at 20 = 9.4° was chosen for more detailed texture analysis.
Fig. 2(b) presents the flat 2D pole figure related to the diffraction angle
of 20 = 9.4°. The color map shows the diffracted intensity distribution
on the surface measured at a constant distance from the origin of the
coordinate system. In this figure, a is the tilt angle between the
diffraction vector and the surface of the sample, and f is the rotational
angle of the diffraction vector around the normal vector perpendicular
to the surface. As it can be observed, the maximum pole density is
reached at @ = 90° corresponding to the condition with the diffraction
vector normal to the surface. This maximum pole density decreases
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Fig. 2. (a) the X-ray diffraction peaks, (b) the flat 2D pole figure, (c) the raised pole figure, (d) average intensity with changing a at § = 0°, and (e) the average
intensity with changing f at a = 45° for EPDM2.
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quickly when the diffraction vector moves parallel to the surface which
are ¢ = 0° and @ = 180°. Fig. 2(c) presents the raised form of the pole
figure for EPDM2. Two green lines in this figure demonstrate the change
of angles @ and f. The change of a angle at the constant = 0° has been
shown in Fig. 2(d). Obviously, the a peak is located at exactly 90°, as
expected from the results in Fig. 2(b) and (c). The evolution of angle g,
from = 0° to # = 360° in completion of a whole circle, at the fixed a =
45°, can be observed in Fig. 2(e). The diffracted intensity does not
change with g parameter. These results clearly confirm the high degree
of orientation of the 2D-nanoclay particles in EPDM2 in parallel with the
surface of the film sample.

2.2. Electrical conductivity

The DC electrical conductivity of the samples was measured using a
three-terminal (two terminals plus a guard) sample holder built based on
the ASTM 257 standard. The electrodes are circular and made of copper
with radius of 10 mm as the inner electrode, 15 mm as the inner radius of
guard, and 18 mm as the outer radius of guard. The specimens were
prepared with the thickness of 250 pm and 10 cm x 10 cm surface area
to reduce the possibility of surface discharge. An oven was utilized to
create the stable desired temperature in the range of 30-90 °C. A Keithey
6514 electrometer was used to record the polarization current for 2000
s. The average of the measured data in the range of 1900-2000 s was
used to calculate the current density and the electrical conductivity.

The electrical conductivity of the samples was measured under
electric fields of 10, 20, 30, and 40 kV/mm at 30, 50, 70, and 90 °C.
These electric fields and temperatures cover the normal operation
ranges of the conventional DC cable insulation. In general, the con-
ductivity of the samples enhances with temperature and electric field as
shown in Fig. 3. With the increase of electric field, the conductivity of
EPDM1 changes more notably compared with EPDM2 at 30 and 50 °C.
For instance, the conductivity of EPDM1 enhanced with electric field
rise around one order of magnitude from 7 x 10716 (S/m) to 3 x 10715
(S/m) at 30 °C; however, the conductivity stayed stable with electric
field, i.e., from 3.8 to 4.8 x 1071 (S/m), for EPDM2.

At the step of temperature rise from 50 to 70 °C, both samples have
higher electrical conductivity enlargement compared with the step of
30-50 °C. For example, it increased from 1.8 x 10715(S/m)to9 x 10713
(S/m) for EPDM1 and from 8.6 x 107 (S/m) to 4.8 x 10~ ** (S/m) for
EPDM2 under 10 kV/mm. Overall, the electrical conductivity of EPDM2
is higher than EPDM1 under the same electric field and temperature.
However, compared with EPDM1, the dependency of conductivity on
the electric field is less in EPDM2, especially at lower temperatures of 30
and 50 °C. Although the conductivity of EPDML is clearly lower than
EPDM2 at 10 and 20 kV/mm, because of the higher dependency of
conductivity on the electric field in EPDM1, its conductivity augments
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and reaches close to that of EPDM2 at 30 and 40 kV/mm.
The dependency of conductivity on temperature at a given electric
field follows the Arrhenius function as (1):

o(T) = o0 expifo} (;_;”) )

where ¢y is the asymptotic value of the DC conductivity at infinite
temperature (S/m), ¢ is the activation energy (eV), k is the Boltzmann’s
constant, 8.617 x 10°° (eV/K), and T is the absolute temperature (K)
[26]. The obtained activation energy for the conduction process repre-
sents a measure of the hindrance against charge transport. The activa-
tion energy of EPDM1 and EPDM2 at 10 kV/mm is 0.95 eV and 0.45 eV,
respectively, and the fitted amount of 69 is 1.81 x 102 (S/m) for EPDM1
and 2.08 x 1077 (S/m) for EPDM2. These results will be discussed in
Section 3.1.

2.3. Space charge characterization

The space charge distribution was measured by a Pulsed Electro-
acoustic (PEA) instrument. Samples with the thickness of ~250 pm were
metalized on both sides with 60/40% Au/Pd with a sputtering coater.
The details of the PEA method and measurement procedure can be found
in previous publications [27-29]. The space charge distribution across
the samples was mapped as shown in Fig. 4. The color map demonstrates
the time evolution of space charge distribution, with the vertical axis for
position across the sample in per unit (P.U.), the horizontal axis for the
duration of space charge measurement in minutes, and the color for
charge density in C/m°. The space charge distribution has been
measured under 20 kV/mm at 25 °C and with a thermal gradient (TG) of
1 °C/mm at 50 °C. For a power cable under typical load conditions, a
temperature gradient of 5-15 °C is developed with the surface temper-
ature of the cable reaching ~50 °C. For an actual 150 kV HVDC cable
with the insulation thickness of ~15 mm, a thermal gradient per unit
thickness of ~1 °C/mm is developed. The 1 °C/mm TG is not the
worst-case condition, however; it is one of the relevant and represen-
tative conditions for characterizing the designed material for the HVDC
power cable under normal load operation. The direction of TG is parallel
to the applied electric field with the higher temperature at the cathode
and the lower temperature at the anode. Thin film electric heaters were
utilized to heat up the bottom aluminum electrode to generate sufficient
and laterally uniform TG across the sample. The temperature of bottom
electrode could be controlled by changing the heater current. A feedback
loop was provided for proportional-integral-derivative (PID) tempera-
ture control by deploying a resistor temperature detector (RTD) sensor
to monitor the temperature on both the upper and lower surfaces of the
specimen. In actual measurement, the total thickness of the sample plus
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Fig. 3. Electrical conductivity at different electric fields and temperatures (a) EPDM1 and (b) EPDM2.
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the semiconductor is ~1.2 mm. With a measured temperature drop of
1.2-1.3 °C across the sample plus the semiconductor, the desired TG of
~1 °C/mm is thus achieved. The PEA sample cell is housed in a ther-
mostatic oven for ambient temperature adjustment [29].

As a function of time, for the sample EPDM1 as shown in Fig. 4(a),
the accumulation of charge carriers near the cathode (at a position of 0.2
P.U.) and the anode (at a position of 0.7 P.U.) can be observed at 25 °C.
The sample EPDM2 in Fig. 4(b) showed better performance without any
significant accumulation of charge under the same electric field of 20
kV/mm and during the 180 min measurements at 25 °C. With the
temperature rise to 50 °C and in the presence of TG, the charge accu-
mulation for EPDM1 became worse. As demonstrated in Fig. 4(d),
EPDM1 shows charge accumulation at different positions across the
sample. At the positions of 0.3 P.U. close to the cathode and 0.7 P.U.
close to the anode, accumulation of homo-polar charge became
significant.

The space charge accumulation could modify the electric field dis-
tribution across the sample and cause the electric field distortion. Fig. 4
(c) and (f) depict the maximum electric field across samples during 180
min. At 25 °C, the maximum electric field for EPDM1 enhanced up to
25.5 kV/mm, whereas for EPDM2 it reached only 21.7 kV/mm. In other
words, EPDM1 exhibits a 27.5% electric field enhancement, while
EPDM2 only has 8.5% electric field enhancement. With the temperature
rise to 50 °C and TG, the electric field distortion of EPDM1 had been
worsened and enlarged to a maximum field of 31.9 kV/mm, which is
59.5% enhancement over the uniform electric field distribution of 20
kV/mm. On the other hand, EPDM2 at the same condition still has
negligible electric field distortion with the maximum electric field of
21.8 kV/mm, i.e., a 9% electric field enhancement. It can be also seen
that the maximum electric field reached a stable condition during the
180-min measurement for EPDM2. In contrast, the maximum electric
field of EPDM1 increases markedly over the testing period of 180 min
and would possibly enhance even more with longer period of

measurement. The local electric field enhancement can lead to
enlargement of electrical conductivity because of the electric field de-
pendency of conductivity. This could cause more rapid charge carrier
transport and help to limit the homo-polar space charge accumulation
[30].

2.4. Dielectric spectroscopy

The dielectric spectroscopy was measured using an IMASS time-
domain dielectric spectrometer (TDDS). A Laplace transformation was
applied to the results to convert the data in the time domain to frequency
response, as shown in Fig. 5. The real part (¢') of the relative permittivity
denotes the charge accumulation, and the imaginary part (¢”’) represents
the loss in the polarization process. An evident bump in the spectroscopy
of ¢’ in the relatively high-frequency range for both EPDM1 and EPDM2
implies the existence of a loss peak. The loss peak can be attributed to
the polarization of dipoles or bound charges. The frequencies of the
bumps for EPDM2 are higher than those of EPDM1, suggesting that the
relaxation speed of bound charges in EPDM2 is faster. At lower fre-
quencies, the ¢” increases with the decrease of the frequency, and the
slope of the spectroscopy in the log-log scale remains a constant, indi-
cating the existence of a quasi-DC process [31].

Fundamentally, dielectric spectroscopy is the macroscopic response
of charges to the applied electric field. To provide insights into the
charge dynamics in the polarization processes, the Dissado-Hill dielec-
tric response model is used to quantitatively analyze the dielectric
spectroscopy. In the Dissado-Hill model, the concept of the cluster is
utilized to characterize the charge dynamics. A cluster in the Dissado-
Hill model can be considered as a spatially limited region with a
partially regular structural order of individual units which are dynam-
ically connected, e.g., inorganic fillers and their interface in this work.
The loss peak is characterized by a complex susceptibility y* as a func-
tion of the angular frequency [32].
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Fig. 5. Dielectric spectroscopy of (a) EPDM1 and (b) EPDM2. The relative permittivity is a dimensionless complex number expressed as € = €'-i¢”, where the real part
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In equation (2), yp denotes the density of re-orientable dipoles
(bound charges) per unit applied electric field, w, is the characteristic
angular frequency denoting the rotational speed of the bound charges,
and m and n denote the interaction of adjacent bound charges. Specif-
ically, the exponent n defines the dynamic coupling of the bound charges
within the cluster, and the exponent m defines the coupling of re-
laxations in one cluster with others. I"(x) is the Gamma function and F;
(a, b; ¢; z) is the Gaussian hypergeometric function.

In the Dissado-Hill model, the weakly bound charges moving in the
limited/restricted channels form the quasi-DC (Q-DC) process. The
response function of the Q-DC process is expressed by equation (3) [31].

e (N e (e (1452
"“mfn)r(lfp)( E) AU ’“’( a)
®)

The y. denotes the density of weakly bound charges, the @, denotes
the characteristic frequency at which the separation of the positive
charge and its counter negative charge is equal to the size of the cluster.
In the Q-DC process, the lowering of the frequency allows the opposite
charges in the bound charge pairs to separate further and gives sufficient
time for them to break apart and become independent. Once the reversal
of the electric field direction is slow enough, i.e., to be less than the rate
at which the bound charges separate, the response at frequencies below
w, relates to charges that have separated. As the frequency reduces
further, the charges have time to move apart further and thus generate a
bigger dipole leading to the increase in the real part of the permittivity.
As a result, the energy stored in the material is increased below w.. The
parameters p and n denote the inter-cluster and intra-cluster interactions
of charges.

There exists also a constant relative permittivity in ¢ and a DC
conductivity (s) in ¢”. All these processes are combined in parallel, as
shown by an equivalent circuit in Fig. 6. By fitting the total permittivity
to the real part and imaginary part of the measured relative permittivity,
parameters of all dielectric response processes can be calculated. As the
dielectric spectroscopies at higher temperatures show higher accuracy,
the characteristics of loss peaks and Q-DC processes can be better
extracted from the modeling of results at higher temperatures. The
calculated spectroscopies of all processes for EPDM1 and EPDM2 at
140 °C are illustrated in Fig. 7. Contributions of all processes at the
frequency range investigated can be well observed from the calculated
spectroscopies. The Loss Peak process appears in the relatively high
frequency range. The peak frequency of EPDM1 is lower than 1 Hz,
while it is close to the power frequency range for EPDM2. The Q-DC

X (@)

C Loss|Peak
=

Ex O

Fig. 6. Equivalent circuit of the EPDM composites for fitting the dielectric
response data.

process dominated the responses in the relatively low frequency range in
comparison to the Loss Peak process.

3. Discussion

3.1. Charge dynamics from dielectric spectroscopies and electrical
conductivity

The Q-DC process is formed by the hopping of weakly bound charges
in restricted paths. The weak physical bonding of inorganics and poly-
mer chains in the interface region can provide such limited channels for
charges to hop through [28,33,34]. As there is no obvious dipolar
relaxation in the frequency range investigated, the loss peak is attributed
to the strongly bound charge pairs, responding to the applied electric
field. The calculated parameters of the Loss Peak process and the Q-DC
process for EPDM1 and EPDM2 are summarized in Table 1. First of all,
the characteristic frequency of the Loss Peak processes is higher than
that of the Q-DC process. At higher frequencies, the transport charges in
the Q-DC processes can be partly confined by the interface of inorganics
temporarily, forming the bound charge pairs and the Loss Peak process
[28,34]. As the frequency decreases, the trapped charges accumulate
sufficient energies to escape from the interfacial traps, hopping in the
form of a Q-DC process. Secondly, the amplitude of the Loss Peak process
is lower than that of the Q-DC process, implying that the charges in the
Q-DC transport process are partly trapped by the interface, forming the
Loss Peak process.

Comparisons of dielectric spectroscopic parameters for EPDM1 and
EPDM2 can provide quantitative information of charge dynamics. On
one hand, the y, for EPDMI1 is ~3 times of that for EPDM2, indicating
that the trapping effects of the interface for Kaolinite particles are
stronger than that of Talc particles. While the y. for EPDM2 is much
higher than that of EPDM1, the even higher ratio of y,/y. further
demonstrates the stronger trapping effects of the Kaolinite particles
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Fig. 7. Dielectric spectroscopies of different processes calculated from the Dissado-Hill model for (a) EPDM1 and (b) EPDM2.

Table 1
Parameters in the model for EPDM composites under 140 °C.
Sample Loss Peak Q-DC
I w,, (rad/s) Xe w, (rad/s)
EPDM1 0.122 2.32 0.173 0.87
EPDM2 0.042 218.54 0.728 2.16

Note: The parameters are defined in section 2.4.

interface. On the other hand, the o, of EPDM2 is almost two orders of
magnitude higher than that of EPDM1, suggesting that the response of
the trapped charges is more flexible for EPDM2. In addition, the higher
w. of EPDM2 relative to EPDM1 indicates that in EPDM2 the time
(2nw.™Y) for charges and their counter charges to be separated to a
distance equivalent to the size of the filler is shorter. The shorter time
means the transport of charges is easier for EPDM2. The less restriction
to the relaxation of trapped charges and to the transport of movable
charges in EPDM2 are beneficial to suppress the space charge
accumulation.

The charge relaxation and transport dynamics achieved from the
dielectric spectroscopy and Q-DC analysis can also be supported and
validated by the DC electrical conductivity. The observed electrical
conductivity is the result of both electronic and ionic charge transport
under DC electric field. In comparison to EPDM1, EPDM2 with Talc 2D-
nanoclay particles has higher conductivity in all the measured temper-
atures and electric fields. The higher conductivity is attributed to the
higher mobility of charge carriers in EPDM2 compared with EPDM1.
The calculated activation energies and electrical conductivities at
infinite temperature are summarized in Table 2. The activation energy
can be considered as the energy barrier against charge carriers to move
under the electric field. Therefore, the notably lower activation energy
of EPDM2, 0.45 eV, compared with EPDM1, 0.95 eV, suggests that the
charge carriers in EPDM2 with Talc 2D-nanoclay particles confront less
hindrance to transfer between the localized states and the particles. In
addition, the amount of electrical conductivity at infinite temperature,
00, gives some idea about the condition that all the charge carriers could
be de-trapped and hopped between the localized states and the particles.
The significant difference in the amount of 6y implies the higher amount

Table 2
The fitted parameters of the Arrhenius function for EPDM composites at 10 kV/
mm.

Sample  Electrical conductivity at infinite temperature Activation energy ¢
6o (S/m) (eV)

EPDM1  1.81 x 102 0.95

EPDM2  2.08 x 1077 0.45

of charge carriers trapped or restricted in EPDM1 which can be involved
in hopping at infinite temperature.

3.2. Charge dynamics description

In EPDM1, the 2D-nanoclay particles aggregated and formed bulb-
like particles causing the composite dielectric not having suitable
quality in terms of electrical properties. In this condition, the average
distance between the aggregated particles with the same weight ratio
concentration is higher and the average size of the particles is larger
compared with the uniform distribution of the particles. In addition, the
aggregation decreases the total surface area and thus reduces the
interfacial region, compromising the interactions of polymer and the
inorganic particles. In contrast, EPDM2 with the great electrical per-
formance for DC insulation has a uniform distribution of the 2D-nano-
clays in the polymer matrix with a preferred orientation of 2D
platelet-like nanoclays parallel with the surface of the film sample
confirmed with the X-ray pole figure technique. Free from agglomera-
tion, this can lead to the shortened average distance between the par-
ticles or stacks of the particles in the range of nanometer. To have a
uniform distribution of the 2D-nanoclay particles and be free from
agglomeration, the clay particles with low cation exchange capability
(CEQ) [35] such as Kaolinite [36] and Talc [37] are desired. The CEC of
Talc particles, 0.2 (meq/100 g), is significantly smaller than that of
Kaolinite, ~3-15 (meq/100 g) [38] which means that the stacks of clay
particles in EPDM1 have a higher tendency to hold tightly together and
build aggregated micro particles. This explains the aggregation of the
Kaolinite 2D-nanoclay particles in EPDM1 which results in the forma-
tion of the bulb-like micro particles in the polymer matrix compared
with the uniform distribution of the Talc 2D-nanoclays.

Considering a uniform and oriented distribution of 2D-nanoclays in a
cross-linked amorphous polymer matrix as schemed in Fig. 8, the dis-
tance between 2D-nanoclays filled with polymer matrix can be divided
into two layers. The first layer is the interface of the inorganic nanoclay
particles with organic polymer matrix. This layer includes all the
possible functionalized groups as the surface treatment and coupling
agents which adhere to both the organic polymer chain and the surface
of inorganic particles due to different functional groups [39,40]. In this
layer, through ionic, covalent, and hydrogen bonds or van der Waals
force, the organic polymer chains are connected to the inorganic
nanoclay particles. The second layer includes the distributed and twisted
cross-linked polymer chains with (constrained) free volume. The char-
acteristics related to the polymer matrix such as crystalline morphology,
the density of cross-linking, as well as the density and mobility of the
polymer chains are related to this layer [41]. This layer is characterized
by having localized energy states in the polymer chains as the path of
electronic conduction and having free volume as the conduction path for
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Fig. 8. Scheme of the space between the well-oriented 2D platelet-like nanoclays.

ionic conduction.

Charge dynamics in the polymer/2D-nanoclays dielectrics comprise
both electronic and ionic conductions. The source of electronic charge
carriers, i.e., electrons and holes, in composite dielectrics can be related
to charge injection phenomena, such as Schottky injection [42] or
Fowler-Nordheim tunneling [43] at the electrode-dielectric interface, as
well as the donor states with a process like Poole-Frenkel in the bulk
[44]. The electronic charge transport in wide bandgap polymeric di-
electrics can be described by the Multiple-trapping model in which the
charges captured by localized states are released and transfer in
extended states located above the mobility edge [45-47]. During the
transfer in the extended states, the charges may be trapped again by the
localized states. This can happen many times before the charges leave
the dielectric [49]. Therefore, the electrical conductivity is in relation
with the difference of the mobility edge, E., and the energy level of the
localized states, E;, as presented in (4) [45];

oxexp (— (E. — E,) | kT) C)]

where E, - E; is the activation energy. As a result, the shallower localized
states enhance the electrical conductivity.

The presence of the localized states in dielectrics can be attributed to
defects such as structural disorder, chemical impurities, and interfacial
effects [45]. The defects cause a distribution for the localized states
between the highest occupied molecular orbitals (HOMO) and the
lowest unoccupied molecular orbitals (LUMO) in the polymer chain. The
presence of nanoclay particles in the polymer matrix can introduce new
localized states or modify the available localized states. The introduc-
tion of the new localized states is the reason for enhanced electrical
conductivity in composite dielectrics compared with the pure polymer.
The difference in the energy levels and bandgaps of the polymer matrix
and the nanoclay particles is one of the main reasons for the formation of
the localized states [46]. The larger the difference between the bandgap
of polymer matrix and nanoparticle, the deeper the introduced localized
states are. The Kaolinite particles with a bandgap of 4.52 eV [48],
compared with 5.3 eV bandgap for Talc particles [49], have the higher
bandgap difference with the bandgap of EPDM polymer chain which is
~6-7 eV [50]. This larger bandgap difference for Kaolinite particles
increases the possibility of the introduction of deep localized states to
the polymer chain in EPDM1. The deep localized states can act as deep
traps which enhance the possibility of capturing the electronic charge
carriers when they transfer under electric field and thermal activation.
The possible presence of the deep localized states in EPDM1 can be the
reason for the higher amount of the charge accumulation in EPDM1 at
both 25 °C and 50 °C with TG compared with EPDM2. Additionally, the
larger interfacial area leads to more interaction zone between the
nanoclays and the polymer chains. The interfacial area can interact with
the available localized states electrostatically because of the far-distance
effect and modify the localized states to the shallower ones [41]. The
larger interfacial area between the polymer matrix and the 2D
platelet-like nanoclays of Talc in EPDM2, in comparison to the aggre-
gated bulb-like particles of Kaolinite, results in the larger interaction
zone. The higher interfacial area can enlarge the density of the shallow

localized states which control the electronic charge transport under
electric field and cause the higher electrical conductivity of EPDM2,
compared with EPDM1.

The other part of charge carriers” movement in composite dielectrics
especially under low electric fields is related to ionic conduction [20].
The ions can be produced under electric field and thermal activation by
chemical reactions such as reactions involving antioxidants, dissociation
of impurities or absorbed water, electrochemical reactions at the
electrode-dielectric interfaces, etc. [51,52]. Under electric field and
thermal activation, the slow mobile ions move (hop) between the par-
ticles, contributing to the ionic conduction. The movement of ions is
nonlinear, and it is more twisted and windy due to the restrictions such
as constrained free volume and configuration of the polymer chain [20].
Because of the distribution of nanoparticles in the polymer matrix and
intrinsic heterogeneity of the composite dielectrics, ionic-interfacial
polarization or Maxwell-Wagner (MW) effect under DC electric field is
expected [53,54]. The ionic-interfacial polarization causes a built-up of
charge at the interface of the nanoparticles and the polymer matrix.
When the distance between the nanoclay particles is sufficiently short,
the slow ions can hop between the nanoparticles easily and reach the
next nanoparticle. Each of the nanoclay particles can act as a recombi-
nation center because the charge build-up on the surface of nanoclay
particles due to the MW effect can neutralize the mobile ions under the
electric field. The uniform and oriented distribution of 2D-nanoclays in
EPDM2 contribute to the nanometric distance between the particles, and
thus the ions can reach the next particles and be neutralized with higher
possibility. Besides, the large interfacial area of the 2D-nanoclays in
EPDM2 enhances the possibility of neutralizing ions due to the larger
interaction zones between the mobile ions and the built-up charge
around the particles. In contrast, the higher average distance between
the particles and the smaller total interfacial area in EPDM1 when
compared with EPDM2 enhance the possibility of trapping charge
around the bulb-like particles which act as the potential wells causing
charge accumulation.

The calculated activation energies confirm the lower restrictions
against charge carriers’ transport in EPDM2, compared with EPDM1.
Moreover, the Q-DC analysis supports that in the composite dielectric
with aggregation of particles, EPDM1, it is harder for the trapped charge
to move, resulting in higher density of the trapped charge. In contrast,
from Q-DC analysis, the mobility of charge carriers for hopping between
the particles is higher in EPDM2 with the uniform distribution of 2D-
nanoclay particles.

4. Conclusion

The EPDM-base composite dielectrics with two different 2D-nano-
clays including Kaolinite and Talc were fabricated and studied. The
composite dielectric with Kaolinite showed a notable space charge
accumulation which consequently caused electric field distortion across
the sample up to 59.5% at 50 °C with thermal gradient (TG). On the
other hand, the space charge was suppressed significantly in composite
dielectrics with Talc nanoparticles and the electric field distortion
decreased to 9% at the same condition. Based on the experimental
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results and with the application of the well-known models, a mechanism
discussion was put forward regarding the charge transport and accu-
mulation in composite dielectrics. Our discussion suggests the larger
interfacial area between the polymer matrix and the particles causes
higher electrical conductivity due to the higher density of the shallow
localized states. Additionally, the lower difference between the bandgap
of the polymer chains and the particles results in the less possibility of
charge accumulation during electronic charge transport due to the lower
density of the deep localized states. The uniform and oriented distri-
bution of 2D platelet-like Talc particles, the large interfacial area of the
nanoclay particles, and the shorter average distance between the par-
ticles reduce the possibility of trapping charge carriers in the neigh-
borhood of particles during the ionic charge transport. The charge
dynamics using the Dissado-Hill model analysis verified the higher
mobility and the weaker trapping effect in the composite dielectric with
the uniform and oriented distribution of the Talc 2D-nanoclay particles.
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