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New potential High Voltage Direct Current (HVDC) cable insulation materials based on nanocomposites are
developed in this study. The nanocomposites are produced by blending of polypropylene (PP), propylene-
ethylene copolymer (PP-HI) and a modified fumed silica (A-silica) in a concentration of 1 and 2 wt %. The A-
silica is successfully modified with (3-aminopropyl)triethoxysilane (APTES) via a solvent-free method, as proven
by infrared spectroscopy, thermogravimetry and transmission electron microscope mapping.

A-silica in the polymer matrix acts as a nucleating agent resulting in an increase of the crystallization tem-
perature of the polymers and a smaller crystal size. Moreover, the silica addition modified the crystals
morphology of the unfilled PP/PP-HI blend. The composite containing A-silica with 2 wt% contains bigger-size
silica clusters than the composite filled with 1 wt%. The composite with the higher A-silica concentration shows
lower space charge accumulation and a lower charge current value. Besides, much deeper traps and lower trap
density are observed in the composite with 2 wt% A-silica addition compared to the one with a lower concen-
tration. Surprisingly, the presence of silica clusters with dimensions of more than 200 nm exhibit a positive effect
on reducing the space charge accumulation. However, the real cause of this improvement might be due to change
of the electron distribution stemming from the amine-amine hydrogen bond formation, or the change of the
chain mobility due to the presence of occluded polymer macromolecules constrained inside the high structure
silica clusters. Both phenomena may lead to a higher energetic barrier of charge de-trapping, thus increasing the
depth of the charge traps.

1. Introduction power transmission capacity and increase the voltage of the HVDC

transmission, it is crucial to develop new insulation materials for the

The development of the High Voltage Direct Current (HVDC) tech-
nology did grow rapidly in the recent decades, owing to its lower cost
and lower loss over long distance power transmission than High Voltage
Alternating Current (HVAC) technology. This makes the HVDC profit-
able for integrating it in the remote renewable energy sources network
such as wind or solar energy, and for efficiently transmitting electricity
to the regions of demand. One of the important elements of the HVDC
system is the cable insulation material. In order to further improve the
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next generation HVDC cable applications exhibiting low space charge
accumulation and electrical conductivity [1-3]. One of the most
promising approaches in the insulation material field is the development
of dielectric nanocomposites, in which the electrical properties are
tuned by addition of selected nano-sized fillers. To characterize the role
of a nanofiller in the dielectric nanocomposite, one can consider the
following effects:
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i) Introducing large interfacial areas between their surface and the
polymeric matrix: these areas may act as charge scattering cen-
ters resulting in an improvement of breakdown strength and
voltage endurance [4]. Also, most charge trapping sites are
located at the interfacial zone, which has a significant influence
on the charge-transport behavior and the space charge accumu-
lation of the nanocomposites [5].

Introducing deep traps: the interface area around the nanofiller
show significant charge trapping in nanocomposites. Free-
moving charges are trapped by the introduced deep traps in the
high electric field and increase the electrostatic barrier reducing
further charge injection. Hence, the space charge accumulation is
suppressed by addition of the selected nanofillers [6,7].

iii) Modifying the composite morphology with an increase of the
loading of a nano-filler like alumina: this way the polymer
lamella density increases resulting in a larger interface region,
which act as electrical tree propagation channels. Hence, the
electrical tree grows like zigzag and becomes bushy, which con-
tributes to slowing down electrical tree propagation. [8];
Tailoring the charge trap distribution: by nanofillers with
different surface functionalization the charge trap distribution of
the composites can be tailored and thus influence the charge
transportation and space charge accumulation. Polyolefin com-
posites containing nanosilica surface-modified with an unpolar
silane for example show a higher charge trap density with the
same level of trap depth, while nanosilica modified with a polar
silane introduces deep charge traps with a low trap density. [9];
Increasing the potential barrier for hole tunneling: the addition of
common nanofillers with certain band gaps to PE or PP increases
the hole tunneling barrier in the amorphous phase of the polymer
matrix, and thus leads to the consequent reduction in the con-
ductivity and space charge accumulation [10].
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Regarding the base polymer selection driven by sustainability,
recyclability of the material is recommended. Due to the crosslinked
nature of the state-of-the-art crosslinked polyethylene (XLPE), effective
recycling is challenging. Moreover, residues of the crosslinking agent are
found to induce space charge accumulation and generally degrade the
dielectric properties of the XLPE insulating materials. Therefore,
development of a recyclable insulation material becomes indispensable.
Polypropylene based materials, which do not need the crosslinking
process due to the significantly higher melting temperature compared to
PE exhibit a great potential for the next generation insulation applica-
tion [11,12].

As XLPE and PP, both are unipolar, it is profitable to apply an
unpolar nanofiller in order to obtain good compatibility and dispersion
[13]. However, in order to introduce deep traps and suppress space
charge accumulation [14], some polar functional groups are also
beneficial to be grafted on the nanofiller surface. Therefore, finding the
right balance between good polymer/filler compatibility and introduc-
tion of polar functional groups on the nanofiller surface is a challenge.

In our work, we selected polypropylene/propylene-ethylene copol-
ymer as the insulation polymer blend and a fumed silica modified with
polar 3-aminopropyltriethoxysilane as the nanofiller to develop a recy-
clable dielectric nanocomposite. Besides measuring the composite
properties, it was studied whether nanofiller clusters larger than 100 nm
can be profitable for the dielectric performance.

2. Materials and experimental methods
2.1. Materials

Fumed silica (Aerosil 200, Evonik, Germany) was selected as nano-
filler due to its low water content and branched structure. 3-Aminopro-

pyltriethoxysilane (APTES) was purchased from Sigma Aldrich, The
Netherlands. Trifluoroacetic acid used as a catalyst was delivered by
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Sigma Aldrich, The Netherlands.

The silica modification procedure was as follows: Unmodified silica
(20 g) was put into a sealed glass jar and mixed with 3-aminopropyltrie-
thoxysilane (3.6 g) and catalysts, trifluoroacetic acid (0.4 g) and water
(0.6 g), at room temperature for 24 h. After the modification, the silica
was put in a vacuum oven for another 24 h in order to remove unreacted
residuals.

For compounding, polypropylene (PP) (55 wt%) and propylene-
ethylene copolymer (PP-HI) (45 wt%) were melt-mixed using a
KraussMaffei Berstorff (Germany) ZE25A x 49D UTX twin-screw
extruder (cylinder temperature range of 195-230 °C and screw speed
85 rpm) with the surface-modified silica (1 or 2 wt%) and antioxidants
(0.3 wt%). The obtained granulated compound was extruded into cast
films by a Brabender (Germany) Plasticorder single screw extruder with
a T-die and a calendaring system operated at 80 °C. A cast film with a
thickness of 300-400 pm was obtained.

2.2. Characterization methods

Silica characterization: Silica samples for FT-IR were prepared with
spectroscopic grade KBr, and FT-IR spectra were recorded using a Per-
kinElmer (USA) Spectrum 100 FT-IR Spectrometer in Diffuse Reflec-
tance Mode (DRIFT). The spectra were recorded at a resolution of 4.0
cm™! and averaged over 128 scans from 4000 to 400 cm ™. The silica
samples were also analyzed using thermogravimetric analysis (TGA, TA
550) to quantitatively check the degree of modification. The test was
done by heating the sample from 20 °C to 850 °C with a heating rate of
20 °C/min under air atmosphere. The morphology of the silica and
elemental mapping were observed by transmission microscopy (Philips,
the Netherlands, CM300ST-FEG Transmission Electron Microscope 300
kv).

Composite characterization: Scanning electron microscopy (SEM)
was carried out with a Zeiss (Germany) MERLIN HR-SEM. The cast films
were broken in liquid nitrogen, and the cross section was used without
further treatment for SEM observation. The DSC test was done by
cooling down the sample to-50 °C and maintaining it at —50 °C for 5
min, then heating up to 200 °C and maintaining it at 200 °C for another
5 min, followed by cooling down to room temperature with a rate of
3 °C/min under nitrogen atmosphere to mimic the TSDC measurements
conditions. Polarized light microscopy (POM, Meiji, Japan, Ml 8530
microscope) was done on the cross section of the microtomed samples
with a thickness of 30 pm. X-ray diffraction (XRD, Philips, the
Netherlands, X’Pert 1 X-ray diffractometer) were carried on the surface
of the compound film. A film was scanned under the 26 diffraction angle
from 5° to 37° (0.05°/8 s). Dynamic mechanical analysis (DMA,
Netzsch/Gabo, Germany, Eplexor 2500) was carried out on the com-
pound film by heating the sample from —100 to 140 °C (2 °C/min) with
a frequency of 1 Hz (static strain 0.2% and dynamic strain 0.1%).

The polarization current density and thermally stimulated depolar-
ization current (TSDC) were tested on gold-coated compound films.
These were firstly coated with gold (10 nm) under high vacuum to serve
as the two electrodes. A prepared sample was firstly heated up to 70 °C
and stabilized for 3 min, then an electrical field was applied for 20 min.
During this process, the polarization current versus time were recorded.
The sample was quickly cooled down to —50 °C and stabilized for
another 5 min while the voltage was still on. Afterwards, the sample was
shorted-circuited for 1 min in order to remove the fast polarization.
Finally, the voltage was removed and the sample was linearly heated up
to 150 °C with the heating rate of 3 °C/min and the depolarization
current versus temperature was recorded. Space charge measurements
were done by a pulsed electroacoustic (PEA) test at 60 °C under a DC
electric field of 30 kV/mm for 3 h; 1 h depolarization without electrical
field was also included.
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3. Results and discussion
3.1. Silica characterization

Fig. 1 shows the DRIFT IR spectrums of the reference (Ref.) and
APTES modified silicas (A-silica). The broad absorption band around
1222 cm ™! for both samples represents the Si-O-Si bond stretching from
the silica siloxane main structure. The band at 3747 cm ™! originates
from the isolated silanol (Si-O-H) groups on the silica surface. It can be
used as a measurement of the silica surface modification due to its high
reactivity toward silanes [15] and its predominant concentration on the
fumed silica surface in comparison to geminal and vicinal silanols. Its
concentration reaches 80% of all silanol moieties, measured at a tem-
perature above 400 °C [16]. Before modification, there is an obvious
sharp band present at 3747 cm ™!, while the band vanishes in the A-silica
spectrum. This indicates that APTES reacts with silanol groups on the
silica surface, consuming in particular the isolated Si-O-H groups.
Furthermore, the bands at 3300 cm ™, 2979 cm’l, 1679 cm™! and 1405
cm ! appear [17] due to the N-H stretching, C-H stretching and N-H
bending, respectively, stemming from the APTES silane structure, thus
proving that the APTES grafting was successful.

In order to quantitatively investigate the silica surface modification,
TGA measurements were done and results are shown in Fig. 2. The A-
silica shows a higher weight loss (12,2 wt%) than the Ref. silica (2,7 wt%
originating from the loss of the grafted organic groups. This gives further
evidence that APTES is grafted on the silica surface successfully. Fig. 3
shows a schematic reaction mechanism of the silane being grafted onto
the A-silica surface. The mechanism of the silica modification is based on
alkoxy group hydrolysis, which further react with silanol groups on the
silica surface. The APTES has three alkoxy groups, which not only react
with the silica, but also condense with each other, forming oligomerized
structures. Therefore, there is a layer of condensed APTES covering the
silica surface, which contributes to the high weight loss of the TGA
result.

In order to investigate the morphology of the studied silicas, TEM
was performed and results are shown in Fig. 4. The roughness of the
silica surface was noticed to be different before and after the modifica-
tion. In case of the Ref. silica, the surface is smooth and showing primary
particles forming a cluster. While the surface of the A-silica is noticeably
rougher owing to the modification and the silane oligomerization that
covers the silica surface, without visible separation of the primary par-
ticles. It is reported in literature that the modification of silica results in a
highly nanorough surface [18]. Hence, the change in surface
morphology of the silica is another indication of successful APTES
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Fig. 1. DRIFT IR spectrum of reference silica (Ref.) and APTES modified silica
(A-silica).
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Fig. 2. Mass loss versus temperature of the reference (Ref.) and APTES-
modified silica (A-silica).

grafting onto the silica surface.

To further visualize the silica surface modification, HR-TEM
elemental mapping was performed, as shown in Fig. 5. The distribu-
tion of silicon (A, D) and carbon (B, E) of Ref. and A-silica are shown. For
both silica types, a silica-rich area mapping is shown in Fig. 5 (A and D),
which is mostly coming from the bulk of the silica and does not show a
significant difference between these two samples. However, there is a
big difference in the carbon mapping (Fig. 5 B, E): While carbon only
vaguely is mapped as shown in the Ref. sample (Fig. 5 B), a carbon-rich
area is presented in A-silica (Fig. 5 E), which is stemming from the
carbon in the APTES chemical structure. This further proves successful
silica modification. Furthermore, in Fig. C and D, the elemental mapping
of Ref. barely shows any carbon (in green) on Ref. silica bulk (in red),
whereas, the elemental mapping of A-silica (Fig. 5 F) reveals that there is
carbon layer (in green) evenly covering the silica (in red) surface. It is
also evidenced that the silane distribution is very homogeneous on the
A-silica surface.

3.2. Nanocomposites characterization

3.2.1. Morphology and silica dispersion

The polymer blend morphology is considered to be a very important
factor for the performance of nanodielectrics. A polymer blend of good
compatibility may show a higher electrical breakdown strength and
better mechanical properties than the one with low compatibility [19,
20]. The dispersion and distribution of a nanofiller in a polymer matrix
are of general concern due to their large effect on the final performance
of the nanocomposites. In the field of nanodielectrics, it is agreed that
the large interface between a nanofiller and polymeric matrix plays an
important role. Hence, the dispersion and distribution of the nanofiller
affects the interfacial area and influence the dielectric performance of
nanocomposites. Therefore, SEM was performed to study the
morphology of the polymer blend and the dispersion of A-silica, as
shown in Fig. 6.

There is only one smooth polymer phase present in the unfilled PP/
PP-HI blend. It indicates that PP and PP-HI are miscible with each other.
This is most likely caused by a high content of polypropylene blocks in
the PP-HI, improving its chemical compatibility with PP. Possibly also
co-crystallization between the two polymers takes place since they form
similar crystallites (Fig. 7). Regarding the dispersion of the silica: ag-
glomerates are present in both nanocomposites. There are three possible
reasons for the formation of agglomerates:
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Fig. 3. Schematic diagram of APTES grafting onto the silica surface.

Fig. 4. TEM image of Ref. and A-silica.

1) Due to the high surface area of the silica nanofiller particles, there is
a high tendency to reduce their surface energy by forming strong
links of physical and chemical nature, which is the driving force to
form large agglomerates [21];

2) Hydrogen bond formation through unreacted silanol groups on the
silica surface and the amine groups originating from the ATPES
grafted onto the silica surface. These hydrogen bonds bind the silica
particles together;

3) APTES modified silica still has a polar nature which is not compatible
with the unpolar polymeric matrix. Therefore, silica tends to
agglomerate together. Moreover, we also notice that the filler
dispersion and distribution in the sample with 1 wt % silica is better
than when 2 wt% was added. With the increase of the silica con-
centration to 2 wt %, the average distance between silica particles
decreases from 1102 nm (1 wt % silica) to 686 nm (2 wt % silica).
Hence, more and bigger agglomerates (200-500 nm) are formed. In
comparison, the concentration of 1 wt% of A-silica resulted in a
reduced cluster size (30-150 nm), as shown in the histogram in
Fig. 6. This can be explained by a higher amount of silica resulting in
a higher probability that broken clusters agglomerate during mixing
to form bigger clusters.

3.2.2. Crystallization behavior

It is reported that the crystallization behavior of semi-crystalline
polymers is affected by adding nanofillers [22], and that the changed
crystallization behavior can influence electrical insulation properties
[23]. Therefore, the crystallization behavior was studied by means of
DSC, XRD and POM, as shown in Fig. 7.

In Fig. 7 (a), only one melting peak at around 146 °C for all three
samples is visible, which also indicates good miscibility between the PP
and PP-HI phases. There is no influence of silica addition on the melting
peak as presented in Fig. 7 (a). The crystallization behavior is also shown
in Fig. 7 (b). The onset of the crystallization temperature is shifted to
higher temperatures by addition of silica regardless of its concentration,
which indicates that the silica acts as a nucleating agent, which we
observed in earlier work as well [9].

Based on the XRD results as shown in Fig. 7 (¢), (the test was done on
the surface of the cast film) there are the same type of crystals present in
all samples. The main diffraction peaks at 20 = 13.9°, 16.7°, 18.2°,
20.9°, 21.8° and 25.3° correspond to a(101), «(040), «(130), a(111/
040), a(060), respectively. Adding the A-silica does not change the
crystal type, as they present the same diffraction peaks with the same
location.

Furthermore, crystallinity is decreased by A-silica addition, as
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Fig. 5. TEM images and corresponding elemental mapping of Ref. and A-silica.

A,D - silicon mapping; B,E — carbon mapping.C,F - silica elemental mapping (red: silicon; green: carbon).

calculated and shown in Fig. 7 (c). The higher the silica concentration,
the smaller the crystalline phase. This is partially evidenced by the XRD
results showing a visible decrease of the intensity of the a (040) and a
(060) diffraction peaks. Silica is added to the polymer blend in molten
state. During cooling, the silica clusters acts as a defect that disturbs the
chain ordering process, which results in a lower degree of crystallinity.
Compared with 1 wt%, 2 wt % silica addition results in more clusters of
larger size, which further block the chain orientation to form crystals.
Moreover, the silica acts as nucleating agent, which indicates good
interfacial interaction between silica and polymers. During crystalliza-
tion from the molten state, the immobilized polymer chains located on
the silica surface are less likely to crystallize, and thus contribute to
lower crystallinity [24]. With 2 wt% silica addition, there is a higher
interfacial area between the silica and the polymer blend. Consequently,
there are more immobile chains constrained by the silica surface. As a
result, adding more silica leads to lower crystallinity. However, this
reduction is not linearly correlated with the silica concentration, most
likely due to a much more pronounced agglomeration of the silica when
its content rises to 2 wt% (Fig. 6). Due to the presence of the bigger
clusters, the expected higher silica-polymer interface is relatively
reduced, and thus the effect of the crystalline phase decrease is less
visible.

Thus the question arises: How is it possible that silica is acting as a
nucleating agent, but also decreasing the crystallinity of the polymer?
Although the nucleating effect in general contributes to higher crystal-
linity of the polymer [25], we propose that there are simultaneous ef-
fects which lead to decrease of the crystallinity:

1) The process conditions: the cooling gradient (temperature difference
over time) upon extrusion of the molten polymer and formation of
cast film on the calendaring system, which dictate the effective time
for the crystal growth. Therefore, the current process conditions
might not be optimal resulting in a short effective time, leading to a
less crystals formation;

2) The silica clusters act as structural “defects”, which block the poly-
mer chains arranging during their crystallization;

3) During crystallization in the molten state, the silica surface immo-
bilized polymer chains are less likely to crystallize, and thus do not
contribute to crystallinity [24];

4) The increased spherulite disorder with a higher amount of the
nucleating agent retards the crystal growth [26];

5) The “competing” effect arising from neighboring nucleation sites for
high amount of the nucleating agent might also hinder the crystal
formation. More growing spherulites facilitate more intercrystallite
interphase hosting the amorphous polymer chains.

To further study the crystallization behavior, POM was performed on
microtomed cast film cross sections of unfilled PP/PP-HI blends and PP/
PP-HI samples filled with 1% silica or 2% of silica, as shown in Fig. 7 (d),
(e) and (f), respectively. A spherulitic crystalline gradient morphology
with a mean spherulite size of ca. 5 pm is visible in the unfilled PP/PP-HI
sample (Fig. 7 (d)). The spherulite density is higher and the average
spherulite size is lower on both the surface layers in comparison to the
core region in the unfilled blend, presenting a gradient morphology from
the surface towards the inner core of the sample. This effect arises from
the processing conditions, most notably the cooling gradient during cast
film extrusion, affecting the crystallization process. During the cast film
extrusion, as the molten compound exits from the T-die and is extruded
on the calendering system chill roll, the cooling rate of the surface layers
of the cast film is much higher in comparison to that within the inner
core. The temperature gradient from the surface of the sample to the
inner core results in spherulitic crystalline gradient morphology.

Interestingly, silica addition significantly changed the crystalline
morphology. The nanocomposites do not appear to exhibit gradient type
crystalline morphology. Assuming that spherulites are formed, their size
in the nanocomposite is too small to be detected and characterized via
POM. The formation of small spherulites is due to the nucleating effect of
silica, which is in line with the DSC results, as shown in Fig. 7 (b). The
amount of the crystalline phase (principally related with the brightness
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Fig. 6. SEM images of the unfilled PP/PP-HI blend and the nanocomposites filled with 1 wt% (PP/PP-HI/S-1) or 2 wt% of A-silica (PP/PP-HI/S-2) (Left column: 50 k,
right column: 20 K). and the histogram of the silica cluster size distribution.
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POM cross-sectional images of the unfilled PP/PP-HI blend (d); the PP/PP-HI/S-1 (e) and the PP/PP-HI/S-2 (f) nanocomposites.

in the POM images) appears to be lower in the nanocomposites than in
the unfilled blend, which is consistent with the XRD results, as shown in
Fig. 7 (c).

3.2.3. Relaxation behavior

The temperature dependence of the storage modulus, loss modulus
and hysteresis (loss factor — tan §) are presented in Fig. 8. It is a well-
known effect that addition of a nanofiller increases the storage
modulus of a polymer due to the stiffing effect. The stiffing effect con-
tains two part: 1) the stiff filler and 2) the constrained polymer by the
nanofiller forming stiff phase [24], due to the filler polymer interaction.
However, in our study, the storage modulus is lower for the silica-filled
nanocomposites, and it is much lower in case of 2 wt% silica filled
sample compared to the one containing 1 wt%. This is probably due to a
dual effect of silica: on one hand, adding silica stiffs the composite, on
the other hand, it decreases the crystalline content thus decreases the
modulus. Both the effects are competitive to each other; the decrease of
the dynamic storage modulus by adding silica is an overlay of both ef-
fects. Regarding to the composite containing 2 wt% silica with a rela-
tively low crystallinity compared to the material with 1 wt% silica, the
storage modulus decreased more significantly. This might be due to the
higher amount and larger silica cluster size. It is likely that the rein-
forcing potential of the silica is low due to its low amount and its clusters
act as local discontinuities which decreases the crystallinity, leading to a
lower modulus.

The loss modulus peak represents the glass transition (Tg) of the
polymer. There is only one peak in Fig. 8 (b), and it is obvious that the
temperature of the glass transition peak does not change by addition of

the nanofiller. However, the intensity of the peak is reduced by adding
the nanofiller, and addition of 2 wt% of A-silica reduces the peak in-
tensity overproportionally compared to the influence of 1 wt% of A-
silica. This might be due to the immobile chains constrained by the
nanofiller. It is reported that the “immobilized” matrix associated with
the interface between filler and polymer does not contribute to energy
loss [27]. Hence, less mobile amorphous chain leads to a reduced p peak
intensity. Additionally, the higher amount of A-silica causes relatively
more “immobilized” matrix, due to the relatively more constrained
rubber chains, leading to a lower amount of the polymer contributing to
the energy loss.

Three relaxation peaks (f, al, a2) correspond to the different tran-
sition phases as shown in Fig. 8 (c). The p peak is attributed to the glass
transition temperature of the amorphous polymer phase. The al peak is
related to motions of chain units which lie within the crystalline region
of the polymer [28]. The a2 peak is related to melting of the crystalline
phase of the polymer. There is no influence of silica addition on the p
peak, al and a2 peaks.

3.2.4. Space charge accumulation and charging current density

Space charge accumulation and conductivity are both major dielec-
tric properties affecting HVDC cable insulation performance under
electro-thermal stress. Higher space charge accumulation may lead to
accelerated aging and ultimately insulation failure. A higher conduc-
tivity of an insulation material would potentially lead to accelerated
thermal instabilities and premature breakdown. The influence of
nanofillers on these properties are shown in Fig. 9.

In case of the unfilled blend, strong homocharge injection is noticed
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Fig. 8. Storage modulus (a), loss modulus (b) and relaxation behavior (c) temperature dependence of the unfilled PP/PP-HI blend and the nanocomposites filled with

1 wt% or 2 wt% the modified silica.

in the sample, close to the vicinity of both electrodes. This distribution is
possibly correlated to the spherulitic crystalline gradient morphology
presented in the POM images (Fig. 7 (d)) due to the resulting conduc-
tivity gradient present in the bulk of the material. In the surface region of
the unfilled blend, the spherulite size is large, which shortens the con-
duction paths along the inter-spherulite boundaries, and consequently
more charges are injected into the unfilled blend. However, in the case
of the nanocomposites, the space charge distribution inside the sample is
different. A clear negative and positive charge separation can be
observed in the vicinity of the cathode and anode, respectively. The
mobility of those charge packets is reduced by increasing the concen-
tration of the A-silica. The amount of space charge detected at the end of
the polarization period is shown in Table 1. There is a significant amount
of space charge (3.0 C/m3) stored in the unfilled PP/PP-HI blend, while
the addition of 1 wt% of A-silica suppresses it to nearly half of that
amount (1.6 C/m>). The addition of 2 wt% of A-silica results in a further
significant reduction (0.6 C/mg).

Depletion of space charge is also different in all three samples. In case
of the unfilled PP/PP-HI blend, the charge is drained very quickly, while
the A-silica addition reduces this tendency. This indicates that the trap
depth in these three samples is different. This result is in line with the
trap distribution estimation obtained via TSDC measurements (Fig. 10),
in which addition of the silica results in the formation of deeper traps,
resulting in slower depletion (relaxation) of trapped charge.

The unfilled blend with the highest initial charging current (during
the poling phase of the TSDC measurement) shows a slow polarization
behavior with a gradually decreasing current, which results from the
superposition of polarization and leakage current (Fig. 9(d)). The initial
part of the charging current of the nanocomposites is much lower than
the one of the unfilled blend, and they show very fast polarization to

reach saturation, which might indicate less space charge formation. This
is in line with the PEA results. It is reported that the initial drop can also
be explained by the formation of charges in the vicinity of the electrodes
due to the presence of nanoparticles, which leads to a higher charge
injection barrier, and thus a lower charging current [29]. Furthermore,
the current recorded for the PP/PP-HI/S-2 composite is lower than the
one for the PP/PP-HI/S-1. Therefore, from the PEA and charging current
results during the poling phase, 2 wt% of A-silica gives the best outcome
and shows a promising trend for HVDC cable application in terms of the
lowest space charge accumulation (under 30 kV/mm) and low current
density (under 3 kV/mm).

3.2.5. Trapping and de-trapping behavior

In order to gain a better understanding of the space charge and
conductivity behavior of the samples, the trap distribution was studied
by means of TSDC and the results are shown in Fig. 10. There are two
prominent TSDC peaks (P1 and P2) present in the unfilled PP/PP-HI
blend. The silica addition suppressed the first peak (Ps-1) compared to
the P1 peak in the unfilled blend, and introduced an additional main
deep trap (Ps-main) peak and another much deeper (incomplete) peak
Ps-2 in place of the P2 of the unfilled blend. Moreover, the TSDC peak
intensities are reduced for the nanocomposites compared to the peaks of
the unfilled blend. Additionally, the addition of 2 wt% A-silica in-
troduces much deeper traps than 1 wt%. The deeper trap indicates lower
charge mobility. This is in line with the PEA results (Fig. 9), in which the
charge depletion rate during depolarization is lower for the nano-
composites than for the unfilled blend, and the depletion rate is much
slower when 2 wt% A-silica was added compared to 1 wt%.

In the case of the unfilled blend, the first peak is located around 50 °C
with the temperature from 25 °C to 100 °C and the second peak is above
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Table 1
Amount of space in the samples charge after Volt-off.
Sample PP/PP- PP/PP-HI/ PP/PP-HI/
HI S-1 S-2
Amount of space charge after Volt-off 3.0 1.6 0.6
[c/m®]

100 °C, which is identical with the al and a2 relaxation transition peaks
(DMA results), respectively, as shown in Fig. 11 (a). It should be stressed
that there is a different frequency used for DMA (1 Hz) and TSDC (about
10~* Hz) measurements. Fig. 11 shows the general relationship between
the charge de-trapping (TSDC) and molecular relaxations (DMA)
observed in corresponding temperature ranges. It is not meant to
directly compare the peak temperature positions (related to trap depth)

from TSDC with the one observed in the DMA measurements (tan §).
Nevertheless, the coincidence between the P1, P2 peaks from TSDC with
the al and a2 relaxation transition peaks from DMA reveals that the P1
peak is derived from the charge release related to the chain motions
which are restricted in the crystalline phase, and the P2 peak is stem-
ming from the charge released during melting of the crystals. This is line
with literature [30]. The above mentioned evidences revealed that the
charges are stored at the interface between the amorphous and crys-
talline phases and within the crystalline structure for the unfilled blend.
This also gives an explanation of the PEA pattern (Fig. 9 (a)) of the
unfilled blend, which shows the same pattern as the crystal distribution
in the POM image (Fig. 7 (d)), which is due to the fact that the charges
are trapped around the crystals.

However, for the nanocomposites such an accurate correlation be-
tween the TSDC peaks and the chain relaxation peaks in the DMA
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spectra, as shown in Fig. 11 (b, ¢), cannot be found. Silica addition did
not change the al and o2 relaxation peaks (Fig. 8 (b)), only changed the
TSDC charge release peaks temperature range (Fig. 10). This indicates
that the charge location in the nanocomposites might be not be the same
as for the unfilled blend. Based on literature, in nanodielectrics the
interface between nanofiller and polymeric matrix plays an important
role in terms of suppressing space charge accumulation. It was

Polymer Testing 98 (2021) 107186

investigated for example that adding ZnO as nanofiller introduces deep
traps, which will capture the charge injected from the electrodes, and
the trapped charge near the electrodes in turn increases the barrier
against charge injection [31]. Therefore, we deduce that most of the
charge might be located at the interface between the silica surface and
polymer matrix. Hence, the new interface between silica and polymer
act as deep traps and suppresses trap density. We observed 3 TSDC peaks
(Ps-1, Pg-main, Pg-2) originating from the nanocomposites. In a previous
study, we found that the main trap level (Ps-main) is related to the
interface between silica and polymer, and that the trap level and trap
density depend on the type of surface functionalization (with different
chemical moieties) and surface properties [9]. The very small amount of
traps type Pg-1 is related to the polymer chain relaxation a1, similarly to
P1 from the unfilled blend. Therefore, these traps correspond to the
chain motion which are restricted in the crystalline phase. Regarding the
deepest traps Pg-2 located at 120 °C and 140 °C for PP/PP-HI/S-1 and
PP/PP-HI/S-2, respectively, there are three possible explanations:

1) Melting of the PP/PP-HI blend occurs in the range of 110 °C-160 °C,
so the Pg-2 traps are in the range of the polymer melting. Conse-
quently, these traps might still be related to melting of the crystals.
However, the Pg-2 traps of the nanocomposites are deeper than the
P2 traps of the unfilled blend, which might be a result of the changed
crystal size and morphology by addition of the nanosilica, as proven
by POM images in Fig. 7 (d, e and f);

2) Since A-silica acts as nucleating agent, it induces crystal grow
resulting in possible changes of the interface between the silica and
the induced crystalline phase. This might possibly also to contribute
to deep trap Ps-2 formation in the nanocomposites;
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3) Based on the literature [32], the deepest traps introduced by silica
addition might be directly related to the silica itself. It is stated that
since the temperature of the deepest trap release is higher than the
melting temperature of the polymer, the silica itself might form the
deepest traps in the nanocomposites.

When comparing these three trap levels (Ps-1, Ps-main, Ps-2), the Pg-
main peak, which is related to the interface between the silica and
polymer, is predominant. This shows, that most of the charges are
located in the interface between the A-silica and the polymer matrix.

Consequently, another question is raised. Why does the addition of 1
wt % or 2 wt % of A-silica result in a different main peak level (Ps-main)?
The 3-aminopropyltriethoxysilane is located on the A-silica surface,
introducing polar amine groups as shown in Fig. 3. The amine moiety
has an electrically active dipole nature, which could attract a travelling
electron to the silica surface, which might be one of the reasons that the
charges are located in the interface between silica and polymer. This
could lead to formation of a charge barrier around the silica clusters,
which would prevent further charge from injection. As a result, the
lower space charge accumulation and lower conductivity are exhibited
by the nanocomposites. Furthermore, a higher silica concentration gives
a stronger barrier. Consequently, less injected charge results in lower
trap density, which also leads to much lower space charge accumulation
for the sample with 2 wt% of A-silica compared to the one with 1 wt%.

¥/
Ae.

Small cluster of silica

%

Large cluster of silica
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Furthermore, regarding the dispersion of A-silica (Fig. 6), there are
more silica clusters with larger dimensions and higher structures formed
in the sample containing 2 wt% A-silica. The deeper Ps-main traps
recorded for the PP/PP-HI/S-2 nanocomposite may come from the
tightly constrained polymer chains inside of the cluster, as shown in
Fig. 12. A tightly constrained polymer chain is less mobile. When the
charges are trapped at the interface between the highly constrained
polymer and silica, which has a very high energy potential, the charge
cannot move or de-trap easily. Furthermore, the immobile trapped
charge might form another barrier based on the repelling force sup-
pressing further charge injection, which results in low trap density, low
space charge accumulation and also low current density.

Another possibility of the higher trap level with 2% silica addition
than 1% might stem from amine-amine hydrogen bonding, as shown in
Fig. 13. Based on our previous study [9], nitrogen in amino groups plays
an important role for the deep traps in the polymer matrix. Once there
are more silica clusters of larger size and higher structure present, more
hydrogen bonds are formed between amino groups. As a result, the
changed cloud of electrons around nitrogen may induce deeper traps
visible in the PP/PP-HI/S-2 peak in comparison to PP/PP-HI/S-1.
Furthermore, if charges trapped around one amino group get enough
energy to de-trap, it is highly likely that they will be easily trapped by a
neighboring amino group. This leads to a lower mobility of the charges.

) ¥4
P

Small cluster (grey) in the
polymeric matrix (yellow).

%

Large cluster (grey) in the polymeric

matrix (yellow). The blue region
indicates polymer highly constrained

within the silica cluster.

Fig. 12. Schematic diagram of small and large silica clusters and their interaction with polymer macromolecules.
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3.3. In-depth discussion of the dielectric performance

Based on the POM results in Fig. 7 (d,e,f), there is a pronounced
gradient of morphology from the surface towards the inner core region
in the unfilled blend, while it does not appear as clearly in the nano-
composites. This is due to the nucleating effect of the nanosilica,
resulting in smaller spherulites and their uniform distribution. However,
although the nanosilica changed the sample morphology, it did not
change the melting temperature of the blend (see DSC results in Fig. 7 (a,
b)), consequently no effect on the al and a2 chain relaxation is observed
in the DMA results in Fig. 8.

In general, morphology as well as presence of additives (e.g. silica) in
composites are both able to influence the TSDC charge trapping distri-
bution, hence influencing charge injection, space charge accumulation
and conductivity. However, previous work [33] indicates that
morphology changes (different spherulite distribution altered by the
different compounding techniques) do not significantly change the
TSDC charging trap distribution, but they do change the space charge
accumulation based on the PEA pattern.

The above observation indicates that the morphology does not in-
fluence the values of the TSDC and DMA. But it does influence the charge
transportation and space charge accumulation. This is coherent with
PEA results.

For an unfilled blend, there is a correlation between the a1l and o2
chain relaxation (DMA results) and the two current peaks from TSDC, as
shown in Fig. 11, which gives an indication that most of the charge is
located at the amorphous-crystalline interface. The charges may move
through the amorphous-crystalline interface at the surface and diffuse to
the inner core. However, due to the broader spherulite size distribution
observed for the unfilled blend than for the silica-filled composites, the
conduction path along the spherulite boundaries is much shorter for the
unfilled blend. Hence, in the latter case it is easier to diffuse the charge
into the bulk of the unfilled blend. This can be further proven by the PEA
pattern (Fig. 9 (a,b,c)): For the unfilled blend, a strong homocharge
injection is noticed in the sample, in the vicinity of both electrodes. This
distribution can be correlated with the spherulitic crystalline gradient
morphology presented in the POM images, and may result in a con-
ductivity gradient in the bulk of the material.

Differently, there is no such correlation in the nanocomposite

sample, as the charge trapping near the electrode-polymer interface
becomes more pronounced due to increased density of deep traps
brought by the nanosilica. This is also related to the crystalline
morphology (spherulite size) observed in POM images. It is assumed that
most of the charge is located at the filler-polymer interface. Due to the
high specific area of the nanosilica, it brings a large interface into the
polymer matrix. With the addition of the surface treatment, the amine
group on the A-silica surface creates a deep trap at the filler-polymer
interface. Additionally, the conduction path along the spherulite
boundaries becomes more tedious for the nanocomposites due to the
nucleating effect of silica, large specific area of the silica and the surface
functionalization. The injected charges can be trapped by the deep traps
on the surface region, which can hinder further charge injection to the
bulk of the sample. This can be verified by the PEA pattern (Fig. 9 (a,b,
c)). The deeper traps reduce charge injection near the electrodes, and
less charge can diffuse to the bulk of the sample.

Therefore, all the results can be correlated together to prove that the
A-silica changes the morphology of the sample and generates the deep
traps into the sample, which changes the charge location and alter the
space charge accumulation.

Besides, although 2 wt % of A-silica shows larger size clusters than 1
wt % of A-silica as shown in Fig. 6, the nanocomposite with 2 wt % of A-
silica still feature lower space charge accumulation than the one filled
with 1 wt % of A-silica: This is due to the much deeper traps introduced
by 2 wt % of A-silica. There are two hypothesis to explain the large
cluster effect:

1) The deeper charge traps are formed due to the constrained polymer
chain in the structure of 2 wt % of A-silica, as shown in Fig. 12. When
the charges are trapped at the interface between the highly con-
strained polymer and silica, which has a very high energy potential,
the charge cannot move or de-trap easily, contributing to a deeper
apparent trap in the sample filled with 2 wt % of A-silica.

The deeper charge traps are formed due to the hydrogen bond for-
mation between amine groups within the silica cluster, as shown in
Fig. 13. If charges trapped around one amino group get enough en-
ergy to de-trap, it is highly likely that they will be easily trapped by a
neighboring amino group. This leads to a lower mobility of the
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charges, leading to a deeper apparent trap in the sample filled with 2
wt % of A-silica.

Consequently, a charge trapped in the deeper trap is immobile,
which might form another barrier based on the repelling electrostatic
force suppressing further charge injection, which finally results in low
trap density, low space charge accumulation and also low current
density.

4. Conclusions

In this paper, the development of an HVDC insulation material based
on PP/PP-HI/A-silica nanocomposites was presented. A-silica was ob-
tained by modifying fumed silica with 3-aminopropyltriethoxysilane
(APTES) through a solvent-free silane-silica modification method. The
APTES-silica is found to act as nucleating agent, improving the homo-
geneity crystal distribution in the polymer blend. A-silica addition de-
creases crystallinity, resulting in a decreased storage modulus. It also
introduces deeper traps into the polymeric matrix thanks to the amine
groups grafted on its surface. The A-silica addition also changed the
charge trapping locations, where for the unfilled blend the charges are
mostly located in the crystalline interface and the amorphous-crystalline
interface, while for the nanocomposites, charges are mostly located in
the A-silica-polymer interface. Although A-silica has a polar nature and
is thus not compatible with the polymeric matrix, a higher concentration
(2 wt%) of A-silica still benefits the performance of the material by
reducing its space charge accumulation and current density. This in-
dicates that the cluster formation with a proper surface functionalization
may be beneficial for the dielectric properties in terms of reducing space
charge accumulation and apparent conductivity.
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