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ABSTRACT: The effect of filler surface functionalization with 3-amino-
propyltriethoxysilane (APTES) on the charge trapping and transport was
studied in polypropylene (PP)/(ethylene-octene) copolymer (EOC)/silica
nanodielectrics. Different reaction conditions were utilized for silica
functionalization to alter the deposited layer morphology. This approach
made it possible to engineer the filler—polymer interface to achieve
optimized dielectric properties for the nanocomposites. The successful
chemical modification of the silica surface was confirmed via thermogravi-
metric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR),
and X-ray photoelectron spectroscopy (XPS). Subsequently, the effect of the
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engineered filler—polymer interface on the nanocomposites’ crystallinity was analyzed with differential scanning calorimetry (DSC).
Scanning electron microscopy (SEM) was utilized to observe the morphology of the nanocomposite as well as the silica dispersion.
Finally, the effect of the silica functionalization on the dielectric properties of PP/EOC/silica nanocomposites was tested via
thermally stimulated depolarization current (TSDC) and broadband dielectric spectroscopy (BDS). The results suggested that the
presence of the amine functionality on the silica reduces interfacial losses in nanocomposites, and hinders further injection of space
charge by introducing deep trap states at the filler—polymer interface. Under certain conditions, APTES can form an “island-like”
morphology on the silica surface. These islands can facilitate nucleation, inducing transcrystallization at the filler—polymer interface.
The island-like structures present on the silica would further contribute to the induction of deep traps at the filler—polymer interface

resulting in the reduction of space charge injection.

KEYWORDS: silica surface modification, PP-based nanodielectrics, space charge, dielectric properties, TSDC, HVDC

1. INTRODUCTION

The incorporation of nanoparticles in dielectric materials to
enhance their insulating properties has been studied
extensively in the recent years.l_4 Nanomposites containing
various fillers, including semiconducting (ZnO® and TiO,°)
and insulating particles (MgO,” SiO,"), have been reported in
the literature, exhibiting substantial enhancements in, e.g,
dielectric strength and endurance under high voltages.” These
improvements can be due to numerous phenomena, mainly
stemming from the large interfacial area introduced by
nanofillers incorporated into the polymeric matrix'® as well
as the alteration of the polymer/filler interface properties.” The
later can be controlled by changing the type and surface
chemistry of the nanoparticles. Due to the polar surface of the
above-mentioned nanoparticles, these are prone to adsorb
moisture and other polar species (e.g., byproducts of
production and surface treatment), which can be detrimental
to the dielectric properties.'”'> In this regard, nanoparticles
such as fumed silica are more favorable due to their low
moisture and high purity. Moreover, it has been shown that
silica-filled nanocomposites exhibit high electron—phonon
interaction at their interface with the surrounding polymer
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chains,"®> which is another reason to favor fumed silica over
other available nanoparticles. To improve their dispersion and
tailor the interfacial properties close to the nanoparticles, the
filler surface can be modified with certain functional groups.
This can influence nucleation and c1rystallinity,14 mobility of
species,'” and entanglement density in the interfacial
region.'®"” Consequently, changes in the nanoparticles’ surface
properties can lead to improvements in the dielectric
properties of the nanocomposites.'®

Functionalization of nanoparticles can improve the dielectric
properties of the nanocomposites by enhancing the filler
dispersion in the polymeric matrix: in case of a DC field, due to
the differences in electrical conductivity of the composite’s
components, the electric field tends to bend toward the
particles, leading to local electric field concentration.
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Furthermore, due to the polarization of interfaces, an
additional long-range attractive force is imposed on the charge
carriers and draws them to the nanoparticles.'” So, in fact,
nanoparticles act as electrical defect centers in polymer
nanodielectrics.”’ The extent of this local field concentration,
however, is not only a factor of the difference in permittivity
(in case of AC fields) or conductivity (in case of DC) between
the particles and the polymer matrix, but also of the particle
size, their aggregation, and agglomeration.l Improving the
dispersion of the nanofillers can lead to the improvement of
the dielectric breakdown strength. However, filler dispersion is
difficult to control and tends to vary significantly as it is
affected by several factors, e.g., the surface energy of the filler,
polymer melt viscosity, and processing conditions.”"**
Another phenomenon through which surface modification of
the nanoparticles can affect the dielectric properties of the
nanocomposites is the alteration of the electron—phonon
interactions at the filler—polymer interface. This can be
achieved, e.g, by the introduction of polar functional groups
at the interface.”””* Siddabattuni et al.* investigated epoxy
nanocomposites with TiO, and BaTiO; nanoparticles, and
observed that upon introduction of electron-withdrawing
phenyl groups at the polymer—particle interface, the leakage
current and dielectric loss was significantly reduced. This also
led to an improvement in the dielectric breakdown strength.
Huang et al.” noticed that the amount of space charges in
linear low-density polyethylene (LLDPE)/silica nanodielec-
trics was decreased by the attachment of dimethyldichlor-
osilane to the surface of the silica nanoparticles. Ma et al.'
reported a much higher dielectric breakdown strength and
improved space charge distribution by the introduction of
amine functional groups to the surface of TiO, nanoparticles
incorporated in a low-density polyethylene (LDPE) matrix.
Furthermore, the density of the trap states, and as a result, the
space charge distribution can be altered upon grafting species
with polar functional groups onto the nanoparticle surface,
influencing the mobility of charges by the introduction of
shallow trap sites™® or reducing the number of deeply trapped
charges' in the filler—polymer interaction zones. Yamano et
al”” found that the addition of 5 X 107 mol g™ of an
azocompound increased the breakdown strength of LDPE by
about 200 MV m™ at temperatures lower than 30 °C. They
attributed this increase to either the trapping effect or the
excitation effect of the azocompounds, which acted as electric
dipoles. The incorporation of polar groups into insulation
systems and its positive effect on their dielectric properties
have also been studied in our recent work.'” Accordingly, it
can be hypothesized that attaching a polar functionality to the
surface of the nanoparticles can induce this sort of electronic
behavior as the dipoles at the particle—polymer interface may
affect charge carrier transport and trapping.* Recent studies
have shown that the localized state (trap state) in polymer
dielectrics has substantial effects on the charge transport under
a high field, and can be closely addressed to the macroscopic
dielectric properties including charge injection, space charge
distribution, and mobility of charge carriers.”®*’ Therefore, it
is expected that adding certain polar chemical functionalities to
the polymer—filler interface will introduce new electronic
states and alter the spatial and energy distribution of the
localized states in the system, which may account for the
changes in dielectric properties of nanofilled dielectrics.
Space charge behavior in an insulating polymer is also
closely related to carrier traps located at the interfaces that are

3149

induced as a result of crystallization in semicrystalline
polymers.”® The morphology of these interfaces would
significantly affect trap density, trap depth distribution, and
charge carrier mobility.”’ Therefore, by engineering the
crystallinity of a nanodielectric, it is possible to control the
aforementioned properties. A promising way to control
crystallinity in a polymer nanocomposite is through engineer-
ing the surface properties of the nanoparticles. Grafting
polymers or silane-modifying agents onto the silica surface
has been proven to effectively improve its nucleating ability,
which results in higher spherulite density within the nano-
composite.””* This could have beneficial influences on the
amount and distribution of the space charges.

The morphological changes in nanocomposites can also be a
result of polymer blending, which has recently become
especially relevant for new polypropylene (PP)-based high-
voltage direct-current (HVDC) cable insulation materials for
improving certain mechanical properties. While PP has shown
promising dielectric performance, its inherent rigidity,
especially at low temperatures, hinders its utilization for this
application.”** This necessitates blending PP with another
polymer with more suitable mechanical properties such as
polyolefin elastomers. In regards to nanocomposite systems
with a polymer blend as the matrix, studying the crystallinity
and morphology effects is of great importance, especially when
the nanoparticles have been subjected to surface modification.

In this study, silica nanoparticles are modified with 3-
aminopropyltriethoxysilane (APTES), a polar modifying agent,
and compounded with PP/(ethylene-octene) copolymer
(EOC) polymer blends. The aim of surface modification is
twofold: on the one hand, it is speculated that the amine
functional group in APTES is prone to alter the interactions
and electronic features at the silica—polymer interface. As a
consequence, the trapping properties of the interface undergo
meaningful changes, which might induce beneficial influences
on the bulk insulation characteristics of the nanocomposite
materials. On the other hand, by engineering the nanofiller
surfaces, their nucleating ability and hence the crystallinity of
the nanodielectric can be controlled. This way, an optimized
modification reaction to control the trap states and the space
charge phenomena could be developed. First, the silica
modification is evaluated using thermogravimetry analysis
(TGA), Fourier-transform infrared (FTIR) spectroscopy, X-
ray photoelectron spectroscopy (XPS), and transmission
electron microscopy (TEM). Subsequently, the influence of
silica modification on the dielectric response of the material is
investigated with broadband dielectric spectroscopy (BDS).
Charge trapping properties of the aforementioned nano-
composites are also studied via thermally stimulated
depolarization current (TSDC) measurements. Since the
charge trapping behavior can be significantly influenced by
the crystalline structure, differential scanning calorimetry
(DSC) was performed to study the crystalline structure in
detail.

2. EXPERIMENTAL SECTION

2.1. Silica Modification. A high purity, low moisture content
fumed silica grade, AEROSIL 200 (Evonik Industries, Germany), was
used as the filler for this study. The silica functionalization was carried
out in a liquid phase (toluene) using 3-aminopropyltriethoxysilane
(APTES) as a modifying agent (Sigma-Aldrich, 99%). The reaction
took place in a glass round bottom flask immersed in an oil heating
bath and equipped with a mechanical stirrer, a cooler, and a
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Figure 1. (a) Hydrolysis and reaction of APTES with silica (b) with and (c) without condensation and (d) reaction conditions utilized for
modification of the silica nanoparticles.

thermometer. The reaction conditions were varied to control the the most effective parameters. Reactions were carried out at 20 and 80
amount and morphology of the grafted silane on the silica. °C, for 1 or 24 h, with and without a stoichiometric amount of water
Temperature, time, and the amount of added water were chosen as for hydrolysis of the silane. The APTES content in the solution was
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calculated as twice the amount needed for covering the silica with a
monolayer. The details of the modification reactions are depicted in
Figure 1. In general, anhydrous systems with only a trace of water and
low silane concentrations were desirable for the preparation of
smooth APTES-derived silane layers.36 Silica, silane, and additional
water were mixed with toluene as the medium of the reaction. The
purity of the toluene was 98%, and it was used without further
purification.

With water present in the reaction, hydrolysis and subsequently
condensation of APTES is very likely. Therefore, different APTES
film morphologies can be expected, depending on whether or not
water is involved in the reaction. Figure 1 shows the APTES
hydrolysis and its grafting onto the silica surface with and without
condensation.

2.2. Preparation of the Nanocomposites. The nanocomposites
studied in this work were based on polypropylene/ethylene-octene
copolymer (PP/EOC) blends filled with functionalized silica
nanoparticles. The nanocomposite preparation was done by adding
1 wt % of the silica as well as an antioxidant package to the polymer
matrix in a twin-screw micro extruder, and injecting it into a square
mold using a mini-injection molding machine. The mold dimensions
were 26 X 26 X 0.5 mm®. The nanocomposite (NC) samples were
numbered according to the silica sample incorporated. For instance,
NC 1 nanocomposite was filled with silica sample number 1.

2.3. Silica Characterization. Thermogravimetric analysis (TGA)
was utilized to quantify the level of modification. The silica samples
were heated from room temperature to 850 °C in an air atmosphere
with a rate of 20 °C min~" while the mass loss of the sample was being
measured. The mass loss between 300 and 850 °C can be attributed
to thermal decomposition of APTES chemically attached to the silica
surface.”” Fourier-transform infrared (FTIR) spectroscopy was
utilized in diffuse reflectance mode using a Perkin Elmer Spectrum
100 with a diffuse reflectance accessory. The samples were prepared
using potassium bromide (KBr; 99+%, FTIR grade, Harrick Scientific
Corporation) as a background. Spectra were recorded from 4000 to
400 cm™" and averaged over 128 scans, using a resolution of 4.0 cm™.
All of the tests were performed at room temperature. X-ray
photoelectron spectroscopy (XPS) was conducted by means of a
PHI Quantera scanning X-ray microscopy. This method is based on
irradiating a material with a beam of X-ray, while simultaneously
measuring the kinetic energy and number of electrons that escape
from the surface (up to 10 nm in depth) of the material being
analyzed. This way, it is possible to determine the atomic composition
of the deposited film on the silica. Transmission electron microscopy
(TEM), including energy-filtering mode (EFTEM), was performed on
the modified silica nanoparticles, using a Philips CM300ST-FEG
transmission electron microscope to take a closer look at the modified
silica surface.

2.4. Broadband Dielectric Spectroscopy (BDS). The real and
imaginary parts of permittivity (¢,* = &', + ie,”) were measured using
a Novocontrol Alpha-A dielectric analyzer within the frequency range
of 1072~10° Hz and under an applied voltage of 1 V. All of the
measurements were conducted at room temperature. Circular gold
(Au) electrodes (100 nm in thickness) were deposited on both sides
of the sample films by e-beam evaporation under high vacuum, and
they were short-circuited and kept in a vacuumized desiccator
overnight prior to the measurements.

2.5. Thermally Stimulated Depolarization Current (TSDC).
The thermally stimulated depolarization current (TSDC) method was
used to study the charge trapping and transport in the nano-
composites. The nanocomposite specimens were first heated up to 70
°C, and then a 3 kV mm™' DC electric field was applied for 20 min
under isothermal conditions. The samples were then cooled down to
—50 °C while the electric field was still on. Subsequently, the samples
were short-circuited and linearly heated up to 140 °C at 3 °C min™"
while the depolarization current was being measured by an ammeter.

2.6. Morphology and Crystallinity Analysis. Scanning electron
microscopy (SEM) was performed on the nanodielectric composites
by means of a Zeiss MERLIN HR-SEM to study the filler dispersion
and the polymer blend morphology. The silica size distribution was
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analyzed using open-source Image] software with Trainable Weka
Segmentation plugin.*® Differential scanning calorimetry (DSC) was
performed using a Netzsch DSC 214 Polyma. Samples were subjected
to two heating/cooling cycles, from —50 to 200 °C. The heating/
cooling rate was set at 3 °C min™", similar to the heating rate in
TSDC. This approach enabled us to compare the thermal transitions
and crystalline melting of the samples under similar dynamic heating
conditions as during the thermally stimulated depolarization measure-
ments.

3. RESULTS AND DISCUSSION
3.1. Characterization of Nanoparticles. The TGA

graphs depicted in Figure 2a,c show a higher mass loss for
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Figure 2. (a, c) TGA graphs for the modified silica samples compared
to the untreated silica and (b, d) TGA mass loss normalized to the
mass loss at 300 °C.

the modified silica samples compared to the unmodified
sample, indicating the successful treatment of the silica surface.
To compare the amount of grafted silane for different samples,
the TGA mass loss data was normalized against the value at
300 °C (Figure 2b,d).

The mass loss below 300 °C is related to the removal of
nonchemically bonded compounds and volatiles. On the one
hand, it can be seen that the mass loss ranges between 3.2 and
4.2% when the reaction takes place with no additional water in
the system. This indicates that the silanization reaction can
take place even in the absence of excess water’” because of the
self-catalyzing nature of APTES due to hydrogen bond
interactions of the amine moiety with the silanol groups on
the silica surface.*® It also seems, in this case, that the grafting
of the APTES is not significantly affected by the change in the
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reaction time or temperature. In the presence of excess water,
on the other hand, a higher value of weight loss, 6.4%, is
achieved for the samples modified for 24 h. However, with the
reaction time kept constant, no difference is observed in the
values of mass loss upon increasing the temperature. The
values of silane grafting density in mmol g™" silica, as shown in
Figure 3, can better demonstrate this observation. These values
are calculated based on the TGA, using eq 1
M, x (100 — AW)

mmol
g silica
(1)

where AW is the mass loss between 300 and 850 °C and M,, is
the molecular weight of APTES, 221.37 g mol™ L.

FTIR spectra of the modified silica nanoparticles also
confirm the chemical attachment of the APTES to the silica
surface. The spectra for all of the studied samples are shown in
Figure 4. The bands at 3300, 2850, and 1600 cm™! correspond
to N—H stretching, C—H stretching, and N—H bending,
respectively. This proves the presence of chemically bonded
APTES on the silica surface. The sharp band at 3700 cm™
(isolated —OH) and the broadband at 3500 cm™" representing
the free and intermolecular hydroxyl groups almost completely
vanished upon modification. This significant difference
indicates that the surface of the modified silica is less
hydrophilic and well covered by the chemically attached
silane-modifying agent.

The XPS spectra of silica sample 8 are shown in Figure Sa
along with the spectra from the untreated silica for comparison.
The emergence of the peaks corresponding to C 1s and N 1s in
sample 8 confirms the presence of APTES on the silica surface.
The small C 1s peak in the reference sample is present due to
contaminations or traces of carbon dioxide in the equipment
chamber. Elemental fine scans in Figure 5b indicate the atomic
environment and are dependent on the chemical bonds in the
film. As expected, the N 1s fine scan reveals that there are two
peaks at 398.2 and 401.3 eV, indicative of nitrogen bonded
with carbon and hydrogen, respectively. The C 1s scan also
exhibits two peaks at 284.8 and 286.0 eV. These peaks
represent two types of carbon bonds in the APTES film,
namely, C—C and C—N. Therefore, the XPS data also confirm
successful deposition of chemically bonded APTES on silica
nanoparticles.

Energy-filtered transmission electron microscopy (EFTEM)
was performed on the silica samples to analyze the silica
surface structure after modification via elemental mapping.
Carbon mapping of the modified silica in Figure 6 shows the
APTES propyl chain distributed along the surface where the
concentrated regions are indicative of APTES island growth on
the silica surface.

3.2. Characterization of PP/EOC/Silica Nanocompo-
sites. Treating the silica with APTES can result in less
hydrophilic nanoparticles. So, varying the grafting density of
APTES can affect the silica dispersion in the polymer matrix.
Therefore, filler dispersion in the nanocomposites with low
(NC_1 and NC_2) and high (NC_7 and NC_8) levels of
APTES grafting density was compared to NC_0 (with
unmodified silica) using SEM. The corresponding images are
depicted in Figure 7. It is observed that the polymer matrix
exhibits a well-distributed two-phase morphology: a well
dispersed sea—island structure with EOC elongated in the
direction of the flow. This sort of structure is usually observed

AW x 1000

APTES grafting density {
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Silica Sample 7

Silica Sample 8

Figure 6. EFTEM carbon mapping for silica samples 7 and 8.

in immiscible injection-molded polymer blends. When the
molten material enters the cavity in a parabolic profile, the
material in the front, undergoing considerable stretching, is
deposited on the wall as an immobile frozen layer.
Subsequently, as the rest of the molten material flows through
this envelope, the dispersed phase is elongated in the direction
of the flow.""** Despite the immiscibility, the blends of PP
with ethylene-based copolymers have been shown to have
superior dielectric breakdown strength compared to the each
base material.*> Therefore, the phase-separated morphology in
our studied nanocomposites is presumed to have no
deteriorating effect on the dielectric properties of the system.
The dispersion histograms in Figure 7 also shows that the
mean silica cluster size reduces from ca. 300 to 120 nm upon
modification of the nanoparticles. This indicates that
modifying the silica with APTES results in relatively better
dispersion of the nanoparticles. Moreover, to the extent SEM
can detect, different grafting densities do not significantly
influence the dispersion quality of the silica. This can be a side
effect of the polarity of the silane modifying agent. The silica
clusters are well distributed throughout the matrix, mostly
located in the PP phase. This phenomenon is also detected in
the DSC results, which will be discussed in the following
sections.

Dielectric properties in nanocomposite insulating materials
are highly influenced by the dynamics of interfacial interactions
in the system. These interactions can affect measurable
macroscopic properties such as permittivity and dielectric
loss. Therefore, BDS was applied to study the underlying
physics of the dielectric phenomena in our studied nano-
composites. Dielectric spectroscopy results are depicted in
Figure 8a—c, where real (&) and imaginary (¢,”) parts of the
relative permittivity as well as the loss tangent (tand) are
plotted against the frequencies of the applied field. Also, to
further realize the relaxation processes in the nanocomposites,
a Cole—Cole plot is shown in Figure 8d. In general, the
variations in €, €,”, and tan 6 with respect to the frequency are
determined by the dipolar molecular relaxations of the polymer
chains, filler, or any other species in the system, as well as the
interfacial polarizations (related to space charge relaxations),
depending on the frequency range. The dipolar relaxations are
mainly predominant at higher frequencies, whereas the
interfacial polarizations can be characterized in the low-
frequency range (usually below 1 Hz). Therefore, a broad
range of frequencies, 107>—10° Hz, was applied for the
permittivity measurements.

In Figure 8a, it is observed that the introduction of untreated
silica (NC_0) increases the permittivity at frequencies higher
than 1 Hz compared to the unfilled polymer (UP). This can be
a result of the adsorbed moisture on the silica, hydrogen
bonded to the silanol groups. A low grafting density of APTES
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Figure 7. SEM images of nanocomposites with untreated silica (NC_0), low (NC_1 and NC_2), and high (NC_7 and NC_8) APTES grafting
densities (top). Silica cluster size distribution histograms (bottom). A wide range of particle sizes are observed for NC_0 (mean: 297.7 nm),

whereas the modified samples exhibit a narrow distribution

(mean: 115 nm).

decreases this effect, resulting in a lower permittivity for NC_2

compared to NC_0. However, increasing the APTES

density (NC_7) leads to permittivity values even higher than
the nanocomposite with unmodified silica. This is due to the

grafting
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Figure 8. (a—c) Real and imaginary parts of permittivity as well as the loss tangent (tan &) plotted with respect to the frequencies and (d)

representative Cole—Cole plots for the studied dielectric systems.

presence of the grafted APTES oligomers on the silica,
contributing to the dipolar relaxations of the material. A
frequency-dependent behavior is observed in the real
permittivity characteristics, manifested as a steep increase at
low frequencies. This increase can be either due to polarization
of relatively bigger dipolar species (e.g, contaminations,
byproducts of filler modification, etc.), or occurrence of
Maxwell-Wagner or space charge polarizations.”* Another
indicator of space charge polarizations, in addition to the steep
increase in €/, is the emergence of relaxation peaks in ¢,” and
tan § characteristics of the material."® Since these measure-
ments are done at room temperature, no distinct relaxation
peak is observed in &,” or tan § (Figure 8b,c), as they would be
likely to appear at frequencies lower than the measurement
range. Nevertheless, an enhancement is observed in the
imaginary permittivity and the loss factor at low frequencies.
These combined trends of €/, €,”, and tan 6 suggest that there
can be an effect of DC conductivity and the occurrence of
space charge polarization in the studied systems. Interestingly,
the slope of these enhancements at low frequencies tends to be
lower for the nanocomposites compared to the base polymer.
The enhancement slope in ¢/, &”, and tand for the
nanocomposites tends to decrease further by increasing the
APTES grafting density to the point where only a marginal
increase is observed in case of NC_7 with high grafting
density. This suggests that the addition of nanoparticles and
the introduction of the amine functionality result in either a
reduction in the mobility of free polar species in the matrix
and/or a suppression in the interfacial polarizations in the
nanocomposites. The same trend can also be observed in the
Cole—Cole plot, as shown in Figure 8d. The lowering of the
slope in the low-frequency region, in case of the nano-
composites, can be an indication of a lower contribution of DC
conductivity in these systems,** which is more pronounced in
case of nanocomposites with APTES-modified silica.

Figure 9a,b shows the TSDC plots for the silica-filled NCs as
well as of the unfilled polymer (UP) as a reference along with
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trap level/density distribution calculated using a numerical
method presented by Tian et al.*’

Principally, the TSDC spectra represent the relaxation of the
polarized species as well as the accumulated space charge as a
result of the electric field. The peaks emerging at temperatures
above the glass transition of the semicrystalline polymers are
mainly attributed to the relaxation of the space charge trapped
at the interfaces. Upon softening/melting transitions, the
trapped charges can be stimulated, and as a result, a peak
appears in the current measured by the ammeter. To a first
approximation, the temperature and intensity of a TSDC peak
can be associated with the depth and density of charge traps,
respectively.

The spectra depicted in Figure 9ab indicate that by
incorporating the treated silica, the TSDC behavior becomes
more complex. It is observed that the main TSDC peak shifts
toward higher temperatures, indicating that the trap level
becomes deeper. In general, in case of samples with the amine
functionality on the silica surface, another TSDC peak emerges
at around 93-97 °C, being indicative of induction of a new
deep trap, while a small shoulder is observed around the same
temperature (~78 °C) as the main TSDC peaks of the
reference samples (UP and NC_0). Comparing NC 2 and
NC_7 with the lowest and the highest APTES grafting density
on silica, respectively, it can be observed that in case of NC 7,
the peak temperature of the TSDC peak is shifted to higher
temperatures (deeper trap level). This can result in lower
charge mobility in the composites. Moreover, the intensity of
the TSDC peak is seen to vary significantly depending on the
APTES grafting density, with some of the samples exhibiting a
reduction in the main TSDC peak intensity; this may be due to
(i) the density of the trap states being reduced or (ii) the space
charge distribution becoming more uniform in the nano-
composites. Figure 9c¢ shows the charging current behavior
during the isothermal poling phase for high and low grafting
density samples, compared to the references. While it is clear
that the polarization step is too short to reach steady-state DC
conduction in the reference samples, the transient current
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Figure 9. (a, b) TSDC spectra and MTSDC trap level distribution of injection-molded PP/EOC/silica nanocomposites as well as the unfilled
reference (UP) and (c) isothermal charging current density during the polarization phase.

densities demonstrate significant differences between the
samples. The nanocomposites containing modified nano-
particles show significantly lower current densities, and hence
lower apparent conductivity at the end of the poling phase
(1.26 X 1074, 8 x 107"%, 6.2 X 10753, 3.9 X 107* S m™! for
UP, NC_0, NC_2, and NC_7, respectively). Accordingly, as it
is also suggested by the BDS results, a lower effect of DC
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conductivity can be another reason for the reduction of the
main TSDC peak intensity of the modified samples.

It seems that the apparent depth and density of the traps are
not solely influenced by the amount of APTES on the silica
surface. This is first observed in the samples NC 1 to NC_4,
which contain silica particles with more or less similar APTES
grafting densities. The suppressed TSDC peak for NC_3 and
NC_4 can be due to the longer silica modification time, during
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Figure 10. DSC measurements: (a) melting, (b) crystallization curves of the nanocomposites, and (c) DSC parameters of selected nanocomposites.

which condensation of the APTES species is more susceptible.
NC 7 and NC_8 also behave differently in terms of TSDC,
even though they contain silica samples with similar APTES
grafting densities. In case of NC_7, the deep trap TSDC peak
intensity is lower compared to NC 8. The same can be
observed for samples NC_ S and NC_6. What differs in the
above-mentioned samples is the time and the temperature of
the modification reaction, which affects the morphology and
conformity of the deposited APTES layer. A possible
explanation for this is that the depth and density of the traps
are not only a function of the thickness of the silane layer, but
also of its morphology. On the one hand, differences in the
deposited APTES layer morphology can solely affect the trap
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depth and density. On the other hand, changes in the filler
surface morphology can affect the physical properties of the
compounds, e.g,, crystallization, which can further affect charge
trapping behavior of the system. Therefore, DSC measure-
ments are performed to analyze and compare melting and
crystallization processes in depth.

Melting and crystallization curves for the nanocomposites as
well as the unfilled blend are depicted in Figure 10. While no
noticeable difference is observed in the melting curves (Figure
10a), the crystallization curves (Figure 10b) show some
significant changes upon the incorporation of the nanoparticles
and changing the modification conditions. Surprisingly, it can
be seen that despite the expected nucleating effect of the
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nanoparticles,”’ the onset of crystallization shifts to a lower
temperature after addition of the untreated silica (NC_0).
This could be due to the adsorption of the polar antioxidants
on the silica surface, resulting in fewer nucleating sites in the
polymer matrix. This also results in less restriction for the
crystallites to grow, leading to a higher crystal content
compared to UP (see Figure 10c). After the silica surface is
treated, the onset of crystallization increases by 4—7 °C,
indicating that the deposited APTES layer facilitates
nucleation. This increase in the onset of crystallization,
however, is not to the same extent for all of the samples.
Figure 10c shows the DSC parameters for the nanocomposites
NC 5 to NC_8, samples with different APTES layer
morphologies. It can be seen that NC_S5 and NC_7 exhibit
higher crystallization onsets compared to NC_6 and NC_8.
This can be explained as follows.

Silica samples 5 and 7 are modified at room temperature,
whereas samples 6 and 8 are treated at 80 °C. At lower
reaction temperatures, the excess water in the reaction tends to
be adsorbed onto the silica surface due to its hydrophilicity.
Therefore, the condensation of the APTES and the silanization
reaction takes place at the silica surface. This would result in
formation of “island-like” structures of APTES on the silica.
While the presence of these APTES islands can further
contribute to the induction of deep traps,”® they can act as
individual nuclei, inducing interfacial crystallization.49’50 The
broadening that is observed in the NC_S and NC_7
crystallization curves can also be explained as nucleation and
transcrystallization at the silica/polymer interface emerging
from the island-like nuclei. While this phenomenon contributes
to increasing filler—polymer interactions,”’ the resulting
interfacial areas further decrease the space charge injection
due to their exposure to the amine functionality.

At elevated reaction temperatures, however, the water in the
system tends to desorb from the silica surface and enters the
solution medium.>* In this situation, the condensation of the
silane is more likely to happen before its attachment to the
silica. This would result in grafting of longer APTES chains to
the silica, which leads to a smoother silica surface morphology
exhibiting lower nucleation potential. It is also noteworthy that
these differences are only observed for the PP-phase
crystallization curve, suggesting that the nanoparticles are
mostly located in this phase rather than in EOC. This
observation is also in-line with the SEM images shown in
Figure 7.

4. CONCLUSIONS

Successful deposition of APTES on fumed silica nanoparticles
is confirmed by TGA, FTIR, and XPS test results. Different
modification conditions result in different levels of grafting
density as well as different APTES film morphologies. From
TSDC data, a substantial shift to higher energy levels and a
significant reduction in the intensity are observed for the space
charge relaxation peak. These observations, in conjunction
with BDS results, suggest that the presence of the amine
moiety at the filler—polymer interface induces deep trap states.
In this case, the deeply trapped charges hinder further injection
of space charges. The space charge injection, however, is not
only affected by the amount of deposited silane, but also by its
morphology. It is speculated that upon deposition of APTES
on silica, an island-like morphology can be formed on the
surface at lower modification temperatures when water is
present in the system. These “islands” can facilitate nucleation
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by acting as individual nuclei and inducing transcrystallization
at the filler—polymer interface. Moreover, the presence of
island-like structures on the silica surface would further
contribute to the induction of deep traps at the filler—polymer
interface, which results in the reduction of space charge
injection.
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