
281

Silica Functionalization: How Does it Affect Space 
Charge Accumulation in Nanodielectrics Under DC?
Amirhossein Mahtabani1, Ilkka Rytöluoto2,3, Rafal Anyszka1 , Eetta Saarimäki3, Xiaozhen He1, Kari Lahti2, Mika 

Paajanen3, Wilma Dierkes1, Anke Blume1

1 University of Twente, Faculty of Engineering Technology, Department of Mechanics of Solids, Surfaces & Systems (MS3), 
Chair of Elastomer Technology and Engineering, Enschede, The Netherlands

2 Tampere University, High Voltage Engineering, Tampere, Finland
3 VTT Technical Research Centre of Finland Ltd, Tampere, Finland

a.mahtabani@utwente.nl

   
Abstract- Functionalization of silica nanoparticles with polar 

aminosilane and its effect on space charge accumulation under 
high voltage direct current (DC) was studied in polypropylene 
(PP)/ Ethylene-Octene Copolymer (EOC) /silica nanodielectrics. 
The modification reaction conditions were varied in order to 
alter the deposited layer grafting density and morphology, and 
hence, the filler-polymer interfacial properties. The effect of this 
alteration was then studied on the space charge accumulation
under a high DC field as one of the most important properties to 
tune for HVDC cable insulation systems. The chemical 
modification of the silica surface was first confirmed via 
Thermogravimetric Analysis (TGA) and Fourier Transform IR 
Spectroscopy (FTIR). Differential Scanning Calorimetry (DSC)
was performed on the nanocomposites to study the effect of the 
nano-engineered interfacial areas on nucleation and crystal 
formation. The effect of the amine functional groups on the 
charge carrier trapping and transport in this insulation system
was studied via Thermally Stimulated Depolarization Current 
(TSDC) method.
It was argued that the amine functionality on the silica surface
can induce deep trap states at the filler-polymer interfaces, and 
hinder further injection of the space charge. Under certain
modification conditions, the aminosilane can form “island-like” 
structures on the silica surface. These islands can both facilitate 
nucleation, inducing transcrystallization at the filler-polymer 
interface, and further contribute to the induction of deep traps 
which result in reduction of space charge accumulation in the 
nanodielectric. 

I.    INTRODUCTION

Incorporating nanoparticles in dielectric materials in order to 
improve their insulating properties has been studied in the 
literature [1-4]. The resulted improvements are argued to be
mostly due to the high interfacial area implemented by 
incorporation of nanofillers in the polymeric matrix [5] as well 
as alteration of the properties of the polymer/filler interface 
[6]. Changing the type and surface characteristics of the filler 
leads to alteration of the polymer/filler interface. This can 
influence crystallinity [7], filler dispersion [1], molecular 
mobility [8] and entanglement density [9]. Therefore, 
chemical and morphological properties of the nanoparticles’ 
surface  can have great influence on the dielectric properties of 
the nanocomposites [10]. In case of nanoparticles with 
chemically active surfaces, it is possible to substitute their

existing chemical structure with certain functionalities tailored 
for a specific application.
In this study, fumed silica nanoparticles were treated using 3-
aminopropyltriethoxysilane (APTES), which is polar, and 
compounded with PP/EOC polymer blend as the matrix. A
range of conditions were utilized for the modification reaction 
to control the trap states and ultimately the space charge 
injection. Firstly, the modification of silica is tested with
Thermogravimetric Analysis (TGA) and Fourier Transform 
Infrared (FTIR). Subsequently, the effect of silica 
functionalization is studied on the charge trapping behavior of 
the nanocomposites using Thermally Stimulated 
Depolarization Current (TSDC). Also, the crystallinity of the 
nanocomposites were studied by Differential Scanning 
Calorimetry (DSC).

II.   Experimental Work

Fumed silica, AEROSIL 200 with high purity and low 
moisture content, was selected for this study. The silica 
surface modification was carried out via the state-of-the-art 
solution method using 3-aminopropyltriethoxysilane (APTES) 
as the modifying agent (Sigma Alrdrich, 99%). The 
modification was carried out in a glass round bottom flask, 
immersed in an oil heating bath, equipped with a mechanical 
stirrer, cooler and thermometer. Temperature, time and 
amount of added water to the reaction were varied to control 
the grafting density and the morphology of the silane on the 
silica (Table I). Silica, silane and additional water were mixed 
with toluene (98% purity) as the liquid medium of the 
reaction. The nanocomposites (NC), based on polypropylene/
ethylene-octene copolymer (PP/EOC) blends filled with 
surface modified silica nanoparticles were prepared by 
addition of 1 w% of the silica as well as an antioxidant 
package to the polymer matrix in a twin-screw micro extruder, 
and then, injection into a square mold using a mini-injection 
molding machine. The dimensions of the mold were 
26x26x0.5 mm.

Thermogravimetric Analysis (TGA) was done on the 
treated silica in order to quantify the amount of grafted 
precursor on the surface. This involved heating up the silica 
samples from 30 °C to 850 °C in air atmosphere with a rate of 
20 °C/min while monitoring the mass loss of the sample. The 
mass loss between 300 and 850 °C can be attributed to thermal 
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decomposition of APTES chemically bonded to the silica 
surface [11]. Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) was performed to study the functional 
groups on the silica after modification, using a Perkin Elmer 
Spectrum 100 with a diffuse reflectance accessory. Thermally 
Stimulated Depolarization Current (TSDC) measurements 
were carried out in order to study the charge trapping behavior 
of the nanocomposites. Au electrodes (100 nm thick) were 
deposited on both sides of the injection molded samples by e-
beam evaporation under high vacuum. The TSDC method
includes heating up the sample to 70 °C and subjecting it to a 
3 kV/mm DC electric field for 20 minutes under isothermal 
conditions. Then, cooling ����� ��� �	
� ��� �hile the 
polarization voltage was still on. Subsequently, the samples 
were short-circuited and linearly heated up to 140 °C at 
3 °C/min, while the depolarization current being measured by 
an ammeter. Differential Scanning Calorimetry (DSC) was 
performed using a Netzsch DSC 214 Polyma. Samples were 
subjected to two heating/cooling cycles, from -50 °C to 
200°C. The heating/cooling rate was set at 3°C/min, similar to 
the heating rate in TSDC.

TABLE I
Reaction conditions utilized for modification of the silica nanoparticles

III.   Results and Discussion

The TGA graphs depicted in Fig. 1 show higher values of
mass loss for the treated silica compared to the reference 
sample 0, which is an indication of the successful modification 
of the silica surface. Firstly, it is observed that the range of
mass loss lies between 3.2% to 4.2% in case of the reactions
with no additional water (Fig.1 a). This is an indication that 
the silanization reaction is feasible even in the absence of 
excess water [12]. This can be explained by the self-catalyzing 
nature of APTES due to hydrogen bond interactions of the 
amine moiety with the silanol groups on silica surface [13].
Also, without water, the grafting of the APTES appears not to 
be significantly affected by the change in the reaction time or 
temperature as the differences are less than 1% of weight loss.
In the presence of water, however, 6.4% of weight loss is 
achieved for the samples modified for 24 hours (Fig.1 b). With
the reaction time kept constant, temperature seems not to have 
any effect on the APTES grafting density.

Fig 1. TGA graphs (normalized to the mass loss at 300°C) for the modified 
silica samples compared to the untreated silica. a: without water, b: with 

water. 

FTIR spectra for samples 0 to 4 are presented in Fig. 2. The N-
H stretching, C-H stretching and N-H bending bands at 3300
cm-1, 2850 cm-1 and 1600 cm-1, respectively, represent the 
chemical structure APTES on the silica surface. The isolated 
Si–OH groups represented by the sharp band at 3700 cm-1 and 
the free and intermolecular hydroxyl groups indicated by the 
broad band at 3500 cm-1 are almost completely disappeared
after the surface treatment. This significant change indicates
that the silica surface becomes less hydrophilic by coverage of
the chemically attached APTES modifying agent.
Fig. 3 shows the TSDC plots of all the silica filled 
nanocomposites as well as of the unfilled polymer (UP) as a 
secondary reference along with trap level/density distributions
calculated using a numerical method presented by Tian et al. 
[14]. For most semi-crystalline and non-polar polymers such 
as PP, the high temperature TSDC spectrum above the glass 
transition temperature is mainly associated with the relaxation 
of trapped space charge. It is also remarked that this high-
temperature space charge relaxation can be influenced by 
thermal transitions (such as softening/melting) of a single 
phase in immiscible polymer blend systems. To a first 
approximation, the TSDC peak temperature and intensity can 
be attributed to the depth and density of charge traps,
respectively, as is done in the following analysis.

The results in Fig. 3 indicate that upon incorporation of the 
treated nanosilica, the TSDC spectra become more complex 
and that a significant shift of the main TSDC peak towards 
higher temperatures occurs, being indicative of the trap level 
becoming deeper.

Sample 
Number

Temperature 
(°C)

Time 
(hour)

Added 
Water 
(gram)

0 Untreated Silica

W/O
Water

1 20 1 0
2 80 1 0
3 20 24 0
4 80 24 0

W/
Water

5 20 1 1.8
6 80 1 1.8
7 20 24 1.8
8 80 24 1.8

a b
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Fig 2. FTIR spectra of the untreated and treated silica samples

For the samples with the amine functionality on the filler 
surface, a new TSDC peak emerges in the 93–97 °C range, 
being indicative of a new deep trap, while a small shoulder is 
observed close to the temperature of the main TSDC peaks of
UP and NC_0. NC_7 with the highest APTES grafting 
density, exhibits a significant shift of the peak temperature to 
higher temperatures (deeper trap level), compared to NC_2 
with the lowest silane grafting density. This can lower the
mobility of the charge carriers in the nanocomposites. 
Moreover, the APTES grafting density seems to have a 
significant effect on reducing the intensity of the TSDC peak.
This may be related to (i) reduction of the density of the trap 
states, or (ii) more uniform distribution of the space charge in 

the specimen, hence leading to a smaller measurable external 
current in the TSDC experiment.
However, it seems that the APTES grafting density is not the 
only factor influencing the apparent depth and density of the 
traps. This can be observed when comparing samples NC_1 to
NC_4, containing silica particles with similar APTES grafting 
densities.
NC_7 and NC_8 also have different behaviors in terms of 
TSDC, while they contain silica with similar amounts of
APTES on the surface. for NC_7, the space charge relaxation 
peak intensity is lower compared to NC_8. The same is
observed for NC_5 and NC_6. The difference in the above 
samples is the time and the temperature of the modification 
reaction, which can affect the morphology of the grafted
APTES layer. On the one hand, different APTES 
morphologies can solely affect the trap depth and density at 
the filler-polymer interfaces. On the other hand, different filler 
surface morphologies can lead to changes in physical 
properties of the nanocomposites e.g. crystallization. This too,
can affect the charge trapping behavior of the system. 
Therefore, DSC was utilized to study and compare the 
crystalline structures in depth.

Fig 4. Crystallization curves of the nanocomposites 0 to 4 as well as the 
unfilled blend (samples without water) 

The non-isothermal crystallization curves for the 
nanocomposites as well as the unfilled blend are shown in Fig.
4 and 5. It is observed that despite the expected nucleating 
effect of the silica nanoparticles, the crystallization onset shifts 
to a lower temperature after incorporation of the unmodified
silica (NC_0). This can be because of adsorption of the polar 
antioxidant package to the silica surface resulting in fewer 
nucleation centers in the polymer matrix.

Upon silica functionalization, the onset of crystallization 
increases by 4-7 °C. This indicates that the APTES 
modification facilitates nucleation. This increase in the onset 
of crystallization, however, is not to the same extent for all the 
samples: it can be seen that NC_5 and NC_7 exhibit higher 
crystallization onsets as well as a shoulder in the curve
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 
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room temperature, the water in the solution tends to be 
adsorbed onto the nanoparticles hydrophilic surface. As a 
result, the silanization reaction and the APTES condensation
takes place on the silica surface, mostly where the water is 
adsorbed. This would result in “island-like” growth of APTES 
on the silica. The APTES islands can both contribute to the 
induction of deep traps [15], and act as individual nuclei, 
inducing crystallization at the filler-polymer interface [16, 17].
Accordingly, the shoulder observed in the NC_5 and NC_7 
crystallization curves can be due to nucleation and 
transcrystallization at the interfaces emerging from the island-
like nuclei. It is argued that the transcrystalline structures are 
prone to increasing filler-polymer interactions [18]. Moreover,
the interfacial areas resulted from this phenomenon, can
further decrease the space charge injection as they are exposed 
to the amine functional groups on the silica (see NC_5 and 
NC_7 in Fig.3).

Fig 5. Crystallization curves of the nanocomposites 5 to 8 as well as the 
unfilled blend (samples with water)

When the silanization takes place at elevated temperatures, 
however, the water in the solution is prone to desorbing from 
the silica surface and entering the solution medium [19]. In 
this case, the APTES condensation is more susceptible to 
occur in the solution, before attachment to the silica. This can
result in longer APTES chains grafted onto the silica leading
to a smoother APTES layer morphology, hence, lower 
nucleating potential. It is also noteworthy that these 
differences are only observed in the crystallization curve of 
PP, which suggests that the PP phase contains most of the
nanoparticles rather than the EOC phase.

IV.   CONCLUSIONS

Chemical modification of silica nanoparticles with 
aminosilane APTES was studied. Different modification 
conditions led to different grafting densities as well as 
different APTES layer morphologies. The TSDC results 
suggested that the space charge relaxation peak undergoes a
significant shift to higher temperatures and a noticeable

reduction in intensity, upon incorporation of the treated silica.
This showed that the amine moiety at the filler-polymer 
interface is susceptible to inducing deep trap states. The deep 
trapped charges can hinder further injection of space charges. 
The amount of deposited silane, however, is not the only 
factor affecting space charge injection. It was argued that 
different morphologies of the deposited APTES layer can alter 
the filler-polymer interfacial properties. It was speculated that
at lower modification temperatures and in the presence of 
water, APTES can form an “island-like” morphology on the
silica surface. While these “islands” can contribute to
nucleation and induce transcrystallization at the filler-polymer 
interface, they can induce more deep trap states in the 
insulation system. Both these phenomena would decrease the 
space charge injection into the nanodielectric.
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