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  Abstract- A novel hybrid approach for surface modification of 
nano-silica for polyolefin-based dielectric composites is 
presented. A fumed nano-silica was modified with long 
oligomeric chains of a liquid rubber, connected via urethane 
bonds to the silica surface increasing the compatibility with the 
matrix. Additionally, a secondary amino-silane was grafted in 
order to alter the charge trapping properties of the silica. The 
long oligomeric chains provide good dispersibility of the nano-
silica in polypropylene/poly(ethylene-co-octene) (PP/POE) 
blends, while the functional urethane group along with a 
secondary amino-silane affected the charge trapping properties 
of the nano-composites by reducing the charge traps density and 
simultaneously increasing their depth. Scanning Electron 
Microscopy along with Differential Scanning Calorimetry 
revealed that the silica is preferably located in the PP phase, most 
likely due to its lower viscosity in comparison to POE. The silica 
particles exhibit a nucleating effect visible in a noticeable 
increase of the crystallization temperature of the PP phase, 
especially when the silica surface treatment is performed. 

I.    INTRODUCTION

Recent studies show that incorporation of nano-fillers into 
polymer dielectric materials can result in a noticeable 
improvement of their properties [1]. It is considered that the 
large interfacial area introduced by the nano-filler addition [2] 
as well as its surface modification [3] play an important role in 
improving the electric properties of polymer dielectric 
composites. In our previous study we investigated the 
influence of surface silanization of nano-silica on the charge 
trapping properties of dielectric nanocomposites based on 
polypropylene-blends [4, 5]. The study revealed that 
application of modified nano-silica containing functional 
chemical groups with a covalently bound nitrogen atom 
(amine, urethane) suppresses the charge trap density while 
simultaneously increasing their depth. Such a behavior can 
lead to reduction of space charge accumulation, since the 
amount of trapping sites in the composites decreases and the 
energetic state of the charge transportation increases. 
However, as the functional groups containing a nitrogen atom 
exhibit a polar nature, this negatively impacts the nano-silica 
dispersion in the non-polar polymer matrices commonly used 
for cable insulator manufacturing.

In this study, a hybrid approach for nano-silica surface 
functionalization, in order to overcome this disadvantage, was 
explored. A relatively high molecular weight oligomer (liquid 
rubber) was grafted onto the nano-silica surface via urethane 
bonds using an isocyanate-functionalized silane. The oligomer 
molecular structure is very similar to the polyolefin 
macromolecules to improve the silica dispersibility, whereas 
the isocyanate group is considered to be able to tailor the 
charge trapping properties. Additionally, a low molecular 
amino-silane was used to further impact the charge trapping 
performance of the dielectric nano-composites. 

II.   Experimental Work

Fumed silica Aerosil 200 (Evonik Industries, Germany) was 
selected for this study as the functional nano-filler. Hydroxyl-
terminated hydrogenated polybutadiene rubber oligomer (Ho-
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Japan) was used as a compatibilizing agent for the silica. The 
oligomer was grafted onto the silica surface via pre-
modification with 3-isocyanatopropyltriethoxysilane (abcr, 
Germany). The reaction is depicted in Fig. 1. The Ho-BR and 
the silane were mixed together in a glass bottle, which was 
closed afterwards and placed in a laboratory oven heated up to 
80 °C for 24 hours.

Fig 1. Scheme of the Ho-BR reaction with 3-
isocyanatopropyltriethoxysilane. 
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The liquid rubber modification was confirmed by Fourier 
Transform Infrared Spectroscopy (FTIR, Perkin Elmer –
Spectrum 100) by detecting the newly formed urethane bond 
(1715-1735 cm-1) [6] (Fig. 2 (a)). This compatibilizer was 
placed together with the silica in a round-bottom glass flask in 
the presence of toluene (BOOM B. V.), which served as a 
solvent for this modification. The flask was heated up in an oil 
bath to 110°C, and the modification was carried out for 24 h. 
After the oligomer grafting, the modified silica was purified 
by Soxhlet extraction and underwent a secondary modification 
with (3-aminopropyl)triethoxysilane (APTES) (Millipore-
Sigma) following the same procedure. The quantitative 
analysis of the silica modification was done using 
Thermogravimetric Analysis (TGA – TA Instruments) TA 550 
device operating in synthetic air atmosphere with a heating 
rate of 20 °C/min from room temperature to 700 °C. 

The modified and unmodified (reference) silicas were 
incorporated (1 wt.% or 4.5 wt.%) into the PP/POE blend 
using a twin-screw mini extruder and shaped into plates of 26 
x 26 x 0.5 mm by injection molding. The prepared PP/POE 
composites were further analyzed by Thermally Stimulated
Depolarization Current (TSDC) to investigate their charge 
trapping properties. The current poling was done at 70 °C in a 
3 kV/mm field. Afterwards the samples were cooled down to 
-50 °C and the thermally stimulated current was measured at a 
heating rate of 3 °C/min. Differential Scanning Calorimetry 
(DSC) was performed to investigate the crystallization 
behavior of the composites in conditions similar to the TSDC 
test in nitrogen atmosphere with a heating/cooling rate of 3 
°C/min. The silica dispersibility in the PP/POE matrix was 
investigated by a Scanning Electron Microscope Zeiss 
MERLIN HR-SEM. The samples cross-sections were prepared 
by breaking in liquid nitrogen and not surface-coated in order 
to preserve the delicate features of the surface.

III.   Results and Discussion

The silica surface modification was confirmed by FTIR 
analysis of the silica showing bands at 2853 cm-1 and 2926 
cm-1 originating from symmetric and antisymmetric stretching 
of >CH2 groups respectively, and a band at 2962 cm-1 from 
antisymmetric stretching of –CH3 groups (Fig. 2 (b)) [7]. 

Fig 2. FTIR analysis of the product of Ho-BR modification with the silane (a) 
and silica surface functionalization by the oligomer and APTES (b). 

Based on the TGA results the total amount of surface 
deposition equals to 6.3 wt.% and consists of 4.5 wt.% of the 
modified Ho-BR and 1.8 wt.% of APTES (Fig. 3).

Fig 3. TGA curves of the reference and modified silica with Ho-BR in the first 
modification step and APTES in the second one.

The TSDC results revealed a significant impact of the silica 
surface modification on the charge trapping properties of the 
nano-composites. The TSDC peaks are originated from the 
charges released from the samples by thermal stimulation. The 
charges are trapped during the current poling phase in internal 
trapping sites and require additional energy to be released 
(heat – in case of the TSDC method). The trapping sites are 
mostly located in the internal interfacial areas between 
different polymers, crystalline-amorphous regions and nano-
filler-polymer interphase. Thus a surface functionalization of 
nano-silica can alter significantly the charge trapping 
properties of a nano-dielectrics [8]. Addition of only 1 wt.% of 
the modified silica resulted in a noticeable increase of the 
charge trap depth, shifting the maximum of the TSDC peak by 
ca. 5 °C to higher temperatures (Fig. 4a). A much more 
significant effect is visible when 4.5 wt.% of the nano-silica 
was added. In this case, even addition of unmodified silica 
resulted in a very significant reduction of the charge trap 
density and increase of their depth. While incorporation of the 
modified silica reduced the amount of charge trapping sites to 
a very large extent, which can be seen more precisely in the 
logarithmic plot (Fig. 4b). These results are in line with our 
previous study showing a significant interfacial effect of 
amine- and urethane-groups on the composite charge trapping 
properties [4, 5, 8]. However, in this case the presence of the 
large oligomer molecules also assures better dispersibility of 
the nano-silica in the PP/POE matrix (Fig. 5).  
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Fig 4. TSDC curves of the unfilled sample (PP/POE) and samples filled with 1 
or 4.5 wt.% of unmodified or modified silicas (b) – Y-axis in logarithmic 

scale to enhance the visibility of the depolarized current signals.

Altering the charge trap density and depth can be an useful 
tool for tailoring the dielectric properties of the insulation 
materials. For example, by increasing the trap depth it is 
possible to capture travelling charges directly after injection, 
which would result in formation of an electric field on the 
material surface that can suppress further charge injection [9].

The nano-filler dispersibility is a crucial factor influencing 
the properties of nano-composites. Limited dispersibility of a 
nano-filler in a dielectric material can cause a local field 
distortion, which could lead to a reduction of the dielectric 
breakdown strength [10]. Therefore, good dispersion of nano-
fillers is one of the crucial goals during the nano-composite 
preparation. To achieve this, the nano-silica surface was 
covered with long oligomeric brushes with chemical structure 
and surface energy very similar to the ones of the PP/POE 
matrix polymers. Due to these similarities, a relatively high 
homogeneity of the nano-silica was achieved (Fig. 5). The 
micro-morphological analysis of the composites show that the 
PP/POE matrix consists of two clearly separated polymer 
phases with uniformly distributed nano-silica aggregates. The 
nano-silica is preferably located in one polymeric phase that 
exhibits a smooth cross-section surface. Although in general 
the dispersion and distribution of nano-silica is good, 
��	���	����	�
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5, 6 – white circle). Their presence though does not initiate 
formation of micro-air-voids around them during processing, 

thus it is not very critical in terms of the dielectric breakdown 
strength performance of the composite. Instead, the 
polymer/agglomerate interphase seems to exhibit relatively 
good adhesion since their interphase do not contain any visible 
discontinuities, even though some micro-air-voids are present 
(dark circular areas), but not in vicinity of the silica clusters. 
The formation of the residual agglomerates might be due to 
insufficient oligomer deposition (4.5 wt.%, Fig. 3). This yield 
may be increased by application of catalysts during 
silanization which facilitate hydrolysis of the alkoxy-groups of 
a silane leading to formation of more reactive silanol groups. 
One group of catalysts are amines [11] which interact with the 
alkoxy groups via hydrogen bonds resulting in faster 
hydrolysis. Therefore the secondary amino-silane used in this 
study can be considered for this purpose, as it is reported that 
it exhibits a significant self-condensation catalytic effect [12]. 
This could be an aim for the further study.

Fig 5. SEM picture of the PP/POE composite filled with 1 wt.% of modified 
silica, showing uniformly dispersed and distributed nano-silica with an 
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Fig 6. SEM pictures of the PP/POE composite filled with 4.5 wt.% of 
modified silica.
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Fig. 7. DSC crystallization curves of the samples.

A DSC study performed on the composite samples revealed 
two distinguished crystallization peaks corresponding to the 
POE (at lower temperature) and PP (at higher temperature) 
phases (Fig. 7). POE is a copolymer containing PE segments 
that are able to crystallize and thus give a visible signal during 
the DSC test. It was observed that incorporation of silica 
increases the crystallization temperature of the PP phase 
noticeably, while the PE segments were not affected by the 
silica addition. This is in line with the SEM results suggesting 
preferential location of the silica in the PP phase. The silica 
particles serve as crystallization nucleating agents, thus 
increasing the crystallization temperature. Such behavior was 
previously observed and presented in the literature [8]. The 
crystallization temperature shift is exclusively related to the 
PP/silica interfacial properties showing that the surface 
modification improved the nucleation performance of the 
silica – the crystallization peak temperature of the PP shifted 
from 105 °C to 111 °C after addition of the unmodified silica 
and to 114 °C as a result of incorporation of the surface 
modified silica. This can be explained by better interfacial 
compatibility of the modified silica and PP resulting from the 
surface functionalization with the grafted long oligomer chains 
of the liquid rubber. 

IV.   Conclusions

A successful surface modification of fumed nano-silica was 
performed by hydroxyl-terminated hydrogenated liquid 
butadiene rubber oligomer, which was grafted via urethane 
bonds with an isocyanate functionalized silane. A secondary 
amino silane was co-grafted in order to achieve a hybrid 
surface-structure consisting of long oligomer chains 
compatibilizing the silica with the polymer matrix, and 
functional groups (amine-, urethane-) that strongly alter the 
charge trapping properties of the composites. The modified 
silica exhibits good dispersibility in the polymer matrix, 
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Addition of 1 wt.% of the modified silica visibly increased the 
charge trap depth in comparison to the reference samples, 
whereas increasing its load to 4.5 wt.% resulted in a very 
significant reduction of the trap density and increase of their 
depth. The silica is preferably located in the PP phase, which 
is most likely related to lower melt-viscosity of the PP phase 

compared to POE during composite compounding and 
processing. Application of the hybrid modification system 
seems to be a promising approach to simultaneously 
compatibilize nano-silica with a polyolefin matrix and alter 
the charge trapping properties of the dielectric composites.
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