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Abstract— This paper presents space charge accumulation
characteristics of cable grade and capacitor grade nanostructured
polypropylene (PP) materials, providing initial results regarding the
electrical properties of nanofilled PP materials belonging to the
European project GRIDABLE. This project has the aim to develop DC
cable extruded insulation and MV and LV DC capacitor films having
enhanced performance with respect to presently used materials. The
paper shows that nanostructuration may be beneficial, especially at
higher temperature, to improve the capacitor-grade material

performance. On the other hand, this work validates the importance of

surface functionalization of nanofillers, leading to lower space charge
accumulation on DC cable-grade materials.
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L INTRODUCTION

The trend towards more environmentally compatible
electrical technologies is growing the investments in DC
electrical apparatus and relevant insulation systems. Focus is,
recently, on thermoplastic, thus recyclable, materials. Higher
operating electric fields and temperatures would be needed to
increase space factor in electrical apparatus design and
efficiency, besides specific power. This, however, will involve
improving short term and long term performance of the
insulating materials which can be used for DC applications. A
new European project called GRIDABLE (Polymer
Nanocomposite Insulation Material Enabling Integration of
Renewables and DC Storage Technologies in the AC Energy
Grid) was launched recently under the HORIZON 2020
framework funded by the European Community. Various
partners, from universities and research institutions to cable and
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capacitor manufactures are involved, having the aim to develop
a new generation of nanostructured polymeric materials suitable
for DC cables and capacitors. The aim of GRIDABLE is to
develop Polypropylene-based nanocomposites having proper
nanoparticle functionalization and dispersion, demonstrating the
improvements this novel material can bring to the state of the art
of DC cables and PP capacitors insulation. Under high DC
electric fields, the currently used XLPE insulation may
experience reliability issues related to the formation of space
charge, which can happen through slow charge injection and
transport, or through fast charge pulses [1], [2]. In addition,
XLPE is not recyclable and its processing can be energy
intensive and complex than other (thermoplastic) materials.
While the space charge phenomena can be possibly controlled
changing the morphology and crystallinity of the polymer, space
charge dispersion can be increased by grafting functional groups
onto the nanofiller particle surface, influencing charge mobility
through the introduction of low-energy trapping sites on the
interaction zones between the nanoparticle and the polymer
matrix [3]-[5]. Preliminary work, presented in this paper,
indicates that such objectives can be reached, upon proper
selection of the base PP and surface treatment of the nanofillers.
In the following, space charge test results supporting the
developments of the project will be discussed.

II.  ROLE OF SPACE CHARGE IN HVDC APPLICATIONS

The accumulation of space charge in electrical insulation has
been recognized to be a major aging factor in DC insulation [3]-
[5]. Even a moderate increase of electrical field inside the
insulation can significantly accelerate the local degradation
mechanism driven by electrical stress. Accumulation of space
charge can indeed distort and enhance the Laplacian electric



field distribution inside the insulation. This may bring the
maximum electric field amplitude to exceed the design field and
considerably shorten the life of the insulation system (even for
moderate field enhancements). This is easily demonstrated
introducing the relationship between life, L, and the electrical
stress, E, described by the inverse power life model (IPM)
[61.[7]:
E -n
LB =1y (5) @
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where n is the voltage endurance coefficient, E}, is design
field and Lj the corresponding life. Considering the large value
of n (between 15 and 20 at operating temperature, in DC, for
materials like XLPE or PP) a small variation of the electric field
can translate into a large variation of life by orders of magnitude,
e.g. an increase of electric field locally along the insulation
thickness of e.g. 10% can shorten life as much as 75% [8], [10].
Any material which has to be used as DC insulation, therefore,
needs to be characterized to be space charge free (or showing
very low amount of space charge) at the operating field and
temperature, and nanostructuration might help increasing field
and/or temperature above which space charge accumulation
becomes large enough to affect field profile and/or accelerate
local degradation mechanisms [6],[9].

III. MATERIAL SPECIFICATION AND COMPOUNDING

The base material chosen for this project is a thermoplastic
material, polypropylene (PP), having excellent electrical and
thermal properties for energy applications, and good potentiality
regarding mechanical properties, besides being completely
recyclable. The choice to add nanofillers, such as SiO2 with and
without functionalization, would fit to the objective to improve
electrical and thermal properties and reach higher design field
and temperature for the same life and reliability of the present
DC technology, that is, XLPE (cross-linked polyethylene) for
cables and PP for capacitors.

A. Capacitor-grade cast film materials

The capacitor grade cast films were produced of commercial
capacitor grade isotactic polypropylene homopolymer with 4.5
wt-% hydrophobic SiO2 nanoparticle addition and a suitable
antioxidant package in preventing oxidative polymer
degradation during melt processing. In addition, also an
otherwise similar reference cast film was produced without the
nanoparticles. The dispersion of the nanoparticles was analyzed
based on SEM/TEM microscopy and evaluated to be in general
at a good level, although a few agglomerates were observed.
More detailed manufacturing details are reported in [11]. The
thicknesses of the cast films were in the range of 500 pm.

B. Cable-grade materials

The cable compounds were mixed with a Kraussmaffei
Berstorff ZE 25/49D twin screw extruder and extrusion of on the
400-500 pm thick sample film was done by Brabender single
screw extruder in a soft wall clean room. The nanoparticles were
kept in an oven for 1.5 hours at 70°C and then additionally for
30 min at 70°C in vacuum to remove any potential moisture.

C. Surface functionalization of nanofillers

Nanoparticle surface functionalization is used as an effective
way to improve the dispersion of the filler and to establish a
strong bond between the polymer and the silica and improve the
dielectric properties of the insulation system [12,13]. In this
study, the silica surface was treated following two different
techniques, briefly described in this section. The first
functionalized silica batch was prepared with an organosilane as
the modifying agent. However, the chosen organosilane contains
an amine moiety which is likely to induce deep charge traps in
the cable insulation system. The process of silica surface
treatment was done in a glass reactor containing the silica
particles, 20 w% organosilane relative to the silica amount, and
0,1 w% water in a toluene medium at 100°C for 24h.
Subsequently, in order to dry the extracted modified silica
particles, they were placed in a vacuum oven at 80°C for 24h.
The second modified silica batch was prepared using a dry
processing method at room temperature for 24 hours. A
modifying agent was added to to fumed silica in an alkaline
environment in a sealed glass container. The modifying agent
was chosen as it is expected to hydrophobize the silica surface
and to achieve higher interactions between the filler particles and
the PP matrix. The extraction and drying procedures were
carried out the same way as mentioned above.

IV. SPACE CHARGE MEASUREMENTS

Space charge measurements were carried out for both cable
and capacitor grade samples by the Pulsed Electro-Acoustic
(PEA) method, utilizing 10 ns pulses with an intensity of 300 V.
The acoustic signal is collected by a 9 pm thick PVDF
piezoelectric and amplified by an amplifier cascade. The thin
film system amplifier has a -3 dB bandwidth of 250 MHz. These
features resulted in a spatial resolution of few tens of
micrometers. Calibration of the system is made after 10 s from
polarization of the sample, through the following equations:

E@) = N p(gz)dz

;p = €Epc

where E(z) and p(z) are the electric field and the charge
density in the thickness of the specimen, € is the permittivity of
the specimens tested and Ep; and p are the theoretical electric
field and surface charge density when no space charge is
accumulated in the sample. Stored charge density at a specific
field and depolarization time, q(E,t), derived from the space
charge profile measurements, as follows:

L
q(E,t):%”qp (E,x,t)dx|
0

where 0 and L denote the electrodes positions and
qp (E, x,t) is the space charge profile for a given poling field E.
Space charge measurements were conducted on cast capacitor
grade films and extruded cable grade samples after a
conditioning period at 60°C under vacuum for 72 hours.
Polarization time (when DC voltage is applied) was 10400 s,
followed by 3600 seconds of depolarization (when DC voltage
is absent). A mechanical switch was used to short the sample in
the beginning of the depolarization. Tests were done at 60°C, in
a controlled environment, with fields of 50 kV/mm, to obtain



indications about performances of those materials under fields
exceeding the threshold conditions for space charge
accumulation. The chosen stress is well within the operating
conditions of HVDC cable materials, while it is much lower than
the design for metallized-film capacitors. However, a previous
study [15] showed how results of PEA measurements on thick
cast films can be in agreement with results obtained with design
fields on thin films samples of the same nature.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Capacitor grade materials

Figures 1A and 1B show the charge accumulation patterns
for capacitor-grade cast film materials, without and with
nanofiller. The effect given by the introduction of a 4.5%-wt of
nanofiller is highlighted in Figures 1A and 1B. During
polarization at 60°C the PEA system measures a rising trend of
charge accumulation for the non-filled material (Figure 1C),
while this is less distinct in the filled material (Figure 1D). This
is an interesting difference, since it is a clear suggestion that
while the filled material has a lower tendency to increase the
amount of stored charge over time. Indeed, as can be seen in
Figs. 1E and 1F, nanofilled materials show higher mobilities
(lower trap depth distributions) than the reference (this is shown
and modelled in [14]). This is an important characteristic for
HVDC materials, since higher charge mobility or lower trap
depth distribution contributes to a quicker stored charge
removal, therefore a lower field enhancement in the case of
polarity inversion and quicker restoration of the material natural
charge neutrality.

3 &
o Deconvoluted signal [C/m’] o [cim’)

s
1 B|
4
e 5 3
1 e
1
it o
3
2 2
a
1
"
s

2000 4000 €000 G000 10000 12000 14000
& Time [s]
Injected charge [CIm3]

‘Sample thickness [m]

0 2000 4000 6000 8000 10000 12000
Time s

Injected charge [CIm3]

1D

Charge [C/m3]
Charge [CIm3]

0
0 D 4000 600 G000 10000 f2000 1400 5 P e i
Time [s) s

. sy o b s
00 B0 ANl M ZA) 30 2oL 400 &0 500 0 50 100 150 200 250 300 30 400 450 500

Depolarizationtime [s]

Depolarizationtime [s]

Fig. 1. - Charge patterns, accumulated charge plots and apparent mobility
plots for capacitor grade materials (A,C,E: non filled; B,D,F: filled).
Depolarization periods starts in correspondence with the red line.
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Fig.2. A: XLPE charge accumulation pattern showing heterocharge
accumulation when tested at 50 kV/mm, 60°C. B: XLPE charge accumulation
plot under the same conditions. Depolarization periods starts in correspondence
with the red line.
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Fig. 3. Charge accumulation plots for two polymeric matrix compositions (A
and B) with different filling percentages under 50 kV/mm poling field at 60°C.
Depolarization periods starts in correspondence with the green line.

B. Cable grade materials

1) Reference XLPE performance

Since materials being developed by the GRIDABLE project
aim at the technological improvement of the state of the art, that
is XLPE, this paragraph briefly describes which is the
benchmark provided by this widely used material. As it can be
seen from Figure 2, XLPE exhibits a significant heterocharge
accumulation at 50kV/mm, which is, however, two to three
times larger than the normally-used design field. After 10400 s
of polarization, an accumulation of 3.2 C/m? is measured.
Calculations on the charge depolarization trends set an apparent
mobility of 5 - 10-13 m?/V s (see [12, 13]).

2) PP and effect of different filler concentration

Figure 3 shows the effect of rising concentration of
nanofiller in two different PP-based cable-grade materials under
a poling field of 50 kV/mm, having two different base material
blends and different nanofiller con concentration. As can be
seen, an increase of bulk space charge at the poling field level is
observed as the nanofiller concentration increases from 1%-wt
to 4.5%-wt. It seems that for the used nanofiller and a given
functionalization process, higher concentration of filler (4.5%-
wt) increases the amount of accumulated charge. In fact, lower
nanofiller concentration, i.e. 1%-wt, shows improved space
charge characteristics, reducing the amount of stored charge
after three hours of polarization from 5.5 C/m? to 2.5 C/m® for
materials from the first polymeric matrix, and from 6.2 C/m? to
1.7 C/m? for the ones from the second polymeric base. In the
case of second matrix composition filled with 1%-wt of filler, no
positive slow charge packets crossing the insulation is observed.
This may contribute to the reduction of the maximum field
enhancement measured with such material. Similarly to the
previous discussion regarding capacitor-grade materials, such



results suggest a modification of the trap depths. Calculations on
apparent mobility derived from the depolarization trends show
that shallower traps are found for materials loaded with a 1%-wt
filler. Again, this is an important characteristic for DC cable
materials, since lower trap depth distribution contributes to a
quicker stored charge removal and restoration of the material
natural charge neutrality (which is beneficial, in particular, in
case of voltage polarity inversion). Another important result
arises from the comparison with the reference XLPE
performance. PP-based materials with the composition B feature
a sensible improvement regarding space charge accumulation,
when the proper filler percentage is introduced.

3) Effect of different filler functionalization

Figure 4 shows the effect on space charge patterns of the two
different nanofiller functionalization processes described above.
The base polymers investigated are the same introduced above,
with a filling percentage of 1%-wt. It can be noticed that a
reduction of space charge accumulation is found in specimen
whose filler went through functionalization with polar
compounds (method 1). The second treatment (method 2) bring
to the presence of both positive and negative charge packets
crossing the insulation and eventually settling at the
insulation/electrode interface, causing local field enhancement.
Indeed, at the end of the polarization period, local fields of up to
79 kV/mm are experienced by materials when no functional
groups are induced onto the surface of the filler, while
functionalizing it with the first method up to 61 kV/mm are
experienced, and 65 kV/mm with the second method. The better
performance of polar functionalization comes out also by higher
apparent mobilities in depolarization. Trapped charge is
released, in fact, more rapidly with functionalization method A,
and the percentage of residual charge after 1800 s of
depolarization is generally lower than for B.

VI. CONCLUSIONS

In spite of the project being just at the beginning, interesting
results have been obtained already, indicating that thermoplastic
insulation technology can be beneficial for DC apparatus in
energy assets. There is a clear indication that the use of nanofiller
can lead to cable designs featuring higher electric fields and
temperatures, compared to the present solution. There are,
however, also potential critical issues related to techniques for
nanofiller functionalization and weigth percentage.
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Fig. 4. Charge accumulation for two polymeric matrix compositions (A and
B) with the same content of filler (1%-wt) and different surface
functionalization methods, under 50 kV/mm poling field at 60°C.
Depolarization periods starts in correspondence with the green line
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