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Incorporating inorganic nanoparticles (NPs) into polymer matrices provides a promising solution
for suppressing space charge effects that can lead to premature failure of electrical insulation used
in high voltage direct current engineering. However, realizing homogeneous NP dispersion is a
great challenge especially in high-molecular-weight polymers. Here, we address this issue in
crosslinked polyethylene by grafting matrix-compatible polymer brushes onto spherical colloidal
SiO2 NPs (10–15 nm diameter) to obtain a uniform NP dispersion, thus achieving enhanced space
charge suppression, improved DC breakdown strength, and restricted internal field distortion
(!10.6%) over a wide range of external DC fields from "30 kV/mm to "100 kV/mm at room temperature. The NP dispersion state is the key to ensuring an optimized distribution of deep trapping
sites. A well-dispersed system provides sufficient charge trapping sites and shows better performance compared to ones with large aggregates. This surface ligand strategy is attractive for future
nano-modification of many engineering insulating polymers. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979107]
Currently, developing high-performance insulating
materials for high voltage direct current (HVDC) applications is still a challenge because of space charge injection
and accumulation effects. Crosslinked polyethylene (XLPE)
is one of the most common and basic insulating polymers
used in HV extruded power cables but encounters severe
space charge problems under DC conditions due to its high
volume resistivity and low carrier mobility.1 This issue has
stimulated investigations into minimizing space charge
effects via modifications of the metal/polymer interface and
bulk polymer properties.2–4 Inorganic nanoparticles (NPs)
are widely utilized to fabricate polymer nanocomposites
(NCs) and nanofillers are believed to provide carrier trapping sites which decrease the overall energy of the carriers
and increase the breakdown strength (BDS).5,6 To achieve
optimized properties, the fillers must be well dispersed.
However, despite some success in creating improved nanodielectrics by treating NPs with small-molecular coupling
agents,7–9 agglomeration often occurs.10 To improve the NP
dispersion, surface ligand engineering of both the enthalpic
and entropic compatibility with the matrix is required.11,12
In this letter, we report the fabrication of a polymer-brushgrafted SiO2/XLPE nanocomposite system with homogeneous NP dispersion and the microscopic mechanism of
suppression of space charge and internal field distortion
over a wide range of external DC fields.
Low-density polyethylene (LDPE, CAS 9002-88-4) and
dicumyl peroxide (DCP, CAS 80-43-3) were purchased from
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Sigma Aldrich. Spherical colloidal SiO2 NPs (10–15 nm
diameter, MEK-ST) were from Nissan Chemical Industries.
Reversible addition-fragmentation transfer (RAFT) polymerization was adopted to synthesize poly(stearl methacrylate)
(PSMA) brushes on the surface of SiO2 NPs. The activation
of RAFT chain-transfer agents and the synthesis of PSMA
brushes were reported in detail previously.13,14 The average
molecular weight (45 kg/mol) and the graft density (0.04
chain/nm2) of PSMA brushes were estimated via gel permeation chromatography and thermogravimetic analysis
(TGA), respectively.15 Free-PSMA chains (69 kg/mol) were
also synthesized as a reference. XLPE and XLPE composite
films were prepared by compression molding. Briefly, a
nanoparticle solution was premixed with LDPE pellets at
1500 rpm for 5 min and then the solvent was removed under
a coarse vacuum. Subsequently, melt mixing using a Thermo
Haake PolyDrive was conducted at 145 # C for 10 min. DCP
(2 wt. %) was then added into the mixture at 115 # C for
another 5 min. Crosslinking and compression molding were
carried out at 180 # C and 15 MPa for 15 min. The obtained
films with a thickness of $300 lm were used for space
charge measurements, and those with $100 lm were used
for DC breakdown strength (BDS) and thermally stimulated
depolarization
current
(TSC)
measurements.
For
comparison, Free-PSMA chains, with the same weight percentage as that of PSMA brushes grafted on SiO2 NPs, were
added to the XLPE matrix, and as-received unmodified SiO2
(denoted as UN-SiO2) NPs were mixed using the same procedure. Four groups were prepared in total, denoted as
XLPE, UN-SiO2/XLPE, Free-PSMA/XLPE, and PSMASiO2/XLPE. All film samples were annealed in a vacuum at
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70 # C for 24 h, which reduces any volatile component to a
negligible level.
Fig. 1(a) presents TGA studies which revealed that
PSMA chains decompose at 300–500 # C and occupied
$50 wt. % of the PSMA-SiO2 NPs. Fig. 1(b) shows Fourier
transform infrared spectra (FTIR) evidence of grafting of
PSMA brushes on SiO2 NPs. The absorption bands at
1628 cm"1 were assigned to hydroxyl (O"H) bending vibration. The broad absorptions at 1000–1200 cm"1 and 802 cm"1
were assigned to Si"O stretching vibration. In comparison to
UN-SiO2 NPs, new absorption peaks, i.e., 2924 cm"1 and
2855 cm"1 (C"H stretching vibration), 1733 cm"1(C¼O
bending vibration), and 1465 cm"1(C"H bending vibration),
appeared in PSMA-SiO2 NPs, which are consistent with those
in the FTIR spectrum of Free-PSMA chains. Figs. 1(c) and
1(d) provide transmission electron microscopy (TEM) observations of NP dispersion to demonstrate the effectiveness of
the RAFT polymer-brush-grafting strategy. In Fig. 1(c),
severe lm-level agglomerates formed which could be related
to the core-core van der Waals attraction of the nanofillers.10
On the contrary, PSMA-SiO2 NPs (see white circles in Fig.
1(d)) exhibited relatively homogeneous distribution of small
agglomerates (smaller than 100 nm), which indicates an
increase in interfacial volume.
Space charge distribution under "30 kV/mm was examined using a pulsed electro-acoustic method at room temperature (RT) shown in Fig. 2. Immediately after polarization,
net positive charges were observed in all samples with a
decrease in the positive net charge on the anode.12,16 After
being polarized for 30 min in XLPE (see Fig. 2(a)), net positive charge is distributed across the sample. $7 C/m3 of positive carriers advanced and accumulated in the bulk of
UN-SiO2/XLPE NCs. In contrast, Free-PSMA/XLPE composites show a smaller quantity of positive carriers and
$1 C/m3 of positive carriers gradually accumulated near the
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cathode during polarization. However, there is no detectable
charge in the bulk of PSMA-SiO2/XLPE NCs after 60 min.
To further demonstrate the ability of the nanocomposites
to suppress space charge, a "100 kV/mm field was applied,
which was high enough to trigger the critical onset field for
charge packets,17 and the resulting 2-D space charge patterns
are presented in Fig. 3. It must be emphasized that crosslinking byproducts and other volatile chemicals can be ruled
out by degassing and thus the space charge behavior can
be explained in terms of the physical nature of XLPE and
XLPE composites. A positive charge packet of $50 C/m3
was generated in XLPE and slowed down during the 60 min
transit across the insulation with carrier mobilities ranging
from $1.7 & 10"15 to $1.0 & 10"16 m2/(V s), which agrees
well with previous reports.18 A smaller positive charge
packet formed in UN-SiO2/XLPE NCs as well, but slowly
moved a distance of $50 lm. As for Free-PSMA/XLPE
in Fig. 3(c), bipolar charge injection and transport were
observed initially, followed by the appearance of a negative
charge packet which transited and recombined with positive
carriers near the anode. In the well-dispersed system (see
Fig. 3(d)), penetration of both positive and negative space
charge was suppressed, and almost no net charge appears in
the bulk.19
It is argued here that both positive carrier transport and
negative carrier transport are present in the neat XLPE, but
the net charge in the bulk is positive. PSMA alone is likely
to introduce some chemical defects, e.g., its carbonyl (C¼O)
group, acting as trapping sites, and is able to suppress the
positive carrier transport.20,21 This explains why under high
fields when the electron transport starts to become more significant, the net charge in the Free-PSMA/XLPE becomes
negative, as shown in Fig. 3(c). On the other hand, FreePSMA can provide traps for both positive carriers and electrons from its surface states, but good dispersion is critical to

FIG. 1. (a) TGA curves, (b) FTIR
spectra, and (c) and (d) are TEM
images of UN-SiO2/XLPE and PSMASiO2/XLPE NCs, respectively.
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FIG. 2. Space charge distribution under
"30 kV/mm in (a) XLPE, (b) UN-SiO2/
XLPE, (c) Free-PSMA/XLPE, and (d)
PSMA-SiO2/XLPE. [AL: aluminum;
and SC: semiconductive layer.]

ensure that charges are trapped near the electrode and do not
go into the bulk, as shown in Fig. 3(d). TSC measurements
were conducted to compare the charge trapping ability of
XLPE and XLPE composites, and Fig. 3(e) shows typical
TSC spectra. Samples were first polarized under 30 kV/mm
at 50 # C for 20 min, and then rapidly cooled down to "70 # C
and shorted for 3 min. Afterwards, the temperature was

linearly increased with a ramp rate of 5 # C/min. As a widely
used semi-crystalline polymer, XLPE has a relatively weak
spherulite structure and consists of lamellar stacks compared
to the structure of LDPE. The amorphous space accommodates chain branches and ends, cross-linking sites, short
polymer chains, etc., and forms physical defects which
strongly influence the charge transport process.22 The TSC

FIG. 3. 2-D space charge patterns under
"100 kV/mm in (a) XLPE, (b) UNSiO2/XLPE, (c) Free-PSMA/XLPE, and
(d) PSMA-SiO2/XLPE. (e) TSC spectra.
(f) Weibull distribution of DC breakdown strength.

132903-4

Zhang et al.

Appl. Phys. Lett. 110, 132903 (2017)

a substantial suppression of space charge over a wide range
of external DC fields. The relatively uniform NP dispersion
state contributes to an increase in interfacial volume and a
significant increase in deep trapping sites. The efficient
charge trapping ensures that most charges are trapped near
the injecting electrode and the field distortion is greatly alleviated. Free-PSMA chains also provide some trapping sites
for positive carriers. Our findings support the use of a surface
ligand strategy as an effective mean for creating high performance nanodielectrics.

FIG. 4. Maximum internal field distortion under external DC electric fields.

curve of the PSMA-SiO2/XLPE system showed an exponential growth with the temperature and reached 12.7 pA at
90 # C due to traps in the interfacial region and an increase in
the NP-matrix interfacial volume. Furthermore, the large
TSC in the well-dispersed system at higher temperature suggests that the newly introduced chemical defects act as deep
trapping sites.23,24 The TSC profile of the highly agglomerated system is very similar or slightly higher compared to
the neat XLPE. This result reveals again that distribution of
NPs, even as small agglomerates (less than 100 nm) is of
critical significance to the ability to suppress space charge
for XLPE insulation. Furthermore, the DC breakdown test
was carried out with ball-plane electrodes according to
International Electrotechnical Commission (IEC) standard
60243-2: 2001 and DC BDS was assessed by the twoparameter Weibull distribution in Fig. 3(f). The results indicate that the agglomerated UN-SiO2/XLPE system had the
lowest breakdown strength, and the relatively well-dispersed
system outperformed neat XLPE. Moreover, the addition of
Free-PSMA chains did enhance the DC BDS.
Fig. 4 presents the maximum internal field distortion
which was deduced from space charge profiles within 60 min
at RT. It is clearly shown that neat XLPE encountered a
severely increasing trend of field distortion, e.g., 91.6% under
"75 kV/mm, due to dramatic charge evolution. Incorporating
UN-SiO2 NPs into XLPE could provide improvement in field
distortion but the agglomerates are defects and lead to lower
breakdown strengths (see Fig. 3(f)). The Free-PSMA/XLPE
group had a better performance than UN-SiO2/XLPE NCs in
terms of the field distortion, which could be related to the
introduction of new trapping sites. In particular, the maximum
internal field distortion of PSMA-SiO2/XLPE NCs was only
9.5% even under "100 kV/mm and less than 10.6% over a
wide range of DC fields from "30 kV/mm to "100 kV/mm,
which shows tremendous potential for improving HVDC
power cable insulation.
In summary, we utilized a surface initiated RAFT
approach to prepare matrix-compatible PSMA-brush-grafted
SiO2/XLPE NCs with relatively uniform NP distribution of
small agglomerates (smaller than 100 nm) and thus achieved
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