
Fundamentals of Polyethylene 
Composites for HVDC Cable 
Insulation – Interfaces and 
Charge Carriers 

Mattias Karlsson 

 
 
 
 
Academic Dissertation which, with due permission of the KTH Royal Institute of Technology,  
is submitted for public defence for the Degree of Doctor of Philosophy on Wednesday the 26th  
August 2020, at 10:00 a.m. in F3, Lindstedtsvägen 26, Stockholm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Doctoral Thesis in Fibre and Polymer Science 
KTH Royal Institute of Technology  
Stockholm, Sweden 2020  



 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Mattias Karlsson 
 
ISBN: 978-91-7873-547-1 
TRITA-CBH-FOU-2020:27 
 
Printed by: Universitetsservice US-AB, Sweden 2020 



 III 

 

Dedicated to my family 

 



 IV 

Abstract 

Power transmission over long distances by using high voltage direct current 
(HVDC) cables is important for the transition from fossil energy to using renewable 
energy sources, e.g. wind, solar and water. Higher operating voltages enable longer 
transmission lines but better insulation materials with a much lower conductivity 
than today´s crosslinked polyethylene (PE) are required to reach the goal of 1 MV 
by 2030. Nanocomposites consisting of small fractions of metal oxide 
nanoparticles in PE are promising insulation materials, showing ca. 100 times 
lower conductivity. The reasons for the better insulating properties are however not 
fully understood.  

The properties of PE and inorganic nanoparticles were studied in this project to 
evaluate the influence of different material parameters on the conductivity of the 
cable insulation material. For pristine PE, the polymer morphology and oxidation 
were found to have a significant impact on the conductivity. For PE 
nanocomposites, the particle/polymer interface was shown to adsorb polar 
molecules, which are present in PE cable insulation. A suggested hypothesis is that 
the adsorption on particle surfaces results in cleaning of the bulk polymer from 
impurities, which in turn contributes to decreased nanocomposite conductivity. 
Since the particle interface is believed to be decisive for the nanocomposite 
properties, the role of particle terminations was investigated in detail. Oxygen 
dominated particle terminations resulted in 2 times higher composite conductivity 
than with zinc dominated surfaces, while fully oxygen covered surfaces showed 10 
times higher conductivity. Composite systems with micro-sized particles allowed 
for evaluating parameters independently, which is not possible for 
nanocomposites. Terminations of ‘PE-like’ hydrocarbon chains lowered the 
conductivity and these trends could also be transferred to similar zinc oxide 
nanocomposite systems. 

Keywords: polyethylene, nanocomposites, HVDC, conductivity, metal oxide, 
nanoparticles and surface functionality 
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Sammanfattning 

Distribution av elektrisk energi över långa avstånd genom att använda högspänd 
likström (HVDC) blir allt viktigare för att ställa om till en förnyelsebar 
energiproduktion (t.ex. solkraft, vindkraft och vattenkraft). Med ökad 
driftspänning kan längre kabelsystem användas på grund av minskade förluster, 
men detta ställer högre krav på isoleringsmaterialet. Nya koncept med bättre 
isolerande egenskaper (t.ex. lägre konduktivitet) än dagens tvärbundna polyeten 
(PE) måste utvecklas för att kunna uppnå målet med en driftspänning på 1 MV till 
2030. Kompositer bestående av nanopartiklar i PE är ett lovande alternativ som är 
ca. 100 gånger mer isolerande än PE men kunskapen om varför kompositer 
uppvisar bättre isolerande egenskaper är inte komplett.  

Egenskaper hos PE och inorganiska nanopartiklar studeras i detta projekt för att 
utvärdera vilken betydelse olika parametrar har för DC konduktiviteten. För ren PE 
så påverkade polymerens morfologi och oxidation konduktiviteten signifikant. För 
nanokompositer är gränsytan mellan partikel och polymer viktig för kompositens 
egenskaper och det visades att polära molekyler som finns i kabelisolering av PE 
adsorberades på partikelytorna. Det föreslogs att adsorptionen bidrar till en renare 
polymer i kompositerna, vilket i sin tur minskar konduktiviteten. Termineringar på 
zinkoxidpartiklar undersöktes i detalj och partiklar med en majoritet av syre på 
ytan ökade kompositens konduktivitet 2 gånger jämfört med dominerande 
termineringar av zink. Ytor helt täckta av syre ökade konduktiviteten 10 gånger. 
Påverkan av funktionaliteten på partikelytan kunde studeras oberoende av andra 
parametrar genom att använda större mikropartiklar, vilket inte är möjligt för 
nanopartiklar. Slutsatsen att partikelytor med kolväten som liknar PE sänkte 
konduktiviteten jämfört med syredominerande ytor kunde även bekräftas för 
kompositer med nanopartiklar. 

Nyckelord: polyeten, nanokompositer, HVDC, konduktivitet, metalloxider, 
nanopartiklar och ytfunktionalitet 
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1. PURPOSE OF THE STUDY 

Power transmission over long distances with tolerable losses is important for the 
transition to renewable energy sources with the aim of carbon free energy 
production, and also for more efficient and flexible energy distribution. Power 
transmission using high voltage direct current (HVDC) cables is the most feasible 
alternative over long distances. Thus, this technology will be an important 
contribution in the future to comply with several of the goals from the United 
Nations (UN) for sustainable development. Goal No. 7 regarding clean and 
affordable energy is essential for this application. Reliable cable system solutions 
along with protection and control systems will be a vital part of a more 
interconnected grid that can secure a reliable supply of energy from renewable 
energy sources.1 Targets within this goal include to ensure reliable and modern 
energy services, increase the share of renewable energy, improve the energy 
efficiency and enhance international cooperation towards development in energy 
infrastructure and clean energy technology. This goal from the UN regarding clean 
energy is very important to achieve because it will have direct impact on other 
sustainable development goals. Universal access of renewable energy and increased 
energy efficiency will contribute to goal No. 13 from the UN about preventing 
climate change and its impacts.  

Extruded cable insulation is more desirable than mass impregnated solutions, due 
to both environmental and for several other advantageous aspects.2 The electrical 
insulation capacity of the material is a key factor to enable longer cable links with 
lower losses by increasing the operating voltage.3 The manufacture of as pure 
semicrystalline insulation material as possible has so far been able to increase the 
voltage rating of commercially available HVDC cables up to 640 kV, since the first 
implemented link in 1999.4, 5 Polyethylene (PE) after crosslinking for sufficient 
thermal stability has been the most common extruded insulation material used. 
The development of composite dielectric formulations by addition of nano-sized 
particles to the pristine polymer have been shown to be a promising alternative for 
the next generation HVDC cables.6 However, key parameters to improve and 
control the electrical insulating properties are not well understood. This is 
important to take the concept from laboratory scale attempts to large-scale 
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production and commercial implementation. Fundamental aspects of composite 
materials based on low-density polyethylene (LDPE) and inorganic metal oxide 
nanoparticles are, therefore, investigated in this thesis. 
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2. INTRODUCTION 

2.1 Power transmission 

Electrical power distribution over long distances is important for society today. The 
transition to using renewable energy sources for a sustainable carbon footprint 
within the near future will require electricity highways over long distances.1 Hydro, 
wind and solar powerplants are often located far away from the demand. Electrical 
power transmission can be performed using overhead lines or underground/subsea 
cables. Traditionally, alternating current (AC) has been used for both types of 
power transmission.2 However, high voltage alternating current (HVAC) cables 
have higher energy losses for a given conductor current compared to HVDC cables 
and there is a limitation in the transmission distance due to high capacitive 
currents.2 Power transmission using HVDC cable systems are economically feasible 
for cable lines longer than a break-even distance, with the advantage of no 
theoretical limit of the cable length.2 HVDC is particularly useful for extended 
underground/subsea cables, bridging countries and continents, and in densely 
populated areas. The dominating HVDC cable insulation materials have been based 
on paper/oil. Extruded thermoplastics as cable insulation was introduced in 
Sweden from the mainland to the island of Gotland in 1999, which was the first 
HVDC cable system in the world with a semicrystalline insulation material of 
crosslinked polyethylene (XLPE).1, 2, 5 There are several motivations for a transition 
to extruded cable insulation including lighter cables, easier to joint cables and 
higher operating temperatures.2  

2.2 HVDC power transmission – a larger perspective 

The operating voltage of the commercially available extruded HVDC cable systems 
has continuously been increased from 80 kV up to 640 kV in 2017, which enables 
longer transmission distances and higher power ratings.4 The HVDC cable lines in 
use today are relatively few compared to what is required to create a supergrid of 
HVDC lines.1 A probable development of HVDC systems was reported by MacLeod 
et al.1 in the review paper from CIGRÉ “A technological roadmap for the 
development of an European supergrid”. Individual countries could benefit from a 
more flexible and efficient energy supply by interconnection to a supergrid. Several 
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different types of HVDC cable systems will be important for the development of a 
supergrid, including overhead transmission lines (OHTL) and underground/subsea 
cables using either mass impregnated polypropylene laminated paper (MI-PPLP) 
or extruded XLPE as insulation material. It is desirable to build HVDC OHTL (500 
kV) using existing HVAC OHTL routes for minimal impact on populated areas and 
the landscape. MI-PPLP can be operated at 80 °C and is predicted to be used at 
higher voltages than that of extruded XLPE insulation until 2030. Probable 
increases in voltage by 2030 are >600 kV for the former and >525 kV for the latter. 
This will constitute the backbone of the supergrid with power ratings above 2-3 
GW. It should be noted that this is predicted for routine implementation and use of 
the cable systems, which require operation experience and long-term assessment. 
This is predicted to be obtained within 10 years for the 640 kV HVDC cables using 
XLPE insulation that is commercially available today.1 However, extruded 
thermoplastic insulation will become more competitive and has the advantage of 
lower environmental impact. The development of new insulation materials with 
addition of nano-sized particles may contribute to more competitive extruded 
XLPE cable insulation. The main limitation for reaching higher transmission 
voltages is the dielectric properties of the insulating material, while other 
limitations include the long-term performance of cables at higher operating 
voltages and operational experience at higher voltages of implemented HVDC 
links.1, 3 The evolution of the majority of point-to-point HVDC links today into a 
supergrid is also highly dependent on regulations and technical guidelines for the 
design and operation of power systems.1  
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Figure 1. HVDC cable from NKT rated for an operation voltage of 640 kV.7 

2.3 HVDC cables 

Figure 1 shows the composition of a 640 kV HVDC cable with a conductor of 
aluminum. A semiconductive layer is placed on the conductor to obtain sufficient 
adhesion to the insulation material, which will prevent air gaps. This thinner layer 
is often based on the same polymer as the thicker insulation layer but with the 
addition of carbon black to obtain a resistivity of around 100-1000 Ω m. A similar 
thin layer is also placed on the outside of the insulation material and these three 
layers are deposited in a single extrusion process. A metallic screen made of copper 
wires that confines the electric field to the cable insulation can be seen in Figure 1. 
An extruded sheath of lead is commonly used for undersea cables to prevent any 
water absorption. There are also several protective layers on top of the metal screen 
including hygroscopic materials, thermoplastic sheath, armoring and external 
sheath. The specific materials and composition of the outer layers vary between 
land and undersea cables to meet the requirements of laying, using and even 
retrieving the cable if necessary.2   

2.4 Nanocomposite insulation materials 

Future HVDC cable development involves new material formulations to replace the 
XLPE layer, which is the most common extruded insulation material today. Several 
aspects must be considered for the development of new insulation materials, e.g. 
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dielectric properties (low conductivity, low space charge accumulation and high 
breakdown strength), long-term performance, robustness/reproducibility and 
environmental aspects.6, 8, 9 Robustness and reproducibility mean easy 
processability and consistency in the production of the material, which is vital since 
electrical degradation and failure is often initiated at weak points in the material.3, 

10 Environmental aspects include considering the sustainability during the 
production of material components, e.g. synthesis of nanoparticles for composites. 
The recyclability of cable systems should also be considered during HVDC cable 
development.11 

Nanodielectrics consist of a polymer and nano-sized fillers to create a very large 
interface between particles and polymer in the composite material.12 The choice of 
polymer matrix and nanoparticles can provide a variety of different composite 
materials. In addition, the particles are usually surface modified with a coating 
containing terminating functional groups compatible with the often hydrophobic 
polymers to provide a good particle dispersion.13 Many nanocomposites have 
shown to be very promising in research with significantly improved dielectric 
properties (i.e. electrical insulating properties) compared to the pristine polymer, 
as well as compared to composites with larger micro-sized particles.6, 14 In spite of 
the reported promising insulating characteristics, large-scale development and 
commercial implementation have been scarce. This may be attributed to the 
relatively poor understanding of the composites, which consist of at least two 
components (i.e. polymer and particles) in addition to additives required for the 
production and the long-term performance.2 A demanding challenge is to disperse 
the nano-sized particles to avoid association into agglomerates.8 Identification of 
key features of the composite components are important to obtain highly 
reproducible material properties, for the industry to tailor the design of cable 
insulation and to understand the improved dielectric properties as well as their 
long-term behavior. Nanodielectrics based on LDPE will only be considered in this 
thesis solely to investigate a composite system as simple as possible in the absence 
of impurities from the crosslinking process. 
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2.5 Nanoparticles 

Nanoparticles as fillers in insulating composites have received a lot of attention 
since the concept of nanodielectrics was introduced by Lewis in 1994.12 The 
definition of a nanoparticle is that at least one of the dimensions is below 100 nm, a 
condition which most metal oxide particles for insulating nanocomposites fulfill 
nowadays.15 However, the size distribution can vary significantly and should be 
characterized. Organic nanoparticles such as graphene and carbon black are also 
relevant for HVDC cables. Field grading materials with a high filler loading (e.g. 
graphene-based fillers) close to the percolation threshold are insulating at low 
electric fields but conductive at high electric fields and can be used in HVDC cable 
accessories.16 The motivation for a decrease in particle dimensions is the enormous 
area of particle/polymer interface that can be obtained, even with a low particle 
loading.17 Nanodielectrics with a low particle loading (few wt%) have been reported 
to decrease the conductivity by 1-2 orders of magnitude compared to that of the 
pristine LDPE.14, 18, 19 However, inconsistencies have also been reported.8 The issue 
of different degrees of particle dispersion within the composites, which depends on 
many aspects including the particle size, surface functionality and compounding, 
may cause large scatter of electrical properties.  

2.6 Surface modifications 

Metal oxide nanoparticles can easily be synthesized by wet precipitation through 
condensation reactions using only metal salts at supersaturated conditions.20 
However, the surface of the particles produced contains hydroxyl groups, which 
make them hydrophilic. This is in contrast to many polymer matrices including PE, 
which are hydrophobic. Surface modifications are commonly used to adapt the 
compatibility of the particle surface to the polymer matrix, which is a desirable 
contribution to the already difficult task of dispersing the nano-sized fillers without 
agglomeration. Coatings can be applied by condensation reactions using silane 
monomers, which are commercially available with a variety of functional groups.21 
Another reason for surface modification can be to incorporate specific particle 
surface terminations to tune the desired properties of the particles and the 
composites.    
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Figure 2. Illustration of hydrolysis of a silane molecule followed by deposition on a particle 
surface by condensation reactions. The pendant group ‘R’ of the silane is often a 
hydrocarbon tail with hydrophobic functionality to make the particle compatible with PE.   

Figure 2 illustrates the scheme of surface modification by condensation reactions 
with silane chemistry using the hydroxyl groups that are naturally available on the 
particle surface. The coating reactions are based on the Stöber process22, which was 
discovered in 1968, to obtain silica nanoparticles with uniform size by hydrolysis of 
tetraethoxysilane (TEOS) in an alcohol/water mixture followed by condensation 
reactions into a crosslinked network. The rate of the hydrolysis and the 
condensation reactions can be tuned by suitable solvent ratios along with precursor 
concentrations to favor deposition on the particle surface and prevent 
polymerization into silica particles.21 Advantages with this method are up-scaling 
possibilities and the absence of surfactants. 

2.7 Electrical characterization of insulation materials 

The main characterization techniques used for HVDC cable insulation materials are 
conductivity, space charge and breakdown measurements. This thesis is focused on 
the conductivity of the investigated materials, which in literature has been the most 
rarely reported characterization techniques of the three.23 

The conductivity of the material can be estimated by measuring the leakage current 
through the material by applying a high electric field. A practical problem is the 
absence of a constant current corresponding to the DC conductivity, even after very 
long measurements.24 Thus, reported absolute values can vary dependent on when 
the current to calculate the conductivity is obtained. A relative comparison of the 
conductivity of composite materials to that of the pristine polymer reference using 
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the same sample preparation procedure is commonly used to evaluate the 
insulation performance of new material formulations. The principle of measuring 
the leakage current is simple using a high voltage supply, three-electrode setup and 
an electrometer (see Figure 3). The electrode system is equipped with a guard 
electrode surrounding the sensing electrode to only obtain the leakage current 
through the material. The small magnitude of the measured currents down to 
picoamperes is the difficulty of this characterization technique. Other 
complications are the influence of several parameters (e.g. thermal history and 
particle dispersion) on the measured current.  

Figure 3. Illustration of the three-electrode system seen from a cross-section with the high 
voltage (HV) electrode at the bottom. The outer guard electrode and the inner sensing 
electrode is placed on top of the polymer sample.   

Charge carriers can originate from the dielectric material (e.g. ionization of 
impurities) or be injected from the electrodes at high electric fields. The charges 
can be trapped at localized energy states resulting in space charge accumulation. 
Trapping, de-trapping and charge transport occur in the bulk of the insulator. The 
energy required to remove the charge carrier from a trap determines the trap depth 
and the residence time. The space charge profile along the thickness of the sample 
can be characterized with several methods that were developed over recent 
decades, and which are presented in detail by Mazzanti and Marzinotto.2 Space 
charges can alter the local electric field, which may result in insulation failure due 



 

 10 

to initiation of breakdown. The breakdown strength of the dielectric material is a 
measure of how high an electric field the material can tolerate, and it can have 
different origins (e.g. electronic, electromechanical and thermal).10   



 

 11 

3. EXPERIMENTAL 

3.1 Materials 

2-propanol (CAS: 67-63-0, ≥99.5%, VWR), acetone (CAS: 67-64-1, ≥99.5%, Fischer 
Scientific), acetophenone (CAS: 98-86-2, 99%, Sigma Aldrich), ammonium 
hydroxide (CAS: 1336-21-6, 28-30 %, Sigma Aldrich), aluminum oxide 
nanoparticles (CAS: 1344-28-1, Nanodur, Nanophase Inc.), ethanol (CAS: 64-17-5, 
≥96%, VWR), Irganox 1076 (CAS: 2082-79-3, Ciba Specialty Chemicals), limonene 
(CAS: 5989-27-5, 97%, Sigma Aldrich), magnesium chloride hexahydrate 
(MgCl2·6H2O, ≥99%, Sigma Aldrich), MilliQ water ('Type 1', following ISO 3696 
and ASTM D1193-91, 18.2 MΩ cm at 25 °C), molecular sieves 4A (CAS: 70955-01-0, 
8-12 mesh, Sigma Aldrich), n-heptane (CAS: 142-82-5, ≥99%, VWR),  
octyl(triethoxy)silane (CAS: 2943-75-1, ≥98%, Sigma Aldrich), orthophosphoric 
acid (CAS: 7664-38-2, 85%, VWR), p-xylene (CAS: 106-42-3, ≥99%, Sigma 
Aldrich), potassium permanganate (CAS:10294-64-1, ≥99%, VWR), sulfuric acid 
(CAS: 7664-93-9, 95-98%, Sigma Aldrich), sodium bromide (CAS: 7647-15-6, 
≥99%, Sigma Aldrich), sodium citrate dihydrate (Na3C6H5O7·2H2O, ≥99%, Alca), 
sodium hydroxide (CAS: 1310-73-2, ≥98%, Sigma Aldrich), tetraethoxysilane (CAS: 
78-10-4, ≥98%, Sigma-Aldrich), zinc acetate dihydrate (CAS: 5970-45-6, 
(Zn(CH3COO)2·2H2O, ≥99%, Sigma Aldrich) and zinc nitrate hexahydrate (CAS: 
10196-18-6, Zn(NO3)2·6H2O, ≥98%, Sigma Aldrich) were used as received. Low-
density polyethylene was provided by Borealis. 

3.2 Inorganic particles 

3.2.1 Synthesis 

All zinc oxide (ZnO) particles were synthesized by water-based wet precipitation, 
and different particle morphologies were obtained using different zinc salt 
precursors, temperatures and reactant ratios.20, 25, 26 Rod-shaped ZnO particles 
were synthesized by adding an aqueous sodium hydroxide solution (4 M, 250 mL, 
23 °C) to an aqueous zinc nitrate solution (0.067 M, 750 mL) at 80 °C under 
vigorous stirring. The complete reaction was undertaken for 1 h at 80 °C to 
synthesize ca. 1 µm long rods, while 1 mL aliquots were obtained after 5, 15, 60, 
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300 and 900 s. The aliquots were added instantly to an aqueous sodium citrate 
solution (10 mM, 1 mL) at 0 °C using an ice bath. The following cleaning procedure 
was used for the quenched aliquots and was performed three times, which included 
centrifugation (Eppendort MiniSpin) for 8 min at 4500 rpm and solvent change to 
MilliQ water followed by thorough shaking. Ball-shaped ZnO particles were 
obtained by adding an aqueous sodium hydroxide solution (1 M, 250 mL, 23 °C) to 
an aqueous zinc nitrate solution (0.067 M, 750 mL) at 60 °C under vigorous 
stirring for 1 h. ZnO nanoparticles were synthesized by adding an aqueous sodium 
hydroxide solution (0.5 M, 500 mL, 60 °C) to an aqueous zinc acetate solution (0.2 
M, 500 mL, 60 °C). The particles were cleaned three times, by centrifugation, 
liquid phase changes to MilliQ water and ultrasonication (4500 rpm for 8 min, 
2510-DTH, Branson) after completing the 1 h synthesis. The cleaned particles were 
either dried at 80 °C and ground by pestle and mortar or freeze dried (CoolSafe 
freeze-dryer, Scanvac) at -96 °C and a pressure of 0.1 mbar for 48 h after 
quenching the samples in liquid nitrogen. Heat treatment of particles was 
performed at 400, 600, 800 and 1000 °C for 1 h using a furnace (H14-GAXP, 
Micropyretics Heaters International Inc.).  

The magnesium oxide (MgO) nanoparticles were synthesized by wet precipitation 
of magnesium hydroxide followed by calcination to MgO according to Pallon et al.27 

3.2.2 Surface modification 

The surface modification was performed in batches of 0.6 g ZnO particles for each 
coating. The respective particles were dispersed in MilliQ water by ultrasonicati0n 
(2510-DTH, Branson) before adding 2-propanol to obtain a water/alcohol mixture. 
Ammonium hydroxide was added under vigorous stirring followed by addition of 
the silane, either tetraethoxysilane or octyl(triethoxy)silane. The amounts of 
chemicals for the surface modification of ZnO particles can be found in paper V.28 
The reaction continued for 24 h followed by centrifugation and exchange of the 
solvent to ethanol three times as cleaning. The particles were dried at 80 °C 
overnight, ground by pestle and mortar and further vacuum dried at 80 °C 
overnight (Vacucell, MMM Group). Aluminum oxide nanoparticles were surface 
modified with octyl(triethoxy)silane using the same protocol as for ZnO particles, 
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but for a batch of 3.8 g of particles.13 MgO nanoparticles were surface modified 
with octyl(triethoxy)silane using an anhydrous protocol reported by Pallon et al.18   

3.2.3 Particle characterization 

A Hitachi S-4800 field emission scanning electron microscope (SEM) was used to 
study the particle morphology using 5 kV acceleration voltage and 10 µA probe 
current. The samples were sputtered (Cressington 208 HR) with Pt/Pd using a 
current of 80 mA for 20 s prior to the microscopy. Transmission electron 
microscopy (TEM) was used to investigate the thickness of the particle coatings as 
well as particle size distributions using a HT7700 microscope (Hitachi) with an 
acceleration voltage of 100 kV. The software ImageJ (National Institute of Health, 
Maryland, USA) was used to determine the size of the particles.  

Fourier-transform infrared spectroscopy (FTIR) was performed to assess the 
chemical structure of the particle surfaces using a Spectrum 100 (PerkinElmer) 
spectrometer and attenuated total reflection (Golden Gate accessory, Graseby 
Specac LTD). Each spectrum was based on 16 scans within the range 600-4000 cm-

1 with a resolution of 4 cm-1. The specific surface area (SSA) of the particles was 
assessed from nitrogen adsorption/desorption measurements 
(Brunauer−Emmett−Teller) using a Micromeritics ASAP 2000 at 77 K.   

Thermal gravimetric analysis (TGA) was performed using a TGA/DSC 1 (Mettler 
Toledo) to measure the mass loss up to 800 °C. Initially pre-drying at 140 °C (50 
mL min-1 of nitrogen gas flow) was performed prior to a heating ramp of 10 °C min-
1 (30-800 °C) with 50 mL min-1 of oxygen gas flow. The 70 µL alumina crucibles 
contained 10 ± 1 mg of particles.    

The crystal structure of the synthesized particles was determined by X-ray 
diffraction (XRD), either by using a Siemens Crystalloflex D5000 or a Thermo ARL 

X'TRA with Cu Ka radiation, a step size of 0.02°, 35 kV and 40 mA for the former 

and 45 kV and 40 mA for the latter. The lattice parameters a and c were calculated 
according to the equation 
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 (1) 

where q is the Bragg diffraction angle, l = 0.15406 nm is the X-ray wavelength and 

h, k, and l are the Miller indices. The Scherrer equation was used to calculated the 
crystal size D according to 

 (2) 

where k = 0.89 is a shape factor and b is the full width of the diffraction peak at half 

of the maximum intensity.  

Photoluminescence was performed on rod-shaped ZnO using a Varian Cary Eclipse 
spectrophotometer with Xe lamp and an excitation wavelength of 250 nm. A quartz 
cuvette sample holder was used and the samples were dispersed in MilliQ water (1 
g L-1) by ultrasonication (2510-DTH, Branson).  

3.3 LDPE composites 

3.3.1 Composite preparation 

All particles were vacuum dried (Vacucell, MMM Group) at 80 °C overnight prior 
to composite preparation. The preparation was performed in 10 g batches where 
the particles (3 wt% for ZnO and 3-12 wt% for MgO and Al2O3) were dispersed in n-
heptane (3- and 5-mL heptane, respectively) by using an ultrasonication bath 
(2510-DTH, Branson). The antioxidant Irganox 1076 (0.02 wt% in the composite 
formulation) was dissolved in n-heptane and added to the particle suspension. 
LDPE powder that was obtained from cryo-grinding (Retsch ZM 200) at 12000 
rpm after quenching in liquid nitrogen was added to the mixture and shaken for 1 h 
(Vortex Genie 2 Shaker G560E, Scientific Industries), followed by drying at 80 °C 
in ambient pressure. The prepared mixture was shaken for 30 min prior to 
extrusion (Micro 5cc Twin Screw Compounder, DSM Xplore) at 100 rpm and 150 
°C for 6 min. The extruded material was vacuum dried at 80 °C overnight 
(Vacucell, MMM Group) and pelletized prior to compression molding (LabPro 400 
press, Frontlijne Grotnes) to 0.3 mm thick circular films (75 mm in diameter). The 
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temperature was increased to 130 °C in 10 min, followed by pressing with a high 
force (200 kN) for 10 min, and then decreased to room temperature using water 
cooling for 6 min at the same force. A protective material of either aluminum foil or 
polyethylene terephthalate (PET) was placed on both sides of the polymer material 
during compression molding.  

3.3.2 Composite characterization 

SEM was also used to investigate the polymer morphology after etching and the 
particle dispersion in the composites. Freeze-cracking in liquid nitrogen was the 
first step in both cases. Etching of the amorphous PE regions was performed for 2 h 
using a permanganic etchant consisting of 4 mL water, 16 mL orthophosphoric 
acid, 40 mL sulfuric acid and 0.6 g potassium permanganate.29 The etched cross-
section was washed by rinsing with water and dried in a desiccator overnight prior 
to sputtering (80 mA, 20s) and microscopy (1 kV and 10 µA). The back-scattering 
detector was used during microscopy (5 kV, 10 µA) of the ZnO particles dispersion 
in the PE matrix, after sputtering the cross-sections (80 mA, 20s). In order to 
estimate the average inter-particle distance (IPD) from SEM images, the 
micrographs were imported into Matlab where the contrast of the image was 
enhanced. Image analysis was used to identify the particles using thresholds based 
contrast, particle shape and particle size.18, 30 The selected particles during image 
analysis were also manually validated by comparing to the original micrographs. 
The particle positions (xi,yi) were defined as the centers of gravity, and the center-
to-center distances of the nearest neighbor particle were calculated.  

The mass crystallinity (wc), peak melting temperature (Tm) and onset 
crystallization temperature (Tc) of compression-molded samples (5 ± 0.5 mg) were 
measured by differential scanning calorimetry (DSC) on a DSC1 from Mettler 
Toledo using 40 µL aluminum crucibles and a nitrogen flow of 50 mL min-1. The 
samples were cooled to -50 °C, heated to 200 °C, cooled to -50 °C and finally 
heated to 200 °C using a heating/cooling rate of 10 °C min-1 and a pause of 5 min at 
the end of each heating/cooling step. The mass crystallinity was calculated 
according to the total enthalpy method 
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(3) 

where Δℎ!  is the melting enthalpy, 	Δh!"  is the melting enthalpy for completely 

crystalline PE at the equilibrium melting point (𝑇#" ), cp,a is the heat capacity for the 
amorphous phase and cp,c is the heat capacity of the crystalline phase.31 Reported 

data from Wunderlich and Bauer was used for the heat capacities, Δh!" (293 J g-1) 

and 𝑇#"  (414.6 K).32, 33 The average crystal lamellae thickness Lc of the PE samples 

was calculated using the Thomson-Gibbs equation 

 (4) 

where s0 is the free energy of fold surface (90 mJ m-2) and ρc is the PE crystal 

density (1000 kg m-3).34 

The melt flow index of LDPE with different morphologies was determined using a 
CFR 91 (DGTS) with a load of 2.16 kg at 190 °C according to the ISO 1133 Standard. 

The water sorption of LDPE composites with MgO nanoparticles was measured at 
35 °C using a quartz spring microbalance (QSM).35, 36 The sample was suspended at 
the end of a quartz spring and vacuum dried overnight to remove residual 
moisture. The water vapor pressure was increased in steps after reaching a 
saturated uptake and was targeted to correspond to 25, 50 and 75 % relative 
humidity (RH). The extension of the quartz spring was measured using a high-
speed CCD camera to calculate the water uptake using the elastic spring constant (2 
x 10-4 g mm-1). The buoyancy effect was neglected due to the low water vapor 
pressures. 

Sorption/desorption measurements of acetophenone and limonene as penetrants 
was performed for LDPE composites with Al2O3 nanoparticles at room 
temperature. The thin film samples had a thickness of 0.3 mm with lateral 
dimensions of 25 mm. The sorption was performed in a glass tube with pure solute 
chemicals (i.e. acetophenone or limonene) and the sample was intermediately dried 
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on the surface prior to weighing, and instantly immersed in the solute afterwards. 
After reaching a saturated uptake, desorption was initiated and the samples were 
placed in a fume hood to remove the desorbed penetrant from the vicinity of the 
surface. The mass of the samples was intermediately recorded until a constant 
weight was reached.37 The mass of the sample was lower after desorption than the 
initial weight due to extraction of low molecular weight PE fractions. Thus, the 
solute solubility was calculated from the desorption data.  

3.4 Electrical characterization 

The leakage current through the compression-molded samples were measured at 
high electric fields to determine the DC conductivity of the materials using the 
equation 

 (5) 

where s is the apparent conductivity, I is the leakage current, d is the sample 

thickness, U is the applied voltage and A is the electrode area. All measurements 
were at least 15 h long, and some measurements were continued for several days. In 
the measurement setup at the Royal Institute of Technology (KTH), a shielded 
three-electrode system was placed in an oven (FED 115, Binder) and connected to a 
high voltage supply (HCP 35-12500, FUG) and an electrometer (6517B, Keithley) 
with overvoltage protection. The sensing electrode (30 mm in diameter) and the 
guard electrode were made of brass, and the high voltage electrode was made of 
stainless steel. A conductive rubber film (Powersil 440) was placed between the 
LDPE sample and the high voltage electrode for good contact. A protective film of 
PET was placed on both sides of the polymeric material during compression 
molding for the samples that were measured at KTH. A LabVIEW software was 
connected to the electrometer to obtain the measured current data. A filtering 
algorithm was implemented in Matlab to reduce the number of data points and to 
create an approximately even distribution of datapoints on a logarithmic time 
scale.  
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The conductivity measurements at KTH for the pristine LDPE reference samples 
were compared to a similar setup at Chalmers Technical University (CTH) where 
the effect of temperature, electric field, polymer morphology, effect of antioxidant 
and PE oxidation were studied. A protective film of aluminum foil was placed on 
both sides of the polymeric material during compression molding of the samples 
measured at CTH. The measurement setup consisted of a shielded three-electrode 
system that was placed in an oven (Memmert UN55) and connected to a voltage 
supply with a low-pass filter and an electrometer (6517B, Keithley). The internal 
voltage source of the electrometer was used for voltages up to 1 kV where a Keithley 
8009 electrode system was used, while a Glassman FJ60R2 (60 kV) voltage supply 
and a three-electrode system of brass (30 mm diameter of the sensing electrode) 
was used for higher voltages. LabVIEW software was used to collect the measured 
current data in real time for filtering based on the accumulated standard deviation 
of each incoming data reading to optimize the necessary averaging. The 
conductivity of the pristine LDPE samples was characterized for different electric 
fields (3.3 – 30 kV mm-1) and different temperatures (25 – 60 °C). Each 
measurement was continued for at least 18 h. The conductivity measurements in 
section 4.1 were performed at CTH, if not stated otherwise, and the conductivity 
measurements in the other sections were performed at KTH. 

The following procedure was used to investigate the influence of water on the 
conductivity of MgO LDPE composites. The thin film samples were pre-treated at 
60 °C for 4 days, either in a dry atmosphere using molecular sieves or at 50 % RH 
using an aqueous saturated salt solution of sodium bromide, to achieve a saturated 
uptake of water prior to the electrical measurements.38 The pre-treated sample was 
immediately placed between the high voltage and sensing electrodes, which were 
placed in a sealed glass container. The container had the same atmosphere and 
temperature as during the pre-treatment and was equipped with sealed entry 
points for the high voltage and the sensing cables. The voltage was applied 3 h after 
insertion of the equilibrated sample in the measurement cell. 

Surface potential measurements were made on 100 nm thick composite samples, 
which were spin coated on a silicon wafer (Polished Wafer, MEMC Electronic 
Materials) with a 3 nm layer of titanium and a 50 nm thick gold film on top. The 
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wafer was cleaned by ultrasonication (2510-DTH, Branson) for 10 min sequentially 
in acetone, 2-propanol and MilliQ water, respectively, and was dried at 130 °C. 
LDPE composites with unmodified and coated ZnO nanoparticles were dissolved in 
p-xylene with a concentration of 4.6 mg composite per mL solvent at 130 °C using 
an oil bath. The wafer was pre-heated to 130 °C prior to wetting with the dissolved 
composite material and initiation of the spin coating for 60 s at 2500 rpm. An 
atomic force microscope (Dimension Icon, Bruker) in the intermodulation 
electrostatic force microscopy (ImEFM) mode with a multifrequency lockin 
amplifier (Intermodulation Products AB) was used to measure the surface potential 
at the nanoscale. A cantilever with a platinum-coated tip (MikroMasch HQ:XSC11-
C/Pt) was used and a DC bias of 2, 0 and -2 V, corresponding to 20 kV mm-1, was 
applied sequentially between the surface and the tip. The surface potential 
characterization by ImEFM was in accordance to the procedure reported by 
Borgani et al.39 where more detailed information can be found. 
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4. RESULTS AND DISCUSSION 

4.1 Low-density polyethylene  

4.1.1 Morphology 

Polyethylene (PE) consists of the simplest hydrocarbon repeating unit [CH2–CH2] 
and the most common types of PE are (branched) low-density, high-density and 
linear low-density polyethylene, which together constitute one third of the total 
production of thermoplastics.40 Variations in the molecular architecture (e.g. chain 
branching, molecular weight and molecular weight distribution) can affect the 
structure of semicrystalline polymers (e.g. crystallinity and density), which in turn 
can alter the macroscopic properties (e.g. mechanical properties and diffusivity).41 
Low-density polyethylene (LDPE) has both short-chain branches (10-50 per 1000 
carbon atoms) and long-chain branches (≥1-2 per 1000 carbon atoms), in contrast 
to linear low-density polyethylene (LLDPE) and high-density polyethylene (HDPE) 
that have no long chain branches.6 The synthesis of LDPE has been developed since 
its discovery in 1933 and the material is used in various applications today (e.g. for 
packaging materials and as HVDC cable insulating material after crosslinking) 
because it is cheap to produce and has several desired properties (e.g. good 
electrical insulation, easy processability, good chemical resistance and good 
flexibility).40, 41 PE was already considered as a cable insulating material for 
submarines cables by 1938, initiating the large-scale production of the polymer.41 
The use of polyethylene in this application is highly relevant almost a century later 
as insulating material in HVDC cables. It is desired, regarding both environmental 
and cable performance aspects, to replace oil/paper insulation materials with 
extruded thermoplastics (e.g. LDPE after crosslinking).2 Crosslinked polyethylene 
(XLPE) is a thermoset, which can tolerate higher temperatures than the 
thermoplastic LDPE. The simple chemical constituents of PE are not apparent in 
its complicated arrangement of macromolecules at the nano-scale into crystals and 
amorphous regions, followed by micro-scale arrangements of the crystal lamellae 
into supermolecular structures.34 Both LDPE and XLPE have been widely studied 
to understand the electrical conduction related to the application of HVDC cable 
insulation and to understand the differences in charge transport between new 
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nanodielectric insulating materials based on polyethylene (e.g. metal oxide 
nanocomposites).6, 8, 24 Only LDPE as a polymer matrix was investigated in this 
thesis in order to study a polymer/composite material without the influence of 
crosslinking by-products, and to elucidate the effect of the polymer and the 
inorganic particles on the insulation performance.  

Figure 4. (a) Melting curve of LDPE at a heating rate of 10 °C min-1. (b) Orthorhombic unit 
cell of polyethylene seen along the c-axis. (c) Illustration of two crystal lamellae with 
amorphous material in between. The inset shows common characteristics of the chains in 
the amorphous region. (d) Illustration of splaying and branching of the lamellae into a 
spherulite.41, 42  
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The PE chains are arranged in amorphous and crystal regions after crystallization, 
which occurs mainly around 100 °C for LDPE under slow cooling. This is shown in 
Figure 6 with a cooling rate of 1 °C min-1. However, PE chains with very low 
molecular weight require lower than room temperature to crystallize, as can be 
seen from the asymmetry of the melting curve towards the left in Figure 4a.41 
Constraints in the molecular architecture (e.g. sufficiently large branches) result in 
exclusion from the crystals into the amorphous domains.43 The all-trans 
conformation of polyethylene has the lowest potential energy and can be 
represented by the orthorhombic unit cell at the sub-nanometer scale, as shown in 
Figure 4b.41 The chains are folded in order to exclude the larger pendant groups 
that cannot be included in the crystals. Crystal lamellae are formed due to the chain 
folding and have a general thickness of 10-20 nm and a lamellae width significantly 
larger than the thickness, establishing a ribbon-like appearance.43-45 The structure 
of alternating amorphous and crystal regions at the nano-scale are schematically 
illustrated in Figure 4c.43 The main characteristic of the crystal interface is regular 
folding of chains (RF), i.e. direct folding back to the same lamellae without a 
random walk in the amorphous region (see inset in Figure 4c).41 However, chain 
ends (CE) and completely amorphous chains are also present in the amorphous 
regions, in addition to tie-chains (TC) and trapped entanglements (TE).43 The 
crystal lamellae can be arranged in three dimensional supermolecular structures at 
a larger micro-sized scale, which for PE occur in the form of spherulites (banded 
and non-banded) and axialites.41 Figure 4d illustrates that the spherulites require 
branching and splaying of the crystal lamellae to create a continuous spherical 
object, which has been proposed to be caused by screw dislocations forming 
multiple diverging lamellae.41 The spherulite consists of primary lamellae, 
corresponding to the most perfect chain segments, and subsidiary lamellae, 
consisting of segregated low-molecular chains and defects.41, 46 Note that 
amorphous material is present in between the lamellae stacks throughout the 
entire spherulite structure, as well as in the boundaries between impinging 
spherulites.41 The arrangement of crystal lamellae into supermolecular structures 
in the micrometer to millimeter size range depends on both the properties of the 
polymer as well as on the crystallization conditions.41, 47  
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Figure 5. Description of sample preparation methods for thin films of LDPE and the 
respective bulk morphology: (a) pellets from the polymer manufacturer, (b) compression-
molded pellets to a thin film and (c) extrusion for 6 min of the pellets prior to compression 
molding to a thin film.48 

In the present study, the polymer morphology was investigated using different 
sample preparation procedures. Figure 5a shows that the morphology of the LDPE 
pellets contained ca. 5 µm large banded spherulites. The bulk morphology was 
revealed by freeze-cracking and removal of the amorphous material by acid 
etching, and observed by electron microscopy of the cross-section. Figure 5b shows 
that a compression-molded film of the LDPE pellets also contained banded 
spherulites with the same size (5 µm). Figure 5c shows that the morphology 
changed significantly when the LDPE pellets were extruded prior to compression 
molding to a randomly dispersed lamellae structure, which contained dominantly 
C- and S-shaped lamellae. No larger supermolecular structures could be observed. 
Addition of an antioxidant to the polymer during extrusion had no effect on the 
polymer morphology obtained in the thin film samples. The molecular weight of 
the polymer was not significantly affected by the extrusion process at 150 °C for 6 
min since the melt flow index was the same with and without extrusion. The 
average lamellae thickness was obtained using Thomson-Gibbs Equation (4) and 
showed a similar thickness for the random lamellae morphology (8 nm) as for the 
banded spherulites, which contained 8 nm thick crystal lamellae. In addition, both 
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LDPE morphologies showed similar crystallinity (ca. 51 wt.%) and peak melting 
temperature (ca. 110 °C). 

Figure 6. Crystallization of thin film samples produced by compression molding of LDPE 
pellets, and extrusion of the LDPE (10s, 6 min and 12 min) prior compression molding.48  

During crystallization with a cooling rate of 10 °C min-1, the onset crystallization 
temperature (Tc) was higher for samples extruded prior to compression molding 
(101.6 °C for 10 s extrusion and 102.4 °C for longer extrusion times) compared to 
samples compression-molded directly from the LDPE pellets (100.7 °C). See Table 
1 for tabulated results from the thermal analysis using DSC. The differences in Tc 
was larger with a slower cooling rate of 1 °C min-1, as shown in Figure 6. The 
sample with random lamellae morphology that had been extruded showed an 
increase in Tc of more than 2 °C (106.5 °C) compared to the compression-molded 
sample containing spherulites (104.2 °C).  

Table 1. Mass crystallinity, onset crystallization temperature, peak melting temperature 
and average lamellae thickness of compression-molded thin film samples with different 
sample preparation procedures and bulk morphology. 

Sample preparation methods 
wc a 
(%) 

Tc b 
(°C) 

Tm c 
(°C) 

Lc d 
(nm) 

Pressed pellets 52 100.7 109 7.9 
Extruded 10 s prior pressing 49 101.6 110 8 
Extruded 6 min prior pressing 50 102.5 110 8.1 
Extruded 12 min prior pressing 51 102.4 110 8.1 
LDPE + 0.02% antioxidant (6 min extrusion) 51 102.3 110 8.1 
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a Mass crystallinity calculated using Equation (3). b Crystallization onset temperature with a cooling rate of 10 
°C min-1. c Peak melting temperature with a heating rate of 10 °C min-1. d Average lamellae crystal thickness 
calculated using Equation (4). 

The development of supermolecular structures due to the arrangement of lamellae 
at the µm-scale is related to the degree of branching and molar mass of the 
polymer, in addition, to the crystallization temperature for isothermal 
crystallization and cooling rate during non-isothermal crystallization.41 Figure 5a 
and b show banded spherulites where the band period is observed by the circular 
rings along the spherulite radius, which are typically observed for intermediate 
molar mass PE crystallized at low temperatures.34 Mandelkern et al.47 reported that 
the interval of temperature within which spherulites were formed was extended  
during non-isothermal crystallization of branched PE by a decreased branching 
content. Thus, a low degree of branching favored development of spherulites. 
However, the supermolecular structures can be prevented from developing and 
instead form a random lamellae morphology, as can be seen by the micrograph in 
Figure 5c. For a certain degree of branching, it has been reported that a low and 
high temperature limit of the quenching temperature during non-isothermal 
crystallization exists where only random lamellae structures are obtained beyond 
these limits.47 The random lamellae structure in Figure 5c was obtained by 
relatively moderate dynamic cooling conditions where it took around 6 minutes to 
cool from 130-20 °C using water cooling during compression molding. Only 
random lamellae structures has been reported to be obtained for a sufficiently high 
molar mass of polyethylene, independent of the crystallization temperature, due to 
the high amount of chain entanglements.41, 49 The different banded spherulite and 
random lamellae structures in the present study were obtained for the same 
molecular architecture of the LDPE only by varying the sample preparation 
method. This is advantageous when investigating the influence of polymer 
morphology on the material properties (e.g. resistivity at high electric fields) since 
the crystallinity, peak melting temperature and lamellae thickness were confirmed 
to be the same for the spherulite and random lamellae structures. It is suggested 
that nucleation sites related to the center of the spherulites, i.e. where the growth of 
the spherulites was initiated, became dispersed and/or fragmentized during the 
extrusion process. This hypothesis was supported by the crystallization being 
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initiated at a higher temperature for extruded samples with random lamellae 
structure than for samples containing spherulites, i.e. not subjected to extrusion 
(see Figure 6). The morphology of LDPE has been reported to affect electrical 
properties, including space charge reduction50-52, increased breakdown strength53 
and lower electrical conductivity.54 Furthermore, blending of polymers (e.g. HDPE 
in LDPE) has been reported to decrease the DC conductivity and was attributed to 
the presence of a small amount of thicker crystal lamellae distributed in the 
material.55 

4.1.2 DC conductivity 

4.1.2.1 Effect of polymer morphology 

Figure 7a shows that the conductivity after 18 h of polarization (i.e. from applying 
the electric field) was ca. 5 times higher for thin films prepared by compression 
molding of LDPE pellets compared to when extrusion was a part of the sample 
preparation. This was evident for both high and low electric fields (i.e. 30 and 3.3 
kV mm-1). Figure 7b shows conductivity measurements with an electric field of 30 
kV mm-1 at different temperatures (25, 40 and 60 °C). The samples that were 
prepared by compression molding of the supplied pellets into thin films (i.e. 
banded spherulite morphology) showed a higher conductivity at low temperatures 
and a lower conductivity at high temperatures compared to samples subjected to 
extrusion (i.e. random lamellae morphology). The smaller increase in conductivity 
with increased temperature for spherulite samples than that of the random 
lamellae samples gave rise to this transition from more to less conductive with 
increasing temperature.    
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Figure 7. a) Conductivity as a function of extrusion time for low (3.3 kV mm-1) and high (30 
kV mm-1) electric fields at 25 °C after 18 h of polarization. b) Conductivity after 18 h with 
30 kV mm-1 at different temperatures (25, 40 and 60 °C) for thin films compression-
molded from LDPE pellets (containing spherulites) and for samples extruded for 6 min, 
with and without an antioxidant (AO), prior to compression molding to thin films (both 
with random lamellae morphology).48  

4.1.2.2 Effect of antioxidants 

The conductivity of the samples with random lamellae morphology was higher with 
0.02 wt% antioxidant than without antioxidant, especially for measurements at 
high temperatures (see the green line in Figure 7b). The conductivity dependence 
on the antioxidant concentration was investigated in Figure 8a showing that the 
increase in conductivity (3 times) was constant for a wide range of antioxidant 
concentrations (0.005-0.1 wt%). The increase in conductivity was assumed to stem, 
either from the presence of the antioxidant, which facilitates charge transport, or 
from oxidation of the LDPE during extrusion, which in the absence of antioxidant 
may prevent charge transport, and thus result in a lowered conductivity for the 
random lamellae sample without antioxidant. The trend of higher conductivity of 
samples containing antioxidant compared to without antioxidant was evident for 
two similar setups for leakage current measurements on identical samples (Figure 
8).  
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Figure 8. Conductivity at 18 h as a function of antioxidant concentration for samples with 
random lamellae morphology measured with an applied field of 30 kV mm-1 at 60 °C. The 
measurements were performed on two different instrumental setups on identical samples: 
(a) at the Royal Institute of Technology (KTH) and (b) at Chalmers Technical University 
(CTH).48 

4.1.2.3 Effect of polymer oxidation 

Figure 9 shows that the conductivity of LDPE can be decreased by oxidizing the 
polymer to a small extent, whereas too severe oxidation increased the conductivity. 
This supported the hypothesis that the lower conductivity of samples with random 
lamellae morphology and without antioxidant was due to the presence of species 
from oxidation, preventing charge transport compared to LDPE extruded with 
antioxidant. The relatively small degree of oxidation and its effect on the 
conductivity at difference electric fields (3.3-30 kV mm-1) showed a significant 
decrease in conductivity by 1-2 orders of magnitude (reaching 10-17-10-18 S m-1), 
with a minimum around 1-3 days aging (Figure 9a). Aging of the LDPE powder for 
6 days resulted in increased conductivity of the thin film samples at all electric 
fields and aging for 10 days showed further loss of the insulation properties, 
especially at high electric fields. Figure 9b shows that the lowest conductivity was 
shifted to around 3-6 days when vacuum drying was performed as a post treatment 
of the aged LDPE powder to remove low molecular mass species, prior to extrusion 
and compression molding to thin films. This was especially evident at high electric 
fields (30 kV mm-1) with a minimum after 6 days of aging, while the 2 orders of 
magnitude decrease in conductivity was observed after aging for 1-10 days at lower 
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electric field of 12.5 mm-1. This shows the sensitive dependence of the conductivity 
of LDPE  to oxidation.8, 34 An initial reduction in the conductivity at room 
temperature has been reported for thermal aging over time of polyethylene and PE 
blends. The conductivity was observed to increase distinctly for long aging times, 
but has also been shown to continuously decrease at high carbonyl contents for PE 
copolymers with oxygen incorporated into the polymer chains.56, 57 However, 
Mizutani et al.58, 59 reported an increase in carrier mobility above 40 °C for oxidized 
LDPE, but a decrease of the carrier mobility for oxidized HDPE at higher 
temperatures, which was related to the high degree of crystallinity. 

Figure 9. Conductivity at 18 h (3.3-30 kV mm-1 and 25 °C) as a function of aging time of the 
LDPE powder (1-10 days at 100 °C) prior to extrusion and compression molding to thin 
film samples without post aging treatment in (a) and with vacuum drying at 100 °C after 
aging in (b).48  

4.1.3 Finite element conductivity simulations 

4.1.3.1 Effect of polymer morphology 

Semicrystalline PE has excellent electrical insulating properties with a large 
intrinsic bandgap of 8.8 eV, as determined experimentally.60 Density functional 
theory (DFT) simulations of linear PE have been reported by Moyassari et al.61, and 
a larger bandgap of 8.8 eV was predicted for crystals compared to a random 
amorphous arrangement of the PE chains (8 eV) by using a hybrid functional 
(PBE0).62, 63 A finite element model (FEM) was used in the present study to 
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simulate the conductivity for different polymer morphologies and its dependence 
on electric field and temperature. In the model, it was assumed that the dominant 
conduction occurred in the amorphous regions along spherulite boundaries. Trace 
impurities, polymer irregularities and chemical defects (TIPIs) are expelled from 
the crystal lamellae to the amorphous domains during crystallization, which is 
associated with traps that decrease the bandgap to 5-7 eV.46, 61 A lower bandgap 
generally corresponds to a higher conductivity, suggesting that the main charge 
transport may occur in the amorphous regions in LDPE where the TIPIs are 
expelled (i.e. either along spherulite boundaries or in the amorphous regions 
between the lamellar stacks in the spherulite).43 The assumption of dominant 
conduction in the amorphous spherulite boundaries, forming a network in the 
sample on a macroscopic scale, was also based on small spherulite sizes decreasing 
the space charge accumulation and enhancing the breakdown strength of 
semicrystalline polymers.50-53 The polymer irregularities include physical disorders 
that cannot be included in the polyethylene crystal (e.g. sufficiently long branches), 
while chemical defects include unsaturated bonds (e.g. double and vinyl) and 
oxygen-containing groups (carbonyl, carboxylate and hydroxyl).46  

Figure 10. (a) Growth of spherulites not constrained by the neighboring spherulites is 
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illustrated schematically in a thin film sample together with microscopy and simulation 
inset images. (b) Impingement of grown spherulites is illustrated and observed by optical 
microscopy and simulations in the insets, as well as shown by electron microscopy in (c) 
for a spin coated sample. (d) The concentration of expelled impurities, polymer 
irregularities and chemical defects into the spherulite boundary region is illustrated 
schematically by the blue dots for large and small spherulite sizes.48    

Figure 10a illustrates the growth of spherulites in a thin film sample with a 
constant thickness of the boundary regions marked for two different spherulite 
sizes in the simulation inset. The thickness of the boundary region with respect to 
the spherulite diameter (spherulite boundary-diameter ratio) is smaller for the 
larger spherulite, i.e. more TIPIs are expelled from the larger spherulite resulting in 
a higher concentration in the boundary region. Figure 10b illustrates that 
impingement of growing spherulites creates a network of boundary regions 
through the thin film sample. The spherulite boundary regions are shown by 
polarized optical microscopy and simulations in Figure 10b for dissolved PE 
crystallized from a solvent, and by electron microscopy in Figure 10c for a spin-
coated PE sample. Figure 10d illustrates schematically that a larger number of 
TIPIs are present in the boundary region for large spherulites than for small 
spherulites. A homogenous dispersion of TIPIs is obtained on a macroscopic level 
for a sample containing small spherulites.   

Figure 11. (a) The finite element simulation box with a hexagonal spherulite structure and 
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boundary regions of constant thickness. (b) Simulation results for normalized conductivity 
as a function of spherulite boundary-diameter ratio for a linear assumption (p=1) and for 
power law assumptions (p>1). The vertical arrow indicates that a low energy (low 
temperature, T, and electric field, E) corresponds to high p-values and vice versa. The 
spherulite illustrations in the insets represent schematically the relation of the spherulite 
boundary thickness and diameter.48  

Figure 11a shows the idealized hexagonal spherulite structure with percolating 
boundary regions that was used in the FEM simulations. The thickness of the 
boundary regions was constant while the spherulite diameter was varied in the 
modelling. The concentration of TIPIs in the boundary regions (cTIPIs) was assumed 
to be dependent on the volume fraction of spherulites (φs) and was expressed by  

 (6) 

The concentration of TIPIs is referred to as cA when there are no spherulites, which 
correspond to a homogeneous dispersion of the TIPIs. The simulated conductivity 
(σ) could be obtained by applying a voltage drop (V0) over the simulation box in 
Figure 11a and by using periodic boundary conditions on the sides, followed by 
integration of the currents. The normalized conductivity (σ/σA) is dependent on the 
conductivity of a sample without spherulites (σA), i.e. with cA amounts of TIPIs 
completely dispersed in the sample. The power law expression 

 (7) 

was used to consider possible percolation effects of having a network consisting of 
spherulite boundaries with higher conductivities. The conductivity is linearly 
dependent on the TIPI concentration in boundary regions for p=1, while a large 
value of the exponent p accounts for percolation behavior where a large increase in 
conductivity occurs with a small increase in cTIPIs.  

The simulated results are shown in Figure 11b where the insets illustrate the 
relation between boundary region and spherulite size, i.e. spherulite boundary-
diameter ratio. The normalized conductivity was the same as the conductivity 
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without spherulites (σA) for small spherulite diameters up to a magnitude around 
double as the size of the boundary thickness (see value 0.5 on the x-axis). The value 
of the exponent p had a larger impact on the simulated conductivity when the 
spherulite size further increased due to a higher concentration of TIPIs in the 
boundary regions. The charge transfer between TIPIs was assumed to have a larger 
probability of occurrence if they were separated by a short distance where the 
electronic structure could be influenced. This distance in the vicinity of the TIPIs 
will be referred to as ‘influence’ radius’, which becomes larger for higher 
temperatures (T) and higher electric fields (E). Figure 12 illustrates schematically 
the concentration of TIPIs in the boundary region for different spherulite sizes, and 
that the influence radius (blue transparent area around each TIPI) is smaller for 
low energies (top figures) and larger for higher energies (bottom figures). Figure 
11b shows that the normalized conductivity drastically increased for large p-values 
(yellow curve) when the spherulite size was sufficiently large, while a linear 
dependence corresponding to p=1 showed a conductivity drop (blue curve). It is 
illustrated in Figure 12a that the influence radius between TIPIs may overlap even 
at low energies (small T- and E-values) if cTIPIs is large enough. This is in contrast to 
lower concentrations of TIPIs for small spherulites (Figure 12b) or without 
spherulites (cTIPIs=cA, see Figure 12c), where the influence radius is too short for 
overlapping at low energies. Thus, the conductivity σ1,low with the percolated 
network (Figure 12a) is much larger than σA without percolation (Figure 12c), 
resulting in a large normalized conductivity (Figure 11b). Large p-values 
correspond to low T- and E-values, as shown by the arrow in Figure 11b. A sample 
without spherulites may also show overlapping between TIPIs if the energy (i.e. 
influence radius) is sufficiently large, with enhanced probability for charge 
transport by percolation (compare Figure 12f and Figure 12d). The simulated 
conductivity σ1,high was lower than σA for high energies (p=1), as can be seen in 
Figure 11b. The small volume of the conducting percolated boundary regions for a 
sample with large spherulites could theoretically explain the higher simulated 
conductivity of the sample without spherulites. The observed random lamellae 
morphology of PE is expected to have well-dispersed TIPIs on a macroscopic scale 
throughout the sample. This is similar to the homogeneous material without 
spherulites in the FEM model. The experimental observations of a 4 times lower 
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conductivity for the random lamellae morphology than for the banded spherulite 
morphology at room temperature and the reverse dependence at 60 °C (see Figure 
7b) could qualitatively be explained by the FEM simulations.     

Figure 12. Schematic illustration of the higher concentration of trace impurities, polymer 
irregularities and chemical defects in the boundary region for (a) large spherulites 
compared to (b) small spherulites. The lowest concentration is illustrated in (c) for a 
material without spherulites. The blue transparent circles illustrate the influence radius for 
a low energy (a-c) and a high energy (d-f). The relative magnitudes of the simulated 
conductivities are shown here and further described in Figure 11b.48  

4.1.3.2 Effect of polymer oxidation 

The FEM model could also be used to describe the experimentally observed trends 
in conductivity of oxidized PE. For a short oxidation time, polar oxygen-containing 
species may not be able to influence each other, but may instead capture charge 
carriers to reduce the conductivity compared to the reference without aging. A 
higher concentration of oxidative sites in the polymer or a higher energy (i.e. longer 
influence radius) may instead result in a larger probability of charge transport 
between oxygen-containing species, and thus increase the conductivity. This was in 
agreement with the experimentally observed drop in conductivity (1-3 days aging) 
followed by a gradual loss of the insulating properties for prolonged aging times 
(≥6 days). In conclusion, the FEM simulations were able to predict how the general 
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trends in conductivity for different polymer morphologies and different oxidation 
times of PE were affected by temperature and electric field. 

4.2 Polyethylene composites 

PE consists of the simplest molecular units of all polymers but its arrangement 
from the nano- to micro-scale gives rise to the conduction having a complicated 
nature.6 The conduction of PE is not fully understood and involves various possible 
charger carriers (electrons, holes, ions and polar molecules), origin of the charge 
(intrinsic and injected) and several conduction mechanisms (hopping, tunneling 
and trap-band transition).24, 41, 64-66 The dielectric properties have practically been 
shown to be relatively easy to improve by the addition of nanoparticles.6 The 
difficulty of understanding the electrical conduction in PE became even more 
challenging when adding nanoparticle fillers or when blending with other 
polymers.6, 24, 55 The sensitivity of many parameters for pristine polymers (e.g. 
production process, morphology, impurities and thermal history) and composites 
(e.g. particle dispersion, water content and surface functionalization) complicates 
general conclusions in the field.8, 24, 57, 67, 68 This is very important for the industry 
to obtain guidelines for material selection and design of insulation HVDC 
applications, and to further investigate whether polymer composites are also 
suitable for mass production and commercial use. The composite systems require 
thorough characterization of all components and of the composite itself to allow for 
proper conclusions from the experimental observations.8 Some aspects regarding 
research of nanocomposites can be dealt with by minimizing the number of 
parameters that can influence the electrical properties studied. In addition, it is 
always crucial to control and optimize the dispersion without causing polymer 
degradation during processing, and to assure a low water content in the 
composites.8 Even although the uptake of water can be controlled on the laboratory 
scale and during mass production of cable insulation, it is important to study the 
influence of water on the electrical properties since nano-sized fillers possess a very 
large hydrophilic surface area, and water is detrimental for the dielectric 
properties.10  



 

 36 

Figure 13. Saturated water uptake at different relative humidities (ca. 25, 50 and 75 %) for 
composites containing 1-6 wt% (a) unmodified and (b) C8-modified MgO nanoparticles.69  

4.2.1 Effect of water 

4.2.1.1 Water uptake 

Figure 13 shows the saturated water uptake of LDPE composites containing 
different loadings of MgO nanoparticles, which was measured at different relative 
humidities (RH) and at 35 °C. The pristine PE showed a moisture uptake of ca. 1 x 
10-4 (g H2O/g polymer) at low RH (25 %) and it increased linearly with increased 
RH. The water solubility of the composites was around 10 times higher than that of 
the PE reference at 25 % RH, irrespective of filler fraction (1-6 wt%) and the 
presence of a hydrophobic coating (see Figure 13). A significantly higher water 
uptake of composites than that of pristine PE was maintained at almost 1 order of 
magnitude at higher RH (50-90 %) and with higher particle loadings.  

4.2.1.2 Effect of water on the conductivity 

Figure 14 shows the apparent conductivity at 60 °C and 30 kV mm-1 of pristine 
LDPE and composites with 3 wt% C8-modified MgO nanoparticles. The 
conductivity after 15 h was more sensitive to the presence of water for the 
nanocomposite than for the pristine PE. The former had ca. 2 orders of magnitude 
higher conductivity at 50 % RH than that of the dry composite. In contrast, the 
latter had a 2 times higher conductivity at 50 % RH than that of the dry PE 
reference. Thus, it is important to prevent moisture uptake during use of the 
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material to maintain the lower conductivity of composites compared to pristine PE 
(compare blue and red curves in Figure 14).  

Figure 14. Apparent conductivity at 60 °C and 30 kV mm-1 of composites containing 3 wt% 
C8-modified MgO nanoparticles and pristine PE. The thin film samples were pre-treated at 
60 °C, either in a dry atmosphere or at 50 % RH.69 

4.2.2 Charge transport models for polymer composites 

4.2.2.1 Existing models 

Charge transport in pristine semicrystalline polymers has been extensively studied, 
especially for polyethylene, but is not completely understood.70 A continuously 
long-term decaying current (up to months) has been reported for several pristine 
polymers (polypropylene, PET, LDPE and XLPE).71, 72 This is in contrast to the 
general view of a decay in the absorption current followed by a steady-state current 
corresponding to the DC conductivity of the polymeric material.73-76 Ghorbani et 
al.24 suggested that the origin of the decaying current is related to the thermal 
treatment of the polymer and not related to the exposure to electrical stress. Thus, 
any thermal exposure after sample preparation is important to consider practically. 

In addition to the struggle to understand conduction in pristine polymers, more 
attention has been directed toward polymer nanocomposites in recent decades to 
explain the reduced charge transport at high electric fields. A decrease in the 
conductivity of 1-2 orders of magnitude compared to that of the pristine LDPE is 
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commonly reported for composites containing a few wt% of metal oxide 
nanoparticles.6 For composites with sufficiently small and well-dispersed particles, 
the nanoparticle interface is believed to have a central role in the electrical 
properties of the composites.77 However, the characteristics of the interface such as 
thickness, conductivity and constituents (i.e. gradient region or several well defined 
regions outwards from the particle to where the polymer is no longer affected) are 
not completely understood.6 Several models have been suggested to explain the 
improved electrical properties of nanodielectrics as related to the particle/polymer 
interface and trapping of charge carriers. It should be noted that most of the 
reported models are proposed for specific composite systems or specified external 
conditions and may, therefore, not be applicable overall in the field of 
nanodielectrics.  

Lewis78 suggested that the properties of the interface of nanodielectrics gradually 
change from the particle to the polymer characteristics. Tanaka et al.17 suggested a 
multi-core model in 2005 to explain the improved resistance against partial 
discharges for polyamide nanocomposites containing layered silicates. The model 
specified the structure of the interface to be different layers (bonded, bound and 
loose layer) reaching 10-30 nm into the polymer matrix. Effects on a larger length 
scale up to 100 nm was also considered by the Gouy-Chapman diffuse layer.  Li et 
al.79 suggested a similar model in 2010 consisting of a bonded and a translational 
interfacial region to explain reported trends in the short- and long-term properties 
of nanocomposites. The bonded region was suggested to contain a large amount 
deep traps, which decreased outwards from the particle surface with a transition to 
more shallow traps. Takada et al.80 suggested an electrical potential well model in 
2008 to explain the suppression of space charges in LDPE composites with MgO 
nanoparticles at high electric fields. Deep traps originating from the induced dipole 
moment of the MgO nanoparticles were assumed, which had much larger trapping 
depths and longer effective range than the traps from chemical defects. The 
observed lower conductivity, reduced space charge accumulation and higher 
breakdown strength for nanocomposites compared to pristine polyethylene have 
also been suggested to be explained using bipolar charge injection models.66, 81-83 
Charge injection of both electrons and holes are considered together with trapping, 
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de-trapping, migration and recombination of charges in the bipolar models. A 
detailed summary of the models with discussions about their limitations has been 
reported by Pourrahimi et al.6, with the conclusion that more experimental 
observations (e.g. characterization of interfaces at the nanoscale) are required as 
input for future models to explain the complexity of charge dynamics in LDPE 
nanocomposites as insulation in HVDC cables. 

4.2.2.2 Adsorption hypothesis 

Even ultra clean polyethylene as a HVDC cable insulation material contains 
impurities to some extent, especially XLPE, despite the attempt to remove all 
reaction by-products with a degassing process.84 A hypothesis suggested here is 
that such charged species, including ions and molecules with permanent dipoles, 
are attracted to the particle interfaces, resulting in a more conductive interface 
compared to the polymer matrix. Nanoparticles with a very large surface area could 
then clean the polymer matrix from impurities due to the dominant interface 
content in the composite. Thus, the higher purity of the polymer could lower the 
conductivity of the matrix component in the composite.3 This could potentially be 
used to obtain a cleaner polymer phase in crosslinked composites than in the 
pristine XLPE, which is limited to the efficiency of the degassing process. However, 
the main aim is to investigate if this hypothesis can explain the orders of magnitude 
decrease in DC conductivity for composites containing ultra clean LDPE without 
crosslinking. This was investigated using water as a polar model compound 
representing all mobile chemical impurities that can affect the conductivity. 
Experimental data of the water solubility and water adsorption at the particle 
interface was implemented in the model to predict the influence on the 
conductivity. 
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Figure 15. Simulation box containing a part of two nanoparticles with particle radius rf and 
interface radius rI shown to the left. The use of reflecting boundary conditions on the sides 
of the box was used to represent a composite with an ideal dispersion of particles arranged 
in a body-centered cubic lattice, as shown to the right.69 

4.2.2.3 Adsorption of water on MgO nanoparticles in LDPE composites – Influence 

on the conductivity by FEM simulations 

The nanocomposite conductivity was simulated using FEM (Comsol Multiphysics 
5.2, Comsol, Sweden). The effect of water was studied by assuming a higher water 
concentration in the interface region and a higher conductivity of this interlayer. 
The adsorption of water was experimentally confirmed by a higher water uptake in 
nanocomposites than in pristine LDPE (see Figure 13). Figure 15 shows the 
arrangement of particles in a body-centered cubic lattice that represents a 
composite with a low loading and ideal dispersion of spherical particles. The 
defined simulation box, as based on the concept of ‘representative elementary 
volumes’, is highlighted in blue color and further described in the magnified 
illustration.85, 86 The particle radius and the interface outer radius are denoted as rf 
and rI, respectively, defining the interface thickness as dI = rI-rf. A voltage U0 was 

applied on the top face while the bottom face was grounded, and reflecting 
boundary conditions were used on the remaining faces. The conductivity of the 
composite σcomp was obtained by solving Poisson´s Equation (8) and integrating 
the currents in the domain (see Equation (9)), followed by normalization according 
to the area of the bottom face and the applied voltage.87 
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 (8) 

 (9) 

The modelled composites consisted of the three components: polymer matrix, 
interfaces and particles. The volume filler fractions φ and the conductivity σ of each 
phase was denoted by the subscripts m, I and f, respectively (e.g. φm and σm for the 
matrix). The conductivity of each phase was calculated similarly and the derivation 
of the polymer component (i.e. in the nanocomposite) is accordingly described as 
an example in Equation (10). 

 (10) 

σm0 is the time dependency of the pristine polymer conductivity, cm is the water 
concentration in the amorphous phase of the composite, cm0 is the concentration of 
water in the pristine polymer, σcm is the conductivity of the water in the polymer 
matrix (i.e. in the composite) and σcm0 is the conductivity of water in the pristine 
polymer. The concentration of water is expected to affect the composite matrix 
conductivity since the water solubility is higher in the interface than in polymer 
regions unaffected by the particles. Thus, for a constant amount of water in a 
composite, the ratio cm/cm0 < 1 due to the higher water concentration of a pristine 
polymer compared to the matrix in a composite after redistribution, i.e. adsorption 
at the particle interface. The ratio σcm/σcm0 can also affect the matrix conductivity 
of the composite if the relative ion concentration is altered by an increase in 
particle fraction, i.e. the increased amount of interface attracts the charged 
molecules. In addition, the conductivity of water is dependent on the ion fraction, 
which will decrease by dilution during sorption of deionized water for a constant 
number of ions in the sample.88 A linear dependence of cm and σcm on the matrix 
conductivity in the composite (σm) was assumed in Equation (10) since water has a 
detrimental effect on the electrical properties of polymers, which should have an 
additive effect without interaction between the particles in the composite.89 In 
addition, a linear increase in the conductivity of water has been observed with 
increased salt concentration.88 Equation (10) includes the time-dependency of the 
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pristine polymer conductivity (σm0), while containing few unknown variables by 
assuming equal water conductivity in the composite and pristine polymer (i.e. σcm = 
σcm0).    

Figure 16. The water solubility as a function of particle volume fraction (a) is illustrated 
schematically for a composite material and (b) is experimentally determined at 35 °C and 
25 % RH for a LDPE composite containing 3 wt% surface modified MgO nanoparticles. 
The insets in (a) illustrate the dispersion of particles in the composite and the effect on the 
water uptake.69   

The saturated water uptake of PE (c∞) shows a linear dependence on the water 
vapor partial pressure (p) for low concentrations, according to Henry´s law90  

 (11) 

where Henry´s constant, S, is the water solubility of the polymer matrix. Figure 16a 
illustrates the saturated water uptake of nanocomposites (Stot) as a function of 
volume filler fraction (φf), where Sm is the polymer matrix solubility. The higher 
water uptake of composites than that of pristine polymers is also illustrated in 
Figure 16a. For low particle loadings, a linear increase in Stot is assumed with 
increased φf, while for high φf the increase in Stot is expected to deviate from 
linearity and might even decrease, as related to the degree of agglomeration of the 
particles (see the insets in Figure 16a and the experimental data in Figure 16b). 
Nordell et al.91 reported that the water solubility of poly(ethylene-co-butyl acrylate) 
composites with Al2O3 nanoparticles showed a linear dependence on φf. In the 

c p S¥ = ×
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present study, the initial linear increase in water solubility of the composites was 
expressed as 

 (12) 

where ks is the normalized solubility slope. Note that Stot was based on the mass of 
water per mass of polymer in the composite. For higher particle loadings where the 
dispersion is not ideal, the composite water solubility was described by the 
exponentially decreasing function  

 (13) 

where as and bs are constants. Experimental data of the saturated water uptake at 
25 % RH of LDPE composites containing different volume fractions of C8-modified 
MgO nanoparticles are shown in Figure 16b. The matrix solubility was Sm=1.2 x 10-4 
(g H2O/g polymer) at 25 % RH and the constant ks=3200 using the linear 
dependence in Equation (12) and uptake of the lowest filler content of 0.26 vol%. 
The non-linear water solubility was fitted with Equation (13) and resulted in as = 
15.4 and bs = 0.00178.     

Stot can also be expressed as a sum of the solubility of each component in the 
composite, i.e. matrix, interface and particles, related to their volume fractions (see 
Equation (14)). The particle solubility can generally be assumed to be negligible for 
inorganic fillers, but MgO could be an exception where water can cause a phase 
transformation to magnesium hydroxide. The interface solubility (SI) can be 
expressed as a function of the matrix solubility by substitution of Stot, either using 
the linear Equation (12) or the non-linear Equation (13), yielding Equation (15) and 
Equation (16), respectively. 

 (14) 

 (15) 

 (16) 
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The saturated moisture uptake of the polymer matrix (cm∞) and the interface (cI∞) 
components of a composite, exposed to a partial pressure of water vapor, was 
expressed according to Equation (17) and Equation (18) by assuming that Henry´s 
law is valid. 

 (17) 

 (18) 

A composite with an initial water concentration in the polymer matrix (cm0) and 
shielded from further water uptake will, after redistribution to the particle interface 
with higher solubility, result in the following expressions for the saturated water 
concentrations of the matrix (cm∞, shielded) and the interface (cI∞, shielded): 

 (19) 

 (20) 

 (21) 

 (22) 

Figure 17 shows how the simulated normalized conductivity (σcomp/σm) are affected 
by the particle interface thickness ratio (dI/rf), the relative adsorption strength of 
water to the interfaces (ks), the conductivity ratio of particle and matrix (σf/σm) and 
an external absorption barrier. The following parameter settings were used while 
consistently investigating the influence of one parameter on the normalized 
conductivity: dI/rf = 2, ks = 3200 and σf/σm = 5. The adsorption strength of water 
was obtained by the linear dependence in Equation (12) from the experimentally 
determined water uptake at 25 % RH for a composite with coated nanoparticles. 
The conductivity ratio was based on the conductivity of the LDPE matrix (2 x 10-13 
S m-1) after 10 min measurement with 32.5 kV mm-1 at 60 °C and the MgO particle 
conductivity (10-12 S m-1).18, 92 
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Figure 17. Simulated normalized conductivity as a function of particle volume fraction 
obtained by varying one of the following parameters while using standard values for the 
others: dI/rf = 2, ks = 3200, σf/σm = 5 and with a diffusion barrier. (a) Particle interface 
thickness ratio. (b) Relative adsorption strength of water to the interface. (c) Conductivity 
ratio of particle and matrix. (d) Presence of an external diffusion barrier.69  

Figure 17a shows that the composite conductivity was rapidly decreased by one 
order of magnitude at small volume filler fractions (0.4 vol%) and was independent 
on the interface thickness. The decrease in composite conductivity continued for a 
low interface thickness with ca. 2 orders of magnitude lower conductivity than for 
pristine polymer at larger filler fractions (> 4 vol%). For 1-2 vol% of particles, a 
minimum in conductivity with a drop of over 1 order of magnitude was observed 
for an interface thickness of the same magnitude as the particle diameter (dI/rf = 
2). However, the conductivity increased at higher filler fractions due to percolation 
of the interface regions.93 Figure 17b shows that the conductivity decreased at 
suitable filler fractions with increasing attraction of water to the particles, and was 
optimal at around 1-2 vol% with a conductivity drop of 5 times for ks = 103 and 50 
times for ks = 104. Figure 17c shows that the conductivity ratio of the particle and 
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the polymer matrix components, spanning over 8 orders of magnitude in the 
simulations, had no significant effect on the composite conductivity. Redistribution 
of the initial amount of water will occur in a composite sample by diffusion due to 
the higher water solubility of the interface than that of the matrix (see Equations 
(20)-(22)). This was simulated with a diffusion barrier in Figure 17d (non-filled 
circles), and a conductivity drop of more than 1 order of magnitude was observed 
for ca. 0.5-2 vol% of particles. In contrast, the same simulation was performed 
without a diffusion barrier for a short time (without redistribution of water 
molecules) and for a long time (saturated particle interfaces and matrix with water, 
as shown in Equations (17) and (18)). Only the equilibrated state showed an effect 
on the normalized conductivity, which increased with increased filler fraction, thus, 
highlighting the importance of keeping composites for HVDC cable insulation dry. 

Figure 18. (a) Simulated normalized conductivity as a function of particle volume fraction 
compared to the experimental conductivity (32.5 kV mm-1, 60 °C, 10 min) for LDPE 
composites with surface modified MgO particles.69 (b) Conductivity after 11 h for 
composites containing unmodified and surface modified MgO particles for different 
particle loadings (0.1, 1, 3, 6 and 9 wt%).69 Drawn after Pallon et al.18 

Figure 18a shows the experimental and simulated normalized conductivity of LDPE 
nanocomposites with different contents of C8-modified MgO nanoparticles. The 
experimental data are replotted from a previous study by Pallon et al.18 for 
comparison, which were measured at 60 °C with an applied electric field of 32.5 kV 
mm-1, and the conductivity was obtained after 10 min of polarization. The 
experimentally obtained constants as = 15.4 and bs = 0.00178 were used as input 
data in the model (see Figure 16b and Equation (13)). The conductivity ratio σf/σm 
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= 5 and the relative interface thickness dI/rf = 1.5 were also used for the simulated 
results shown in Figure 18a. The assumption of an interface thickness of similar 
magnitude to the particle size was based the presence of a region in the vicinity of 
the nanoparticles with higher surface potential than the matrix, which was reported 
by Borgani et al.39 using intermodulation electrostatic force microscopy (ImEFM). 
The MgO composites were prepared and held as dry as possible during the 
measurement and a diffusion barrier was used for the modelling. A similar 
appearance as for the experimental conductivity was obtained from the simulations 
using the more realistic non-linear adaption to the water solubility data (i.e. 
Equation (13)). A qualitative agreement was observed but the volume fraction for 
the minimum conductivity was shifted to the left, and the magnitude of the 
conductivity drop was smaller for the simulated results. Figure 18b shows that the 
degree of dispersion significantly affected the conductivity drop of the composite, 
which can be seen especially at low (<1 wt% = 0.26 vol%) and high (> 3 wt% = 0.78 
vol%) particle loadings. The simulated results were compared to the composite 
with hydrophobic C8-coated particle terminations, thus providing a dispersion 
closer to the ideal case. 

Figure 19. Schematic illustration of the influence of water on the conductivity in 
composites based on predicted results by FEM and experimentally measured findings. The 
insets show the distribution and uptake of water at the particle interface and polymer 
matrix after equilibrium with (bottom) and without (top) an external moisture barrier.69 
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Figure 19 illustrates schematically how the conductivity varies over time in the 
presence of charged mobile species in the composites, and is based on both 
experimental and simulation results. The dotted line (A) shows the linear decrease 
in the conductivity of pristine semicrystalline polymers (e.g. PE), as generally 
observed at high electric fields.24 The initial drop (B) in conductivity has been 
reported for composites containing a suitable amount of nanoparticles (around 1 
vol%).18 In the present study, it was observed that a significantly larger conductivity 
drop occurred for dry samples, as can be seen in Figure 14. This is illustrated in (C) 
and the lower inset in Figure 19 where water is adsorbed at the particle interface, 
resulting in less impurities in the polymer matrix. This redistribution of impurities 
in the composite will only be preserved if no additional uptake is possible from the 
surrounding environment, as simulated by using an external moisture barrier (see 
Figure 17d). In the case of water as polar/ionic impurity species, the water 
concertation in the composite components will depend on the RH and the 
temperature if no diffusion barrier is present. The lower magnitude of the 
conductivity drop, that may even be followed by further loss of the composite 
insulating properties, is illustrated in Figure 19 for a low water uptake in (D1) and a 
high uptake in (D2) with saturation of both the matrix and the interface 
components (see upper inset). Eventually, the composite conductivity will level off 
over time and resemble the slope of the pristine polyethylene, as shown by (E1) and 
(E2).  

The presence of water as a model impurity for all mobile polar/ionic species in 
nanocomposites and the adsorption related to the particle interface has been 
investigated as a possible explanation of the ca. 100 times more insulating 
composites compared to pristine LDPE. The relatively good agreement of the 
theoretically predicted and experimental composite conductivities (see Figure 18) 
points out the importance of investigating particle interface adsorption of other 
polar/ionic species that are present in composite materials for HVDC cable 
insulation. 
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4.2.3 Adsorption of crosslinking by-products on Al2O3 nanoparticles 

4.2.3.1 Solubility from sorption/desorption measurements 

XLPE is the most commonly used insulation material for extruded HVDC cables.2 
LDPE can be produced with a relatively high purity degree, as related to polymeric 
materials, and has suitable insulating properties.2, 3 However, it lacks the thermal 
stability to withstand the operating temperature of the conducting cable core (90 
°C) and, therefore, must be crosslinked.2, 3 This is generally done by peroxide 
crosslinking resulting in the generation of by-products (e.g. acetophenone and 
cumyl alcohol) in the initial ultra-pure material.94 The amount of these impurities 
can be reduced by degassing the cables but the process is energy- and time-
consuming.84 The general belief is that polar impurities, such as acetophenone, are 
detrimental to the insulating properties of the polymer matrix but recent reports 
have questioned its influence on the conductivity.24, 67, 95-98 The presence of 
multiple by-products, degassing procedure to reduce its concentration and polymer 
induced morphology/oxidation alternations during the prolonged heat treatment 
are factors that can complicate conclusions relating to XLPE. Ghorbani et al.67 
reported that trends in the effect of by-products on the dielectric properties can 
even be related to the protective pressing material, as used during production of 
thin film samples in research. It is clear that the complex arrangements of PE 
constituents from the nano- to macroscale, and the understanding of its conduction 
at high electric fields, is more challenging in the presence of several volatile 
impurities. Hence, only PE composites without crosslinking are considered in this 
study.  

The adsorption of polar molecules related to the particle interfaces in composites 
has previously been reported by Liu et al.99 and was discussed above (see sections 
4.2.1.1 and 4.2.2.3) for water as impurity species in PE. The adsorption of 
crosslinking by-products at the interface has only been reported for a suspension of 
metal oxide particles in heptane, as a model solvent used instead of PE.99 The 
adsorption of the polar acetophenone molecule is investigated in the present study 
and related to the adsorption of the non-polar limonene molecule of similar size. 
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This is important to further investigate the ‘adsorption hypothesis’ for other polar 
molecules that are present in insulating HVDC cable materials.  

Figure 20. Solubility at 21 °C (a) acetophenone and (b) limonene in composites as a 
function of filler content of unmodified and C8-modified Al2O3 nanoparticles. The 
solubility was calculated from the desorption data of saturated samples.100  

Figure 20a shows the solubility of acetophenone in pristine PE (ca. 2.1 mass 
penetrant per mass polymer) and in composites, where the solubility increased 
with increased particle loadings of unmodified and C8-modified Al2O3 
nanoparticles. The excess uptake of the composites must be related to the particle 
interface since the uptake of Al2O3 is negligible. The solubility increase was linear 
for both composites but differed in magnitude for the two different particle surface 
functionalities. The hydrophilic unmodified surface, containing metal oxide and 
hydroxyl terminations, showed a composite solubility of ca. 2.5 (gAceto/gPolymer) with 
12 wt% particles, while a lower solubility of ca. 2.4 (gAceto/gPolymer) was observed for 
the same amount of hydrophobic surface modified particles in the composite. Thus, 
the adsorption at the particle/polymer interface can be controlled by the 
characteristics of the particle coating. A high particle interface adsorption capacity 
is desired in order to reduce the amount of impurities in the polymer matrix but a 
porous coating has been reported to have the advantage of selective adsorption. It 
was shown that the C8 surface modification protocol resulted in ca. 70 % porous 
coating with a thickness of 2 nm that mainly consisted of a monolayer coverage 
with the eight-hydrocarbon tail functionality facing outwards from the particle 
surface.13, 21 The pores in the coating allowed only adsorption of small polar 
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molecules (i.e. crosslinking by-products) but not the larger sized molecules dicumyl 
peroxide and antioxidants.99 These additives must be evenly dispersed in the 
polymer, the former for proper crosslinking and the latter to prevent degradation. 
To preserve the PE structure is important for maintaining the short-term 
(processing in production) and long-term (cable lifetime operation) electrical 
properties of the cable insulation material. 

Figure 20b shows the limonene composite solubility at 21 °C for an increase in 
particle loading with a higher degree of adsorption for the hydrophobic particle 
surface than for the hydrophilic unmodified surface. The non-polar limonene 
solute with a solubility of 12.9 (gLim/gPolymer) in the hydrophobic PE matrix showed 
a significantly lower composite solubility for unmodified particles (13.3 gLim/gPolymer 
for a particle content of 10 wt%) compared to coated particles (13.9 gLim/gPolymer for 
a particle content of 10 wt%). The non-compatible interaction between limonene 
and the unmodified particle surface is expected to lower the amount adsorbed at 
the particle interfaces.  

4.2.3.2 Influence of particle size on the solubility 

The experimental findings of polar molecule adsorption (acetophenone and water), 
as related to the interface of 50 nm large Al2O3 particles in composites, were 
further predicted for other particles sizes. The composite solubility S (mass 
penetrant per mass of the composite) for large macroscopic particles can be written 
as a function of the particle volume fraction φf by assuming that the solubility of 
penetrant molecules in Al2O3 is zero.  

 (23) 

The composite solubility will decrease with increased particle loading according to 
Equation (23). However, surface effects will become dominant for sufficiently small 
particles, and the composite solubility will depend on the surface area to particle 
volume ratio (A0/V0) and the filler volume fraction φf. The solubility S is expected 
to increase linearly with φf and A0/V0 for relatively low filler fractions of well-
dispersed particles, since each particle can adsorb a fixed amount in the absence of 
interference with other particles. For spherical particles, such as the Al2O3 particles 

(1 )m fS S j= -
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with 25 nm radius in this study, the surface area (A0 =4πr2) to volume (V0= 4πr3/3) 
ratio becomes 3/r (nm-1). The composite solubility valid for both small and large 
particles can be combined and expressed as 

 (24) 

where k0 (wt% nm) is an adsorption strength constant that depends on the polarity 
of the particle and the penetrant. A positive value of k0 is expected for polar 
molecules in the case of polar particles, while k0 ≤ 0 for non-polar molecules. The 
magnitude of the adsorption strength will be constant for low particle loadings and 
is expected to decrease gradually with increasing interaction between the particles. 

Figure 21. Composite solubility predicted by the semi-empirical Equation (24) as a 
function of nanoparticle size, along with experimental solubility at 21 °C for composites 
containing surface modified Al2O3 nanoparticles (r0 = 25 nm).100     

The circular markers in Figure 21 shows the experimental composite solubility for 
hydrophobic surface modified Al2O3 fillers as a function of φf along with a fitted 
line according to Equation (24), which resulted in k0 = 20 wt% nm and S(φf=0) = 
2.07 wt%. It was predicted that the amount adsorbed became more than 2 times as 
high for a particle radius of 12.5 nm, while the adsorption effect disappeared 
completely for a 100 nm radius and showed instead a loss in composite solubility 
compared to pristine PE. A higher k0 = 46 wt% nm was obtained for composites 
containing unmodified Al2O3 particles. The constants for limonene as sorbent 

0 0 0 0( ) (1 ) / (1 ) 3 /f f m f f m fS S k A V S k rj j j j j= - + = - +
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molecules were S(φf=0) = 12.85 wt%, k0 = -165 wt% nm for unmodified and k0 = -
10 wt% nm for C8-coated Al2O3 particles.  

Figure 22. (a) Composite interlayer volume fraction φI as a function of particle volume 
fraction φf, where the solid lines are best fits according to Equation (25). The interlayer 
thickness 0.05r < d < 1r is increasing according to the arrow. (b) Parameter values (p1, p2 

and p3) as a function of interlayer thickness/particle radius ratio (δ = d/r). The markers 
are fitting parameters (see Equations (26)-(29) and the lines are polynomial fits.100    

Monte Carlo simulations were used to predict the composite solubility for spherical 
particles at high particle loadings, where Equation (24) is not applicable. The 
composite was assumed to consist of the three components, matrix, filler and 
interface, with the respective volume fractions φm, φf, φI and solubilities Sm, Sf and 
SI. The solubility of the filler was assumed to be zero and the composite solubility 
was expressed as 

 (25) 

The average volume fractions of the composite components were obtained from 
100 simulations by randomly placing spherical particles with radius r containing 
an interface with thickness d in a (20 r)3 large cubic domain. Figure 22a shows the 
simulated results (markers) of fractions φI related to φf for different thickness of 
the particle interface. The data were fitted by using the third order polynomials 

 (26) 

( ) (1 )f f f I I m f IS S S Sj j j j j= + + - -

3 2
1 2 3I f f fp p pj j j j= + +
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where the coefficients (p1, p2 and p3) of the polynomial were, in turn, fitted by two 
to four order polynomials as a function of δ = d/r (see Figure 22b). 

 (27) 

 (28) 

 (29) 

The volume fraction of interface visually increased linearly as a function of φf for a 
low interface thickness (0.05 r), with a steeper increase for a thicker interface up to 
ca. one third of the particles radius. For thicker interfaces, more curvature was 
observed and even a decrease of φI can be seen for an interface thickness 
comparable to the particle radius at large filler fractions (25 vol%). The Monte 
Carlo model requires more experimental input (i.e. solubility measurements for 
two particle radii) for predicting the solubility than the method based on Equation 
(24) for linear solubility dependence (i.e. no interaction between the particles), 
where only the solubility for one particle radius is needed. The simplicity of 
Equation (24) and the validity for all particle morphologies is advantageous 
compared to the Monte Carlo model, which is limited to spherical particles but is 
valid for high filler fractions.      

It can be concluded that adsorption of small polar molecules occurs at particle 
interfaces, which can be observed experimentally and predicted theoretically for 
various particle sizes, filler loadings and interface thickness. A suitable structure of 
particle coatings can potentially be used to allow crosslinking of LDPE composites 
without affecting the antioxidant dispersion in the material by selective adsorption 
of only smaller unwanted polar molecules. The amount adsorbed in composites 
with coated compared to unmodified particles was only lowered by ca. 25 % for 
acetophenone (see Figure 20a), and was not significantly affected for water (see 
Figure 13). Thus, the adsorption capacity of unmodified particles could be relatively 
maintained for coated particles, with the advantage of selective adsorption as 
regards larger molecular sizes. It is important to study how a higher concentration 
of polar molecules present in the vicinity of the particles affects the electrical 

4 3 2
1 89.1 67.8 13.5 4.09p d d d d= - - +

3 2
2 43.9 29.1 4.82p d d d= - + -

2
3 4.7 2.36p d d= +
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properties of the composites. As earlier remarked, the complexity of conduction in 
PE itself at high electric fields and the uncertainty regarding how crosslinking by-
products affects the conductivity can make studies on crosslinked composites too 
complicated for obtaining important fundamental knowledge. Composite systems 
with few varying parameters should be investigated along with proper 
characterization of all included components; the issue of particle agglomeration 
must be considered and water uptake of particles prior to processing, together with 
the uptake of the samples, must be controlled. 
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4.3 Particle terminations in metal oxide LDPE composites 

Zinc oxide can be synthesized in various morphologies and sizes through wet 
precipitation from aqueous solutions by varying only the zinc salt precursors, 
reactant ratios and temperature.20 Micro-sized particles with relatively large 
surface areas, due to their hierarchical arrangements, have been reported to result 
in almost as low composite conductivities as nano-sized ZnO in LDPE.14 These 
larger particles can contain dominant surfaces corresponding to known crystal 
faces with a certain fraction of zinc and oxygen terminations. Rod-shaped ZnO 
particles have a theoretical dominance of zinc terminations from the hexagonal 
faceted sides along the extended rod particles.26 The dominance of oxygen atomic 
terminations in hierarchical porous ball-shaped particles has been reported to be 
important for photocatalytic efficiency.25 The effect of specific particle surface 
terminations on the conductivity of LDPE composites will be investigated in this 
study for rod-shaped and ball-shaped ZnO particles. The advantage of larger sized 
particles is a lower tendency to form agglomerates, which enables the effect of 
surface functionalities to be studied independent of the degree 0f dispersion in the 
matrix. Thus, very different surface functionalizations that contain oxygen 
moieties, which have been shown to be detrimental to the conductivity in the form 
of oxidation species and water in sections 4.1 and 4.2, and hydrophobic PE-
compatible terminations, can be investigated.            

Figure 23. ZnO rod-shaped particles obtained after 1 h synthesis at 80 °C followed by 
quenching in liquid nitrogen and freeze-drying of the particles to obtain a powder.101  
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4.3.1 Synthesis of ZnO particles for nanodielectric composites 

4.3.1.1 Domination of zinc terminations 

The micrographs in Figure 23 show ZnO rod-shaped particles obtained after 1 h 
synthesis at 80 °C followed by freeze-drying into a powder. Spherical clusters of 5-
10 µm can be seen in Figure 23a, which formed bridging structures of parallel 
alignment of solitary rods and interconnected the cluster formations (see Figure 
23b).  The formation of equally wide faces along the faceted rods can be observed in 
Figure 23c for one of the nanorod bridges. The rods had an aspect ratio of ca. 18, 
which corresponded to an average length of 900 nm and width of ca. 50 nm. Figure 
24a shows that the rod-ends were either tapered or had a flat structure with a 
cracked appearance (Figure 24b). Thus, the measured length and aspect ratio of the 
rods can be assumed to be underestimated, due to the evidence of fractures during 
synthesis and, therefore, are not representative of the growth conditions during the 
condensation reactions. The formation of rod-ends with completely flat surfaces 
can be obtained for specific conditions, while the tapered rod-ends have generally 
been associated with the rate of growth in ZnO crystal directions, i.e. the fastest 

<0001>, intermediate <101(1> and slowest <101(0> growth directions.102, 103 The 
irregular surface structure of the flat rod-ends supports the hypothesis that 
fractures occurred during the synthesis. Note that the rods in Figure 23, Figure 24a 
and Figure 24b were freeze-dried after synthesis in order to achieve minimal 
damage for obtaining a dry powder. Figure 24c shows identically synthesized rods 
obtained by conventional drying to a dry powder consisting of randomly organized 
solitary rods. 
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Figure 24. (a) Rods with tapered ends and (b) rods with flat ends are highlighted by the 
arrows. (c) Identically synthesized rods obtained with conventional drying as post-
synthesis treatment followed by grinding to a powder.101  

Rod-shaped ZnO particle morphologies with high aspect ratio have been reported 
to be obtained using capping agents during synthesis, which can adsorb on the 

{101(0} planes to allow for elongated growth in the c-direction.104-106 In this study, 

no capping agents were required to obtain the rod-shaped particles, and the 
synthesis conditions (i.e. temperature, pH, reactants and molar ratios) governed 
the growth into elongated rod morphologies. 

The origin of the growth to rod-shaped ZnO particles was investigated by taking 1 
mL aliquots at the intermediate reaction times 5, 15, 60, 300 and 900 s after 
addition of the alkaline medium. These synthesis times were based on the rapid 
nucleation and growth followed mainly by increase in the length of the rods at 15-
60 min. Figure 25a shows that the rod formation was already evident at 5 s after 
the start of the synthesis reaction with an average length of ca. 130 nm. However, 
the rapid rod growth was clearly splaying out from a nucleation site connecting 
growth of several primary rods, which is visible in Figure 25a. The surface of the 
rods was evenly covered with ca. 10 nm grains that may have acted as starting 
points for growth of thinner secondary rods from the surface of the larger primary 
rods. The length of the rods increased relatively slowly between 60 s to 5 min of 
synthesis from 220 to 260 nm (see Figure 25), but was almost doubled to 480 nm 
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after 15 min of synthesis together with the appearance of faceted sides along the 
rods (see Figure 25d). 

Figure 25. Micrographs of rod growth at (a) 5 s, (b) 60 s, (c) 5 min and (d) 15 min after 
addition of the alkaline medium obtained by quenching 1 mL aliquots. The histogram 
insets show the distribution of the rod length in nanometers for each synthesis time and 
was only considered for the formation of rod-shaped particles.101 

Many mechanisms have been reported to explain the formation of ZnO rod-shaped 
particles.106-109 Precipitation of ZnO rods, and especially the initial formations, are 
not completely understood. The reason may be the sensitivity towards many 
parameters, even including the counterions in the aqueous solvent, which have 
been shown to significantly affect the particle morphologies only by changing the 
zinc salt.20, 110 It was reported by Hsieh et al.109 that hydrothermal synthesis of ZnO 
rods grew in the c-direction by attraction of Zn(OH)2-4 ions towards the positively 

charged (0001) crystal plane, while repulsion of the ions occurred for the negatively 

charged ( 0001( ) plane and prevented growth. The initial rod formation was 
observed by in-situ TEM precipitation where a particle with hexagonal morphology 
was first formed ca. 40 s after nucleation, followed by extensional growth to rods in 
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the c-direction.109 This is in contrast to the present synthesis protocol where rapid 
early rod formation occurred. Specific precipitation conditions (e.g. precursors, 
reactant ratio, temperature and pressure) reported for the growth of ZnO particles 
in various studies complicates general conclusions and understanding regarding 
the formation of different particle morphologies, such as rod-shapes.20, 106, 109 

Figure 26. (a) Morphology of rod-shaped particles and (b) ball-shaped particles consisting 
of interconnected sheet structures, together with schematic insets illustrating the 
dominant crystal planes of each particle. The atomic terminations were further illustrated 
in the insets to the right as observed from the side for each crystal plane. Dissolution of the 
particles in 2.5 M sodium hydroxide is shown in (c) for rod-shaped particles to the left and 
ball-shaped particles to the right.101  

The synthesis conditions in the absence of capping agents could, in this study, be 
concluded to favor the formation of sea urchin structures by heterogenous 
nucleation of connected rod-shaped particles. The occurrence of only solitary rods 
in the final precipitate after 1 h synthesis was explained by the hypothesis that the 
nucleation centers from where the rods interconnected were dissolved by the 
alkaline medium during the later stages of rod growth, i.e. from 15-60 min when 
the length of the rods was doubled. Figure 26c confirms greater resistance of the 
hexagonal faces along the rods containing dominating zinc terminations (Figure 
26a), to dissolution in a 2.5 M sodium hydroxide aqueous solution compared to the 
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sheet structures in ball-shaped particles dominated by oxygen atomic terminations 
(Figure 26b).26 Nicholas et al.111 reported a correlation between the stability of 
crystal planes and the number of terminating oxygen atoms per zinc atom, where 
the least stable planes had the highest number of terminating oxygen atoms. The 
lower stability of the nucleation centers in the sea-urchin formations towards the 
alkaline medium may be explained by the presence of crystal planes with lower 
amounts of the more stable zinc terminations compared to the hexagonal faces 
along the rod-shaped particles. The heterogenous nucleation into sea urchins and 
rapid initial growth in the first few seconds could have been the reason for the 
relatively large size distribution of solitary rods after 1 h (see inset in Figure 23a). 

Figure 27. Heat treatment of freeze-dried ZnO rods after 1 h synthesis: (a-b) 600 °C, (c-d) 
800 °C and (e-f) 1000 °C.101 

Figure 27 shows the effect of heat treatment at 600-1000 °C for ZnO rods obtained 
by freeze-drying after the completed 1 h synthesis. Heat treatment at 600 °C 
showed no differences at low magnifications (compare Figure 27a with Figure 23) 
but it was clear at higher magnifications that the faceted edges along the rods was 
lost and the rod ends became more rounded at the edges (see Figure 27b). In 
addition, individual rods were observed to be merged together where they were in 
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contact. Figure 27c shows significant changes in the particle size towards shorter 
and wider rod dimensions after heat treatment at 800 °C. Even a loss of visible rod 
morphology is shown in Figure 27d at higher magnification, which instead showed 
the formation of sheet structures by merging of several individual rods. The three 
dimensional network as formed during the freeze-drying was mainly preserved, 
even after heat treatment at 1000 °C (see Figure 27e), but any sign of individual 
rods was completely absent from the rounded more spherical network constituents 
(see Figure 27f). The trends of the morphology alterations during heat treatment 
were in good agreement with previous reports for ZnO rods, where changes were 
first apparent at 600 °C and significant shorter and wider rods were obtained after 
exposure to higher temperatures.112   

Figure 28. (a) Photoluminescence spectra at room temperature and (b) visible emissions 
under UV light at cryogenic temperatures for heat-treated ZnO rods after 1 h synthesis.101 

The heat treatments of the rod-shaped particles were found to influence the 
photoluminescence (PL) characteristics (Figure 28a) and the visible emission 
under irradiation of UV light with a wavelength of 365 nm at cryogenic 
temperatures (Figure 28b). Figure 28a shows a broad emission peak around 600 
nm for the ‘as-synthesized’ rods and another broad peak around 500 nm after heat 
treatment at 1000 °C, in addition to the UV emission below 400 nm that was 
present for all samples. Almost all intensity of the peak at 600 nm had already 
vanished after the heat treatment at 600 °C. No clear emission was observed after 
the heat treatment at 800 °C except for the peak in the UV region related to free 
exciton recombination.113 The PL characteristics at room temperature were in 
qualitative agreement with the presence of the most distinct emissions at cryogenic 
temperatures under UV irradiation for the orange reference and 1000 °C heat-
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treated yellow sample, as can be seen in Figure 28b. Thus, the PL emission peaks 
with maximum intensities at 510 and 600 nm should correspond to different 
structural/electronic defects in ZnO.114 The loss of hydroxyl functionality, due to 
condensation of water, from the rod-shaped particles by heat treatment was 
proposed to have caused the decrease in emissions around 600 nm.113 The 
thermogravimetry of the rod particles during dynamic measurement up to 800 °C 
is shown in Figure 35b, where the majority of the mass loss occurred prior reaching 
600 °C.    

Table 2. Summary of crystal growth of rod-shaped and ball-shaped ZnO particles during 
heat treatments at 600, 800 and 1000 °C. 

Heat treatment 

Rod-shaped particles Ball-shaped particles a 

D (𝟏𝟎𝟏#𝟏)  
(nm) 

D (𝟎𝟎𝟎𝟐)  / D (𝟏𝟎𝟏#𝟎) D (𝟏𝟎𝟏#𝟏)  
(nm) 

D (𝟎𝟎𝟎𝟐) / D (𝟏𝟎𝟏#𝟎) 

Reference 30 1.2 27 1.2 
600 °C 30 1.2 30 - b 

800 °C 32 1.1 39 - b 
1000 °C 38 1 48 1 
a Previously reported XRD results by Pourrahimi et al.25 for ball-shaped particles consisting of interconnected 
sheet structures, as can be seen in Figure 29. b No specific values were reported previously by Pourrahimi et 
al.25 but it was reported that the crystal growth ratio decreased gradually and reached unity after heat 
treatment at 1000 °C.   

The synthesis of ball-shaped ZnO particles, consisting of a porous organization of 
sheet structures, is shown in Figure 26b and will further be presented in the next 
section. Pourrahimi et al.25 reported the emission characteristics from PL and 
under UV irradiation for this ball-shaped particle after heat treatment, and the 
trends were similar to those for the rod-shaped particles. However, a heat 
treatment at 400 °C already resulted in PL emission vanishing around 600 nm and 
the broad emission around 500 nm had already appeared at 800 °C, i.e. shifted 
200 °C lower in heat treatment temperature than for the rods. The shifted 
occurrence of visible emissions may be related to more stable structural and 
electronic defects of the rod-shaped particles since the crystal growth during heat 
treatment was initiated at around 200 °C lower for the ball-shaped particles. Table 
2 presents the crystal growth of the ZnO rod-shaped and ball-shaped particles 
during heat treatment. The crystal growth of the ball-shaped particles was 
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significantly greater and was observed to be already initiated at heat treatment at 
600 °C, while only a small increase in crystal size was observed for the rods at 800 
°C, followed by a larger increase that occurred during heat treatment at 1000 °C. In 
addition, the heat treatments resulted in the same magnitude of the crystal sizes for 
the c- and the a-axis for both particles and displayed a ratio of unity after exposure 
to high temperatures. It could be concluded that the rod-shaped particles were also 
more stable under alkaline conditions, in addition to the more preserved 
morphology, defects and crystal dimensions induced by thermal treatments at high 
temperatures, compared to the ball-shaped particles. The mass loss during 
dynamic heating up to 800 °C corresponding to the occurrence of hydroxyl species 
was also more affected for the ball-shaped particles. However, this may be 
explained by the higher specific surface area and the more frequent occurrence of 
oxygen at the surface due to the dominant oxygen terminations of the sheets in the 
ball particles, as compared to the rods with mostly zinc terminations at the 
dominant surfaces along the faceted sides of the rods.  

In conclusion, the simple water-based synthesis route without any capping agents 
resulted in solitary ZnO rods after 15 min. The synthesis protocol can easily be up-
scaled to use the rods as a filler in insulating LDPE composites for HVDC cables. 
The minimized occurrence of oxygen terminations from the dominant surfaces of 
the micro-sized rod particles (83 % zinc in average) could be advantageous when 
using the rods for this application since a too high concentration of oxygen-
containing species in PE resulted in a loss of the electrical insulating properties (see 
Figure 9). 
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Figure 29. Morphology of ball-shaped particles consisting of interconnected sheet 
structures at (a) low magnification and (b) high magnification. (c) Size distribution of the 
ball diameters.28 

4.3.1.2 Domination of oxygen terminations 

Figure 29a shows porous hierarchical ball-shaped particles that consist of many 
interconnected sheets with an average thickness of 25 nm (Figure 29b). The 
particles had an average diameter of 1.5 µm and a relatively narrow size 
distribution (Figure 29c). The porous nature of the particles resulted in a large 
specific area of 16.7 m2 g-1 for particles with micrometer dimensions. The sheet 

formations with large {211((((0} planes was suggested by Li et al.115 to depend on a 

suppressed growth rate in the [0001] direction, due to stabilization of the positively 

charged (0001) crystal plane by anion adsorption, resulting in fast growth along 

<011(0> and [0001] directions. The dominant surfaces of the sheet formations 

correspond to the {211((((0 } faces with dominating oxygen terminations (67 % 
oxygen), as illustrated in Figure 26b by atomistic modelling of the surface 
terminations from a side view.26 The presence of surface oxygen was previously 
reported to be important for the improved photocatalytic performance, and was 
correlated to depend on the magnitude of oxygen terminations at the particle 
surface.25 Thus, it is important to investigate whether other properties are also 
influenced by the particle terminations of metal oxide particles, e.g. to control the 
electrical properties of insulating composites for HVDC applications. 
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4.3.2 Impact of ZnO particle terminations on the conductivity of LDPE composites 

4.3.2.1 Unmodified ball-shaped and rod-shaped ZnO particles 

Figure 30a shows the apparent conductivity of composites containing 3 wt% of 
micro-sized ZnO particles, either with ball-shaped (BS) or rod-shaped (RS) 
morphology. The composites containing unmodified particles showed the lowest 
conductivity of ca. 1 x 10-16 S m-1 after measuring for 15 h (see green and red lines in 
Figure 30a), which was 2 orders of magnitude lower than that of the LDPE 
reference. This difference in conductivity was already evident a few s after applying 
the high voltage, as shown by the initial drop in the apparent conductivity for the 
composites in Figure 30a. The composites with unmodified ball- and rod-shaped 
particles showed mainly the same behavior until ca. 100 s of measurement, but 
thereafter diverged. The inset in Figure 30a shows that the composite with ball-
shaped particles had 2 times higher conductivity after 15 h than the composite with 
ZnO rods. Longer measurements for 2 days confirmed that the 2 orders of 
magnitude lower conductivity for the composites with unmodified rod particles was 
maintained compared to the LDPE reference.  

Figure 30. a) Apparent conductivity at 60 °C and 30 kV mm-1 of LDPE composites 
containing ball- and rod-shaped particles with and without silica coatings. The inset shows 
a magnification at the end of the measurement.28 (b) A schematic illustration of the 
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tetraethoxysilane monomer, which by crosslinking encapsulates the particles with ca. 5 nm 
coatings.21  

4.3.2.2 Elimination of metal oxide particle terminations by silica coatings 

Figure 30a shows that the composites containing silica-coated ZnO particles had a 
conductivity of ca. 1 x 10-15 S m-1 after 15 h, which was considerably higher than for 
unmodified particles. In addition, the apparent conductivity curves for composites 
with silica-coated ball- and rod-shaped particles almost overlapped. Figure 31 
shows the particle characterization of the silica coatings, which was built up by a 
crosslinked network of silane monomers, as schematically illustrated in Figure 
30b.21 The coatings had a thickness of 4 and 7 nm for ball- and rod-shaped 
particles, respectively, and the Si-O-Si network structure was confirmed by the 
FTIR peaks at 990-1250 cm-1.21, 116, 117 Figure 31d shows that the normalized mass 
loss during thermogravimetry up to 800 °C was larger for the silica-coated particles 
compared to the respective unmodified ball- and rod-shaped particles. The mass 
loss was mainly attributed to condensation of hydroxyl groups due to the absence 
of organic moieties.21 Thus, the coated particles had a higher amount of hydroxyl 
surface terminations than the unmodified particles.      
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Figure 31. Micrographs of silica coatings on (a) ball-shaped particles and on (b) rod-shaped 
particles. The coated and unmodified particles were characterized with (c) IR-spectroscopy 
and (d) thermogravimetry.28 

The increase in composite conductivity by 1 order of magnitude with silica-coated 
particles was explained by the higher amount of oxygen in the outer particle surface 
than in unmodified particles. This is consistent with the detrimental impact on the 
conductivity of high oxygen concentrations in thermally oxidized LDPE, as 
discussed in section 4.1.2.3. The dominant metal oxide crystal faces of the sheets in 
the ball-shaped particles theoretically contained a higher amount of oxygen 
terminations (67 %) than the crystal planes along the rods-shaped particles (17 
%).26 The significantly higher conductivity (2 times) of composites with unmodified 
ball-shaped particles compared to unmodified rods was attributed to the presence 
of more surface oxygen. This was due to the conductivity of the composites with 
silica-coated particles being the same. In addition, the inter-particle distance 
between the neighboring particles in the composite was not affected by 
encapsulating the micro-sized particles with silica coatings, as discussed later in 
section 4.3.3. 
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Figure 32. (a) Apparent conductivity at 60 °C and 30 kV mm-1 of LDPE composites 
containing ball- and rod-shaped particles without and with coatings containing 
hydrocarbon terminal groups. The inset shows a magnification at the end of the 
measurement.28 (b) Schematic illustration of the C8 molecule bonded to a particle 
surface.21  

4.3.2.3 Impact of hydrocarbon particle terminations 

Figure 32a shows the apparent composite conductivity for 3 wt% of C8-coated 
particles, where Figure 32b illustrates schematically that each silane molecule 
contains an aliphatic hydrocarbon terminal group of eight carbon atoms.21 The 
conductivity of the composites with coated particles was lower compared to 
unmodified particles at the end of the measurement, as shown by the blue and 
black dotted lines in the inset. The composite conductivity curves for coated ball- 
and rod-shaped particles began to overlap after measuring for 20 min. Thus, the 
influence of ZnO metal oxide terminations could not affect the composite 
conductivity for the coated particles. The C8 coating with hydrophobic tails as 
particle terminations resulted in a composite conductivity below 1 x 10-16 S m-1 after 
15 h. The particle dispersion in the polymer matrix compared to unmodified 
particles was not affected by the PE compatible C8 terminations, as discussed later 
in section 4.3.3. 
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Figure 33. Micrographs of the C8 coatings on (a) ball-shaped particles with an inset of 
higher magnification and on (b) rod-shaped particles. The coated and unmodified particles 
were characterized with (c) IR-spectroscopy and (d) thermogravimetry.28  

The micrographs in Figure 33 show that the C8 coating for ball- and rod-shaped 
particles had thicknesses of 2 and 5 nm, respectively. The infrared spectroscopy in 
Figure 33c confirmed the presence of the hydrocarbon terminal tails from the 
peaks at 2800-3000 cm-1, which corresponded to C-H stretching vibrations.13, 116 
The peak intensities were comparably stronger for the rod particles but could also 
be observed for coated ball-shaped particles. The larger normalized mass loss 
during thermogravimetry for the coated particles than the respective unmodified 
ZnO particles was attributed to degradation of the organic moieties in the C8 
coatings.21    
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Figure 34. Micrographs after heat treatment at 400 °C in air of (a) ball-shaped particles 
and (b) rod particles. (c) Apparent conductivity at 60 °C and 30 kV mm-1 of LDPE 
composites containing 3 wt% unmodified or heat-treated particles in comparison to the 
LDPE reference. The inset shows a magnification at the end of the measurement.28 

4.3.2.4 Influence of refined particle surfaces by heat treatment 

The micrographs in Figure 34a and b show the ball- and rod-shaped particles after 
heat treatment at 400 °C in air, respectively. The morphology of the particles was 
not affected by the heat treatment, except for the appearance of 5-10 nm potholes 
in the surface of the sheets in Figure 34a.25 The heat treatment reduced the specific 
surface area of the ball-shaped particles from 16.7 to 13 m2 g-1 and of the rod 
particles from 9.9 to 9.3 m2 g-1. Figure 34c shows that the apparent composite 
conductivity was increased for both heat-treated particle systems. The conductivity 
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was twice as high after 15 h for the composite with heat-treated ball-shaped 
particles than for that with unmodified particles (see red lines in Figure 34c). A 
smaller increase in the composite conductivity was observed for heat-treated rod 

particles compared to the unmodified particles (i.e. D2 < D1 in Figure 34c). The 

reason for the consequent increase in conductivity for both composite systems was 
proposed to be due to a refinement of the metal oxide surfaces during the heat 
treatment. Figure 35a and b confirmed a lower normalized mass loss during 
thermogravimetry of already heat-treated particles compared to unmodified 
particles (compare dotted to solid lines). This was evident for both particle systems, 
but with a 4 times larger mass loss for the ball-shaped particles during the 400 °C 

heat treatment than that of the rod particles (i.e. Dred > Dgreen in Figure 35a and b). 

Thus, the larger increase in conductivity of the composites with heat-treated ball-
shaped particles may be due to a more refined surface, which should correspond 
better to the theoretical metal oxide terminations of the dominant crystal planes.25, 

26 The loss of hydroxyl surface functionality should expose more oxygen 
terminations, especially for the sheets in the ball-shaped particles. This relatively 
small change in the surface of the particle and the consistent effect on the 
conductivity demonstrates the sensitivity of the composite conductivity to the 
presence of oxygen.   

The apparent conductivity of the LDPE reference continuously decreased over 
time, as can be seen in Figure 34c. A linear decrease according to the power law 
expression I ≈ t-n with an n-value around 0.5 was consistent with Ghorbani et al.24 
who reported an absence of steady-state current for several semicrystalline 
polymers. The slope of apparent conductivity versus time in Figure 34c was steeper 
for the composite with heat-treated rods than for heat-treated ball-shaped 
particles, where the former had a similar slope to that of the LDPE reference. 
Several characteristics of the current versus time curves have been reported for 
LDPE nanocomposites. Generally, the absorption current initially decreases 
significantly more for nanocomposites (n > 0.5) than for pristine PE (n ≈ 0.5).118 
Thereafter, the slope of the current levels out for the composites at longer 
polarization times, which can be observed around 10 s of applied voltage for the 
composites in Figure 34c. A more or less constant appearance of the current has 
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been reported for longer polarization times, while Lau et al.119 even observed 
consequently increased current at the end of the measurements for silica LDPE 
nanocomposites.18, 19 It is important to study the origin of the different curve 
characteristics during leakage current measurements in order to understand the 
long-term properties of nanodielectrics. It should also be noted that even the long-
term conductivity of pristine LDPE is not completely understood.24 Thus, more 
fundamental knowledge about the polymer matrix may be needed in order to 
understand the long-term properties of composite systems.   

Figure 35. Thermogravimetry of unmodified and 400 °C heat-treated (a) ball-shaped 
particles and (b) rod particles. X-ray diffraction spectra are shown for each particle in (c) 
and (d), respectively.28 

Figure 35c and d show the XRD spectra of ball- and rod-shaped particles with and 
without heat treatment at 400 °C. The calculated unit cell dimensions of a=3.25 Å 
and c=5.21 Å were the same for all spectra and corresponded to the inorganic 
crystal structure database with collection number 067849 for the hexagonal 
Wurtzite crystal structure. The crystal size of 27 and 30 nm for the ‘as-synthesized’ 
ball- and rod-shaped particles, respectively, was maintained after heat treatment at 
400 °C.25 The crystal size was calculated with Equation (2) from the diffraction 
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peak at 36° corresponding to the (101(1) crystal plane. Heat treatment at higher 

temperatures to achieve a more refined particle surface was not considered due to 
significant changes of the ball-shaped particle morphology, decrease in the specific 
surface area and increase of the crystal size.25  

Figure 36. (a) Apparent conductivity at 60 °C and 30 kV mm-1 of LDPE composites 
containing 3 wt% unmodified and coated nanoparticles. The dotted green line corresponds 
to a composite with 3 wt% unmodified rod particles for comparison. Micrographs of the (b) 
silica-coated and (c) C8-coated nanoparticles.28 

4.3.2.5 Impact of coating surface functionality for ZnO nanoparticles 

Pourrahimi et al.20 reported a water-based synthesis protocol at 60 °C to obtain 25 
nm ZnO nanoparticles with hexagonal pyramid morphology by adjusting the 
precursor ratio.26 The nanoparticles with a high specific surface area of 34 m2 g-1 

have been reported to have lower composite conductivity than micro-sized ZnO 
particles.14 Figure 36a shows the apparent conductivity of a composite with 3 wt% 
unmodified and coated nanoparticles, where the 4 nm thick silica- and C8-coated 
nanoparticles are shown in Figure 36b and c, respectively. The composite 
conductivity of 3.5 x 10-17 S m-1 after 15 h for unmodified nanoparticles was lower 
than for unmodified rod particles, as shown by the dotted black and green line in 
Figure 36a. The conductivity of the nanocomposites with coated particles showed 
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the same trend as for larger micro-sized particles, i.e. increase for silica coatings 
and decrease for C8-coatings. The composite conductivities were 5 x 10-16 S m-1 and 
below 1 x 10-17 S m-1 after 15 h for silica- and C8-coated particles, respectively. 

Figure 37. ZnO nanoparticle characterization by (a) IR-spectroscopy, (b) thermogravimetry 
and (c) electron microscopy.28 

The surface functionalities of the coatings were confirmed in Figure 37 by IR-
spectroscopy, thermogravimetry and by comparing to the micrograph of 
unmodified nanoparticles. The hydrocarbon functionality was confirmed in Figure 
37a by the three peaks at 2800-3000 cm-1 and the crosslinked silica network from 
the intense peak at ca. 1050 cm-1.14, 21, 116 The larger mass loss of coated particles 
during thermogravimetry up to 800 °C compared to unmodified nanoparticles in 
Figure 37b was attributed to degradation of the organic terminal groups for the C8 
coating and removal of hydroxyl groups by condensation for silica coatings.21    
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Figure 38. Dispersion of ZnO particles in the LDPE polymer matrix for (a) unmodified 
ball-shaped particles, (b) unmodified rod particles, (c) unmodified nanoparticles and (d) 
C8-coated nanoparticles. A magnified part of the micrograph corresponding to a width of 5 
µm is shown for the ball- and rod-shaped particles in (a) and (b), respectively, and an area 
of the same width is marked in micrographs (c) and (d) for nanoparticles. A histogram 
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inset is shown for each figure where the degree of dispersion is quantified by the nearest 
neighbor center-to-center particle distance (IPD), as analyzed from several micrographs.28 

4.3.3 Dispersion ZnO particles in low-density polyethylene 

Figure 38 shows the dispersion of 3 wt% ZnO particles in LDPE. The dispersion of 
unmodified ball-shaped particles showed good dispersion without agglomerations, 
as shown Figure 38a where the solitary particles are visible at relatively low 
magnification. A 5 µm wide area in the upper part of the micrograph is magnified 
in the inset, which contain one ball-shaped particle. In addition, the histogram 
inset shows that the distribution of the nearest neighbor inter-particle distance 
(IPD) spans over 1-20 µm with an average of 8 µm. The magnification of the 
micrographs for the dispersion evaluations was optimized to contain as many 
particles as possible but with clear visibility of solitary particles. Figure 38b shows 
that the dispersion of unmodified rod-shaped particles mainly consisted of solitary 
particles, even although larger agglomerations occasionally occurred, as can be 
seen in the upper part of the micrograph. The 5 µm wide inset contained two rod 
particles, which resembled the IPD distribution within a few µm in the histogram. 
The center-to-center distance of agglomerates/particles was considered for the 
dispersion evaluation for the composites containing agglomerates. Therefore, a 
composite with well-dispersed particles will have a short IPD value, while a poor 
dispersion of identical particles of the same content will have a longer IPD value 
due to the association of many particles in agglomerates. Figure 38c shows that the 
unmodified ZnO nanoparticles mainly agglomerated, which resulted in a similar 
average IPD value as for the unmodified rod particles around 1 µm. This reflects 
very poor dispersion of the much smaller 25 nm nanoparticles with a significantly 
larger specific surface area. However, the nanoparticle dispersion was considerably 
improved for C8-coated particles, which were compatible with the hydrophobic 
polymer matrix. The histogram inset in Figure 38d shows that the IPD values were 
all below 1 µm with an average of ca. 300 nm. In contrast, the degree of dispersion 
was not significantly affected for the larger micro-sized particles by applying 
coatings. Table 3 shows the average IPD values for all composites with unmodified 
and coated particles. 
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Table 3. Summary of the inter-particle distance (IPD), DC conductivity (σ), peak melting 
temperature (Tm), onset crystallization temperature (Tc) and mass crystallinity (wc).  

ZnO particle Coating IPD σ Tm Tc wc 
Size Morphology  (µm) (S m-1) (°C) (°C) (%) 

- a - a - a - a 1.2 x 10-14 110 102.5 51 
micro ball-shaped - 7.8 2.4 x 10-16 110 102.6 50 
micro ball-shaped HT 400 - 3.9 x 10-16 110 102.7 53 
micro ball-shaped C8 7.8 9.5 x 10-17 110 102.4 54 
micro ball-shaped silica 7.9 1.8 x 10-15 110 102.2 52 
micro rod - 1.4 1.2 x 10-16 110 102.5 50 
micro rod HT 400 - 1.5 x 10-16 110 102.4 55 
micro rod C8 1.2 9.4 x 10-17 110 102.3 54 
micro rod silica 1.2 1.7 x 10-15 110 102.1 55 
nano pyramid - 1.2 3.5 x 10-17 110 103 53 
nano pyramid C8 0.3 1 x 10-17 110 104 54 
nano pyramid silica 1.1 4.7 x 10-16 110 102.2 52 
a LDPE reference. 

4.3.4 Discussion of the composite conductivity for ZnO particle systems 

Improvements in the dielectric properties of insulating semicrystalline polymers 
have been reported to be caused by small spherulite sizes, thick crystal lamellae 
and even by structural polymer changes during prolonged heat treatment at 50 
°C.24, 50, 52, 55 The results in section 4.1.2.1 showed that the conductivity could be 
altered to a small but significant extent by comparing a morphology with and 
without supermolecular structures. A larger decrease around 1 order of magnitude 
in conductivity of LDPE have been reported by the addition of a few wt% HDPE. 
The improved conductivity was attributed to the presence of thicker crystal 
lamellae in the polymer blend.55 If the addition of inorganic particles alters the 
polymer morphology, the insulating properties may be affected indirectly, which 
has been reported to some extent for nanodielectrics.8 Table 3 shows that the peak 
melting temperature, onset crystallization temperature and mass crystallinity of 
the investigated LDPE composites was not significantly changed compared to the 
LDPE reference. An average crystal lamellae thickness of 8 nm was obtained for all 
materials by calculations according to the Thomson-Gibbs expression in equation 
(4), which is dependent on the peak melting temperature. Figure 39 qualitatively 
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shows the crystal polymer matrix morphology in the vicinity of a ball-shaped 
particle compared to pristine LDPE. Both materials consisted of a random lamellae 
morphology due to the extrusion during sample preparation for dispersing the 
particles, as discussed in section 4.1.1. Pourrahimi et al.14 reported nucleation of 
crystal lamellae on ball-shaped ZnO particles with a radial orientation from the 
particle surface, which can also be seen in Figure 39a for the lamellae closest to the 
hole where a ball-shaped particle was positioned prior etching. However, no 
nucleation effect by the inorganic particles could be observed in this study due to 
the constant magnitude of onset crystallization temperature in Table 3. 

Figure 39. (a) Crystalline LDPE morphology of a composite in the vicinity of a ball-shaped 
particle compared to (b) pristine LDPE.28 

Figure 40 shows the composite conductivity after 15 h as a function of the average 
IPD value, as tabulated in Table 3. It is evident that the degree of dispersion was 
constant for the composites with micro-sized particles and was independent of the 
particle surface functionality. It is also clear that the overlapping composite 
conductivity for ball- and rod-shaped particles with the same coatings had very 
different IPD values of ca. 8 and 1 µm, respectively. The composites with 
unmodified rod-shaped particles and nanoparticles had similar IPD values around 
1 µm but the nanocomposite conductivity was ca. 3 times lower. Thus, the inter-
particle distance showed no clear effect on the conductivity for composites with 
micro-sized particles, and the decrease in nanocomposite conductivity for the same 
degree of dispersion must have been caused by something else. The nanoparticles 
had much larger specific surface area than the rod-shaped particles, which may 
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have contributed to the lower conductivity if the surface area remained active 
within the nanoparticle agglomerates.  

Figure 40. Composite conductivity after 15 h at 60 °C and 30 kV mm-1 as a function of the 
average inter-particle distance. Composite conductivities for unmodified particles were 
denoted ‘Un’.28 

The trend of decreased composite conductivity for the C8-coated particles 
compared to the composite with unmodified particles was consistent for micro- 
and nanosized particles. However, the hydrophobic C8 coating with aliphatic 
hydrocarbon terminal groups resulted in a much lower IPD value of 300 nm along 
with a much larger decrease in composite conductivity for nanoparticles than for 
the composites with micro-sized particles. Thus, it was proposed that a 
contribution from both the coating terminations and the good nanoparticle 
dispersion lowered the conductivity. A correlation between a short inter-particle 
distance and low DC conductivity has been reported for LDPE composites with 
ZnO nanoparticles.14 Other studies with Al2O3 and MgO particles reported a more 
complicated situation where the composite conductivity was the same for an 
optimal particle concentration around 3 wt% of unmodified and C8-coated 
particles.18, 19 The dispersion of Al2O3 and MgO nanoparticles in LDPE both had 
twice as large IPD values for unmodified than C8-coated particles. These studies 
consistently reported that the low composite conductivity was maintained for 
hydrophobically coated particles but was increased for uncoated particles at both 
lower and higher concentrations. In addition, Pallon et al.18 reported that the mass 
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of the inorganic phase was important for the suppression of composite 
conductivity. Composites with 0.1 wt% C8-coated and 1 wt% unmodified particles 
suppressed the conductivity by 1 and 2 orders of magnitude, respectively, and 
showed a similar degree of dispersion. This observation is consistent with the lower 
composite conductivity for 3 wt% unmodified nanoparticles than for unmodified 
rod particles in this study, as can be seen in Figure 40. The IPD-value was similar 
for both composite systems where the larger surface area in the nanocomposite 
probably suppressed the conductivity more despite the agglomerated state of the 
nanoparticles.     

The increase in composite conductivity by an order of magnitude for silica-coated 
particles compared with unmodified particles was also consistent with the trends 
for composites with micro-sized particles. Figure 40 shows that the magnitude of 

the relative conductivity increase (D) was the same compared to composites with 

rod particles, which also showed similar IPD values around 1 µm. The presence of 
oxygen in pristine LDPE, oxygen in the form of added water and oxygen in the 
surface of particles for composites has consistently been shown to increase the 
conductivity. It was proposed that even the difference in theoretical oxygen 
termination content for the ball-shaped (67 %) and rod-shaped (17 %) particles 
mainly caused the 2 times higher composite conductivity for the former. Also, the 
consequent conductivity increase for composites with heat-treated particles was 
proposed to be caused by revealing underlying oxygen terminations after 
condensation of hydroxyl groups. 

Table 4. Summary of reported interface thickness based on models, simulations and 
experimental techniques. 

Reported literature Suggested from 
Interface 
thickness 

Tanaka et al.17 Multicore model 10-30 nm 
Takada et al.80 Electrical potential well model up to 100 nm 
Smith et al.120 Limited chain mobility 10-20 nm 

Kubyshkina et al.121 Density functional theory up to 40 nm 
Yao et al.122 Small angle X-ray scattering ~ 3 nm 
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The change in composite conductivity over 1 order of magnitude by applying a 
coating with small functional groups (< 2 nm) shows the dominating effect of the 
particle interfaces.21 However, the specific structure of the interface and its 
interaction with the polymer matrix is not easily characterized. Table 4 summarizes 
the suggested interface thicknesses and constituents that have been reported. In 
contrast to the general view that the interface is important, the detail 
characteristics have been heavily debated. This is clear from the large variation 
from a few to 50 nm of suggested interface thickness based on models, simulations 
or experimental techniques.   

Figure 41. Intermodulation force microscopy of composite samples with 3 wt% 
unmodified, silica-coated and C8-coated ZnO nanoparticles. The samples were spin-coated 
with a thickness around 100 nm and the measurements were performed with a DC bias (-2 
≤ VDC ≤ 2 V) between the tip of the cantilever and the surface.28 

Figure 41 shows surface potential measurements at the nano-scale by using 
intermodulation force microscopy. The samples had a thickness of 100 nm and 
were spin-coated from composites with 3 wt% unmodified and coated 
nanoparticles. The nanoparticles are clearly distinguished from the LDPE 
topography by the color scale corresponding to the surface potential. A DC bias of 2 
V was applied to the cantilever tip corresponding to an electric field strength of 20 
kV mm-1. The absolute values of the surface potential were shifted to zero (i.e. 
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green color) for the polymer background unaffected by the particles. The surface 
potential of the particles embedded in PE showed a transition from positive to 
negative in line with the polarity of the applied bias. Within tens of nanometers in 
the vicinity of the particles a different surface potential than the green background 
was shown, which was most distinct for the coated particles with a positive bias by 
the yellow areas in Figure 41. The influenced surface potential, reaching out in the 
polymer matrix from the particle surface, has previously been reported for C8-
coated Al2O3 nanoparticles in LDPE.39 However, the similar dependence of the 
surface potential for composites with unmodified and coated ZnO nanoparticles are 
in contrast to the 50 times higher composite conductivity for silica-coated than C8-
coated particles. An interface thickness of 1-2 nm is suggested here, which is 
thinner than suggested earlier (see Table 4). This was based on the large variation 
in composite conductivity by only altering the functional groups of the coating 
terminations, and that no correlation was observed for the long-range effect of the 
surface potential at the nanoscale and the composite conductivity.    
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5. CONCLUSIONS 

The polymer morphology can affect the DC conductivity of low-density 
polyethylene. Samples with banded spherulites had a lower conductivity than that 
of samples with randomly dispersed lamellae morphology at 60 °C but a higher 
conductivity at room temperature. A simple finite element model based on 
increased conductivity along the spherulite boundaries could qualitatively explain 
this dependence. A random lamellae morphology was obtained for the same LDPE 
material by extrusion of the polymer melt. Dispersion of nucleation sites was 
suggested to prevent the formation of organized supermolecular structures during 
crystallization. Extruded pristine LDPE showed 3 times lower conductivity than 
with antioxidants as a protective additive. The conductivity was significantly 
decreased by a small degree of thermal aging, which supported the hypothesis that 
a slight oxidation during melt extrusion may lower the conductivity in the absence 
of antioxidants. 

Adsorption of polar molecules (water and acetophenone) present in cable 
insulation materials occurs at the interface of particles in LDPE composites. A 
finite element model based on high conductivity at the particle interface and 
experimental water uptake data could conceptually reproduce the 100 times lower 
conductivity of magnesium oxide nanocomposites compared to pristine LDPE. 
These findings support attraction of free charges, ions and polar molecules toward 
the particle interface probably contributing to the reduction in conductivity of 
nanocomposites due to a purification of the polymer matrix.   

Zinc oxide micro-sized rod particles that reduce the composite conductivity almost 
as much as nanoparticles can be produced by water-based synthesis for simplified 
upscaling. The relatively high surface area of the micro-sized particles makes them 
suitable for exploring effects on the composite conductivity related to particle 
surface terminations. A maintained particle dispersion that was independent of the 
surface functional compatibility with the matrix was important for concluding to 
what magnitude the coating terminations affected the composite conductivity. 
Silica coatings that were rich in oxygen increased the composite conductivity 10 
times, and oxygen terminations from the metal oxide surface consistently increased 
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the conductivity to a smaller extent, while hydrophobic hydrocarbon terminations 
lowered the composite conductivity. These trends could also be observed for ZnO 
nanoparticles in LDPE but with lower absolute conductivities and with a 
contribution from the degree of dispersion.        
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6. FUTURE WORK 

Investigate the effect of other particle surface functionalities on the dielectric 
properties of LDPE composites, especially with functional groups of polar 
molecules that are present in XLPE. This will be important for the potential use of 
nanodielectrics with the advantage of adsorbing small polar molecules at the 
particle interfaces to further purify the crosslinked polymer matrix. The composites 
systems with larger micro-sized particles can preferable be used to investigate this, 
which show the same degree of dispersion both for hydrophilic and hydrophobic 
surfaces.  

Extend the investigation of these LDPE composite systems to other electrical 
characterization methods, e.g. space charge accumulation and breakdown strength. 
Identify suitable electrical characterization methods at the nanoscale to study the 
particle interface and to investigate whether correlations can be found to the 
macroscopic dielectric properties.  

Study more micro-sized particles with high surface area, which show a robust 
dispersion of the particles, to find a material formulation of easily dispersed 
particles with a desired magnitude of the composite conductivity for the next 
generation of HVDC cable insulation materials.   
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