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Abstract 
Nanocomposites of polyethylene and metal oxide nanoparticles have shown to 

be a feasible approach to the next generation of insulation in high voltage direct 

current cables. In order to reach an operation voltage of 1 MV new insulation 

materials with reduced conductivity, increased breakdown strength and 

controlled space charge accumulation as compared to modern polyethylene, is 

needed. The nanocomposites with metal oxide nanoparticles have shown the 

potential to possess these properties. 

In this work polyethylene MgO nanocomposites for electrical insulation has 

been produced and characterized both from an electrical and material 

perspective. The MgO nanoparticles were synthesized by water-based 

precipitation and calcination into polycrystalline nanoparticles with a large 

specific surface area (167 m2 g–1). The MgO nanoparticles were surface 

modified in n-heptane with octyl(triethoxy)silane and 

octadecyl(trimethoxy)silane to render a hydrophobic coating. Melt processing 

by extrusion resulted in evenly dispersed MgO nanoparticles in low-density 

polyethylene (LDPE) for the surface modified MgO as compared to the 

unmodified. All systems showed a reduction in conductivity by up to two 

orders of magnitude at low loading levels (1–3 wt.%), but where the surface 

modified systems were able to retain reduced conductivity even at loading 

levels of 9 wt.%. A maximum interaction radius to influence the conductivity 

of the MgO nanoparticles was theoretically determined to ca. 800 nm. The 

interaction radius was in turn experimentally observed around Al2O3 

nanoparticles embedded in LDPE using Intermodulation electrostatic force 

microscopy (ImEFM), a recently developed AFM mode to measure surface 

potential. By applying a voltage on the AFM-tip charge injection and extraction 

around the Al2O3 nanoparticles was observed, visualizing the existence of 

additional localized energy states on, and around, the nanoparticles. 

Ptychography (nanotomopgraphy) was used to reveal nanometre sized features 
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of electrical trees formed under DC-conditions, a degradation phenomena that 

can be anticipated to cause problems at elevated operation voltages (1 MV). 

The three dimensional (3D) visualization of the electrical trees showed that 

electrical trees grows by the formation of pre-step voids. The pre-step voids are 

formed in front of the propagating channels to facilitate further growth, much in 

analogy to mechanical crack propagation (Griffith concept). An 

electromechanical effect, exhibiting a stress orthogonal to the electrical field, 

was attributed as possible mechanism for the formation of the voids. 

Keywords: Nanocomposites, polyethylene, particle dispersion, high voltage 

direct current cables, HVDC, HVC insulation, MgO, intermodulation 

electrostatic force microscopy, ptychography, electrical tree 
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Sammanfattning 
Nanokompositer av polyeten och metalloxidpartiklar anses vara möjliga 

material att använda i morgondagens isolationshölje till högspänningskablar för 

likström. För att nå en transmissionsspänning på 1 MV behövs 

isolationsmaterial som i jämförelse med dagens polyeten har lägre elektrisk 

ledningsförmåga, högre styrka mot elektriskt genomslag och som kan 

kontrollera ansamling av rymdladdningar. De senaste årens forskning har visat 

att kompositer av polyeten med nanopartiklar av metalloxider har potential att 

nå dessa egenskaper. 

I det här arbetet har kompositer av polyeten och nanopartiklar av MgO för 

elektrisk isolation producerats och karaktäriserats. Nanopartiklar av MgO har 

framställts från en vattenbaserad utfällning med efterföljande calcinering, vilket 

resulterade i polykristallina partiklar med en mycket stor specifik ytarea 

(167 m2 g-1). MgO-nanopartiklarna ytmodifierades i n-heptan genom att 

kovalent binda oktyl(trietoxi)silan och oktadekyl(trimetoxi)silan till partiklarna 

för att skapa en hydrofob och skyddande yta. Extrudering av de ytmodifierade 

MgO nanopartiklarna tillsammans med polyeten resulterade i en utmärkt 

dispergering med jämnt fördelad partiklar i hela kompositen, vilket ska 

jämföras med de omodifierade partiklarna som till stor utsträckning bildade 

agglomerat i polymeren. Alla kompositer med låg fyllnadsgrad (1–3 vikt% 

MgO) visade upp till 100 gånger lägre elektrisk konduktivitet jämfört med 

värdet för ofylld polyeten.  Vid högre koncentrationer av omodifierade MgO 

förbättrades inte de isolerande egenskaperna på grund av för stor andel 

agglomerat, medan kompositerna med de ytmodifierade fyllmedlen som var väl 

dispergerade behöll en kraftig reducerad elektrisk konduktivitet upp till 9 vikt% 

fyllnadshalt. Den minsta interaktionsradien för MgO-nanopartiklarna för att 

minska den elektriska konduktiviten i kompositerna fastställdes med bildanalys 

och simuleringar till ca 800 nm. Den teoretiskt beräknade interaktionsradien 

kompletterades med observation av en experimentell interaktionsradie genom 
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att mäta laddningsfördelningen över en Al2O3-nanopartikle i en polyetenfilm 

med intermodulation (frekvens-mixning) elektrostatisk kraftmikroskop 

(ImEFM), vilket är en ny AFM-metod för att mäta ytpotentialer. Genom att 

lägga på en spänning på AFM-kantilevern kunde det visualiseras hur 

laddningar, både injicerades och extraherades, från nanopartiklarna men inte 

från polyeten. Det tolkades som att extra energinivåer skapades på och runt 

nanopartiklarna som fungerar för att fånga in laddningar, ekvivalent med den 

gängse tolkningen att nanopartiklar introducera extra elektronfällor i den 

polymera matrisen i nanokompositer. Nanotomografi användes för att avbilda 

elektriska träd i tre dimensioner. Avbildningen av det elektriska trädet visade 

att tillväxten av trädet hade skett genom bildning av håligheter framför den 

framväxande trädstrukturen. Håligheterna leder till försvagning av materialet 

framför det propagerande trädet och förenklar på det sättet fortsatt tillväxt. 

Bildningen av håligheter framför trädstrukturen uppvisar en analogi till 

propagering av sprickor vid mekanisk belastning, i enlighet med Griffiths 

koncept. 

Nyckelord: Nanokompositer, polyeten, HVDC, HVDC-kabel, HVDC-isolering, 

MgO, elektrisk isolation, partikeldispergering, elektriska träd 
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1. PURPOSE OF THE STUDY 
The aim of this project was to develop novel insulating materials for high 

voltage direct current (HVDC) cables. Nanocomposites of polyethylene and 

metal oxide nanoparticles (MgO, ZnO and Al2O3) was produced to meet the 

goal of the project: an insulating material that tolerates a transmission voltage 

of 1 MV with remained insulation thickness of 25 mm. The increase in voltage 

from todays 525 kV is needed in order to transmit more electrical power longer 

distances (>2000 km) with smaller losses. An increased transmission distance 

would allow for transcontinental cable power systems with increased grid 

stability, electricity trading between energy markets, less dependence on fossil 

fuels and the possibility to exploit remote renewable energy sources. 

A group of PhD students with background in chemistry, physics, material and 

electrical engineering has been working on this project, which includes 

nanocomposite fabrication with thorough electrical and mechanical 

characterization. One key requirement was that everything should be possible 

to scale up, thus nanoparticle synthesis, surface modification and extrusion 

methods have been chosen accordingly. My work focused on the material 

development aspect for HVDC cable insulations consisting of: a) synthesis of 

MgO nanoparticles, b) surface modification of MgO nanoparticles, c) 

preparation of nanocomposites of polyethylene and MgO nanoparticles and d) 

characterization of electrical and material properties at the nanometre scale. 	
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2. INTRODUCTION 
Electricity is one of the fundaments of today’s society and the easy access of 

high-grade energy is what makes our society run. The ever-increasing demand 

for energy, which has mainly been met by burning huge amount of fossil fuels, 

has pushed the world on the brink of climate crisis. In the light of the 

environmental challenges that is upon us, the possibility to provide green and 

clean electricity to the consumers plays an important part in reaching a society 

that flourish under sustainable conditions.  

The delivery of sustainable electricity requires both a huge expansion in power 

plants running on renewable resources and a power grid where the electricity is 

efficiently transmitted to the consumers. In comparison to fossil fuel that can be 

transported to power plants close to the user, renewable resources are localized 

to spots of favourable conditions and can thus not be moved. Here high voltage 

direct current (HVDC) links has been pinpointed as an important component to 

transmit large amount of electrical power over long distances,1 where the 

amount of power, the line losses and possible distance of the transmission is 

dependent on operation voltage.2,3,4 For densely populated areas, such as 

continental Europe, HVDC overhead lines are not an option due the visual 

impact and large amount of land required, 5 and thus there is a resistance in 

expanding the overhead network. Instead HVDC-cables are considered to be 

the most feasible technique to create an HVDC-network, and if operated at 

1 MV, compared to today’s 525kV, efficient transmission up to 3000 km is 

plausible.1	HVDC-cables have the benefit, besides no visual impact; to be used 

for submarine transmission, opening the possibility to connect energy markets. 

By merging different energy markets electricity can flow from areas rich in 

renewable energy to areas of high demands, increasing the capacity and the 

stability of the power grid and reduces the dependency of imported fossil fuels. 

As a part of transforming our society in to sustainability, HVDC-cables plays 

an important role in providing electricity from far distance renewable energy 
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sources, which in the case of continental Europe could result in import of green 

electricity from solar power in Sahara, geothermal energy from Iceland, hydro 

power from Nordic countries and off-shore wind parks in the Atlantic (Fig.1).6  

 

 Fig. 1 The map shows a possible HVDC supergrid across Europe together with locations rich 
in renewable energy that thus can be exploit.6 Fig. 2 Transmission losses as a function of cable 
length for different DC operation voltages and 800 kV AC. 4 

Fig. 2 shows that the transmission losses increase with transmission length but 

decrease with increased operation voltage, justifying the importance in research 

in cable insulation that tolerates the greater electrical stress of the higher 

operation voltages. The reason why HVDC is preferred over HVAC for long 

distance transmission is due to the large capacitive losses for the latter one, 

making it more costly as the distance increase above 70 km. 5,6  

2.1. Extruded HVDC cable 
The limiting parameter of increased operation voltage today is the electrical 

insulation around the conductor.	 7 Historically, power cable has been insulated 

with paper impregnated with high viscosity oil, so called mass impregnated 

cable. With this technique the first HVDC cable was installed between Gotland 

and the Swedish mainland in 1954.	6 In 1999 a new generation started, this time 

also on Gotland, with the installation of the first HVDC transmission system 

using extruded cross-linked low-density polyethylene (XLPE) as cable 

insulation.	 8 The extruded cable insulation using XLPE displays several 

benefits over the mass impregnated cable: cheaper to produce, easier to joint, 
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lighter, more environmentally friendly and most of all, possible to operate at 

higher conductor temperatures (90 °C). 

 

Fig. 3 Extruded cable with cross-linked LDPE (XLPE) as insulation material, indicated with a 
black arrow.9 

Fig. 3 shows an extruded HVDC-cable, here with an aluminium conductor at 

the centre. Around the conductor a layer of conductive tape, water blocking 

tape and a semiconducting inner shield is placed. Outside the semiconductor a 

thick layer (20-30 mm) of the insulating low-density polyethylene (LDPE) is 

extruded onto the existing layers together with a thin outer semiconducting 

layer.7 The cable is then heated to 200-300 °C to cross-link the LDPE to form 

XLPE, followed by a degassing to remove volatile by-products from the cross-

linking.10 A typical cross-linking agent is dicumyl peroxide. After de-gassing 

further layers of protective bands, water-blocking tapes, shield wires, metallic 

barrier laminates and plastic jackets are added. Cross-linking is done in order to 

prevent stress cracking and increase material rigidity at the elevated operation 

temperatures (60–90 °C) of the HVDC-cable.10  
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2.1.1. Electrical requirements 

The requirements on the electrical properties on the extruded insulating 

polyethylene in HVDC-cable are high, and important parameters are DC 

conductivity, space charge formation and breakdown strength. The electrical 

field distribution under steady state condition in HVDC-cable insulation is 

determined by the electrical conductivity of the insulator.8 This is valid under 

steady state conditions, but since the insulation is exposed to heating from the 

conductor and heating from leakage currents a temperature gradient arise in the 

insulator and the electrical field under DC conditions becomes time 

dependent.7,8 Until the steady state is reached the electrical field distribution is 

mainly governed by the local conductivity, which in the case of polyethylene is 

strongly dependent on temperature. Space charges are localized charges; such 

as ionic species from cross-linking by-product, trapped electrons or the 

corresponding hole, which give rise to variation of the electrical field. The 

formation and distribution of space charges are related to the conductivity of 

the insulator and the ability to control space charge formation and accumulation 

is important for HVDC applications, especially in the case of a polarity reversal 

where space charges may lead to enhancement of the electrical field. For 

HVDC cables the heat generation due to leakage currents, which is mainly 

related to electronic transport by electrons and holes, limits the magnitude of 

the electrical field that can be applied across the insulation.7,11 12 Since the 

temperature difference (ΔT) across the insulator is ∆𝑇 ∝ 𝜎𝐸!, where σ is the 

conductivity and E the electrical field (which is proportional to the operation 

voltage), the only way to allow higher operation voltages is to reduce the 

electrical conductivity of the insulator. 13	 	To be able to increase the operation 

voltage from 320 kV to 800 kV without thermal runaway and breakdown the σ 

of the insulation needs to be reduced with a factor of approximately 10. 7 
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Another breakdown mechanism is associated with electrical treeing, a dendritic 

structure similar to lightning in thunderstorms, that carries the traces of induced 

polymer degradation. Under DC conditions the DC-trees may form in the 

vicinity of water trees and superimposed voltage impulses, where an increased 

risk of DC electrical trees can be anticipated with elevated operation voltages.14 

In the pursuit of the 1 MV HVDC cable it is thus of importance to gain further 

knowledge about the formation of electrical DC-trees in polyethylene.  

2.2. Materials for cable insulation 

2.2.1. Polyethylene structure and morphology 

Polyethylene is the simplest hydrocarbon polymer with the repeating unit 

of -(CH2)-n and is produced by polymerization of ethylene. Polyethylene is a 

semi-crystalline polymer where the degree of crystallinity is largely determined 

by the degree of chain branching. Even small branches like ethyl units are too 

large to be housed within the crystals and are thus pushed into the amorphous 

region with a subsequent lower total crystallinity. The density of the crystalline 

phase is 15 % larger than that of the amorphous component, which means that a 

high density of the material is associated with a high crystallinity and few 

molecular branches.15 Commonly polyethylene is marketed in three different 

grades, here listed in falling order of crystallinity: high-density polyethylene 

(HDPE), linear low-density polyethylene (LLDPE) and low-density 

polyethylene (LDPE).16 LDPE typically have a typical density in the range of 

0.92 ± 0.5 g cm-3 with branches primarily consisting of ethyl and butyl groups 

together with some longer branches.17 The semi-crystalline polyethylene 

consists of crystal lamella sheets sandwiched with amorphous layers, which 

together forms micrometre-sized spherulites and axialites (Fig.4a).18 In the 

crystalline phase, i.e. the lamella, the polyethylene chains are parallel with a 

common chain axis (c-direction), which is almost parallel to the lamellar 

normal (Fig. 4c). The crystal unit cell of polyethylene at normal pressure is 
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mostly orthorhombic (Fig. 4c). The thickness (c-direction) of the lamella 

structure varies, but is typically 5-20 nm and with lateral dimension (Fig. 4b) 

that is usually several of orders of magnitude greater.15  The polyethylene 

chains in the amorphous region can occur as chain ends, entangled loops and tie 

chains, where the two latter one is important in order to reach high fracture 

toughness and resistance to slow cracking.19  

Fig. 4 (a) The morphological hierarchy of polyethylene, with the spherulite superstructure 
build up by crystal lamellas growing radially from the point of nucleation. (b)  The lamella 
plane with regular folding. (c) The orthorhombic unit cell in the c-direction, i.e. from the top 
side of the lamella. 20  

Polyethylene is used as HVDC cable insulation material because of its very 

high dielectric strength (ca 800 MV/m), high bandgap (8.8 eV), high resistivity 

and the fact that it is readily available in uniform and ultra-clean form.8 

Polyethylene is the worlds most used synthetic polymer, and 14 million tons are 

used annually in Europe.21 In addition, the polyethylene shows good 

processability with high shear thinning during extrusion to provide low melt 

viscosity.7 

Crosslinking into XLPE is commonly done with dimcumyl peroxide that is 

thermally activated at temperatures between 200 and 300 °C. The cross-linking 

leads to the formation of undesired by-products such as methane, acetophenone 

and cumyl alcohol that may lead to inferior or unexpected electrical properties.7 
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Usually a venting procedure is performed after cross-linking to remove by-

products. Any crosslinking procedure makes it harder to deduce on the 

electrical properties, why it may be beneficial to use LDPE in the development 

of new insulation materials, such as nanocomposites. 

2.2.2. Polyethylene nanocomposites 

During the last decades a new group of materials, the polymer nanocomposites, 

has emerged as an approach to reach superior electrical properties.22	
Nanocomposites utilize the extremely high surface-to-volume ratio that 

characterizes nanometre sized structures, and also differentiate them from 

micrometre-sized particles. This means that when a polymer matrix is loaded 

with e.g. metal oxide nanoparticles, a huge internal surface – an interface – is 

formed between the polymer and metal oxide particles already at very low 

levels of nanoparticle loading (< 5 wt.%, Fig. 5). 23 The properties of the 

interface may not be representative for neither the polymer matrix nor the 

nanoparticle, 24 which opens the possibility to tailor materials with unique 

properties. But in order to reach the effect of the interface one needs to control 

the functionalization and dispersion of the nanoparticles, as the interface is 

reliant on that the nanoparticles does not agglomerate into micronized 

structures. Other challenge that comes with the formation of nanocomposites is 

related to the nanoparticles handling, where the high surface activity of 

nanometre sized structures makes them adsorb both water and other 

contaminants.25,26 Adsorbed water has shown to have detrimental effect on the 

electrical performance under high electrical fields.27,28,29 It is thus important to 

carefully consider the nanoparticles powder handling when preparing the 

nanocomposites to reduce the risk of introducing foreign species into the final 

product. One way of counteract this problem is to modify the surfaces of the 

nanoparticles by adding a covering layer in order to protect the surface from 



 

  9 

adsorbing foreign species and, importantly, to lower the nanoparticle surface 

energy to reduce the risk of agglomeration.30 

 

Fig. 5 (a) The fraction of interface volume against the total polymer volume as a function of 
particle loading, where smaller particles reaches 1 at lower loading. (b) and (c) illustrates the 
interaction zone around a micron sized particle and an assembly of nanoparticles. 31  

A number of different metal oxide nanoparticles have been investigated as 

fillers in polyethylene, such as insulating Al2O3,	 32 MgO,	 33,23 SiO2 
27  and 

semiconducting TiO2 
34 and ZnO 35. The addition of metal oxide nanoparticle 

have on the macro scale shown the effect of reduced space charge 

accumulation, increased breakdown strength and reduced DC conductivity.23,36, 
37 The enhanced electrical properties have mainly been attributed to the 

presence of additional electron traps within the nanoparticle interface, which 

have been explained by induced dipolar moments in the nanoparticle to form 

potential wells, oxygen defect within the inorganic lattice, charge difference 

between nanoparticle and matrix, but also as an effect from elevated 

electrode/nanocomposite contact potential barrier with subsequent lower charge 

injection. 24, 37-40 Whatever mechanism is involved, it is clear that the addition of 

nanoparticles has a strong influence on the electrical properties of the bulk 

material disproportionate to the volume they occupy. 
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2.3. Metal oxide nanoparticles 
Commonly metal oxide nanoparticles in nanocomposites are commercial 

products. A drawback that comes with commercial nanoparticles is a lack in 

knowledge about the particle size distribution, exposure to contaminants and 

consistency between different batches, making it harder to track changes in 

properties for the produced nanocomposites. Synthesis by aqueous precipitation 

is a versatile and inexpensive method to synthesis large amounts of 

nanoparticles in the lab. It is typically carried out by mixing a metal salt 

precursor with an alkaline source, where the growth nucleation and growth of 

the precipitate depends on several factor, such as which salt precursor, alkaline 

source, temperature, pH and possible added surfactants.26 

MgO nanoparticles cannot be directly synthesized from a water-based 

precipitation, instead Mg(OH)2 is formed when a magnesium salt solution and 

an alkaline medium is mixed at pH 10 and higher. 41, 42 In order to transform the 

Mg(OH)2 into MgO a post-precipitation heat treatment at 400 °C is needed to 

transform the hexagonal unit cell of Mg(OH)2 into the cubic unit cell of MgO. 

The formed MgO particles are hydrophilic and are covered with hydroxyl 

groups. They are sensitive to ambient water, which may lead to the 

transformation back to Mg(OH)2. A drawback that comes with the heat 

treatment is the inherent risk of particle sintering to form hard aggregates, 

increased particle size and reduced surface area, i.e. all the good properties 

desired from the nanoparticles. 

MgO is inherently insulating with a conductivity of 1×10–13 – 1×10–12 S m–1, 43 a 

dielectric constant εr of 9.8 33 and an electron affinity of less than 1 eV. 40, 44  

2.4. Surface modification of MgO 
Due to the hydrophilic nature of metal oxide nanoparticles there is need for 

surface modification to make them hydrophobic. Silanes are an inexpensive and 



 

  11 

industrially used group of chemicals based on Si that can be covalently bond to 

the metal oxide to change the surface properties, e.g. to make the surface 

hydrophobic with a pending alkyl group. Depending on the silane density on 

the surface the attached silanes may form either a condensed Si–O–Si network 

(silsesquioxane) that cap the particles, or act more as individual silanes that are 

not covalently linked to each other. Commonly the reaction is performed in an 

alcohol/water mixture where the water catalyst the formation of silanol groups 

that reacts with surface of the nanoparticles (Fig. 6).45 Anhydrous silanization, 

using dry solvents, are less frequently used and requires surface water on the 

nanoparticles to catalyse the reactions.45 The anhydrous silanization is a 

requirement in the case of silanizing MgO nanoparticles due to that MgO is 

unstable in aqueous conditions. 46 

 

Fig. 6 A general schematic of the hydrolysis and condensation of silanes onto the nanoparticle 
surface, where R indicates the terminal functional group of the silane. 

A proper performed silanization with e.g. a pending alkyl group enhance the 

dispersion of the hydrophilic nanoparticles in the hydrophobic polyethylene. 

The surface modification leads to a lowering in surface energy of the 

nanoparticles that reduces the risk of agglomeration and facilitate a better 

mixing during melt processing with polyethylene.30  

2.5.  How to approach nanometre characterization 
While the enhanced electrical properties with the inclusion of nanoparticles in 

the polymer matrix are characterized on a macrometre scale, it is indeed 

difficult to characterize the nanocomposites at the nanometre scale. Classic 
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approaches of material characterization, such as conductivity, space charge and 

breakdown measurements gives general information, but in order to elucidate 

on the properties in the vicinity of the nanoparticles new instrumental 

approaches are needed. Such techniques are e.g. AFM, which is a powerful tool 

to measure material characteristics at the nanoscale, and coherent (synchrotron) 

x-ray that can be used in different modes to reveal nanometre sized features. 

2.5.1. Intermodulation electrostatic force microscopy 

Intermodulation electrostatic force microscopy (ImEFM) is an atomic force 

microscopy (AFM) mode - analogue to the Kelvin Probe Force Micoscopy 

(KPFM) - that can be used to measure the surface potential, Vsp (in literature 

also stated as the contact potential difference). In ImEFM a low-frequency AC 

voltage is applied to the conductive cantilever at the same time as the cantilever 

is driven mechanically near its resonance frequency. The electrostatic forces 

acting between the sample surface and the cantilever tip give rise to 

intermodulation products (frequency mix) near the resonance frequency that 

can be quantitatively reconstructed into the surface potential (Vsp). In the KPFM 

the surface potential is determined via a voltage feedback system (an DC 

voltage) that nullifies the Vsp between the sample surface and the cantilever. 

The ImEFM on the other hand is an open-loop technique that besides having a 

low signal-to-noise ratio does not need the feedback-voltage to determine the 

surface potential, which means that the voltage instead can be used as a free 

measurement parameter. By grounding the Au-layer below the LDPE-film the 

voltage can be applied to locally modify the samples at the same time as the 

measurement is perform, so during a single scan the surface can be both locally 

modified and characterized. A single scan with 256x256 pixels can be 

performed in less than 5 min.47 
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Fig. 7 Schematic figure of the experimental setup of the ImEFM, with a DC and AC voltage 
applied to the AFM tip. The sample is connected to ground in the bottom Au-layer and above 
is a thin LDPE film with embedded NP (figure is not to scale). 

2.5.2. Ptychography	

Ptychography (nanotomography) is a powerful tomographic imaging technique 

using coherent x-rays that can be used to reveal structures in three dimensions 

(3D) with a nm-resolution 48-50. During a measurement, a sample is angular 

stepped (from 0–180° and back) through a confined X-ray wavefront of 

coherent light, creating a large number of far-field diffraction patterns. By 

scanning the sample so that the stepped angles overlaps, and thus the far-field 

diffraction patterns, a redundancy of overlapping information is acquired. 

Iterative algorithms can then be used to recover the phase information of the 

transmitted wavefront that passed through the sample. The phase information is 

directly related to the electron density in the sample and by adding up all 

overlapping projections a quantitative 3D reconstruction of the scanned sample 

can be created. The electron density can then be recalculated into mass density, 

given the sample composition.51  
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Fig. 8 (a) A LDPE-pillar with an embedded electrical tree mounted on a ptychography sample 
holder irradiated with coherent x-rays (not to scale). (b) The diffraction pattern of a single 
projection with the intensity of photons shown. (c) The phase projection at 0 rotation angle of 
the LDPE-pillar with the embedded electrical tree. (d) A few selected two dimensional (2D) 
orthoslices of the three dimensional (3D) data set perpendicular to the rotation axis (z), where 
the blue regions are low mass density regions. 

Several challenges arise when using ptychography. First, the sample should be 

cylindrical and only a few μm in diameter in order to acquire the nm-resolution. 

Secondly, a single measurement to acquire a full 3D-image (a tomogram) takes 

several hours of irradiation with X-rays and since polyethylene is a radiation 

sensitive material, long time irradiation experiments is challenging. By using 

cryogenic cooling and removal of oxidizing atmosphere the stability of the 

exposed samples can be greatly enhance.52 
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3. EXPERIMENTAL 

3.1. Materials 
Low-density polyethylene of cable grade was supplied by Borealis AB with a 

density of 922 kg m-3 and a melt flow index of 2 g (10 min)-1 (190 °C, 2.16 kg; 

ISO 1133). The molecular structure has been reported by Gedde 53 to be Mn = 

14 kDa and Mw = 75 kDa by size exclusion chromatography and 1.4 branches 

per 100 backbone carbon atoms (ethyl: 0.3; butyl: 0.7; pentyl: 0.1; hexyl and 

longer: 0.3) according to 13C NMR spectroscopy. Aluminium oxide 

nanoparticles with 99.5% purity (Nanodur, CAS number 1344–28–1) 

consisting of 70 wt.% δ-phase and 30 wt.% γ-phase, were purchased from 

Nanophase Inc., USA. Magnesium chloride hexahydrate (MgCl2�6H2O, ACS 

Reagent, Sigma-Aldrich), sodium hydroxide (NaOH, ≥98%, Sigma-Aldrich), 

NH4OH (ammonia hydroxide, aq. 25 wt.%), octyl(triethoxy)silane (CAS 

number 2943–75–1, ≥98%, referred to as C8) and octadecyl(trimethoxy)silane 

(CAS number 3069–42–9, ≥90% technical grade, referred to as C18) were 

purchased from Sigma Aldrich and used as received.  n-heptane (≥99.5%),  2-

Propanol (≥98%) and ethanol (≥96 wt.%) were supplied by VWR and high 

resistivity Milli-Q water (18.2 MΩcm at 25 °C) was used in all the reactions. A 

phenolic antioxidant, Irganox 1076  (CAS number 2082–79–3, melting point of 

50–55 °C), was purchased from Ciba Speciality Chemicals, Switzerland. 

Potassium bromide (KBr, ≥98 wt.%, FT-IR grade, Sigma Aldrich) was used for 

sample preparation for IR spectroscopy. 

3.2. Sample preparation 

3.2.1. Synthesis of MgO nanoparticles 

Mg(OH)2 was synthesised by aqueous precipitation at 23 °C by adding 1 L 

dissolved 0.75 M MgCl2 to 1 L 1.5 M NaOH in a ball reactor under rapid 

stirring (400 rpm). The precipitation was left to proceed for 30 min. The formed 
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Mg(OH)2 was washed with MilliQ-water for three cycles by centrifugation 

(Rotina 420, Hettich) and ultrasonication (DTH 2510, Branson) in order to 

remove residual reagents, such as Na+ and Cl–. 

3.2.2. Powder handling 

The washed Mg(OH)2 nanoparticle suspension was either conventionally dried 

in furnace at 90 °C and ground into a powder using mortar and pestle (denoted 

as UN-Mg(OH)2) or freeze dried (denoted as FD-Mg(OH)2). The freeze drying 

was done by quenching 5 mL of the Mg(OH)2 suspension (5 wt.% Mg(OH)2) 

with liquid nitrogen (-192 °C) for 10 min before 12 h of freeze drying at 

0.060 hPa and –96 °C (CoolSafe, Scanvac). 

After drying the Mg(OH)2 powder was calcined in a muffle furnace  at either 

400 °C (ML Furnace), 1000 °C (H14-GAXP, Micropyretic Heater International 

Inc.), or both, to form MgO nanoparticles of different morphologies and 

properties. The lower temperature was chosen to reduce the risk of nanoparticle 

sintering and higher surface activity 54 and the higher temperature was to 

increase the moisture resistance of the MgO. A more moisture resistant MgO 

would be beneficial to reduce the risk of water adsorption and increased long-

term stability. 

3.2.3. Surface modification of MgO nanoparticles 

The surface modification of the MgO nanoparticles with octyl(triethoxy)silane 

(C8) and octadecyl(trimethoxy)silane (C18) were done anhydrously in n-

heptane, where the functional group (denoted R in Fig. 6) is 8 and 18 carbon, 

respectively. By taking advantage of the crystal water remaining on the MgO 

nanoparticles surface after calcination at 400 °C and the high surface activity, 

the silanisation was carried out over an extended period of time without 

additional catalyst. The surface water was expected to be enough to facilitate 

hydrolization of the silanes to the MgO surface.  
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0.5 g of the freshly calcined (less than 10 min after calcination) MgO was 

dispersed in n-heptane with an ultrasonic bath (DTH 2510, Branson) and then 

transferred to a ball reactor. A total of 0.165 L of n-heptane was used and under 

rapid stirring (400 rpm) 0.9 mL of C18, or 4.5 mL in the case of C8, was added 

to the MgO/n-heptane mixture to react for 24 h. The smaller amount of C18 

was used to compensate for the higher reactivity of the methoxy groups of 

C18.55 After 24 h the MgO nanoparticles were washed by with n-heptane in 

three cycles by using centrifuge and ultrasonic bath, in order to remove excess 

silanes. 

In total 6 different MgO nanoparticles were investigated as nanofillers for 

enhanced electrical insulation, they will herein be referred to as seen in Table 1. 

Table	1.	Calcination	temperature	and	treatments	of	the	MgO	samples	

Sample Calcination 

temp. (°C) 
Drying method Surface 

modification 

FD-MgO 400 Freeze drying Unmodified 

UN-MgO 400 Air, 90 °C Unmodified 

C8-MgO 400 Air, 90 °C C8 

C18-MgO 400 Air, 90 °C C18 

1000-MgO 1000 Air, 90 °C Unmodified 

C18-1000-MgO 400 and 1000 Air, 90 °C C18 a 

a C18-1000-MgO was surface modified after 400 °C and then thermally treated at 1000 °C. 

3.2.4. Preparation of nanocomposites  

The MgO nanoparticles were mixed with ground low-density polyethylene 

(LDPE) powder together with antioxidant Irganox 1076 (200 ppm of the final 

formulation) dissolved in n-heptane. The slurry was mixed for 60 min using a 

Vortex Genie 2 shaker (G560E, Scientific Industries) before it was dried 
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overnight at 80 °C at 20 kPa to achieve complete removal of n-heptane (for 

C8–MgO, C18-MgO and UN-MgO composites) and without reduced pressure 

for the others. The dried samples were melt–compounded in a Micro 5cc Twin 

Screw Compounder (DSM Xplore) at 150 °C for 6 minutes with a screw speed 

of 100 rpm. The C8-MgO, C18-MgO and UN-MgO composites were degassed 

at 100 °C under reduced pressure (20 kPa) overnight in a Fisher Scientific 

Vacucell (MMM Group) before compression moulding. The formation of films 

for volume conductivity measurements was done in ambient atmosphere in a 

LabPro 400 Press (Fontijne Grotnes) at 130 °C for 10 min under contact 

pressure and 10 min under 200 kN, with maintained force during cooling to 

30 °C. A 75–μm stainless steel mould was used. A reference sample of unfilled 

LDPE with the same concentration of antioxidant was extruded at 150 °C and 

hot-pressed under the same conditions as the nanocomposites.  

Table 2 shows the LDPE/MgO nanocomposites prepared for the volume 

conductivity measurements. 

Table	2.	The	prepared	nanocomposites	that	were	measured	for	volume	conductivity	

Sample Degassed Image analysis of 

dispersion 
Wt.% MgO 

LDPE/FD-MgO No No 3 

LDPE/UN-MgO Yes Yes 0.1, 1, 3, 6, 9 

LDPE/C8-MgO Yes Yes 0.1, 1, 3, 6, 9 

LDPE/C18-MgO Yes Yes 0.1, 1, 3, 6, 9 

LDPE/1000-MgO No No 1, 3 

LDPE/C18-1000-MgO No Yes a  1, 3 

a only for 3wt.% 



 

  19 

3.2.5. Preparation of thin films for intermodulation electrostatic 

force microscopy  

In order to study the injection and extraction of electrons using intermodulation 

electrostatic force microscopy (ImEFM) thin films of LDPE with Al2O3 

nanoparticles were prepared. The conductive wafers were produced by thermal 

e-gun evaporation in a Eurovac home built ultra high vacuum deposition 

system (Eurovac/Thermionics) of 3 nm of Ti onto a silicon wafer (Polished 

Wafer, MEMC Electronic Materials) followed by a deposition of a 50 nm thick 

gold layer. The thin films were produced by adding 23 mg and 45 mg of 

extruded LDPE/C8-Al2O3 and LDPE/UN-Al2O3, respectively, to 5 ml p-xylene 

in a ball reactor with a water-connected reflux-condenser. The different amount 

for the two samples were due to inconsistence in film thickness upon spin 

coating. The surface modification with octyl(triethoxy)silane (C8) onto the 

Al2O3-nanoparticles and the extrusion of the nanocomposites have been 

reported by Liu et al.56 The mixture was heated to 130 °C in an oil bath and 

kept for 3 hours with constant stirring to ensure complete dissolving of the 

polyethylene. Before deposition of the p-xylene suspension the Au-coated Si-

wafer was cleaned in accordance with the cleaning method of Mellbring et al.57; 

acetone (≥ 99.5%, Fischer Scientific), 2-propanol (≥ 98%, VWR) and then 

milliQ-water (18.2 mOhm.cm at 25 °C) for 10 minutes in ultrasonication bath 

(DTH 2510, Branson) respectively. After washing the wafers were pre-heated 

to 130 °C in a lab furnace (UT6120, Heraeus). To ensure that the dissolved 

LDPE did not crystallize too quickly, a heating gun (30-9323, Co/Tech Tools) 

was coupled to regulate the temperature of the spin-coater (KW-4A, Chmat 

Technology) stage. After complete wetting the wafer was spun for 60 seconds 

at 2500 rpm to get p-xylene free and homogenous film. The wafer was annealed 

by gradual reduction of the temperature from 130 °C to 30 °C over 4 hours in a 

lab furnace (UT6120, Heraeus) to evaporate any residual p-xylene and to re-
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crystallize the polyethylene film. The thickness of the film was determined 

using a KLA-Tenor P15 Surface Profiler with a lateral resolution of 0.1 Å.  

3.2.6. Preparation procedure for 20-µm pillar with embedded 

electrical tree 

Wire-in-plane taps for electrical treeing were produced from low-density 

polyethylene and melt processed under the same conditions as the 

nanocomposites (see 3.2.4. Preparation of nanocomposites). 

A schematic diagram of the wire-plane electrode test object is shown in Fig. 9a, 

where the high voltage electrode was made of electrolytic cleaned tungsten 

wire with a diameter of 10 µm (Luma Metall) and was moulded between two 

pieces of the pre-shaped polyethylene pieces. For securing a robust connection 

to the voltage source, aluminium tape was attached to the wire. The hot 

pressing procedure was carried out at 130 °C, initially for 3 min at a force of 

2 kN and the following 3 minutes at a force of 200 kN. The samples were 

cooled to 20 °C at an approximate rate of 5 °C/min under constant force 

(200 kN). The test objects were degassed (<102 Pa) in a vacuum chamber at 

60 °C for one week. Before the treeing experiments, the test objects were 

thermally aged in air at 80 °C for 400 h. 

 

Fig. 9 (a) Schematic figure of the wire-plane electrode used to grow the electrical trees. (b) A 
branched electrical tree grown from the 10 μm thick wire. (c) The 20 μm LDPE-pillar with 
the embedded electrical tree prepared with FIB-SEM. 
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The formation of filamentary branched DC electrical trees was performed in a 

plastic container filled with transformer oil, this to avoid external discharges 

and flashovers. Initially a negative DC voltage (-45 kV) was applied to pre-

stress the test objects for 40 min, and after 2 min of resting, ten positive 40 kV 

lightning impulses was applied with 3 s resting time between each pulse. A 

standard lightning impulse generator (1.2/50 µs) was used to generate the 

lightning impulses. The experiments were performed at 20 °C.   

In order to characterise the formed electrical trees (Fig. 9b), the wire-in-plane 

tap were cut into 40 μm thin slices perpendicular to the growth direction of the 

trees, using a cryo-microtome at -120 °C (MT-XL connected with a CR-X, 

RMC Boeckeler). Interesting regions of the trees were then optically identified 

and evaluated as possible candidates for ptychography. The cryo-microtoming 

of the electrical tree into 40 μm slices also facilitated further sample 

preparation. 

The 20 μm (diameter) pillar was created with Ga-ions etching in a FEI Helios 

600i focused ion beam scanning electron microscope (FIB-SEM). Due to the 

weak nature of the polyethylene and the non-supporting feature of the electrical 

tree a voltage of 30 kV and current of 0.8-9.3 nA was used. The pillar were 

mounted on the sample holder by attaching the pillar via platinum deposition 

on the manipulator and then undercut it from the bulk sample The pillar was 

then transferred and attached via platinum deposition onto the sample holder. 

Due to the necessary angle of the undercut (Fig. 9c) of the pillars the sample 

holder needed both to be cut into an angle and reshaped to not hinder exposure 

upon the ptychography measuring (Fig. 8). 

The section of the electrical trees embedded in the pillar was initially situated 

200 μm from the root (wire) and 240 μm from the tip of the electrical tree. 
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3.3. Material characterisation 

3.3.1. Thermogravimetric analysis (TGA) 

A Mettler Toledo TG/DSC 1 thermogravimetric analyser coupled with a 

differential scanning calorimeter (DSC) was used to assess the mass loss during 

heating. All measurements were performed in 70 μl aluminium oxide crucibles 

with a heating rate of 10 °C min–1 with a N2 or O2-flow of 50 ml min–1.  For the 

nanoparticles an initial drying cycle up to 140 °C was performed to remove 

crystal bound water. 

3.3.2. Differential scanning calorimetry (DSC) 

The melting and crystallization of the polyethylene samples was done using a 

Mettler Toledo differential scanning calorimeter DSC 1. The samples 

(5.0 ± 0.5 mg, enclosed in 100 μL aluminium pans) were heated to 150 °C or 

200 °C for 3-5 min to erase thermal history. The samples were then cooled 

to -50 °C at a rate of 1 °C min-1 (LDPE/C18-1000-MgO, LDPE/1000-MgO) 

and 10 °C min-1 (LDPE/UN-MgO, LDPE/C8-MgO, LDPE/C18-MgO) to 

record the crystallization peak temperature. A second heating ramp at a rate of 

10 °C min-1 was performed to determine the melting peak temperature. The 

mass crystallinity (wc) was determined by the total heating enthalpy method:58 

𝑤! =
∆!

!! ∆!!
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     (1) 

where ∆ℎ is the measured melting enthalpy, ∆ℎ!! is the melting enthalpy for 

100 % crystalline polyethylene at the equilibrium melting point (293 J g-1 59), 

cp,a and cp,c are the specific heat capacities of the amorphous and crystalline 

parts, wp is the fraction of polymer in the nanocomposites and 𝑇!!  is the 

equilibrium melting temperature (414.6 K). Data for cp,a and cp,c were obtained 

from Wunderlich and Bauer. 59 The crystallinity in percentage was calculated 
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by integrating the total melting peak from –30 °C and truncated at 20 and 

60 °C, respectively. The two temperatures give the crystallinity at room 

temperature and the temperature of the conductivity measurements.  

3.3.3. Infrared spectroscopy 

Infrared spectra was recorded on a Perkin-Elmer Spectrum 2000 fourier 

transformed infrared (FT-IR) spectrometer.  3 mg of nanoparticles with 300 mg 

ground KBr was pressed at a load of 10 kN for 30 s to form tablets. Pure KBr-

tablet was used as background and the number of scans was 16. 

3.3.4. Determination of specific surface area (SSA) 

The specific surface area (SSA) and pore size distribution of the nanoparticles 

was assessed, respectively, by the Brauner-Emmet-Teller (BET) and Barret-

Joyner-Halenda (BJH) methods using nitrogen adsorption/desorption at -196 °C 

(77 K) with a Micromeritics ASAP 2000. Before the measurement, the 

nanoparticle sample was degassed at 200 °C to 0.003 hPa. 

3.3.5. Wide-angle X-ray diffraction 

The crystal phase of the nanoparticle was determined by X-ray powder 

diffraction (XRD) using a PANalytical X´pert Pro with a monochromatic 

Cu-Kα source (λ = 0.154021 nm) and 2θ step size of 0.17°. The crystal size 

(Lhkl) was obtained from the Warren-modified Scherrer equation:60 

𝐿!!" =
!"

! !"#(!)
        (2) 

where B is the peak width in radians at half height, θ is the Bragg angle and K 

is the shape factor, being 0.94 for MgO and (00l) peaks of Mg(OH)2 and 1.84 

for (hk0) peaks, this due to the anisotropic nature of the Mg(OH)2 crystals.  



 24 

3.3.6. X-ray photoelectron spectroscopy (XPS)  

The elemental surface characterization of the nanoparticles were obtained with 

a Kratos Axis Ultra DLD x-ray photoelectron spectrometer using a 

monochromatic Al Kα source operated at 150 W. Pass energies of 160 eV and 

20 eV were used to acquire wide spectra and individual photoelectron lines 

respectively. The spectra were processed with Kratos software and the binding 

energy (BE) scale was calibrated to the C1s line of aliphatic carbon (285.0 eV).  

3.3.7. Ptychography 

Ptychographic tomography data were acquired at the cSAXS beamline at the 

Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland, using a  

wavelength of 2.00 Å. Measurements were performed in OMNY, a vacuum and 

cryogenic version of the instrument presented in by Holler et al 50 at a 

temperature of 90 K. Because radiation damage was observed of the sample 

also at 90 K, the flux was reduced by about a factor of three by reducing the 

undulator gap. Ptychographic scans were repeated at 230 equally-spaced angles 

of the specimen with respect to the incident beam ranging from 0 to 180 

degrees, employing a total time of about 4 h and 20 min to perform the full 

measurement, including the angular movements in between angular projections. 

The dose deposited on the specimen during the measurement was estimated to 

be about 4×105 Gy. 

To determine the 3D resolution of the final tomogram 2 subtomograms were 

obtained, each computed with half the number of projections, and their Fourier 

shell correlation with the half-bit threshold were compared, as described by van 

Heel et al. 61, obtaining a 3D resolution of 92 nm. 

Avizo 6.3 (FEI) was used to show and work with the 3D structures of the 

electrical trees. 
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3.3.8. Transmission electron microscopy (TEM) 

Nanoparticles were examined using a Hitachi HT7700 electron microscope, 

operating at 100 kV. The nanoparticle samples were deposited onto TEM-grids 

from suspensions with either ethanol or 2-propanol. 

3.3.9. Scanning electron microscopy (SEM) 

A field emission scanning electron microscopy (Hitachi S-4800) was used to 

study nanoparticles and nanoparticle distribution in the nanocomposites. Before 

SEM studying a conductive layer (few nm) of Pt/Pd was deposit on the samples 

to enhance the imaging, using a Cressingtion 208 HR plasma depositor. 

Particle dispersion analysis was done from SEM images of freeze-fractured 

notched nanocomposite specimens. The MgO-nanoparticles (or domains if 

many particles had agglomerated) were identified as single units and 

highlighted in the LDPE-matrix manually using Adobe Photoshop CS4. The 

highlighting had to be done manually due to the rough surface of the cracked 

LDPE, the irregular shape of the MgO-nanoparticles and the low contrast 

between the MgO and the LDPE. Once the particles had been marked (100-560 

particles/clusters per specimen) the image was exported as a bitmap to Matlab 

to assess the mean radius (r) and the average centre-to-centre distance in 2D to 

the Nth nearest neighbour. In the nanocomposites with 0.1 wt.% MgO 

nanoparticles the number of nanoparticles were to few to be assessed from 

SEM-images in the in the described way. As a complement the dispersion and 

distribution was reconstructed in 3D from the size distribution of the 1–9 wt.% 

MgO-nanoparticles in the LDPE matrix, where the 0.1 wt.% specimen were 

reconstructed from the 1 wt.%-data, as this one was considered to best 

represent the 0.1 wt.%-samples.  
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3.3.10. Intermodulation electrostatic force microscopy (ImEFM) 

The ImEFM scans were performed on a Dimension Icon AFM (Bruker) in the 

case of LDPE/Al2O3 C8-film and on a Nanowizard 3 AFM (JPK Instruments) 

for the LDPE/Al2O3 with unmodified Al2O3-nanoparticles. Both systems were 

equipped with a Multifrequency Lockin Amplifier and controlled with a 

dedicated analyse software (Intermodulation Products AB). The probe used was 

a conducting platinum coated tapping mode cantilever HQ:NSC15/Pt 

(MikroMasch). During the scans the samples were grounded through the 

bottom Au-electrode, while an AC voltage of 6 V was applied to the probe to 

perform the surface potential measurement and when desired an overlaying DC 

voltage was applied to the probe. The cantilever was mechanically excited at its 

resonance frequency with amplitude of 40 nm peak-to-peak, and the surface 

was tracked by maintaining an amplitude set-point of 75%. All the acquired 

images have 256x256 pixel resolution, with 2 ms pixel time. The resulting 

imaging time was approximately four and a half minutes and the measurements 

were performed under ambient conditions.  

3.3.11. Volume conductivity measurements 

The electrical conductivity measurements were performed following a standard 

procedure (IEC 60093:1980) by applying 2.6 kV from a power supply 

(Glassman FJ60R2) across the 80 μm film thick film, and using a Keithley 

6517A electrometer to measure the charging current (Fig. 10). The electrical 

field across the film equalled 32.5 kV mm–-1. The detected current signal was 

recorded by LabView software incorporated in a personal computer. An oven 

(Memmert, UN55) was used to control the temperature, an overvoltage 

protection secured the electrometer from possible overshooting and a low pass 

filter removed high frequency signals. A three-stainless-steel electrode systems 

were used, in which the high-voltage electrode was a cylinder with a diameter 

of 45 mm, the measuring electrode 30 mm and a guard ring eliminated surface 
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currents. A layer of Elastosil R570/70 (Wacker) was used to secure good 

contact between the film and the high voltage electrode. The measurements 

were performed at 60 °C for 4×104 s (ca. 11 h). The temperature and the 

electrical field resemble the stress conditions that can be expected across a 

25 mm cable insulation of a real 800 kV HVDC-cable. 

 

Fig. 10 The setup for measurement of the charging current of the film samples. 
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4. RESULTS AND DISCUSSION 

4.1. Nanoparticle synthesis 

4.1.1. Mg(OH)2 

The aqueous precipitation resulted in hexagonal Mg(OH)2 nanoparticles with 

an average cross-section of 43 nm and a thickness of 10-20 nm (Fig. 11a). Two 

different ways of dewatering of the suspension was examined to investigate the 

possibility to simplify the synthesis: freeze drying (FD) and conventional 

drying (UN). The freeze drying resulted in a layered and fragile nanoparticle 

foam that was 25 times in volume than the corresponding mass of 

UN-Mg(OH)2 (Figs. 11b and c). The nanoparticles in the foam was arranged in 

an epitaxial manner to form flakes that was only a few nanoparticles thick 

(Fig. 11f and g), resulting in the formation of a voluminous powder. The 

conventionally dried Mg(OH)2 was a compact,  brittle cake (Fig. 11d and e) 

that needed to be ground to form a powder (Fig. 11c). The specific surface area 

(SSA) as determined from the BET isotherms was only slightly larger 

(52 m2 g-1) for FD-Mg(OH)2 than for UN-Mg(OH)2 (44 m2 g-1). X-ray 

diffraction (XRD) confirmed the formation of the Mg(OH)2 phase (Fig. 12d) 

upon precipitation and that the formed nanoparticles consisted of single crystal 

domains. 
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Fig. 11 (a) Shows a TEM image of the precipitated Mg(OH)2 nanoparticles and corresponding 
size distribution (inset) before drying. (b) and (c) shows the difference in volume for the same 
mass of freeze dried (FD) and conventional dried (UN) Mg(OH)2. (d) and (e) shows SEM 
images of the UN-Mg(OH)2 at low and high magnification. (f) and (g) shows SEM images of 
the layered structure of FD-Mg(OH)2. 

4.1.2. MgO 

Upon calcination at 400 °C the hexagonal Mg(OH)2 (Fig. 12a) turned into cubic 

close packed MgO (same as the NaCl-lattice) (Fig. 12b) via dehydration and 

dissipation of water. During the phase transformation, the hexagonal 

framework of the nanoparticle remained intact, while the interior changed from 

the single domain Mg(OH)2 into a polydomain MgO nanoparticle, i.e. each 

single MgO nanoparticle consisted of several smaller MgO-crystallites, which 

can be seen in TEM image (Fig.12b). The XRD confirmed the MgO phase (Fig. 

12f) and showed a crystallite size (determined from (200)) of 8.1 nm for the 

FD-MgO and 9.2 nm for the UN-MgO. The change into a polycrystalline 
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structure lead to a major increase in SSA, which for FD-MgO resulted in an 

increase from 52 to 118 m2 g-1 and from 44 to 167 m2 g-1 for UN-MgO. A large 

contribution of the increased SSA was associated with the formation of slit-

shaped mesopores (ca 3 nm) in between the cuboid crystallites, as determined 

with the Barret-Joyner-Halenda (BJH) pore size distribution. The pores inside 

the nanoparticles were observable by TEM (Fig. 12c).  

 
Fig. 12 TEM image of the hexagonal Mg(OH)2 before (a) and after (b) (c) calcination at 
400 °C, with internal pores of the MgO highlighted with arrows. (d) and (f) shows the X-ray 
powder diffraction spectras of the Mg(OH)2 and MgO with corresponding planes. In (e) the 
TG curve of the thermal transformation into MgO is shown.  

The average size (perpendicular to the thin direction) increased for the primary 

particles for FD-MgO and UN-MgO to 59 nm and 66 nm, respectively, which 

indicated that some particles sintering occurred at 400 °C. If there were no 

particle sintering one would expect a decrease in particle size due to the 

dissipation of water resulting in a mass loss of ca 31 %. A possible explanation 

for the lower SSA and smaller crystallite size for the FD-MgO could be related 

to the lower mass loss as seen with TGA (Fig. 12e), which indicate a larger 
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fraction of residual hydroxide phase and a subsequently lower volume available 

to form pores between the MgO crystallites. 

The UN-Mg(OH)2 particles that was thermally transformed at 1000 °C formed 

hard aggregates with a cubic primary particle with an average size of 149 nm 

(Fig. 15c). The SSA of the 1000-MgO decreased to 17 m2 g-1 and showed no 

internal porosity while the crystallite size, as determined from the (200) with 

the Scherrer equation, increased to 39 nm. 

A third group of MgO was produced to form MgO nanoparticles with improved 

resistance to water and remained smaller particle size after calcination at 

1000 °C. These MgO particles were produced according to a three-step method: 

calcination at 400 °C, silanization with C18 and calcination at 1000 °C 

(denoted C18-1000-MgO). Upon the second heat treatment only the inorganic 

part of the C18-silane remained, forming an MgO nanoparticle with remaining 

Si-domains. These nanoparticles had an average particle size of 58 nm, a SSA 

of 40 m2 g–1 without mesopores and a crystallite size of 29 nm after the final 

calcination.  

4.2. Surface modification of MgO 
The successful attachment of C8 and C18 was confirmed by IR spectroscopy, 

TGA and XPS. Fig. 13a shows the infrared spectra of UN-MgO, C8-MgO and 

C18-MgO, where the CH2 stretching band at 2924 cm-1 and the two CH3–

stretching bands at 2960 and 2850 cm–1 showed the presence of alkyl 

substituents in the hydrolysed silanes, and the broad peak between 1110 and 

1010 cm-1 confirmed the formation of Si–O–Si bonds or alternatively of Si–O–

R with R being an alkyl unit.62 The C8-MgO-spectrum was more similar to the 

UN-MgO-spectrum than the C18-MgO-spectrum, with a residual broad peak at 

1467 cm–1 and a more distinct peak at 1630 cm–1. On the slope for the MgO-

bulk absorption (< 800 cm–1) 63 the small peaks at 835 (C18-MgO) and 850 cm-1 

(C8-MgO) were attributed to Si-O stretching in the Si-OH, 62 whereas the peak 
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at 862 cm-1 for the UN-MgO was assigned to OH from the adsorbed surface 

water.64 The sharp peak at 1467 cm–1, visible for both C8-MgO and C18-MgO 

belongs to –CH bending and is known to be more intense for longer alkyl 

chains. The broad peak centred around 1467 cm-1 (1600-1300 cm-1) was 

assigned to chemisorbed CO2 in the form of unidentate carbonate (O-C-O) with 

one or two bridging bonds, covering a broad band of wavelengths 

(1710-1270 cm-1).63-64 The suppressed CO2 and H2O adsorption signals 

(1460 and 1635 cm-1, respectively) from the C18-MgO indicated a better steric 

hindrance towards the adsorption of these species than the C8-MgO 63-64. This 

was in contrast to the spectrum of the UN-MgO nanoparticles that showed the 

presence of surface water (3600–3200 cm–1 and 1635 cm–1). This surface water 

was expected to facilitate the hydrolysis of the silanes on the particle surfaces 

during the surface modification reactions. 
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Fig. 13 (a) IR spectra of unmodified (UN-MgO), octyl(triethoxy)silane modified (C8-MgO) 
and octadecyl(trimethoxy)silane modified MgO nanoparticles (C18-MgO). The curves have 
been shifted along the y-axis for visibility. (b) The mass loss of the UN-MgO, C8-MgO and 
C18-MgO heated under nitrogen flow. (c) X-ray photospectroscopy (XPS) data of the C1s 
signal for UN-MgO, C8-MgO and C18-MgO. The dashed box shows the reduction in 
adsorbed CO2 for the surface modified samples. 

Fig. 13b shows thermogravimetric (TG) data for the UN-MgO, C8-MgO and 

C18-MgO nanoparticles heated in nitrogen. Up to 230 °C the mass losses were 

almost identical for UN-MgO and C8-MgO and could be attributed to the 

evaporation of surface adsorbed water and carbonates species, which has been 

reported to desorb at temperatures up to 200 °C. 65 The total mass loss of the 

UN-MgO was 2.2 % up to 600 °C, which was assigned to residual Mg(OH)2. 

After normalization with respect to the mass loss of the UN-MgO the mass loss 
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at 600 °C for C8-MgO was 6.2 % and 12.1 % for C18-MgO. The mass loss of 

the two surface modified MgO was attributed to the burning of the alkyl chain, 

with the ratio of the mass loss matching the ratio of the molar weight of the 

alkyl groups.  

The condensed silane density (ρsilane per nm2) was calculated as: 

𝜌!"#$%& =
!!"#$%!!!"# !!

!!"#$%&#' !!"#$%!!"
 (3) 

where wunmod  and wmod are respectively the mass losses of the UN-MgO and C8-

MgO and C18-MgO, NA is the Avogadro number, Mw (volatile part) is the molar 

mass of the volatile part of the silane and SSA is the specific surface area. The 

condensed silane molecule coverage was 1.97 silanes nm–2 for the C8-MgO and 

1.72 silanes nm–2 for the C18-MgO, assuming that the silane molecules grafted 

as a monolayer with full access to the 167 m2 g–1 surface area of the pristine 

MgO nanoparticles. These values were of the same order as those reported for 

Fe3O4 and Al2O3 nanoparticles by Liu et al, 66 and also in agreement with the ca. 

1.7-2.0 silanes nm–2 surface coverage reported by McCarthy et al. 45 for a 70 % 

coverage of the available surface, assuming one silane molecule covers 

0.4 nm2.  

The attachment of silanes was confirmed by XPS data, displaying a Si 2p peak 

and a more intense C 1s peak (Fig. 13c) for the C8-MgO and C18-MgO, as 

compared to the UN-MgO. The atomic percentage of carbon, identified as C 1s 

at 285.0 eV, was 17.0 at.% for the C8-MgO and 33.5 at.% for the C18-MgO. 

The C 1s carbon ratio between C18-MgO and C8-MgO  (0.507) was in 

accordance with the carbon-related TG mass losses for the two silanes. An 

effect of the steric hindrance of the attached silanes was the suppression of 

adsorbed carbon species, in the case of UN-MgO 2 at.% of carbonates 

(289.9 eV) was found (dashed box Fig. 13c), while in the case of C8-MgO only 

traces of carbonates was found and for C18-MgO no carbonates were detected. 
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This supports the IR spectroscopy data showing the absence of the broad peak 

around 1460 cm-1 for the C18-MgO, attributed to chemisorbtion of CO2 that 

results in the formation of different carbon-oxygen species, depending on the 

coordination to the surface.63 The XPS data also revealed that all the samples 

showed a relatively large amount of surface-located oxygen (O 1s - 531.4 eV 

and 532.6 eV) compared to the lattice-embedded oxygen at 529.4 eV. In the 

case of the unmodified particles, these energy bands arise from oxygen 

that exists in the form of terminating MgO, Mg(OH)2, Mg---OH, crystal-H2O 

and carbonated species adsorbed on the surface.63, 67-68 For the C8-MgO and 

C18-MgO samples a reduction in relative intensity of the shifted O 1s at 

531.4 eV (surface oxygen) compared to the O 1s peak at 529.4 eV (lattice 

oxygen) was observed after the silanization, probably due to a reduction in the 

presence of Mg(OH)2 and Mg---OH, which is in agreement with the 

condensation of silanol groups (Si-OH) that occurs during the condensation of 

the silsesquioxane coatings onto the surface of the MgO nanoparticles. 

An additional relevant observation was that the surface modification by 

silanization resulted in the removal of 0.5 atomic percentages of chloride ions 

(Cl–), which were detected on the UN-MgO. These Cl¯ ions are known to 

remain adsorbed on the surface of the nanoparticles and to originate from the 

salt used to precipitate the nanoparticles.26 

4.3. State of particle dispersion in nanocomposites 
Since one of the major challenges with nanocomposites was to achieve an even 

distribution of solitary nanoparticles the state of dispersion in the LDPE was 

studied. The dispersion of all samples (except LDPE/FD-MgO) was quantified 

by image analysis using Bootstrap statistics of SEM images of freeze-fractured 

surfaces. 69-70 This was done in order verify the robustness of the sample 

preparation as well as to study the relationship between the electrical 

conductivity and the dispersion of the MgO nanoparticles in the composites. 



 36 

Figs. 14a and b shows SEM images of the LDPE composites with 6 wt.% UN-

MgO and C8-MgO. Fig. 14a shows that the primary particles of UN-MgO were 

mostly present in smaller clusters and agglomerates with the size up to a 10 μm. 

Such agglomerate can be seen in the upper right corner, with intercalating 

polyethylene visible in the structure. It may be anticipated that the intercalation 

of polyethylene may have an important role in breaking the agglomerates, 

which in turn is dependent on the surface energy of the MgO nanoparticles. In 

contrast to the UN-MgO, the C8-MgO (Fig. 14b) shows an even distribution of 

solitary MgO nanoparticles in the whole LDPE matrix with no signs of 

agglomerates. The same results of the surface modification were obtained for 

the C18-MgO with only occasional clusters (smaller than 200 nm). The lower 

surface energy of the C8 and C18 modified MgO nanoparticles with an exposed 

alkyl chain reduced the adhesion between the MgO nanoparticles so that the 

applied shear force from extrusion was sufficient to break eventual 

agglomerates. 

Fig. 14 SEM images of 6 wt.% (a) UN-MgO and (b) C8-MgO in LDPE, with the MgO-phase 
colorized in red. 

Fig. 15a shows micrographs of freeze fractured 3 wt.% FD-MgO composite. 

The FD-MgO composite showed a similar dispersion and distribution as the 
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UN-MgO extruded at 150 °C. At a lower extrusion temperature (115 °C) FD-

MgO showed the formation of smaller agglomerates than the UN-MgO, while 

there was no obvious difference regarding the existence of solitary 

nanoparticles. Just like in the case of the UN-MgO (Fig. 14a) the FD-MgO 

showed insufficient particle dispersion, as based on visual observation of 

micrographs, without the surface modification. The main benefit of the FD-

MgO filler was that no grinding was needed, which reduce the risk of 

introducing contaminants and favours easier handling. 

The micrograph (Fig. 15c) of the nanocomposite with the sintered cubic 1000-

MgO filler showed similar dispersion behaviour as that of the composites 

containing the UN-MgO filler, with primary particles in the form of smaller 

clusters and agglomerates in the size range of 1–3 μm. The high temperature 

(1000 °C) sintering into larger cubic primary particles can be clearly seen in 

Fig. 15c. The C18-1000-MgO on the other hand showed not only smaller 

primary particles than the composites containing the 1000-MgO filler but it also 

proved to be more readily dispersed in the hydrophobic LDPE matrix 

(Fig. 15b). Some smaller clusters were present, but in general, the micrographs 

showed that the Si-content enhanced the particle dispersion.

 

Fig. 15 SEM images of 3 wt.% (a) FD-MgO, (b) C18-1000-MgO and (c) 1000-MgO in LDPE. 
The cubic MgO formed at 1000 °C is visible in (c). 

The image analysis was based on micrographs were the MgO was manually 

identified and marked using Adobe Photoshop CS4. Figs. 16a and b show the 
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average centre-to-centre distance for the 1st and 51st neighbour for the UN-

MgO, C8-MgO and C18-MgO in composites with different concentrations of 

MgO nanoparticles (0.1, 1, 3, 6 and 9 wt.% MgO). As can be seen the average 

particle distance for UN-MgO decrease from 900 nm at 1 wt.% to 350 nm at 

9 wt.% MgO, while in the case of C8-MgO and C18-MgO the distance at 

1 wt.% is between 350 and 500 nm and decrease to an average distance of 

ca. 100 nm for both samples. The same pattern was valid over longer ranges, 

where the average centre-to-centre distance for the 51st neighbour was greater 

for the UN-MgO at all nanoparticle contents, compared to C8-MgO and C18-

MgO.  

 
Fig. 16 The average centre-to-centre distance as a function of volume fraction nanoparticles 
for the (a) 1st neighbour and (b) 51st neighbour for UN-MgO (black circles), C8-MgO (blue 
squares) and C18-MgO (red diamonds). (c) Shows the fraction of agglomerates as a function 
of volume fraction MgO where an agglomerate is defined as larger than two particles, i.e. 
larger than 132 nm. 

Fig. 16c shows the fraction of MgO nanoparticles tied up in agglomerates, 

where an agglomerate is defined as an MgO phase that have larger cross-

section than twice the average particle diameter (>132 nm). For the UN-MgO 

the fraction of MgO tied up in agglomerates were around 90 % for all particle 

contents. Whereas in the case of C8-MgO and C18-MgO, this fraction varied 

between 5 and 25 %, but with the threshold increased to three solitary particles 

(198 nm) the fraction agglomerates decreased to almost zero for the surface 

modified systems.  
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For the C18-1000-MgO the 1st and 51st centre-to-centre distances at 3 wt.% 

were 336 nm and 3678 nm. The dispersion is better than the UN-MgO but not 

as god as for the C8-MgO and C18-MgO. 

The phase distribution of the MgO was simulated in three dimensions to 

determine an approximate value on the radius of interaction of the MgO-

nanoparticles to have an impact on the conductivity in the nanocomposites. 

Fig. 17 shows the simulation of 0.1 wt.% (a and d), 1 wt.% (b and e) and 

9 wt.% (c and f) of UN-MgO and C8-MgO, as based on the size distribution of 

the MgO phases in the LDPE matrix determined from the micrographs. Only 

C8-MgO system was considered due to the great similarity with the C18-MgO 

system regarding particle dispersion. A simulation box of 50003 μm3 is used for 

each system and the particles are simulated as spheres, where smaller spheres 

indicate solitary particles and larger spheres are agglomerates. The semi-

transparent pink shells show the maximum radius of interaction of the MgO 

phase, at a further distance the MgO phase no longer influence the matrix (Fig. 

17a, b and d). The 0.1 wt.% C8-MgO was used to determine the maximum 

interaction radius since this was the nanocomposites system with lowest 

nanoparticle content that showed a distinct difference in measured conductivity 

from that of the unfilled LDPE (see section 4.5 Conductivity of LDPE/MgO 

nanocomposites). The interaction radius was determined to 775 nm for the 

0.1 wt.% C8-MgO when the volume of all the pink shells covered 95 % of the 

total volume, i.e. 95 % was considered as a measure when the whole composite 

was influenced. At this point the pink spheres in the 0.1 wt.% C8-MgO 

overlapped extensively and covered 204 %, which should be compared with 

40 % overlapping for the 0.1 wt.% UN-MgO when the same interaction radius 

was used. The low overlapping percentage tells us that a large volume of the 

0.1 wt.% UN-MgO was actually completely absent of MgO due to the 

agglomeration, which was consistent with the observations in the micrographs. 

In contrast, nanoparticle content equal or greater than 1 wt.% always resulted in 
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total interaction volume (100 % of the sample) at the interaction radius of 

775 nm. The consequence of agglomeration becomes very clear at 9 wt. % for 

the UN-MgO when compared to the 9 wt.% C8-MgO, with a few larger 

agglomerations that dominates the system.  

 

Fig. 17 Three-dimensional reconstruction of UN-MgO (upper row) and C8-MgO (lower row) 
for a nanoparticle content of 0.1 wt.% (left), 1 wt.% (middle) and 9 wt.% (right) as based on 
the size distribution of the MgO in the LDPE. The pink semi-transparent spheres shows a 775 
nm interaction radius, determined from the 0.1 wt.% C8-MgO. 

4.4. Structure and morphology of nanocomposites 
Fig. 18a, b and c show the crystallization traces obtained during a 10 °C min-1 

cooling of the nanocomposites (UN-MgO, C8-MgO and C18-MgO) with 

different particle contents. The onset of crystallization was increased by 7–8 °C 

for the composite with the highest content of UN-MgO filler, whereas the 

crystallization onset temperatures for the C18-MgO composites were the same 

as for pristine LDPE. All nanocomposites with C18-MgO crystallized at 

ca. 103 °C just like the pristine LDPE. A transition was seen for the C8-MgO, 

which started to show an elevated crystallization at 3 wt.% and higher. It is 

clear that the unmodified MgO nanoparticles had a nucleating effect already at 
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low percentages, while the C8-MgO that was partially covered with C8 alkyl 

chains had a detectable crystallization effect at this cooling rate only at higher 

contents of added particles. The surface modification with C18 introduced such 

an efficient cover that crystal nucleation from these particles was absent, which 

is in accordance with previous report on that stearates attached to salt-type 

nucleation agents reduces the crystallization temperature in comparison to 

pristine nucleation agents. 71-72 Generally, the possible crystal nucleation effects 

(like in the composites based on UN-MgO) had no impact on the final overall 

crystallinity:  All the samples showed a polymer mass crystallinity of 37 ± 2 % 

at 60 °C and 55 ± 2 % at 20 °C. 

 

Fig. 18. The DSC-crystallization at different particle content of (a) UN-MgO, (b) C8-MgO and 
(c) C18-MgO nanocomposites recorded at a cooling rate of 10 K min-1. 

Similar nucleating effect as for the UN-MgO was seen for C18-1000-MgO, 

which showed an equal elevated nucleation temperature at a cooling rate of 

1 °C min-1. The 1000-MgO on the other hand did not show any nucleating 

effect. 

4.5. Conductivity of LDPE/MgO nanocomposites 
Figs. 19a–c show the charging current as a function of time at 32.5 kV (mm)–1 

and 60 °C for different contents of UN-MgO, C8-MgO and C18-MgO in LDPE 

in ca. 80 μm thick films. Within the first 100 s a distinct drop in the charging 

current is seen for the composites with MgO contents equal or greater than 
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1 wt.%. After 100 s, the charging current starts to level out into a current decay 

much similar to that of pristine (unfilled) LDPE. For the 0.1 wt.% UN-MgO no 

influence on the charging current was observed whereas the same content of 

C8-MgO and C18-MgO resulted in a clear initial drop, but not as pronounced 

as in the composites with higher filler content. The initial drop has been 

attributed to polarization effect 32, but it may also be explained by the formation 

of counter acting charges in the vicinity of the electrodes, leading to a higher 

injection barrier and thus lower charging current. 39 The lowest charging current 

was found for the 1–3 wt.% filler content, being ca. 2 orders of magnitude 

lower than that of pristine LDPE after 10 min, and 10–20 times lower after 

11 h, where 10 min was picked in accordance with Murata et. al. 73 There was 

essentially no difference between the nanocomposites at this loading content. 

At higher filler content, 6–9 wt.%, the surface modification increased the 

ability of the nanocomposites to maintain the lowest levels of charging current. 

After 10 min, the composites with 6–9 wt.% of C8-MgO and C18-MgO fillers 

had dropped 30-50 times compared to that of pristine LDPE and more than 

20 times after 11 h. This should be compared with the composite containing 

9 wt.% UN-MgO filler, which showed a significantly higher charging current, 

being almost equal to that of pristine LDPE.  
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Fig. 19 The charging current as a function of time for LDPE/MgO nanocomposites with a 
particle loadings of 0-9 wt.% for (a) UN-MgO, (b) C8-MgO and (c) C18-MgO, measured at 
60 °C with an applied electrical field of 32.5 kV mm-1. 

In Fig. 20a and b the electrical conductivity plotted as a function of MgO-

content at 10 min and 11 h are shown, with the dashed red line being the 

corresponding conductivity of the unfilled LDPE. After 10 min the larger drop 

for the 1–3 wt.% is clearly visible, reaching a value of 2–6 × 10–15 S m-1. For 

the composites, which contained UN-MgO filler the higher particle content was 

followed with an increased conductivity, both after 10 min and 11 h, but most 

clearly marked for 9 wt.% and 11 h. The surface modified (C8-MgO and 

C18-MgO) samples on the other hand were able to maintain the reduced 

conductivity also for 6-9 wt.% over long time, making the surface modified 

samples reliable systems with consistently reduce conductivity regardless of the 

particle content. 
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Fig. 20 Volume conductivity plotted as a function of nanoparticle content after (a) 10 min and 
(b) 11 h for the LDPE/MgO-nanocomposites with the unmodified (black circles), C8 (blue 
squares) and C18 (red diamonds). The red dashed line is the corresponding conductivity for 
the unfilled LDPE. 

In Figs. 21a and b the charging current for the composites with 1 and 3 wt.% 

UN-MgO, FD-MgO, 1000-MgO and C18-1000-MgO are displayed (only 

3 wt.% for FD-MgO) together with reference pristine LDPE. All composite 

samples show a charging current that was lower than that of pristine LDPE and 

with the typical drop at the beginning of the measurement. The 1 wt.% filled 

samples display a clear initial drop before the curves levels out with a slope 

similar to that of pristine LDPE. Whereas all the samples show a similar 

charging current at 1 wt.%, the difference between the samples containing 

3 wt.% filler was much larger. At this loading level the charging current 

becomes more sensitive to the particle dispersion and the surface properties of 

the MgO filler particles where the composite based on UN-MgO reached the 

lowest charging current, followed by those of FD-MgO, 1000-MgO and the 

C18-1000-MgO.  
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Fig. 21 The charging current as a function of time for LDPE/MgO nanocomposites with (a) 1 
wt.% and (b) 3 wt.% MgO nanoparticles. The measurements were performed at 60 °C with a 
corresponding field of 32.5 kV mm-1. 

Even though the C18-1000-MgO shows the best dispersion of the four samples 

it was this filler that was the least efficient in reducing the current. From this it 

is understood that not only the dispersion is important but also the kind of 

nanoparticle that is added. Interestingly the particle properties are not as 

relevant when only 1 wt.% was added and large volumes of polyethylene acted 

as unfilled, while at higher concentrations a threshold is reached and the 

beneficial properties from the particle loading starts to compete with less 

favourable properties. It can be argued that the higher surface activity 54 and 

surface area of the low temperature (400 °C) calcined MgO (UN-MgO and FD-

MgO) are the main factors to retain supressed current of the nanocomposites at 

higher loadings, where surface defects (edges, corners and vacancies) facilitate 

localized trapping spots for charge carriers and can be as deep as 3.38 eV for 

oxygen vacancies.74-75,76 Between the UN-MgO and FD-MgO filler the 

dispersion was equal but the SSA of the former was 40 % higher, which may be 

the explanation of the difference in charging current. The C18-1000-MgO 

particles contained interstitial Si-atoms in the lattice, which seems to reduce the 

trapping capability of the nanoparticle/interface even if the specific surface area 

is maintained (40 m2 g–1). This should be compared to 1000-MgO that exhibited 

both lower SSA and worse particle dispersion but still show a lower current at 
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both 1wt.% and 3 wt.%. However, it is difficult to draw any conclusion on the 

mechanism that limits the reduction in current for some particles at higher 

loading levels. 

4.6. Conductivity as related to interaction radius 
Fig. 22 shows the electrical conductivity at 10 min plotted as a function of 

interaction radius for the different composite systems studied. The interaction 

radius is determined as the radius of the pink semi-transparent spheres when the 

total volume of the shells occupies 95 % of the total volume, i.e. 95 % of the 

50003 μm3. The dimensions of the interaction radius for 95% occupation clearly 

decreased with increasing nanoparticle content and improved dispersion. From 

the plot it can be seen that the greatest interaction radius that allowed for a 

marked effect on the conductivity was ca. 800 nm, giving a reduction of almost 

one order of magnitude in the case of 0.1 wt.% C8-MgO and C18-MgO fillers. 

The interaction radius of 1 wt.% UN-MgO was only 50-100 nm smaller than 

the former (636 nm), but had a conductivity that was yet another order of 

magnitude lower than the conductivity of the unfilled LDPE. This 

unproportionate large difference in conductivity compared to the interaction 

radius tell us that not only the average distance between the nanoparticles is 

crucial, but also the presence of sufficiently enough inorganic mass. The 

inclusion of MgO results in a presence of inorganic lattice defects and uneven 

surfaces (edges, corners and vacancies), which may give rise to surface states 

with electron and hole trapping capacity.74-75 On the other hand the importance 

of dispersion should not be neglected, at higher concentrations of nanoparticles 

the dispersion is crucial to maintain the low conductivity. As can be seen in 

Fig. 22 the interaction radius decreases to ca. 300 nm for 6 and 9 wt.% UN-

MgO, but at the same time average cross section of the MgO phase increase 

and the conductivity increases. The increase in conductivity may be explained 

by the presence of traces of H20 and CO2 in the UN-MgO filled composites 
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(see section 4.2), where the large agglomerates facilitate conduction paths 

through the nanocomposites and thus with an overall higher conductivity. 

Water has previously been reported to have a detrimental effect on electrical 

behaviour in nanocomposites, with reduced dielectric strength, increased 

conductivity and increased space charges.27 28 For the surface modified samples, 

the C8-MgO and C18-MgO, the interaction radius dropped to almost 100 nm 

with a maintained low conductivity. The possibility to keep such low 

conductivity also at this loading level provides a robustness to the system, 

where locally higher concentrations of particles in a macro system is acceptable 

as long as they are kept solitary. 

 

Fig. 22 The volume conductivity plotted as a function of interaction radius for different wt.% 
of UN-MgO (black circles), C8-MgO (blue squares) and C18-MgO (red diamonds) in the 
nanocomposites. 

4.7.  Charge behaviour of individual Al2O3 nanoparticles 
Figs. 23a-c shows the surface potential measured above a C8-surface-modified 

Al2O3 nanoparticles pair embedded in a 100 nm thick LDPE film. The ImEFM 

scans were performed repetitively over the same area with different applied DC 

voltages. In order to compare the contrast, which provides the information 
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about charge distribution, each scans were offset by an amount V0, placing it at 

the average potential measured over the LDPE matrix. Figs. 23a–c have the 

same colour bar spanning the same voltage range after the offset. The raw Vsp 

(surface potential) across the nanoparticles (see the lines in a-c) is displayed in 

Fig. 23e. 

 

Fig. 23 ImEFM scans showing the surface potential (Vsp) of the C8-Al2O3 nanoparticles 
embedded in the LDPE under (a) zero, (b) positive and (c) negative DC voltage. The 
corresponding height image is seen in (d) and in (e) the Vsp without offset and height along the 
lines in (a-d) is shown. The black scale bar in (a-d) is 100 nm. 

The scan with no applied DC voltage (Fig. 23a) shows the equilibrium charge 

conditions between the nanoparticles and the LDPE matrix. Two Al2O3 

nanoparticles are visible in the centre of the scan, charged positive with respect 

to the matrix, as can be expected from the higher electronegativity of LDPE 

(-1.1 eV) as compared to Al2O3 (1.0 eV).77-78 A third nanoparticle is faintly 

visible in the lower right-hand corner in the surface potential map, being more 

positive than the surrounding LDPE. This nanoparticle was buried in the 

polyethylene and thus not visible in the corresponding height image (Fig. 23d). 

By comparing the height and potential images, it was also noticed how the 

potential imbalance from the positively charged nanoparticles spread over a 

larger area than the nanoparticles themselves. This may be due to modification 
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of the available energy states in the matrix due to the presence of the charged 

nanoparticles. The modification of energy states in the matrix may be the 

reason why nanoparticles influences bulk volumes unproportionally greater 

than the volume the nanoparticles occupy themselves, as discussed in Section 

4.6. When a positive DC voltage (+2V) was applied to the AFM-tip there was a 

marked change in image contrast (Fig. 22b) (surface potential) between the 

three nanoparticles and the surrounding LDPE matrix. This change is attributed 

to the injection of holes (i.e. extraction of electrons) from the positively 

charged tip while scanning, thereby filling shallow traps near the nanoparticles. 

The same goes when a negative DC voltage is applied (-2V) and holes are 

extracted from the nanoparticles to such extend that the contrast is lost between 

the phases (Fig. 23c), and thus the charge imbalance. While the process of hole 

injection appeared to be relatively fast, requiring only a single scan to reach 

local equilibrium, the extraction process (negative DC voltage) of the holes 

required several scans to reach local equilibrium. The observed hole extraction 

and injection phenomena can be explained with the Al2O3 nanoparticles hosting 

localized electronic states near the LDPE conduction band (LUMO level). This 

type of traps has previously been proposed in the literature.23, 37, 79 
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Fig. 24 The surface potential (Vsp) of four sequential ImEFM-scans with an applied DC 
voltage of -2V. The black scale bar is 100 nm. An offset is applied to all the scans so that 
colorbars are centred at the average value of the surface potential over the LDPE matrix. 

Figs. 24a-d shows four consecutive scans of uncoated Al2O3 in a 100 nm thick 

LDPE film, with a negative DC voltage (–2 V) applied to the AFM-tip. In the 

centre of the scans Al2O3 nanoparticles protrudes the surface of the LDPE 

matrix. The Vsp is offset in the same manner as in Fig. 23, placing the average 

Vsp at the centre of the colour bar. Before the scans with a negative voltage two 

consecutive scan with positive DC voltage (+2 V) was performed, making the 

Al2O3 nanoparticles charged positively by extracting electrons. The sequential 

scans then clearly shows the time-dependent hole extraction process (electron 

injection), with the nanoparticles gradually going from more positive to more 

negative than the LDPE matrix. That the Al2O3 nanoparticles also becomes 
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more negative than the LDPE matrix shows that the localized energy states that 

are present with the nanoparticles works for accumulation reservoir in both 

excess of positive (holes) and negative (electron) charge, which can explain the 

observation of homocharges on space charge measurements of nanocomposites. 
36, 39  

 

Fig. 25 Band alignment diagrams of the Au-substrate, composite insulating film and the Pt 
coated AFM tip under different DC voltage conditions: (a) over the LDPE matrix with no 
trap states and no applied voltage, with Vsp ≡  V0. (b) Over the nanoparticles localized shallow 
traps exist to greater extend and holes are injected from the tip to the traps: Vsp > V0. (c) With 
a positive DC voltage hole injection is more favourable and more traps are occupied: Vsp >> 
V0. (d) With negative DC voltage hole injection is inhibited and the traps are emptied: Vsp ≈ 
V0. 

The process of charge injection and extraction upon the applied DC voltage 

may be described by using a band model. In Fig. 25, the alignment of the 

electron energy bands between the Au substrate, the LDPE matrix and the Pt 

coated AFM-tip under different DC voltages are shown. In Fig. 25a, the energy 

bands are considered in the absence of nanoparticles. The Fermi energy (EF) is 

pinned between the Au substrate and the Pt-tip and a surface potential arise due 

to the difference in work function between the different materials:  
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VSP = ϕPt - ϕAu. No charge transfers is possible between the Au substrate and the 

insulating LDPE implying that the vacuum level EV is constant between the two 

materials. So the VSP measured over the LDPE, which is denoted V0, depends 

only on the difference in ϕ for the Au substrate and the Pt tip. The uniform 

LDPE would thus not in itself give rise to any contrast, i.e. difference in VSP. 

The alignment of the conduction and valence band of the LDPE in relation to 

the EF depends on the electron affinity χ and the energy gap (EG). When the 

Al2O3 nanoparticle is embedded in the LDPE matrix additional localized 

electron states arise in the band gap close to the conduction band of the LDPE, 

so called shallow traps. Even though polyethylene has in the literature been 

descried to have hopping conduction, which in turn requires localized electron 

states close to the conduction band 80, the introduction of nanoparticles greatly 

increase the amount of these localized energy states (traps in the band gap). 

When the tip is taping over the nanoparticles it becomes energetically 

favourable for the holes in the AFM tip to jump (inject) to the surface, making 

the Al2O3 nanoparticle charged positively. The VSP over the nanoparticles thus 

becomes higher than V0 (the VSP of the LDPE) and a contrast becomes visible in 

the scan (Fig. 23a). With a positive DC voltage (+2 V) on the tip the EF of the 

tip is shifted and it becomes even more energetically favourable for hole 

injection (Fig. 25c), and thus with a subsequent increase in the contrast. When 

changing to a negative voltage the Fermi level of the tip is shifter upwards and 

it becomes unfavourable for the holes to be situated on the surface leading to a 

hole extraction. The small difference in energy between the traps and the EF of 

the tip the can explain the slower extraction process of the holes. In the case of 

the C8-coated Al2O3 the extraction eventually leads to that the traps are emptied 

to such extent that the vacuum levels of the LDPE aligns with the Au-substrate, 

restoring the surface potential to the value of V0 so that no contrast is seen 

between the nanoparticles and the matrix (Fig. 23c). In the case of the 

unmodified Al2O3 the emptying by hole extraction (or filling by electron 
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injection) leads to that a VSP smaller than V0, thus giving nanoparticles charged 

negatively in relation to the LDPE matrix. This process shows that the Al2O3 

nanoparticles introduce a great number of energy states that can be both 

emptied and filled with electrons, giving a shift in the energy landscape of the 

bulk material. The concept of charged nanoparticles (in relation to the 

insulating polymer matrix) has been promoted in the literature as an 

explanation to the enhanced electrical properties. 24, 36, 38 

4.8. Electrical treeing in low density polyethylene 
Fig. 26a shows the full tomogram of the middle section of a branched electrical 

tree, situated 200 μm from the root and 240 μm from the tip. The iso-surface of 

the electrical tree are shown by a 3D rendering in red, which was material with 

a mass density of 0.60 g cm-3, as compared to the average 0.90 g cm-3 for the 

surrounding LDPE. The threshold for the 3D rendered iso-surface was 

0.60 g cm-3 while the interior of the iso-surface had a mass density close to 

0 g cm-3. The branches had an elliptic cross-section with a diameter varying 

between 800 and 1300 nm for both channels, as measured perpendicular to the 

growth direction (orthoplane) of the branches. Three interesting regions are 

highlighted in Boxes I, II and III. In Box I a string of 4 features with a density 

lower than 0.60 g cm-3 are shown, these strings are not apparently connected to 

the other branches, but lies in the area where the tree grew from. The two 

middle features are connected by a necked region while the two others seems 

nor to be connected. A similar growth pattern is seen in Box II where a feature, 

connected perpendicular to the left (L) branch, is connected by a necked region. 

Box III shows another set of pre-step structures, situated in a plane outside a 

flat side branch of the right (R) branch, which appears to be freestanding 

features (with a density of 0.20–0.60 g cm-3), but is in fact to various extent 

connected to the main electrical tree via paths of polyethylene with reduced 

density.  



 54 

 

Fig. 26 Three-dimensional visualization of the iso-surface of an electrical tree grown in LDPE 
as revealed by ptychography, where everything in red has a mass density of 0.60 g cm-3. Both 
branches (L) and (R) have a diameter of ca. 1 μm as measured perpendicular to the growth 
direction. The tree was grown in the direction of the white arrow in (a), which indicates the 
direction of the electrical field. Boxes I-III (a-d) shows regions of pre-step void, formed in 
front of the propagating tree and are either connected or not connected to the main branches. 
The smallest void seen in Box III had a size of 300✕260✕260 nm3. The insert in (a) shows an 
optical image of the part of the electrical tree that is displayed in (a-d). 

The 2D slice of the density of Box III is shown in Fig. 27c, where the two 

middle pre-step structures (as seen in Box III in Fig. 26a) are shown to nearly 

connect to the main branch. The two middle structures show regions of slightly 

reduced density areas that stretch towards the side branch with a gradually 

decreasing mass density (down to 7 %) until it is roughly 300 nm away from 

the side-branch (see red ring). The same behaviour pattern was seen in Box I 
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(Fig. 27a) where the lowest feature is connected to the one above via a path of 

reduced density to ca. 75 %, as with reference that of the surrounding 

polyethylene. The more developed necking seen in Box II (Fig. 27b) dropped to 

61 % in density as compared to the surrounding polyethylene. This pattern 

suggests that the electrical tree was growing by the formation of pre-step voids 

in front of the main branch that then gradually connected to the tree by further 

reduction in the density. The largest of the pre-step features in Box III (Fig. 

26a) extends approximately 1000✕260✕260 nm3 and the smallest one 

300✕260✕260 nm3, which in both case is well below the theoretical limit of the 

Paschen law for partial discharges (5-10 μm times 1 μm).81 The pre-steps were 

thus not formed by electrical discharges. 

 

Figs. 27a-c Shows 2D density cuts of the pillar around the pre-step structures (Box I, II and 
III) with paths of reduced density areas of polyethylene between the pre-step structures and 
the main channels, as indicated with red arrows. The scale bar to the right shows the mass 
density in g cm-3 and the white scale bar corresponding to 1 μm.  

The formation of pre-step voids shows an analogy to mechanical crack 

propagation, the Griffith concept, where stress induced sub-micron holes are 

formed in front of the tip to facilitate a further propagation of the crack.82 This 

concept has previously been transferred to electrical streamers in dielectric 

liquids, where a electro-mechanical force formed from the high electrical field 
83 is anticipated to create pre-step voids.84 The same mechanism can be 

attributed to the formation of DC-trees in polyethylene, where the highly 
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divergent electrical field around the tips causes a mechanical force direct 

orthogonally to the field that induces the pre-step voids. The formed cavities 

weaken the structure and allow for further propagation of the electrical tree.  

5. CONCLUSIONS 
Polycrystalline MgO nanoparticles with a specific surface area of 167 m2 g-1 

were synthesised in large quantities (20 g) and surface modified in n-heptane 

with octa(triethoxy)silane and octadecyl(trimethoxy)silane. The surface 

modification rendered a protective layer towards adsorption of ambient 

molecules (H2O and CO2) and facilitated excellent dispersion of the MgO 

nanoparticles in the polymer during extrusion. The nanocomposites with MgO 

showed 100 times reduction in charging current as compared to pristine cable 

grade polyethylene, which is a 10 time greater reduction in leakage current than 

required to increase operation voltage from 320 kV to 800 kV. The 

conductivity of the nanocomposites were in turn lower than the conductivity of 

both constituents and it is thus clear that the interface plays a dominant role in 

tuning the electrical properties. Thanks to the superior nanoparticle dispersion 

of the surface modified MgO the low-density polyethylene could be loaded 

with 9 wt.% of MgO and still retain a reduced conductivity. Already at 

0.1 wt.% loading of surface modified MgO a 10-fold reduction in electric 

current could be achieved. At this concentration the interaction radius, i.e. the 

distance that the nanoparticle influenced the surrounding, was theoretically 

determined to ca. 800 nm. The interaction zone around an Al2O3 nanoparticle in 

polyethylene was observed experimentally by using intermodulation 

electrostatic force microscopy, a recently developed mode of the AFM. It was 

shown that the Al2O3 could be charged and uncharged by injection/extraction of 

electrons when a voltage was applied to the AFM-tip. From the scans it was 

clear that the charge trapping capacity introduced with the nanoparticles 

stretched outside the physical boundaries of the nanoparticle. 



 

  57 

By using ptychography (nanotomography) a branched electrical tree formed 

under DC-conditions were revealed in three dimensions. The 3D imaging 

suggested that the electrical trees propagated via the formation of pre-step voids 

in front of existing tree branches that facilitate a further growth. 

Electromechanical force was attributed as the mechanism that formed the pre-

step voids, showing analogy to crack propagation crazing under mechanical 

load in accordance with the Griffith concept. 

6. AUTHORS’ THOUGHTS 
The interface is clearly crucial for the synthesised nanocomposites; the 

conductivity of the composites was lower than the conductivity of the two 

constituents. The largest interface area per mass unit and the shortest distances 

between the MgO nanoparticles were found in the LDPE/C8-MgO and 

LDPE/C18-MgO 9 wt.% with a centre-to-centre distance of ca. 130 nm, 

equalling a face-to-face distance of 60 nm (assuming spheres). Considering a 

20 nm interaction radius (interphase), as proposed by Lewis, Tanaka and 

Fothergill 24, 38, 85, this implies that the interphase-to-interphase distance was in 

average only 20 nm in these samples. If the interphase were “quasi-conductive” 

(locally higher conductivity) as proposed by Lewis 24 and Smith et al 36 one 

would expect these samples to be the most probable to exhibit percolation. 85 

These nanocomposite do not show significantly higher conductivity, which 

suggests that the interphase is not “quasi-conductive”. If there is local 

conduction that can rearrange charge carriers 36 it rather seems to be designated 

to the nanoparticles and not in the surrounding polyethylene interphase. A local 

conduction at the surface of the nanoparticles would explain why the samples 

with high ratio of agglomerated structure (e.g. LDPE/UN-MgO 9 wt. %) have a 

higher conductivity. In composites containing agglomerates, the MgO 

nanoparticle surfaces are in contact and one could expect the formation of 

locally conductive paths. The latter being due to surface adsorbed water on the 
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particles or a high density of electron states that reduce charge-hopping 

distance. For nanocomposites with very low filler loadings, it was found that 

the largest centre-to-centre distance that allowed for reduced conductivity was 

800 nm (LPDE/C8-MgO 0.1 wt.%) while at the doubled distance ((LPDE/UN-

MgO 0.1 wt.%) with the same amount of material no effect was seen. It is thus 

clear that the charge trapping effect of the MgO nanoparticles occurs over long 

distances, but requires that the inorganic phase is both close enough and added 

in a sufficient amount, as described in Section 4.6. The interaction radius, 

larger than the particle itself, and the formation of additional local energy states 

was experimentally observed with the ImEFM. The interaction radius, revealed 

as a halo around the Al2O3 nanoparticles, may be an effect from a shift in the 

energy states of the bandgap due to the electrical field between the charged 

nanoparticles and the uncharged polyethylene. It is not far fetched to state that 

this interaction radius may very well work over greater distances than can be 

detected with the ImEFM and also may increase in size as the imbalanced 

charged distribution becomes greater. Electro-mechanical stress has been 

attributed to void formation in various systems and to be dependent on bond 

strength in the material. 84, 86 For nanocomposites it has been shown by 

mechanical deformation that the bond strength of different surface 

modifications is crucial in order to avoid de-bonding of the Al2O3 nanoparticles 

from the LDPE matrix. 56  A study on possible correlation between void 

formations upon electro-mechanical stress around the nanoparticles, such as 

electrical treeing, and mechanical stress would be very relevant. Of course this 

study would be challenged by the uncertainty in how charges are distributed in 

the nanocomposite systems and how the redistribution of charges would 

influence the maximum electrical field and the electro-mechanical stress. 

 

 



 

  59 

7. FUTURE WORK 
As with most projects that are reaching the final stages there is so much more 

you would like to investigate, so many doors that you have not had the time to 

enter. Since the research of the project has been closely related to an industrial 

application and with results that have been better than the expectations, an up 

scaling to a semi-industrial manufacturing of the nanocomposites would be the 

next step. By producing a pilot scale cable (ca. 50 kg LDPE) with 

nanocomposite insulation the material reliability and long term performance 

can be investigated. In the perspective of the application it would be highly 

relevant to study the insulating properties of the nanocomposite with 

crosslinked polyethylene, in order to elucidate the effect of the crosslinking by-

products in the presence of nanoparticles. The adsorption of by-products onto 

different nanoparticle systems were studied by Liu et. al. 87, indicating a large 

influence on the kind of nanoparticles and surface modification and thus more 

studies are needed. Further investigations of mechanical, rheological, electrical 

and humidity resistance of the nanocomposites are of great interest in order to 

verify the reliability of these novel systems. 

The ability to use ImEFM to visualize charge distribution should be 

investigated for nanocomposites which contain other metal oxide nanoparticles, 

other applied DC-voltages and optimally also under inert atmosphere to 

increase the knowledge about the mechanisms underlying the enhanced 

electrical insulation performance. 

The ptychography turned out to be a powerful tool to visualize structures never 

seen before. Regarding degradation of insulating polyethylene it would be of 

considerable interest to study an electrical tree formed in a nanocomposite in 

order to learn about the void formations and tree growth in the presence of 

nanoparticles.	
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