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Abstract
High-voltage cables are a critical component of tomorrow’s power grids that seamlessly integrate
hydro, wind and solar power. Further improvements in transmission capacity of both high-voltage
alternating- and direct-current, HVAC and HVDC, cables are likely reached through improved
insulation materials. A number of approaches to improve insulation materials are currently being
considered. This thesis explores two concepts for future insulation materials: (i) polymer:metal
oxide nanoparticles, and (ii) polymer:polymer blends.
To investigate the former, nanocomposites containing Al2O3 nanoparticles dispersed in a lowdensity polyethylene (LDPE) matrix are considered. The addition of nanoparticles is found to
improve the DC insulation properties, i.e. reduces the residual electrical conductivity, but increases
the risk for electrical breakdown under AC conditions. This first part of the thesis leads to the
conclusion that the use of nanocomposites can require a trade-off between AC/DC behaviour.
In the second part of this thesis polyethylene blends are investigated as an alternative to
nanocomposites. The addition of minute amounts of high-density polyethylene (HDPE) to LDPE
reduces the DC electrical conductivity by one order of magnitude. Moreover, trace amounts of
HDPE did not appear to influence the dielectric strength under AC conditions.
Besides an improvement in electrical performance polyethylene blends display superior thermomechanical properties. Additive-like amounts of HDPE are able to prevent creep above the melting
temperature of LDPE, which offers an alternative to crosslinking. It can be anticipated that such
thermoplastic insulation instead of commonly used crosslinked polyethylene (XLPE) would
considerably ease cable manufacture.
The thermo-mechanical properties are rationalised with a favourable blend microstructure. In
particular, complete melt miscibility is found to give rise to a fine distribution of HDPE lamellae
that, through tie chains, maintain a continuous network in molten LDPE. The extent of creep
correlates with the molecular weight of HDPE.
In summary, this thesis demonstrates that the use of polyethylene blends is a promising avenue,
which may lead to insulation materials with improved electrical and mechanical performance.
Keywords: High-voltage insulation, polymer blends, nanocomposites, polyethylene, conductivity,
tie-chain, thermomechanical properties
III

List of publications
The thesis is based on the following papers, referred to by roman numerals in the text.

I.

Trade-off in AC/DC Behaviour of a Polyethylene Nanocomposite Mattias G.
Andersson, Carmen Cobo Sánchez, Tuan Anh Hoang, Linda Fogelström, Mats R.
Andersson, Stanislaw Gubanski, Eva Malmström, Christian Müller. Manuscript

II.

Highly insulating polyethylene blends for High-Voltage Direct-Current Power
Cables, Mattias G. Andersson, Jonna Hynynen, Mats R. Andersson, Villgot Englund,
Per-Ola Hagstrand, Thomas Gkourmpis, Christian Müller. ACS Macro Letters, 2017, 6,
78-82

III.

Invariant Dielectric Strength upon Addition of Low Amounts of HDPE to LDPE,
Mattias G. Andersson, Xiangrong Chen, Jonna Hynynen, Mats R. Andersson, Thomas
Gkourmpis, Per-Ola Hagstrand, Stanislaw Gubanski, Christian Müller, IEEE Conference
on Electrical Insulation and Dielectric Phenomena, 2016, 711-714

IV.

Additive-Like Amounts of HDPE Prevent Creep of Molten LDPE: Phase-Behaviour
and Thermo-Mechanical Properties of a Melt-Miscible Blend, Mattias G. Andersson,
Jonna Hynynen, Mats R. Andersson, Per-Ola Hagstrand, Thomas Gkourmpis, Christian
Müller. Journal of Polymer Science, Part B: Polymer Physics 2017, 55, (2), 146-156

V.

Influence of Molecular Weight on the Creep Resistance of Almost Molten
Polyethylene Blends, Mattias G. Andersson, Roman Städler, Per-Ola Hagstrand, Thomas
Gkourmpis, Mats R. Andersson, Christian Müller. Submitted

IV

Contribution report
I. Main author and responsible for data analysis. Sample preparation and data collection were
carried out together with C.C.S. AC-treeing was performed together with X.C. and DCconductivity measurements were done by T.H.
II. Main author, sample preparation, performed thermal analysis, and SAXS. Responsible for
data analysis. J.H. carried out the DC-conductivity measurements
III. Main author, sample preparation, data collection and data analysis. Electrical treeing
experiments were carried out together with X. C
IV. Main author, sample preparation, data collection and data analysis. J.H. assisted in the sample
preparation and DSC measurements. SEM images were taken together with Anders
Mårtensson and J.H.
V. Main author, all sample preparation, data collection and all data analysis.

Related publications, not included in thesis
Dielectric strength of γ-radiation crosslinked, high vinyl-content polyethylene, Mattias G.
Andersson, Markus Jarvid, Anette Johansson, Stanislaw Gubanski, Mark Foreman, Christian
Müller, Mats R. Andersson. European Polymer Journal, 2014, 64, 101-107
AC and DC Pre-stressed Electrical Trees in LDPE and its Aluminium Oxide Nanocomposite,
Xiangrong Chen, Deni Murdany, Dongming Liu, Mattias G. Andersson, Stanislaw M. Gubanski,
Ulf W. Gedde, Suwarno. IEEE Transaction on Dielectrics and Electrical Insulation, 2016, 23, (3),
1506-1514

V

VI

Table of contents
1. Aim of project .......................................................................................................................................... 1
2. Introduction .............................................................................................................................................. 3
3. High-voltage cables ................................................................................................................................. 5
4. Polyethylene ............................................................................................................................................ 9
4.1 Polyethylene as an insulation material ............................................................................................................. 14
5. Nanocomposites .................................................................................................................................... 17
6. Polymer blends ...................................................................................................................................... 21
7. Materials and methods .......................................................................................................................... 25
7.1 Materials ........................................................................................................................................................... 26
7.2 Electrical characterisation ................................................................................................................................ 26
7.3 Micro and nanostructure analysis ..................................................................................................................... 27
7.4 Mechanical testing ............................................................................................................................................ 27
8. Nanocomposites with Al2O3 nanoparticles ......................................................................................... 29
8.1 Functionalisation of nanoparticles with a thioxanthone voltage stabiliser ....................................................... 31
9. LDPE/HDPE blends ............................................................................................................................... 37
9.1 Co-crystallisation .............................................................................................................................................. 37
9.2 Phase diagram................................................................................................................................................... 40
9.3 Diffusion of HDPE into LDPE confirms miscibility .......................................................................................... 41
9.4 Distribution of crystal lamellae ......................................................................................................................... 42
9.5 Impact of HDPE on blend nanostructure .......................................................................................................... 45
9.6 DC-conductivity of LDPE/HDPE blends .......................................................................................................... 46
9.6.1 Thermoplastic blends ................................................................................................................................. 46
9.6.2 Crosslinked blends ..................................................................................................................................... 47
9.7 AC-breakdown of crosslinked LDPE/HDPE blends .......................................................................................... 50
9.8 Mechanical properties ....................................................................................................................................... 51
10. Conclusions ......................................................................................................................................... 59
11. The Future of insulation materials, author’s thoughts .................................................................... 61
12. Acknowledgements ............................................................................................................................. 63
References ................................................................................................................................................. 65

1
Aim of project
Extruded power cables are expected to play an important role in future energy grids that will
transfer energy produced in remote areas to urban centres where it will be needed. The aim of this
project is to investigate the potential of novel materials concepts that will be capable to meet future
demands. The cable of the future needs to be able to transfer energy more efficient than it does
today. In order to achieve this goal the transmission voltage needs to be increased. An increase in
voltage generates a higher electric field which leads to a number of challenges for the insulation,
such as a temperature rise and increased risk of breakdown. In this project a variety of concepts are
to be which have the aim to decrease the overall electrical conductivity, as well as to increase the
breakdown strength and improve mechanical properties.

Currently research on high-voltage insulation materials focuses on nanocomposites and nanodielectrics. In the first part of this thesis a nanocomposite is explored and later used as a benchmark.
The conductivity and breakdown of the composite was evaluated and a voltage stabiliser was
introduced to improve the breakdown strength.
In the second part a series of blends based on LDPE and HDPE were investigated. These systems
can be considered as an evolution of the idea of nano-dielectrics, where the HDPE is used to alter
the overall nanostructure and thereby affect the resulting electrical properties. In addition to a
marked improvement of the electrical properties such a system exhibits a potential for improved
thermomechanical performance due to the unique nanostructure and melt miscibility that results in
the existence of a load-bearing network above the melting temperature of the LDPE base resin.
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Introduction
The worldwide electricity consumption has reached a staggering 24 000 TWh per year (2015) 1.
The same amount of energy would be sufficient to bring all of Sweden’s fifteen largest lakes to a
boil. Since the 1970’s the production of electricity has almost quadrupled 1. The majority of electric
power (77%) is derived from non-renewable resources, i.e. fossil fuels including coal, oil, and
natural gas, as well as nuclear energy 1. In particular energy production from fossil fuels needs to
be reduced in order to decrease the emission of greenhouse gases. The EU is promoting an
investment in renewable energy resources and has set itself the goal to use at least 75% of
renewable resources by 2050 2, which is part of its strategy to cut the emission of greenhouse gases
by 80-95% by 2050. The most attractive sources of green energy are currently, wind, solar and
hydro-electric power. Although each one of these sources of energy represents a promising
alternative they share a common challenge, i.e. the remote location for energy harvesting. Wind
power, for instance, is best utilised out at sea, where wind is stronger and more reliable 3.
Harvesting of solar power is most effective in desserts where the highest amount of solar radiation
is found 4, 5. Instead, hydropower is often found in mountainous areas 4. One solution to realise a
widespread use of green power is an extensive transmission network. Some organisations such as
the Claverton Energy Group and the Desertec Foundation have formulated a vision for a future
pan-European super grid3, 6. This vision promotes a far-reaching network of transmission lines
across the continent that permits to distribute the energy from renewable resources both between
European countries as well as their neighbours, mostly in North Africa (Figure 1). To reach its
goal the EU must quadruple its power transmission capacity from currently 34 GW to 127 GW by
20507. The most cost efficient means to transport electricity is through overhead lines. However,
the construction of overhead lines is not feasible when transport over sea or densely populated
areas is needed or when the landscape is visually or environmentally vital. Instead, subsea or
underground cables must be installed.
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Figure 1, Map over Europe and northern Africa showing how a possible European/African super
grid could look like.
A major difference between an underground cable and an overhead transmission line is the
insulation. Whereas an overhead transmission line does not need any insulation as it is suspended
in air –i.e. air acts as the insulator–an underground cable requires insulation and protection in order
not to lose all current to the soil. Fabrication and installation of underground cables is more intricate
and costly than that of overhead lines. It is therefore crucial that the produced power cables are of
excellent quality in order to minimise the need for maintenance. One of the most important parts
of a power cable is the insulation layer. Currently, considerable research efforts are dedicated to
the development of new material concepts that permit further improvement of this critical
component.
This thesis will provide an example for how materials research can contribute to the solving the
complex task of creating a super grid, by exploring new possibilities for improved insulation
materials. An improvement of the insulation material leads to more robust cables with a higher
power rating, which means that more electrical power can be transported through a cable of a given
diameter. Ultimately, fewer cables are needed to reach the same power transmission capacity, and
therefore the cost associated with production, installation as well as maintenance decreases
considerably. It can be anticipated that any such advance will contribute towards the realisation of
a pan-European super grid that seamlessly integrates renewable sources of energy.
4
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High-voltage cables
To realise a future European super grid, power cables are essential for transport of electricity
between countries, both over land and sea. High-voltage (HV) transmission networks have been
used for more than a century. The first high-voltage lines were used for powering street lamps.
During the late 1800s, at the time when high-voltage transmission was developed, a fierce
competition arose (later known as the ‘War of the Currents’) between Thomas Edison and George
Westinghouse (and Nikola Tessla). Their dispute concerned the type of current that should be used
for the transport of electricity. Edison promoted the use of direct current (DC) as an effective and
safe means for this purpose. Westinghouse, on the other hand, invested in an alternating current
(AC) network that supplied power to street lamps. After many contests over safety issues that led
to the electrocution of dogs, horses and elephants the argument was won by Westinghouse. The
main advantage of AC current was the ability to easily increase and decrease the voltage through
the use of transformers. AC cables were then used exclusively, until 1954, when the first large scale
DC-cable was installed between the island of Gotland and the Swedish mainland. The cable had a
rating of 80 kV and could transfer 20 MW8. Gotland also became the place for the world’s first
extruded polymeric HVDC cable, which was laid between Bäcks and Näs in 1998 with a voltage
rating of 80 kV and 50 MW9, 10. The importance of HVDC cables for modern transmission grids is
rapidly growing. HVDC offers superior performance for transport over long distances of more than
100 km 10, 11. However, HVDC is associated with high installation costs as the current needs to be
inverted (from DC to AC) and rectified (from AC to DC) to be distributed. Despite a high
installation cost, HVDC cables are essential for long distance transport of power from renewable
energy sources, which currently are in high demand. Once the energy has been transported from
the collection area to a converter station it is distributed to end users via a HVAC cable system.
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Figure 2, Schematic picture of a typical underground high-voltage cable: (a) conductor, (b) inner
semiconducting or ‘semicon’ layer, (c) insulation layer, (d) outer semiconducting or ‘semicon’
layer, (e) metallic screen, and (f) outer sheath.
There is a variety of cables available that can be sorted into four categories according to the type
of insulation, i.e. paper-oil, oil filled, polypropylene paper laminated and extruded polymer

10

.

Currently, the majority of high-voltage cables installed around the world comprise paper-oil
insulation. However, several publications argue that extruded polymer insulation is likely to
represent an increasing share of the market because of benefits such as a higher operating
temperature, cost-effective manufacture, light weight and reduced maintenance

12-14

. A typical

polymeric high-voltage cable consists of a conducting core made out of aluminium or copper.
Around the core an inner semiconducting layer is applied that is typically made of a carbon black
filled crosslinked polyethylene (XLPE) (Figure 2). This ‘semicon’ layer allows for a homogenous
distribution of the electric field, which emanates from the conducting core, and facilitates good
contact between the conductor and the insulation layer. The insulation layer typically consist of
XLPE and is the most crucial layer in a cable as it prevents current leakage to the surroundings.
The insulation is surrounded by the outer semiconducting layer, which also consists of carbon black
filled XLPE. The purpose of this layer is similar to that of the inner ‘semicon’ layer. It facilitates
good electrical contact between the insulation layer and the next layer which is the metallic screen.
In addition, the outer ‘semicon’ layer helps to achieve a homogeneous electric field, which deceases
the risk of partial discharges and thermal runaway. The metallic screening layer is a grounded layer
that helps to control the shape of the electric field and provides the cable with additional mechanical
strength. The final layer is the protective sheath or jacketing that protects the cable from stresses
imposed by the surroundings and commonly consists of PE. The here described architecture is
6

High-voltage cables
typical for underground cables on land. Subsea cables feature two additional layers. A layer
composed of a lead alloy, which is often used instead of a screening layer, protects from water.
The second layer is an armour of steel wires inside the jacketing that enhances the mechanical
robustness, which is important when installing the cable. Further, the armour protects the cable
from any external stress that may arise at the bottom of the sea.

The performance of a cable can be measured by the amount of power (𝑃) that can transferred, and
is given by 𝑃 = 𝐼 × 𝑉, where I is the current and V is the voltage

11, 15

. To maximise the power

either voltage or current can be increased. However, a high current would lead to significant heat
losses through Joule heating since 𝑃𝑙𝑜𝑠𝑠 ∝ 𝐼 2 15. In order to minimise heat losses the voltage is
increased instead. However, a high voltage enhances the electrical stress experienced by the
insulation, which is different in case of HVDC and HVAC cables. With regard to HVDC insulation
the electrical stress is primarily governed by the electrical conductivity (𝜎) of the insulation. The
conductivity plays an important part in the build-up of space charge, i.e. localised charges that are
trapped in the insulation material. Space charges can distort and locally enhance the electric field,
which increases the risk of electrical breakdown 16-19. Any residual electric current also contributes
to heat generation in the cable insulation. The temperature difference across the insulation is related
to the electric field (𝐸) and electrical conductivity according to ∆𝑇 ∝ 𝜎𝐸 2

10

. Any increase in

temperature further increases the electrical conductivity, which can lead to a self-reinforcing
process in the form of thermal runaway 20. In order to avoid this kind of failure mechanisms while
maintaining a high-voltage rating the conductivity of the insulation needs to be decreased
significantly. Currently, the highest voltage rating for a single HVDC cable with extruded XLPE
insulation is ~525 kV, which can transfer about ~2600 MW of power 21. Elforsk, which is a Swedish
research and development company, envisions a 1000 kV cable system by 2030. The Swedish
industry together with several universities has formulated a developed agenda called ‘The one
megavolt challenge’ 22. A one Megavolt cable would be able to transfer up to 5000 MW over a
distance of 2000 km, which roughly corresponds to the distance between Göteborg and Barcelona.
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High-voltage cables
HVAC insulation does not suffer from charge build-up and therefore the risk of thermal runaway
is minimal. However, the alternating current encourages other breakdown mechanisms such as
electrical treeing

23

. Electrical trees consist of electrically conducting gas-filled voids that

resembles the structure of a tree, with stem and branches 24-28 (Figure 3). This type of breakdown
is caused by electrons that are accelerated in an electric field and reach a high enough energy to
cause impact ionisation, which can lead to scission of a polyethylene chain

24

. This process can

result in the formation of voids that will sustain partial discharges once they reach a certain size.
This in turn will initiate the growth of electrical trees through repeating partial discharges. An
electrical tree can grow radially through an entire layer of insulation material causing complete
electrical breakdown of the cable. Electrical trees often initiate from defects in the insulation
material or protrusions from the conductor where the electric field is enhanced. The probability of
treeing in XLPE insulation can be mitigated through the use of an ultra-clean PE resin that contains
a minimal amount of impurities. However, as voltage ratings are increasing the ultra-clean PE
approach ceases to be sufficient to counter electrical tree formation 29, 30. In order to further decrease
the risk of electrical breakdown, additives called voltage stabilisers or tree retarders can be used.
These additives capture high energy electrons and reduce their energy to a level below the energy
needed for impact ionisation. The voltage stabiliser concept was first introduced in a series of
patents by the Simplex Wire and Cable Company, which was followed up by a larger study by
Ashcraft et al.
aromatic dyes

31
32

. Since then a number of suitable compounds such as polycyclic aromatics

, benzophenones

33

, thioxanthones

34

, fullerenes

products (acetophenone, cumyl alcohol) have been identified

35

36, 37

,

, and peroxide decomposition

. Jarvid et al. have singled out a

high electron affinity as a requirement for a high stabilising efficacy 38.

Figure 3, Electrical trees in polyethylene grown from a 10 µm thick wire.
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Polyethylene
Polyethylene (PE) is the most prominent synthetic polymer. It is used for a variety of applications
from shopping bags and packaging to bone implants and high-voltage cables 39. It consist of the
repeating unit –CH2–CH2– and was first synthesised by accident in 1933 by Reginald Gibson and
Eric Fawcett who worked at the Imperial Chemical Industries (ICI) in England 40. The polyethylene
produced was a low-density polyethylene (LDPE). At the time industrial impact was low because
the synthesis of LDPE demands high temperatures and high pressure, which is difficult to control.
However, polyethylene certainly contributed to the Allied war effort during World War II in the
form of cable insulation for radar systems on board of Royal Air Force (RAF) planes. In the 1950s
Giulio Natta and Karl Ziegler discovered a titanium based catalyst that made it possible to produce
polyethylene at atmospheric pressure and at more practical temperatures (70-90 °C). The
polyethylene produced was a high–density polyethylene (HDPE). The discovery led to the large
scale industrial production of polyethylene, which in 1963 earned Ziegler and Natta the Noble prize
in chemistry. Today high pressure synthesis and catalysed polymerisation routes are used
commercially for the production of branched and linear polyethylene, respectively.
HDPE

LDPE

LLDPE

XLPE

Figure 4, Schematic structure of different polyethylene grades. High-density polyethylene
(HDPE), low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE) and
crosslinked polyethylene (XLPE).
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Polyethylene
Even though the repeating unit of polyethylene is simple a number of chain configurations exist
that lend the possibility to produce a wide range of materials with different properties. The three
most common grades of polyethylene are low-density polyethylene (LDPE), high-density
polyethylene (HDPE) and linear low-density polyethylene (LLDPE) (Figure 4). The difference in
density originates from the degree of branching in the polymer chain. HDPE is the linear form with
no long chain branches (LCBs), i.e. branches that are longer than the average critical entanglement
length (~1 kg mol-1)

41

, and only a few short chain branches (SCBs; not more than 2 per 1000

carbons), which are typically in the range between a methyl and butyl group

42, 43

. The linear

structure of HDPE facilitates a solid-state nanostructure that is characterised by a high degree of
order with a crystallinity of up to 80% and a density of 𝜌𝐻𝐷𝑃𝐸 ~ 0.94 to 0.97 kg m-3
consist of both LCBs (1-2 per 1000 carbons) and SCBs (10-50 per 1000 carbons)

44

. LDPE

45, 46

, which

dramatically changes the property of the material. SCBs hinder the chain from forming thick
crystals as branching points represent defects that cannot be a part of an ordered domain. This leads
to a less ordered material with a crystallinity of 30-55% and a lower density of 𝜌𝐿𝐷𝑃𝐸 ~ 0.91 to
0.94 kg m-3.
One significant difference between LDPE and HDPE is the melting behaviour. LDPE tends to
feature a broad distribution of crystal sizes and therefore a broad melting endotherm with an onset
as low as 0°C and a peak around 100-110°C. Instead, the melting endotherm of HDPE is much
narrower with a peak above 130 °C (Figure 5).
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Figure 5, Differential scanning calorimetry (DSC) heating and cooling thermograms showing the
melting endotherm (left) and crystallisation exotherm (right) of LDPE and HDPE.
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Polyethylene
Solidification of polyethylene from the melt leads to the formation of crystalline lamellae that are
separated by amorphous regions (Figure 6). The lamellar thickness is on the order of ten
nanometres. Polymer chains, which tend to be considerably longer, can either fold to re-enter the
same lamella or transverse the amorphous region to join an adjacent lamella. On a micrometre scale
lamellae can arrange themselves into sphere-like structures, so-called spherulites, or sheaf-like
structures, so-called axialites 47. Crystallisation starts with the formation of a nucleus which resides
at the centre of a spherulite or axialite. Homogenous nucleation can occur spontaneously from the
melt but is less common since a large degree of undercooling of 50-100 °C below the equilibrium
temperature 𝑇𝑚0 ~ 418.6 K is required

47

. Instead, heterogeneous nucleation occurs from pre-

existing surfaces such as contaminants, catalyst residues or seed crystals 48.

lc
la

Lp

Crystalline
lamellae

Amorphous
region

20 µm

Tie chain
Entanglement
Figure 6, Cross-polarised optical microscopy image of a polyethylene film showing banded
spherulites, and illustration of the semi-crystalline structure of polyethylene, where lc is the
lamellar thickness, la is the thickness of the amorphous region, and Lp is the long period.
The nano- and microstructure of polyethylene is crucial for the properties that the material will
display. Therefore, to optimise a polyethylene material for a particular application it is important
to elucidate relevant structure-property relationships.
To investigate the semi-crystalline structure and determine the crystallinity (𝑋𝑐 ) of polyethylene
thermal analysis is commonly used. Differential scanning calorimetry (DSC) permits to measure

11

Polyethylene
the melt enthalpy of the crystals (∆𝐻𝑓 ) that can then be compared to the melt enthalpy of 100%
crystalline material (∆𝐻𝑓0) 49.
𝑋𝑐 =

∆𝐻𝑓
∆𝐻𝑓0

(1)

Because some grades such as LDPE have a broad melting peak the temperature dependence of the
heat capacity must be taken into account to calculate the correct crystallinity. This can be done by
using the total enthalpy method (2) suggested by Gray et al. 50:
𝑋𝑐 =

∆𝐻𝑓0 −

𝑐𝑟𝑦𝑠𝑡𝑎𝑙

Where 𝐶𝑝𝑎𝑚𝑜𝑟𝑝ℎ and 𝐶𝑝

∆𝐻𝑓
𝑇2
𝑎𝑚𝑜𝑟𝑝ℎ
∫𝑇 (𝐶𝑝
1

𝑐𝑟𝑦𝑠𝑡𝑎𝑙

− 𝐶𝑝

) 𝑑𝑇

(2)

are the heat capacity of the amorphous and the crystalline part,

respectively. 𝑇1 and 𝑇2 are the integration limits, which also mark the temperature range used for
the integration of ∆𝐻𝑓 . DSC can also be used to calculate the lamellar thickness. This is done by
using the correlation between the melting temperature and the thickness of crystalline lamellae as
described by the Gibbs-Thomson equation:
𝑙𝑐,𝐷𝑆𝐶

2𝜎𝑒
𝑇𝑚0
=
∆𝐻𝑓0 𝑇𝑚0 − 𝑇𝑚

(3)

where 𝜎𝑒 = 90.4 mJ m-2 is the fold surface energy, 𝑇𝑚 is the melting temperature of interest, 𝑇𝑚0 =
418.6 K denotes the equilibrium temperature of PE and ∆𝐻𝑓0 = 290 MJ m-3 51. It is common to
report the peak lamellar thickness. However this value only corresponds to the most abundant
lamellae and does not consider the thickness of lower or higher melting crystals.
To obtain an average lamellar thickness Small-Angle X-ray Scattering (SAXS) can be employed.
SAXS probes the average repeat distance associated with (one-dimensional) stacks of alternating
crystalline lamellae and amorphous regions. The long period 𝐿𝑝 = 2𝜋⁄𝑞𝑝 , where 𝑞𝑝 is the peak
scattering vector, corresponds to the sum of the average lamellar thickness and the average
thickness of the amorphous region (cf. Figure 6)

52

. To determine the average lamellar thickness

(𝑙𝑐,𝑆𝐴𝑋𝑆 ) the crystallinity calculated from DSC, 𝑋𝑐 , can be used to determine 𝑙𝑐,𝑆𝐴𝑋𝑆 = 𝐿𝑝 × 𝑋𝑐 .
12

Polyethylene
As described above polyethylene crystallises into stacks of crystalline lamellae separated by
amorphous regions. Provided that a polymer chain is sufficiently long it can be part of more than
one lamella and therefore bridge the amorphous region to create a tie chain 53, 54. The number of tie
chains strongly influences the fracture toughness and slow crack formation of polyethylene, which
can occur when a polymer is exhibiting small stresses under long periods of time

55

. Tie chains

distribute the load over several crystals and can therefore minimise crack formation

56, 57

. The

probability of tie-chain formation is affected by the molecular weight, the presence of side chains,
the lamellar thickness and crystallinity of the polymer. Huang and Brown have proposed a model
for calculating the probability of tie-chain formation

56, 57

. The model is based on the molecular

weight and the long period. In order for a tie chain to form it is assumed that the end-to-end distance
of a polymer chain in the melt must be greater than 2𝑙𝑐 + 𝑙𝑎 (Figure 7).
𝐿

1
4𝑏 3
2 2
𝑃𝑀 = (1 −
∫ 𝑟 2 𝑒 −𝑏 𝑟 𝑑𝑟)
3
√𝜋

(4)

0

where 𝐿 = 2𝑙𝑐 + 𝑙𝑎 is the critical distance, 𝑏 2 = 3⁄2𝑟̅ 2 and 𝑟̅ is the end-to-end distance of a
random coil of polyethylene, which is described by:
𝑟̅ = √(𝐷 ∙ 𝑛 ∙ 𝑙 2 )

(5)

where 𝐷 = 6.8, 𝑛 = 𝑀/14 is the number of links and 𝑙 = 0.153 nm is the link distance, i.e. the
bond length of a carbon–carbon bond. The Huang-Brown model implies that one of the most
important factors determining the tie-chain probability is the molecular weight. An extension of
the same model is able to consider the complete molecular weight distribution by averaging over
all present chain lengths:
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∞

𝑃=

∫0 𝑛(𝑀) ∙ 𝑃𝑀 𝑑𝑀

(6)

∞

∫0 𝑛(𝑀)𝑑𝑀

where 𝑛(𝑀) is the full molecular weight distribution and 𝑛𝑑𝑀 is the number of molecules with a
molecular weight between 𝑀 and 𝑀 + 𝑑𝑀.

l = link length

Tie-chain

if
> 2lc + la

2lc + la

Figure 7, Illustration of the Huang-Brown model for the probability of tie-chain formation, where
𝑟̅ is the end-to-end distance and lc and la are the lamellar thickness and the thickness of the
amorphous region, respectively.

4.1 Polyethylene as an insulation material
Polyethylene is often used as an insulation material because of its superior dielectric and
mechanical properties. Moreover, polyethylene can be cost-effectively processed through e.g.
extrusion and injection molding. LDPE is the preferred material solution for the insulation of highvoltage cables because of its cleanliness due to the absence of a catalyst and the architecture of the
high pressure polymerisation process, which minimises the presence of contaminants. The
operating temperature of a high-voltage cable can reach 90 °C, which is considerably above the
onset of melting of LDPE (cf. Figure 5). Thus, in order to maintain the dimensional stability of the
insulation crosslinking is needed. Crosslinking introduces covalent bonds between polymer chains,
14
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which are therefore linked together to form an infusible network that improves the mechanical
properties, such as creep resistance and the tensile strength at elevated temperatures

58

.

Crosslinking can be achieved through a variety of means such as curing with peroxide 59, radiation
crosslinking

60, 61

or silane crosslinking

58

. The most common method used for high-voltage

insulation is curing with peroxides, and the preferred compound is dicumyl peroxide (DCP). DCP
is chosen because it offers a low reactivity during extrusion at 140 °C but rapid curing at around
180 °C. An amount of about 0.25% DCP is sufficient to crosslink an LDPE resin to 70 to 80% 59.
Crosslinking with DCP creates decomposition products such as acetophenone, cumyl alcohol, αmethyl styrene and methane gas. These by-products can be harmful for both the environment and
the dielectric properties of the insulation, and it is therefore necessary to remove them from the
cable in a process called degassing 37. The process of degassing is time consuming and can take up
to several days. It is therefore a rate limiting step during the cable production process. An additional
disadvantage of XLPE is the poor recyclability. After crosslinking the material cannot be melt
processed anymore. This limits the use to applications where a long lifetime is required as the
insulation cannot be recycled by melting.
The numerous disadvantages associated with XLPE open up the possibility to use thermoplastic
alternatives instead of crosslinked insulation materials. HDPE is an obvious candidate because of
its higher melting temperature and higher crystallinity. However, the residual amount of metal
catalyst that likely remains present in the material may compromise the cleanliness needed for
high-voltage applications. Moreover, the stiffness may cause high tension and increase the risk of
stress cracking when winding the cable 62, 63. An attractive approach is to use blends of HDPE and
LDPE in order to combine the high melting temperature of HDPE that can provide form stability
at elevated temperatures with the excellent processability of LDPE. In this thesis a variety of blends
of LDPE and HDPE are explored both from an electrical and mechanical point of view.
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Nanocomposites
A composite is a “Multicomponent material comprising different (non-gaseous) phase domains in
which at least one type of phase domain is a continuous phase” 64. Commonly, the continuous phase
is referred to as the matrix that encompasses the second phase or filler. Polymer composites are
widely used because they combine a versatile processing portfolio with the possibility to create
materials with superior physico-chemical properties such as a high specific strength 65. A variety
of materials can be introduced as fillers, including glass and carbon fibres, clay, cellulose, carbon
nanotubes, graphene and metal oxides. A filler material can feature a variety of shapes and come
in the form of fibres, whiskers, particles, flakes or sheets. The shape, size and orientation as well
as the distribution and interaction with the matrix strongly influence the behaviour of the composite
material. One key factor determining the properties of a composite is the interaction between the
filler and matrix. The interaction can occur both on an atomic level through hydrogen bonds, van
der Waals forces or polar interactions, and on a larger scale through surface roughness or
mechanical interlocking

65

. All types of interactions are highly reliant on the surface area of the

filler which depends on the size of the filler 66. A smaller filler will offer a larger specific surface
area, i.e. the surface area per mass. The influence of the interaction zone will also become more
evident as the size of the filler is decreased. A composite with a filler, which has at least one
dimension in the nanometre range (1-100 nm), is generally called a nanocomposite

67

.

Nanocomposites offer a large interfacial area between the matrix and filler (Figure 8) and therefore
tend to display a superior set of properties compared to composites comprising coarser filler
materials.
In 1994 T.J. Lewis introduced the concept of using nanoscale fillers to enhance the dielectric
properties of polymer insulators 68. In particular nanocomposites of polyethylene and metal oxide
nanoparticles such as Al2O369, 70, MgO71, 72, ZnO73, 74, TiO275 and SiO276 have received considerable
attention because they tend to reduce the DC-conductivity. According to some reports the DCconductivity can decrease by more than one order of magnitude upon addition of only a few weight
percent of the filler material 77, 78. Al2O3 and MgO have also been shown to decrease the build-up
17
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Interaction
zones

Aggregation

Figure 8, Illustration of the difference in the volume associated with the interaction zone
between filler particles and the polymer matrix in case of micro- (left), nanosized particles
(middle) and aggregated nanoparticles (right).
of space charge in polyethylene

79-81

. Several authors have proposed that charge trapping at the

interface between the polymer matrix and filler gives rise to the superior dielectric properties of
metal oxide nanocomposites 71, 82-84. The importance of the interface has been discussed in a series
of publications

84-87

. For instance, Tanaka et al. suggested a multicore model, which describes a

number of layers outside the surface of the filler that impact both electrical and thermal properties
88

.

Nanoparticles are typically prepared and processed as a suspension in a liquid medium in order to
avoid the formation of aggregates, which negatively impact the properties of nanocomposites 89.
Further, aggregation during compounding of the nanoparticles with the polymer matrix must be
avoided. Aggregation would reduce the interfacial area that is available in the final composite

90

(Figure 8). Another issue to be addressed when handling metal oxide nanoparticles is the
hydroxide layer that tends to cover their surface. The hydroxide layer is hydrophilic and renders
the nanoparticles hygroscopic, which can result in water absorption when stored at ambient
conditions. The presence of water is a concern for high-voltage applications as moisture in the
insulation raises the risk for water treeing, which is a breakdown phenomenon commonly
encountered in AC-cables 91.
The two issues described above can be mitigated by coating the nanoparticle surface with for
instance a hydrophobic layer. Coatings that don an aliphatic chain both hinder particle aggregation
and render the particle surface less hydrophilic 92, 93 . Coating of nanoparticles has been reported to
have positive effects on the electrical properties. For instance, Ma et al. 75 observed an improved
18
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space charge distribution and breakdown strength when coating TiO2 nanoparticles with a polar
silane, although no changes in the micro- or nanostructure were found.
The superior dielectric behaviour of nanocomposites together with the possibility for a vast number
of functionalisation routes holds considerable promise for the development of improved highvoltage insulation materials. However, there are drawbacks with regard to upscaling of
nanocomposites. The processing of polyethylene filled with metal-oxide nanoparticles is
challenging. The nanoparticles have to be homogeneously distributed in the insulation without any
aggregation. Fabrication of a cable system that is thousands of kilometres long without risking any
aggregation or inhomogeneous distribution of the nanoparticle filler in the insulation layer is a
considerable challenge.
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Polymer blends
For many application areas polymer-based materials with a specific set of properties are required
that cannot be satisfied by a single polymer. In such cases blending can be used to create materials
that combine the properties of several polymers. A polymer blend is a “Macroscopically
homogeneous mixture of two or more different species of polymer” 94.
In the absence of crystallisation, Flory-Huggins theory can be used to describe the phase-behaviour
of a two-component polymer blend

95-97

, which provides a simple expression for the change in

Gibbs free energy upon mixing the two polymers:
∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥

(7)

The change in the enthalpy and entropy upon mixing are given by:
∆𝐻𝑚𝑖𝑥 = 𝑁𝑘𝐵 𝑇𝜙1 𝜙2 𝜒

(8)

and
∆𝑆𝑚𝑖𝑥 = −𝑁𝑘𝐵 (

𝜙1
𝜙2
ln 𝜙1 +
ln 𝜙2 )
𝐷𝑃1
𝐷𝑃2

(9)

where 𝜙1 and 𝜙2 are the volume fractions of the two blend components with degrees of
polymerisation 𝐷𝑃1 and 𝐷𝑃1 , and 𝜒(𝑇) is the interaction parameter, with 𝜒 > 0 or 𝜒 < 0 in case of
endothermic or exothermic mixing. Evidently, for two polymeric materials with a high molecular
weight (large 𝐷𝑃) the entropy change is minimal, which is the reason for the poor miscibility of
many polymer blends.
The compatibility of the blend components can range from miscible to immiscible, leading to either
a homogeneous liquid or phase-separated domains 98. Complete miscibility occurs above a certain
upper critical solution temperature (UCST) where the blend exists as a homogeneous liquid
(Figure 9). At lower temperatures the components phase-separate into two types of domains, which
21
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are rich in one polymer that dissolves a certain amount of the other polymer and vice versa. Domain
boundaries can be sharp or diffuse –due to the presence of a concentration gradient– and develop
through binodal and spinodal decomposition, respectively

47

. The extent of the miscible phase

UCST
I

T

I

Binodal
locus

I
II

III

II
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locus

composition

Figure 9, Schematic phase diagram for a blend system with polymers of similar molecular weight
showing (I) a stable one-phase region, (II) the meta-stable region, and (III) an unstable region.
Dashed line shows the upper critical solution temperature (UCST) with the critical point marked in
red.
depends, besides the molecular weight, on the degree of interaction between the blend components
in the form of van der Waals forces, dipole-dipole interactions or hydrogen bonds 99. Note that the
presence of hydrogen bonds can introduce a lower critical solution temperature (LCST) above
which the polymer blend will phase separate 100.
Upon cooling, a blend of two amorphous polymers will remain miscible, or undergo liquid-liquid
phase separation, as described by Flory-Huggins theory. In case of two semi-crystalline polymers
the Flory-Huggins theory only describes the phase behaviour of the molten state. Accordingly,
above the melting temperature of the two components the blend can exist as either a homogeneous
or phase-separated melt. Upon cooling, the two polymers can undergo crystallisation. Similar to
liquid-liquid phase separation, the process of crystallisation leads to the formation of a
heterogeneous blend nanostructure. Since both processes require diffusion of polymer chains to the
growing phase-separated liquid domain or crystal growth front, respectively, in either case the
solidification kinetics critically influence which type of solid-state nanostructure can develop.
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If two semi-crystalline polymers phase-separate in the melt the two components will crystallise in
their respective domains, with the kinetics of crystallisation influenced by the domain purity and
size. Likewise, the solidification kinetics strongly impact crystallisation from a homogeneous melt.
When cooled sufficiently slowly both polymers will be able to form individual crystallites. More
rapid solidification can lead to the formation of co-crystals, provided that the two components are
structurally similar as is the case for e.g. LDPE and HDPE. Co-crystals tend to form because a fast
cooling rate prevents diffusion of polymer chains and hence crystallisation occurs predominantly
with nearest-neighbour molecules, which in a miscible melt can be either blend component.
Blends of two polyolefins cover the whole spectrum from homogeneous to phase-separated melts,
and pure crystal to co-crystal dominated solid-state nanostructures. For instance, chemically similar
polymers such as polyethylene and polypropylene (PP) tend to phase-separate in the melt

101-104

.

Polypropylene can be thought of as a polyethylene with regular short-chain (methyl) branches.
Accordingly, a blend of two polyethylenes that feature widely different degrees of branching are
immiscible

105

. Conversely, a more similar degree of branching can lead to partial and even

complete miscibility in the melt. Many combinations of polyethylene grades (HDPE, LDPE,
LLDPE) have been found to be miscible 106. Melt-miscible polyethylene blends permit to tailor a
wide range of properties such as their processability, toughness, strength and transparency 98, 107.
The phase behaviour of blends comprising LDPE and HDPE has been studied extensively by Hill
et al in a series of papers, which established that the solidification behaviour is strongly influenced
by molecular weight and branching 108-114. Similar studies where carried out by Alamo et al who
used small-angle neutron scattering (SANS) to explore the influence of branching of LLDPE on
the phase behaviour of an LLDPE/HDPE blend 105, 115. Phase separation in the melt was observed
for a SCB frequency of more than 8 branches per 100 carbons. Although some PE systems are
miscible in the melt they phase separate upon cooling into crystals of HDPE, LDPE and co-crystals
(Figure 10). Co-crystallisation occurs if a HDPE chain is included in a LPDE crystal, or if a linear
segment of a LDPE molecule is included in a HDPE crystal 116, 117. The later scenario would limit
the lamellar thickness and hence melting temperature of the resulting co-crystal. In case of
LDPE/HDPE blends co-crystals tend to feature a lamellar thickness that lies in-between the
lamellar thickness of pure LDPE and HDPE crystals, which can be observed in DSC thermograms
as a third, intermediate melting endotherm 118.
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A number of recent studies have explored to which extent blending of LDPE and HDPE permits to
modify the dielectric properties of the individual components 119-124. Hosier et al 120, 125 reported an
increase in dielectric strength by 16% upon the addition of 20% HDPE to LDPE, provided that the
material was isothermally crystallised. The authors argued that the improved dielectric strength
originated from a more space-filling spherulitic microstructure that could form when HDPE was
able to crystallise slowly. These studies emphasise the importance of the crystallisation kinetics on
the dielectric properties of polyethylene blends. Depending on the cooling rate, composition,
molecular weight and branching the nano- and microstructure of the solidified blend will differ,
which opens up the possibility to tailor the dielectric properties of polyethylene-based insulation
materials.

T > Tc,HDPE

Tc,HDPE < T > Tc,LDPE

T < Tc,LDPE

LDPE
HDPE

Figure 10, Schematic picture of the nanostructure of a melt-miscible LDPE/HDPE blend
above the crystallisation temperature of both components (left), in-between the
crystallisation temperature of both LDPE and HDPE (centre), and below the
crystallisation temperature of both components (right).
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Materials and methods
This chapter contains a brief description of some of the materials and methods used in this thesis.
Two types of materials were studied, metal oxide nanocomposites and polyethylene blends. Figure
11 illustrates the experimental process for each type of material. More detailed information about
the materials and experiments can be found in the respective papers.

Nanocomposites
Paper I

Processing

Electrical characterisation

Micro- and nanostructure

Paper I

Paper I

DC-conductivity

DSC
SEM

Paper I

Dielectric strength
(Treeing experiments)

Polymer blends
Paper II-V

Processing

Electrical characterisation
Paper II

DC-conductivity
Paper III

Dielectric strength
(Treeing experiments)

Micro- and nanostructure

Mechanical properties
Paper IV and V

Paper IV

DSC
SAXS
SEM
Optical microscope
GPC

Tensile testing
DMA
Creep

Figure 11, An overview of the experimental process.
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7.1 Materials
Nanocomposites were prepared by soaking ground LDPE with a dispersion of nanoparticles for 1
hour, after which the solvent was removed. The powder was then extruded at 160 °C. Samples
were finally melt pressed at 150 °C to desired shape for electrical treeing and DC-conductivity
measurements.
For most polyethylene blends two grades were used: LDPE (weight-average molecular weight
𝐿𝐷𝑃𝐸
𝐻𝐷𝑃𝐸
𝑀𝑤
~ 117 kg mol-1; polydispersity index PDI ~ 9) and HDPE (𝑀𝑤
~ 58 kg mol-1; PDI ~ 6).

The LDPE branching ratio was 𝑛𝐿𝐶𝐵 ~ 1.9 per 1000 carbons. Blends with a composition ranging
from 1 to 80 wt% HDPE were compounded in an extruder with a temperature gradient from 80 °C
to 180 °C. Samples were then melt pressed into desired shape and cooled at ~10 °C min-1.
Crosslinking was achieved by soaking the blends with DCP followed by melt pressing at 180 °C.
To investigate the influence of molecular weight, an additional number of HDPE grades were used,
ranging from 4 to 2400 kg mol-1. All these blends were compounded in an extruder except for 2400
kg mol-1 which was solution blended (Paper V).
7.2 Electrical characterisation
Electrical characterisation included both DC-conductivity and AC electrical treeing measurements.
DC-conductivity measurements were carried out both at Borealis AB, Stenungsund and in
collaboration with the High-Voltage Engineering group of Stanislaw Gubanski at Chalmers. AC
electrical treeing experiments were performed together with the latter. DC-conductivity was
measured on 0.1 to 1 mm thick films placed between two electrodes. The desired voltage was
applied and the current was measured by an electrometer. In order to control the temperature the
electrodes and the sample were placed in an oven. The current was measured over time and the
final conductivity was calculated when a (close to) steady current was reached.
Treeing experiments were performed at room temperature using a wire plane method. A tungsten
wire with the diameter of 10 µm was embedded between two polyethylene slabs. An aluminium
tape connected to the tungsten wire was attached to the sample as the electrical contact between
the high-voltage source and the wire. A 50 Hz AC voltage was applied at the tungsten wire
electrode, which was increased at a rate of 22 V s-1 (rms). The formation of electrical trees was
observed in-situ with an optical microscope. For each sample the first four trees growing from nondeformed segments of the tungsten wire electrode are considered to form independent of each other
26
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and are used for data analysis. The data were analysed using a 3-parameter Weibull distribution,
which is recommended by industrial standards 126.
7.3 Micro and nanostructure analysis
Micro- and nanostructure characterisation was carried out with DSC, SAXS, SEM and optical
microscopy. DSC was performed under nitrogen between -50 to 160 °C and a heating/cooling rate
of 10 °C min-1. SEM was done on cryo-fractured surfaces etched with a solution of potassium
permanganate, sulfuric acid, ortophosphoric acid and water. The etched surface was gold sputtered
before analysis. Optical microscopy with cross-polarised light illumination was performed on 0.1
mm thick films placed on glass slides. A heat stage was used to study diffusion behaviour with
variable-temperature optical microscopy. SAXS was carried out using synchrotron radiation (λ =
0.91 Å) at the I911-SAXS beamline of the MAX Laboratory, Lund, Sweden 127. A Pilatus 1M 2Ddetector placed at a distance of 1.9 m from the sample was used to record transmission SAXS
patterns for 0.2 mm thick solid samples within a q range of 0.08 to 4 nm-1. Then, backgroundcorrected 2D SAXS patterns were radially integrated and calibrated with silver behenate. Variabletemperature SAXS measurements were performed with a Linkam heat stage between room
temperature and 140 ºC at a heating rate of 10 ºC min-1.
7.4 Mechanical testing
Mechanical analysis was performed by tensile testing, DMA and creep tests. DMA was carried out
on 1 mm thick samples in torsion mode between 30 and 135 °C with a heating rate of 2 °C min-1.
Creep experiments were done by either suspending 1 mm thick dog-bone shaped samples in a preheated oven at 115 °C (Paper IV), or by monitoring the creep strain at constant stress with a DMA
(Paper V). In case of the latter, a stress between 1 kPa and 15 kPa was applied to the samples at a
constant temperature of 115 °C.
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Nanocomposites with Al2O3 nanoparticles
Nanocomposites have been shown to improve the electrical properties of PE. In this chapter a
nanocomposite containing 3 wt% Al2O3 is discussed. Material characterisation was done followed
by conductivity and electrical breakdown measurements. In addition to naked Al2O3 nanoparticles,
voltage-stabiliser functionalised nanoparticles will also be discussed (Figure 14)

Initially, the influence of Al2O3 nanoparticles on the nanostructure of LDPE was investigated
because any changes are expected to affect the electrical properties. DSC indicated no significant
difference between neat LDPE (PE) and LDPE containing 3wt% Al2O3 (PENP). The peak melting
temperature was ~111 °C and the lamellar thickness calculated with the Gibbs-Thomson equation
(eq.3) was ~7.5 nm for both materials. Likewise, the total crystallinity was about 60 % for both
samples. These data indicate that the addition of nanoparticles has little impact on the
nanostructure, as qualitatively confirmed by SEM (Figure 12).
a

b
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Figure 12, SEM image of reference LDPE, PE (a) and LDPE with 3 wt% Al2O3, PENP (b).
Nanoparticles are highlighted in red.
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The DC-conductivity was measured at an electric field of 31 kV mm-1 and 60 °C by following the
charging current as a function of time. The behaviour of the charging current can be described by
using a power law dependence:
𝑖(𝑡) ∝ 𝑡 −𝑛

(10)

where 𝑖(𝑡) is the charging current over time, 𝑡. The power factor 𝑛 is the absolute value of the
slope in a log-log plot of the charging current. The value of 𝑛 is indicative of the dominating type
of transport mechanism 128. The curve for neat PE shows a decline with 𝑛~0.4 (Figure 13a), which
is typical for a DC-current that is governed by a build-up of space charge and trapping 70. For PENP
a different behaviour is observed with a maximum of 𝑛~2 at 𝑡~30 s. After 𝑡~4000 s the charging
current declines more slowly and approaches a constant value. The dramatic initial decrease in
charging current could be the result of a slow polarisation process as suggested by Hoang et al 70.
The final DC-conductivity (𝜎) extracted after 11 h was for PE 𝜎 ~ 1.5 ·10-14 S m-1 and for PENP 𝜎
~1.4·10-15 S m-1, which is a decrease by one order of magnitude. The decline in conductivity may
be the result of a reduced charge carrier mobility due to the presence of charge traps at the interface
of the nanoparticles, which several authors have suggested previously 68, 88, 129.
Electrical treeing is a commonly used phenomenon for evaluating the dielectric strength of an AC
insulation material. The voltage that initiates the formation of an electrical tree was monitored for
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Figure 13, (a) Charging current of PE and PENP measured at 60°C and 31 kV mm-1. (b) 3parameter Weibull distribution plot of PE and PENP.
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a number of samples of both neat PE and PENP (Figure 13b). The electric field, at which 63% of
all observed electrical trees have initiated, E63, decreased by 10% from 387 kV mm-1 to 350 kV
mm-1 for PENP compared to PE. This decrease in breakdown strength was also observed by Wang
et al 69.
It is feasible that the nanoparticles introduce defects, such as voids due to a poor interaction with
the polyethylene matrix, which would lead to local field enhancement. Chen et al have shown that
a thermally aged nanocomposite performed better than unaged samples

130

. It was proposed that

the thermal treatment at 60 °C could lead to a diffusion of PE to the interface of the particles filling
the voids around particles. It should be noted that the thermal treatment made in Cheng’s paper
also affected the nanostructure of PE. Evidently, the addition of Al2O3 nanoparticles results in a
lower DC-conductivity but also lower AC breakdown strength, which implies a trade-off between
AC and DC properties.

8.1 Functionalisation of nanoparticles with a thioxanthone voltage stabiliser
In an attempt to counter the decrease in breakdown strength of the nanocomposite a voltage
stabiliser was added. Voltage stabilisers have been used to improve the breakdown strength of
polyethylene. For instance Jarvid et al have shown that stabilisers can increase the breakdown
strength by up to 148% 38. In this thesis a thioxanthone-based stabiliser was attached to the surface
of the particles (PENP-VS) (Figure 14). The thioxanthone core was found to increase the breakdown
strength of LDPE when functionalised with a variety of different pendant groups 34. In this study a
thioxanthone core was functionalised with a carboxylic acid in order to promote attachment to the
Al2O3 nanoparticle surface. The voltage stabiliser was also mixed with nanoparticles without
attachment (PENP:VS). As a control the pure voltage stabiliser in LDPE was also tested (PEVS).

The functionalisation of the nanoparticles was analysed using TGA and FT-IR. TGA shows a
weight decrease of about 1%, which arises from degradation of the stabiliser on the nanoparticle
surface (Figure 15b). FT-IR confirms functionalisation of thioxanthone by revealing additional
signals at 1628 and 1438-1216 cm-1, which can be assigned to carbonyl and aromatic carbon-carbon
bonds respectively found in the voltage stabiliser (Figure 15c). TEM images of the functionalised
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nanoparticles reveal a 4.5 nm thin halo on the particle surface, which corroborates binding of the
voltage stabiliser (Figure 15a).

PENP
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PENP:VS

PENP-VS
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Figure 14, Schematic illustration of nano composite samples. PE is the reference LDPE, PENP
contains 3 wt% Al2O3, PENP-VS contains 3 wt% functionalised Al2O3, PENP:VS contains 3 wt% Al2O3
and 0.03 wt% stabiliser and PEVS contains 0.03 wt% stabiliser.
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Figure 15, (a) TEM image of functionalised Al2O3, thioxanthone halos are highlighted in red. (b)
TGA trace of functionalised Al2O3 (NP-VS) and non-functionalised Al2O3 (NP) (c) FT-IR of NPVS, NP and pure voltage stabiliser.
To investigate the impact of the thioxanthone voltage stabiliser on the electrical properties of Al2O3
nanocomposite DC-conductivity and electrical treeing experiments where performed. The DC
charging current recorded for both the sample with stabiliser-functionalised nanoparticles (PENPVS),

and the sample with none-attached voltage stabiliser (PENP:VS) displays the same initial drop

as observed for PENP with a slope of 𝑛~2 (Figure 16a). However, at 𝑡~100 s the behaviour of both
PENP:VS and PENP-VS differs from PENP. Instead of a further decay in charging current the current
starts to level off and hence features a conductivity comparable to that of neat PE. It appears that
addition of the voltage stabiliser to the surface deprives the nanoparticle of its ability to trap
charges.
Treeing data for stabiliser-functionalised nanoparticles (PENP-VS) reveal a further decease in
breakdown strength (E63) of ~10% from 338 to 312 kV mm-1 for PENP-VS compared to PENP (Figure
16b). Instead, for PENP:VS the breakdown strength recovered to E63 ~ 396 kV mm-1, which is a value
just above that measured for neat PE (387 kV mm-1).
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Figure 16, (a) Charging current recorded for PE, PENP, PENP:VS and PENP-VS at 60°C and 31 kV
mm-1. (b) 3-parameter Weibull distribution plot of PE, PENP, PENP:VS and PENP-VS.
Jarvid et al. argued that a voltage stabiliser must be able to diffuse in the insulation material
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which allows the additive to accumulate at weak points in the polyethylene where electrical tree
initiation is most likely to occur. A similar mechanism would explain why the attached
thioxanthone has little influence on the AC treeing behaviour (PENP-VS), whereas simple addition
of the voltage stabiliser increases the AC breakdown strength (PENP:VS).
The results of this study indicate that metal oxide nanocomposites feature a lower DC-conductivity
but can suffer from a lower AC breakdown strength. The decrease in breakdown strength could be
countered with a voltage stabiliser. However, the addition of a voltage stabiliser compromises the
decrease in DC-conductivity. The decrease in DC-conductivity upon the addition of metal oxide
nanoparticles may result from charge trapping at the nanoparticle-polyethylene interface.
Conversely, the same interface may lead to a reduction in AC breakdown strength. It is generally
recognised by the research community that many of the electrical effects of nanocomposites occur
at the interface between particle and matrix

84, 87, 88

. If the effects are merely due to the properties

of the surface, any kind of nano-filler with the same surface properties would have a comparable
effect. If this was the case, particles with a surface that is more compatible with the polyethylene
matrix could be used. Such nanoparticles could consist of polymers, which are more likely to create
a more compatible interface and would also be more inviting for cable manufacturers as aggregates
may be less harmful than metal oxide clusters. Another alternative route towards a large interface
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area is the use of polymer blends, which can be structured on the nanoscale. In the following
chapters blends of HDPE and LDPE will be explored as an alternative way of improving the
electrical but also mechanical properties of LDPE.
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LDPE/HDPE blends
In this chapter the work on blends of LPDE and HDPE is discussed. A wide range of compositions
are considered for both thermoplastic and crosslinked materials. First, the nanostructure of the here
investigated polyethylene blends is discussed in detail, followed by DC-conductivity and AC
electrical breakdown measurements. Finally, the mechanical properties of thermoplastic blends are
explored.
9.1 Co-crystallisation
The solidification behaviour of the investigated LDPE/HDPE blend system was studied with
thermal analysis. The amount of HDPE added to LDPE (in wt%) is denoted 𝑓𝐻𝐷𝑃𝐸 . Second heating
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Figure 17, DSC second heating (a) and cooling (b) thermograms of LDPE/HDPE blends recorded
between -20 and 160 ºC at a rate of ±10 ºC min-1.
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DSC thermograms of blends with 𝑓𝐻𝐷𝑃𝐸 ≤ 40 wt% feature a melting peak at 𝑇𝑚𝐿𝐷𝑃𝐸 ~ 110 ºC for
LDPE, which remains at the same position (Figure 17). Instead, for neat HDPE a melting peak is
observed at 𝑇𝑚𝐻𝐷𝑃𝐸 ~ 133 ºC, which shifts to lower temperatures with increasing amount of LDPE.
This melting point depression arises because the HDPE fraction dissolves in already molten LDPE
before reaching the melting temperature of neat HDPE. For blends containing 𝑓𝐻𝐷𝑃𝐸 = 5 wt% to
20 wt% a third melting peak is observed at intermediate temperatures between 𝑇𝑚𝐿𝐷𝑃𝐸 and 𝑇𝑚𝐻𝐷𝑃𝐸 .
This peak can be attributed to co-crystallisation of sufficiently long linear LDPE segments and
HDPE chains. The tendency for co-crystallisation strongly depends on the cooling rate. Rapid
cooling promotes the formation of co-crystals (Figure 18). Instead, slow cooling at a rate of -1 °C
min-1 avoids co-crystallisation. The here described co-crystallisation behaviour has been reported
by a number of previous studies, as discussed in more detail in Chapter 6.
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Figure 18, DSC second heating scans of a blend with 5 wt% HDPE after cooling from the melt
at 150 ºC with rates ranging from ∆𝑇/∆𝑡 = -1 to -40 °C min-1.
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Neat HDPE has a crystallinity of 𝑋𝐻𝐷𝑃𝐸 ~ 81% compared to LDPE with 𝑋𝐿𝐷𝑃𝐸 ~ 55%. Blends
feature an intermediate crystallinity. To compare the crystallinity of HDPE and LDPE-rich crystals
the melting endotherms were separated into a LDPE and HDPE part, where the HDPE part included
the co-crystals. As expected, 𝑋𝐿𝐷𝑃𝐸 decreases, whereas 𝑋𝐻𝐷𝑃𝐸 increases linearly.
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Figure 19, Crystallinity of the LDPE () and HDPE fraction (●), as well as the total
crystallinity (■) as a function of HDPE fraction. For 𝑋𝐿𝐷𝑃𝐸 deviation from a linear trend occurs
for 𝑓𝐻𝐷𝑃𝐸 ≤ 4% because the LDPE and HDPE peak are difficult to separate.
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9.2 Phase diagram
A temperature-composition diagram was constructed by using the melting peaks obtained from
thermal analysis (Figure 20). Four zones can be identified. At high temperatures a homogenous
melt exists, denoted L. As the temperature is decreased below 𝑇𝑚𝐻𝐷𝑃𝐸 a region is encountered where
HDPE crystals are surrounded by a LDPE-rich melt (𝐿 + 𝑆𝐻𝐷𝑃𝐸 ). For blends with 𝑓𝐻𝐷𝑃𝐸 ≤ 20 wt%
co-crystals are also present (+𝑆𝐶𝑂 ). At temperatures below 𝑇𝑚𝐿𝐷𝑃𝐸 ~ 110 °C both HDPE and LDPE
are solid (𝑆𝐿𝐷𝑃𝐸 + 𝑆𝐻𝐷𝑃𝐸 ). Besides HDPE and LDPE crystals there are co-crystals for 𝑓𝐻𝐷𝑃𝐸 ≤ 20
wt%In addition to polyethylene crystals a certain amount of amorphous material remains present.

135
130

L

T (C)

125
120
115

L + SHDPE

+ Sco

110
105
SHDPE + SLDPE

100
0
LDPE

10

20

30

40

50

60

fHDPE (wt%)

70

80

90

100
HDPE

Figure 20, LDPE/HDPE temperature-composition diagram constructed using peak melting
temperatures of LDPE (), HDPE (●) and co-crystals (∆).
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9.3 Diffusion of HDPE into LDPE confirms miscibility
The miscibility of HDPE and LPDE was confirmed with a cross-polarised optical microscope
equipped with a heat stage. Films of neat LDPE and HDPE with a thickness of 0.1 mm were placed
next to each other. Annealing for 90 min at 145 °C allowed HDPE to diffuse across the common
interface into LDPE, and vice versa. The diffusion of HDPE into LDPE can be visualised by
examining at which temperature different parts of the sample start to crystallise during cooling
from the melt. Close to the HDPE/LDPE interface and in the film that initially consisted of neat
LDPE, crystallisation commences above 𝑇𝑐𝐿𝐷𝑃𝐸 (Figure 21). This observation confirms diffusion
and hence miscibility of LDPE and HDPE in the melt.

Figure 21, Cross-polarised optical micrographs of 0.1 mm thick adjacent films of neat HDPE
and LDPE recorded during cooling at 10 °C min-1 after annealing the melt at 145 ºC for 90 min,
allowing the two polyethylenes to diffuse across the joint film boundary.
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9.4 Distribution of crystal lamellae
Thermal analysis and optical microscopy suggest that there is miscibility of HDPE and LDPE in
the melt. Phase separation occurs through crystallisation where the two components form crystals
of different thicknesses. SAXS was carried out in order to study the distribution of crystal lamellae
in more detail.
Kratky plots (𝑞 2 𝐼 vs 𝑞), of the recorded SAXS data reveal a single broad (first order) scattering
peak of LDPE at 𝑞𝑝,𝐿𝐷𝑃𝐸 = 0.47 nm-1. For HDPE a first order peak is found at 𝑞𝑝,𝐻𝐷𝑃𝐸 = 0.26 nm-1
followed by the second order peak at 0.53 nm-1. The second order peak in case of HDPE is the
result of a more coherent repetition of the lattice planes compared to LDPE, for which only one
peak can be resolved. For blends with 𝑓𝐻𝐷𝑃𝐸 ≤ 20 wt% only a single scattering peak is observed
suggesting that HDPE and LDPE lamellae form random stacks (Figure 22). Instead, for a phaseseparated system two scattering peaks would be expected because HDPE and LDPE crystallised in
distinct domains, forming two types of lamellar stacks. To illustrate a diffractogram of a phaseseparated system, a sample consisting of a sandwich of a neat HDPE and a neat LDPE film was
measured (Figure 22). Evidently, the SAXS diffractogram of such a clearly phase-separated
system is a superposition of the SAXS patterns of neat HDPE and LDPE, which results in two
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Figure 22, (a) Kratky plots of SAXS data recorded for HDPE (red), LDPE (blue) and a
sandwich of a HDPE and LDPE film (red/blue). Two distinct peaks are observed in the mixed
sample, which is characteristic for a phase-separated system. (b) SAXS data for 20 wt%
HDPE (green) showing a single peak. Dashed line is the HDPE-LDPE sandwich.
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clearly discernible peaks. The fact that the studied LDPE/HDPE blends only give rise to a single
scattering peak is consistent with crystallisation from a homogeneous melt, leading to a random
stack of HDPE and LDPE lamellae, as well as co-crystals.
From SAXS the long period can be extracted by 𝐿𝑝 = 2𝜋⁄𝑞𝑝 , For a one-dimensional stack of
crystalline lamellae that are separated by layers of amorphous material 𝐿𝑝 corresponds to the
combined thickness of these layers (cf. Chapter 4). Hence 𝐿𝑝 scales with the average distance
between lamellae. The lamellar thickness can be calculated by considering the crystallinity, as
𝑙𝑆𝐴𝑋𝑆 = 𝑋 ∙ 𝐿𝑝 (cf. Chapter 4). The lamellar thickness of LDPE and HDPE was 6.9 nm and 18.6
nm, respectively, in agreement with values calculated from DSC melting peaks (7.7 nm and 21.5
nm). The lamellar thickness calculated from SAXS increases linearly with 𝑓𝐻𝐷𝑃𝐸 .
Variable-temperature SAXS was used to monitor the evolution of the long period upon heating.
For LDPE 𝑞𝑝 continuously shifts to lower values upon heating from ambient to 125 °C (Figure
23). Thin crystals gradually melt even far below 𝑇𝑚𝐻𝐷𝑃𝐸 ~ 110 °C, which results in a continuous
increase in the average distance between the remaining crystalline lamellae. Above 𝑇𝑚𝐿𝐷𝑃𝐸 the
scattering signal disappears. For HDPE 𝑞𝑝 does not change until the temperature reaches ~120 °C,
above which 𝑞𝑝 decreases until complete melting occurs around 𝑇𝑚𝐻𝐷𝑃𝐸 ~ 133 °C. The blend of
𝑓𝐻𝐷𝑃𝐸 = 5 wt% shows a similar behaviour as LDPE up to 𝑇𝑚𝐿𝐷𝑃𝐸 . However, for the temperature
interval 𝑇𝑚𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚𝐻𝐷𝑃𝐸 ~ 124 °C a weak scattering signal remains present, corresponding to
𝐿𝑝 ~ 57 nm at 115 °C (cf. Paper IV). The use of 𝑙𝑆𝐴𝑋𝑆 = 𝑋 ∙ 𝐿𝑝 yields an unfeasibly low value for
the lamellar thickness (0.7 nm), which implies that the remaining lamellae are not arranged in onedimensional stacks. For 𝑓𝐻𝐷𝑃𝐸 = 40 wt% the scattering vector remains constant until about 80 °C,
which is consistent with the more HDPE-like character at this stoichiometry. At higher
temperatures 𝑞𝑝 gradually decreases until 𝑇𝑚𝐻𝐷𝑃𝐸 ~ 128 °C is reached, above which the scattering
signal disappears.
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Figure 23, (a) Contour maps summarising Kratky plots of SAXS patterns for neat LDPE and
HDPE as well as blends with fHDPE = 5 and 40 wt%, recorded during heating from 35 to 130 ºC
at a rate of 10 ºC min-1. (b) Corresponding DSC second heating thermograms.
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9.5 Impact of HDPE on blend nanostructure
The nanostructure of the blends was visualised with SEM. Cryo-fractured surfaces were imaged
after etching and sputtering with gold (Figure 24). LDPE features a fine-grained crystalline texture.
The addition of 1 wt% HDPE leads to a noticeable change in the nanostructure, as evidenced by
the emergence of more well-defined lamellae. For 𝑓𝐻𝐷𝑃𝐸 ~ 5 wt% a population of thicker lamellae
is present. SEM images confirm that the addition of only small amounts of HDPE is sufficient to
strongly impact the nanostructure of the material.

Figure 24, SEM images of cryo-fractured and etched surfaces corresponding to neat
LDPE and HDPE as well as blends with fHDPE = 1 and 5 wt%.
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9.6 DC-conductivity of LDPE/HDPE blends
In this chapter the DC-conductivity of the polyethylene blends is discussed. The strong interplay
between the nanostructure and electrical properties of polyethylene (cf. Chapter 4) promises that
even small amounts of HDPE significantly alter the DC-conductivity of LDPE. The blend
compositions used for the conductivity measurements are displayed in Table 1. Crosslinked blends
are denoted XLPE- and thermoplastic blends LDPE-. The DC-conductivity was measured on 1 mm
thick films that were melt-pressed first at 130 °C and then 180 °C. Crosslinking occurred during
the second step provided that the samples contained DCP (see Paper II for details).

Table 1, Field strength (E-field) and temperature (T) for tested blends
Sample

fHDPE (%)

E-field
(kV mm-1)

T ( C)

Thermoplastic
(LDPE-)

0, 5, 10, 100

30

70

Cross-linked
(XLPE-)

0, 1, 2, 3, 5, 10,
20, 40, 100

30, 40

70,90

9.6.1 Thermoplastic blends
The DC-electrical behaviour was monitored at 30 kV mm-1 and 70 °C for 24 h. The shape of the
recorded charging current differs considerably between LDPE and HDPE. LDPE displays a slow
decrease in charging current with an absolute slope of 𝑛 < 1 after 10 s (cf., eq 10). Instead, HDPE
gives rise to a dramatic decrease with 𝑛 ~ 5 between 10 and 100s (Figure 25). The charging current
after 100s is rather noisy, which most likely is a result of the measurement approaching the
sensitivity limit of the instrument. As discussed in Chapter 8 the slope is associated with the
dominating type of charge transport mechanism 131. In the case of LDPE the absolute slope is 𝑛 <
1, which suggests that the transport is most likely dominated by the formation of space charges 132,
133

. The considerable decrease of the charging current at early times is similar to the behaviour

observed for Al2O3 nanocomposites (cf. Chapter 8; Figure 13). Hoang et al

70

found for Al2O3

nanocomposites that such a dramatic decrease can originate from slow polarisation. Evidently, the
introduction of a small population of thicker crystals is sufficient to introduce charge traps that
cause a significant decrease in charging current. The conductivity was calculated from the charging
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Figure 25, Charging current i(𝑡) for thermoplastic blends at an electric field of E = 30 kV mm-1
and 70 °C.
current measured after 24h. For neat LDPE and HDPE a value of 𝜎 ~ 10·10-15 S m-1 and 𝜎 ~ 0.1·1015

S m-1 was obtained (Figure 27). For blends with 𝑓𝐻𝐷𝑃𝐸 ~ 5 and 10 wt% the DC-conductivity was

almost one order of magnitude lower than that of neat LDPE, adopting a value of 0.2·10-15 and
0.7·10-15 S m-1.

9.6.2 Crosslinked blends
DC-conductivity measurements were also performed on a broad range of crosslinked blends. The
shape of the charging current was similar to the one observed for thermoplastic blends (Figure 26).
The DC-conductivity of the crosslinked samples extracted from 𝑖(𝑡 = 24ℎ) was higher than the
values obtained for thermoplastic blends, ranging from 0.7·10-15 S m-1 for 𝑓𝐻𝐷𝑃𝐸 = 1 wt% to 1.8·1015

S m-1 for 𝑓𝐻𝐷𝑃𝐸 = 10 wt%. Neat XLPE-0 exhibited a value of 𝜎 ~ 11·10-15 S m-1 (Figure 27).

The DC-conductivity decreased by almost one order of magnitude for 𝑓𝐻𝐷𝑃𝐸 ≥ 1 wt%. It is feasible
that the presence of thicker lamellae introduced charge traps that reduced the mobility of charge
carriers 133, 134. Since the addition of HDPE does not affect the total crystallinity for 𝑓𝐻𝐷𝑃𝐸 = 1 to
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60 wt%, the degree of ordering is unlikely to influence the electrical properties of the here studied
samples.
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Figure 26, Charging current i(t) for crosslinked blends at an electric field of E = 30 kV mm-1
and 70 °C.
To explore the conduction mechanism further the crosslinked samples were tested at increased
electric field and temperature. At a higher field of 40 kV mm-1 the DC-conductivity measured for
neat XLPE-0 had decreased to 8·10-15 S m-1. Conversely, the DC-conductivity of the blends and
HDPE slightly increased to approximately 2·10-15 S m-1. The higher conductivity may result from
Poole-Frenkel conduction, which predicts a higher conduction at increased field as a result of the
decrease in barrier height of the potential well of deep traps (Figure 28)

135, 136

. An increase in

temperature to 90 °C, while maintaining an electric field of 30 kV mm-1, had a more pronounced
impact on the DC-conductivity than an increase in the field. The conductivity for neat XLPE-0 and
XLPE-100 increased to almost 60·10-15 S m-1 and 6·10-15 S m-1, respectively. Blend samples had a
conductivity in-between those values, the highest being ~20·10-15 S m-1 for XLPE-1.
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Figure 27, DC-conductivity after 24 h as a function of HDPE content calculated for thermoplastic
(open diamonds) and crosslinked blends ( filled diamonds): (a) E = 30 kV mm-1 and T = 70 °C (b)
E = 40 kV mm-1 and (c) E = 40 kV mm-1 and T = 90 °C. Dashed blue and red lines indicate the
electrical conductivity of XLPE-0 and XLPE-100, respectively; the confidence interval (filled area)
corresponds to a standard deviation of ±24 %.
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The increase in conductivity can be a result of thermally assisted hopping as well as a decrease in
the amount of charge trapping crystals. The crystallinity of blends with 𝑓𝐻𝐷𝑃𝐸 ≤ 10% at 90 °C was
~30% compared to ~40% at 70 °C. This is a significant decrease in crystallinity that could lead to
less trapping sites in the form of crystal interfaces. In summary, all measured blends (expect for
XLPE-1 at 90 °C) featured a lower conductivity than neat XLPE-0 both at 70 °C and 90 °C.

ΔV

Charge carrier

Potential wells

Figure 28, Schematic illustration of field depended Poole-Frenkel conduction. ΔV is the potential
barrier.

9.7 AC-breakdown of crosslinked LDPE/HDPE blends
In case of the Al2O3 nanocomposite investigated in Chapter 8 the decrease in DC-conductivity was
accompanied by a decrease in AC breakdown strength. To determine whether the blend suffer from
a similar decrease in AC breakdown strength a series of electrical treeing measurements was carried
out. In order to determine the AC breakdown strength with this method the sample must be
transparent, since tree initiation is detected with an optical microscope. Hence, only crosslinked
samples were tested in this study because of their relatively high degree of transparency. Neat
HDPE was too opaque and could not be studied. The nano- and microstructure of polyethylene
strongly affects the AC breakdown behaviour. For instance, Yan et al have reported that the
lamellar thickness can affect the AC breakdown strength 137. Since even a small amount of thicker
lamellae reduced the DC-conductivity of the in this thesis studied blends (cf. Chapter 9.6), a similar
influence on the AC breakdown strength was anticipated. However, all measured blends featured
a similar tree inception voltage, i.e. E63 ~ 400 kV mm-1. The threshold value (E0) for XLPE-1 was
somewhat lower (~17%) than for neat XLPE-0. Instead, for XLPE-5 and XLPE-10 a 20% higher
value was deduced. The probability density function of treeing data recorded for both XLPE-5 and
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XLPE-10 indicated a tail at higher fields, which suggests that some samples displayed an increase
in AC breakdown strength. A similar trend was also described by Hosier et al who explained the
increase in dielectric strength with a space filling spherulitic structure due to the presence of HDPE
125

.

9.8 Mechanical properties
A high-voltage cable is subjected to both electrical as well as mechanical stress during transport,
installation and operation at elevated temperature. During operation the insulation heats up due to
Joule heating (cf. Chapter 3), which softens the polyethylene insulation. Hence, crosslinking is
necessary in order to avoid stress cracking and creep. The crosslinking step is time consuming and
a degassing step is needed which also poses health issues 138(Chapter 2). As discussed in Chapter
9.2, only minute amounts of HDPE are sufficient to significantly reduce the DC-electrical
conductivity of an LDPE resin. In this Chapter the mechanical properties of the LDPE/HDPE blend
system, which was introduced in Chapters 9.1 to 9.5, are discussed.
Tensile deformation was used to determine the Young’s modulus (E) at room temperature. Values
of 180 MPa and 860 MPa were measured for neat LDPE and HDPE, respectively. For the blends
the Young’s modulus increased linearly with HDPE concentration. The evolution of the storage
modulus (𝐺 ′ ) with temperature was monitored with DMA from 40 to 130 °C. At 40 °C values of
′
′
𝐺𝐿𝐷𝑃𝐸
~100 MPa and 𝐺𝐻𝐷𝑃𝐸
~540 MPa were measured for LDPE and HDPE, respectively (Figure

29). The increase in modulus could be described with the rule of mixtures (see Paper IV):
′
′
𝐺 ′ = (1 − 𝑓𝐻𝐷𝑃𝐸 ) ∙ 𝐺𝐿𝐷𝑃𝐸
+ 𝑓𝐻𝐷𝑃𝐸 ∙ 𝐺𝐻𝐷𝑃𝐸

(11)

′
The modulus decreased with temperature. At 115 °C LDPE featured a value of 𝐺𝐿𝐷𝑃𝐸
= 0.6 MPa
′
compared to 𝐺𝐿𝐷𝑃𝐸−5
= 2 MPa. Already the addition of only 1 wt% HDPE doubles the storage

modulus at 115 °C to 1.5 MPa. Evidently, the presence of higher-melting HDPE crystallites
reinforces the blend material above the melting temperature of LDPE. The reinforcing effect most
likely originates from higher melting HDPE lamellae. Creep tests were carried out to explore
whether HDPE crystallites form a continuous network. To this end, dog-bone shaped samples were
suspended in an oven at 115 °C and allowed to deform under their own wait (Paper III). LDPE at
115 °C undergoes complete melting and therefore continues to elongate indefinitely. As shown in
Figure 17 even for 𝑓𝐻𝐷𝑃𝐸 ~ 1 wt% a small population of higher-melting HDPE crystallites remain
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present at 115 °C. Strikingly, as little as 2 wt% HDPE is sufficient to resist creep (Figure 30). This
observation suggests that HDPE crystallites form a continuous, load-bearing network that allows
the samples to maintain their shape even though most of the material has melted. The ability of the
network to resist creep depends on the extent of co-crystallisation. Fast cooling, which promotes
the formation of co-crystals (cf. Chapter 9.1), enhances creep at 115 °C. Instead, slow cooling
avoids co-crystallisation and hence increases the amount of thick HDPE crystals, which leads to
improved creep resistance (compare creep behaviour observed for 𝑓𝐻𝐷𝑃𝐸 ~ 1 wt%; Figure 30). The
reason for the increased creep strength is the absence of co-crystals. HDPE that has co-crystallised
with LDPE leads to thinner lamellae that will melt at lower temperatures. Thus, the network of
crystals that remain above the melting temperature of LDPE weakens to a greater extent at 115 °C.
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Figure 29, Storage modulus as a function of 𝑓𝐻𝐷𝑃𝐸 at 40 °C (▲), 100 °C (○) and 115 °C (♦); solid
lines are fits created with a simple rule of mixtures (equation 11).
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Figure 30, Creep elongation of neat LDPE and blends with 1 and 2 wt% HDPE under their own
weight, solidified by rapid quenching (top row, green), with ∆𝑇/∆𝑡 ~ -25 ºC min-1 (center row,
red), and ∆𝑇/∆𝑡 ~ -1 ºC min-1 (bottom row, blue). Note that samples are false-coloured to increase
contrast.
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Figure 31, Illustration of the effect that tie chains might have in a semi-molten blend
compared to molten LDPE.
The presence of a load-bearing network suggests the presence of tiechains (Figure 31) and/or
trapped entanglements that connect the remaining HDPE crystallites above the melting temperature
of LDPE. The Huang-Brown model (Chapter 4) was used to estimate the probability that a HDPE
chain actually bridges the amorphous region to form a tie-chain 56, 57. The probability of tie chain
formation obtained from equation 6 was multiplied with fHDPE.
The model assumes that “a tie chain is formed when the end-to-end distance of a molecule in the
melt is equal or greater than the distance between the joining crystals, if however the end-to-end
distance is shorter than the thickness of the amorphous region a tie chain will never form” 57.
The upper limit of integration, which corresponds to the required end-to-end distance, was set to
𝐿 = 𝐿𝑝 + 𝑙𝑐 , i.e. the long period measured with SAXS at 115 ºC plus the lamellar thickness
calculated using the Gibbs-Thomson equation for 𝑇𝑚𝐻𝐷𝑃𝐸 . This expression was used instead of
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Figure 32, Tie chain fraction according to the Huang-Brown model at 115 ºC as a function of
fHDPE. Inset: molecular weight distribution of HDPE.
𝐿 = 2𝑙𝑐 + 𝑙𝑎 , which was originally proposed by Huang and Brown. 𝑙𝑎 could be calculated
according to 𝑙𝑎 = (1 − 𝑋) ∙ 𝐿𝑝 provided that the remaining, higher-melting HDPE lamellae form
a one-dimensional stack. However, as discussed in Chapter 9.4 this assumption leads to unphysical
values for 𝑙𝑐 (and hence 𝑙𝑎 ). Therefore an alternative expression was used for the required end-toend distance.
For neat HDPE the probability of tie chain formation was estimated to be 10 % at 115 °C. This
probability decreases to about 0.3 % for fHDPE ~ 5 wt% (Figure 32). No estimate could be obtained
for lower HDPE fractions since no SAXS scattering peak was recorded above the melting
temperature of LDPE (cf. Figure 23). It should be noted that the Huang-Brown model does not
consider trapped entanglements, which most likely also contribute to the creep resistance. Nilsson
et al. have shown through numerical simulations that the number of trapped entanglements in
polyethylene can be twice the number of tie chains 139, 140.
One parameter that strongly influences the probability of tie-chain formation is the chain length. In
an attempt to explore the impact of molecular weight the tie-chain probability was calculated for a
variety of simulated resins with identical molecular-weight distributions but different Mw, which
ranged from 4 to 2400 kg mol-1 (see Paper V). To limit the number of variables, the same long
period, lamellar thickness and PDI were used for all simulated resins, with values borrowed from
55

LDPE/HDPE blends
the LDPE/HDPE blend with 𝑓𝐻𝐷𝑃𝐸 = 5wt% discussed in above (section 9.8). The probability of
tie-chain formation increases rapidly from 0.01 to 0.4 % between 10 kg mol-1 and 100 kg mol-1,
and reaches a maximum of about 1% for Mw ≥ 500 kg mol-1 (Paper V).
Table 2, Summary of polyethylene blends comprising LDPE and HDPE or UHMW-PE: weightfraction of HDPE 𝑓𝐻𝐷𝑃𝐸 , 𝑀𝑤 of the HDPE additive, total crystallinity 𝑋 = ∆𝐻/∆𝐻𝑓0 , and
minimum stress 𝜎𝑓𝑎𝑖𝑙 needed for creep fracture at 115 °C.

blend

fHDPE
(wt%)

Mw
(kg mol-1)

Xc
(%)

σfail
(kPa)

LDPE

HDPE

2

4

49

1

LDPE

HDPE

2

16

51

6

LDPE

HDPE

2

58

51

8

LDPE

HDPE

2

99

48

6

LDPE

UHMW-PE

2

2400

49

12

To experimentally evaluate the impact of the HDPE chain length on the creep resistance above the
melting temperature of LDPE, a series of blends were prepared that contained 2 wt% HDPE with
Mw ranging from 4 kg mol-1 to 2400 kg mol-1 (Table 2) In order to quantify the creep resistance
measurements were performed with a DMA. In a first set of experiments a constant creep stress of
1 kPa was applied to 1 mm thick samples at a constant temperature of 115 °C. The creep was
evaluated by comparing the strain after 60 min. LDPE fractured after ~35 min. A blend containing
low molecular-weight HDPE (4 kg mol-1) fractured at ~50 min. For all other samples creep was
arrested when reaching a stable strain of 30-40%. In order to determine the creep stress that leads
to fracture a series of creep experiments were carried out at a higher load (Figure 33). HDPE with
a Mw of 16 kg mol-1 and 100 kg mol-1 fractured at 6 kPa. The HDPE grade of 58 kg mol-1 could
sustain a slightly higher creep stress and fractured at 8 kPa. The increased ability to resist creep
when using a HDPE with an intermediate molecular weight could be rationalised with a balance
between tie-chain formation and co-crystallisation, both of which were found to increase with
molecular weight (cf. Paper V). A blend containing 2 wt% UHMW-PE displayed the highest creep
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resistance as evidenced by a significantly higher creep stress of 12 kPa that was required for
fracture.

Figure 33, Creep strain εcreep at 115 °C and the indicated stress σcreep for blends comprising LDPE
and 2 wt% linear polyethylene with (a) Mw ~ 16 kg mol-1, (b) Mw ~ 58 kg mol-1, (c) Mw ~ 99 kg mol-1,
and (d) Mw ~ 2400 kg mol-1; the lowest stress σfail at which creep fracture occurred is shown in red.
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Conclusions
Two concepts of insulation material for high voltage cables have been presented, a nanocomposite
and a polymer blend system. The nanocomposite contained 3 wt% Al2O3 in LDPE and was tested
as a benchmark and it was found to significantly decrease DC-conductivity. However the addition
of nanoparticles had a negative effect on tree initiation voltage. In order to counter the low tree
initiation voltage a thioxanthone voltage stabiliser was added. It was found that the attaching the
voltage stabiliser to the surface of the nanoparticle did not improve the breakdown strength.
However when the voltage stabiliser was mixed with the nanoparticle the breakdown strength was
increased to the value of the original LPDE. Despite an increase in breakdown strength the
conductivity of the nanocomposite could not be decreased rendering the addition of the stabiliser
futile.
As an alternative to nanocomposites, blends of LDPE and HDPE were explored. An extensive
material characterisation showed good miscibility of the blends in the melt. In the solid state a
phase separated system containing homogeneously distributed HDPE crystals was found. An
addition of 1-5 wt% HDPE was enough to significantly change the nanostructure of the blends and
generate a fraction of thicker HDPE lamellae. The DC-conductivity of the tested blends were
significantly decreased by approximately one order of magnitude for all blends. The improvement
in conductivity could be a result of the increased amount of thicker lamellae introduced by HDPE.
Breakdown measurements showed that the addition of a HDPE does not affect the tree initiation
voltage.
The introduction of thicker lamellae have a significant impact on the thermomechanical properties
of the blends. An addition of 2 wt% HDPE is sufficient to prevent creep at temperatures above the
melting point for LDPE. The beneficial thermomechanical properties most likely originates from
the formation of tie chains, which connects HDPE crystals through a network that retains the
dimensions of the sample. The tie-chain probability for the blends was calculated by the HuangBrown model using data from SAXS and DSC. A molecular weight dependence of the HDPE
fraction on tie-chain probability and thermomechanical properties were also found.
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The Future of insulation materials, author’s thoughts
It is clear that the insulation material has a vital role in the future energy grid that will transport
green energy to our societies. There has been many attempts to improve the electrical, chemical
and mechanical properties of the insulation material. Ranging from adding nanoparticles for a
decreased conductivity, to voltage stabiliser for improving breakdown strength and new
crosslinkers to ease the crosslinking process. Many of the attempts have led to valuable knowledge
and has aided the research community to understand which processes and properties that are
important when designing insulation materials. A hot topic has been nanoparticles, which has
shown to improve electrical properties significantly when mixed in a polyethylene matrix. A large
amount of studies on the nanocomposite system have been published during the last two decades.
These studies have included different types of particles, different functionalisation, varying the size
and shape of particles etc. The results displays a broad variation in the results, with a few common
trends, such as lower conductivity and improved space charge distribution. In order to realise the
nanocomposite concept as a high voltage cable insulation there are some issues that needs to be
resolved. Many authors points to the interface between the polymer and the particle as one of the
most important aspect. To take advantage of the high interface, particles needs to be well distributed
and not aggregate. If particles aggregate it could lead to an inferior material. This is one of the
difficulties in realising the full scale use of nanocomposites. To control the distribution of particles
over thousands of meters insulation will be a challenge. The cost of creating such a process will
most likely be expensive and questions arises if the benefits of using nanocomposites will outweigh
the risk and price of the production.
In this thesis the concept of polymer blends has been discussed in detailed as an alternative to
nanocomposites. It has been shown in this work that polyethylene blends can have similar effects
on DC-conductivity as the nanocomposites, i.e. a decrease by one order of magnitude. However
blends could be more beneficial for upscaling than nanocomposites, as they do not suffer the same
distribution issues. By using thermoplastic blends of HDPE and LDPE the thermomechanical
properties can be improved compared to neat LDPE. With this improvement the need for
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crosslinking could be decreased or possibly eliminated completely. Although there seems to be
several positive features of using polymer blends there are some issues to be addressed. For
instance blends might be sensitive for temperature variations and annealing could change the
nanostructure of the blends over time, which can affect the performance. The processes behind the
improved electrical properties are not yet fully understood, therefore designing a reliable material
could be puzzling. Regarding the mechanical aspects, a too stiff material might suffer from
environmental stress cracking. The blends explored in this thesis where polyethylene based.
However there is a range of other polymer blends that might be successful as insulation material.
Recent reports have for instance suggested blending polypropylene with co-polymers of
polyethylene and polypropylene to improve both mechanical strength and electrical properties.
The way forward for high voltage insulation materials are not certain. Although nanocomposites
promises a variety of improvements there seem to be uncertainties in the reliability and full scale
production. On the other hand thermoplastic blends also displays promising electrical features but
could be sensitive for temperature variations. Albeit there are issues to be solved in both concepts,
the blend route seems to be the more feasible way considering an easier implementation and safer
production. The research carried out within both of the concepts are central to expand the
knowledge about the processes and mechanisms that controls the performance high voltage
insulation.
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