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ABSTRACT 

To cope with our growing demand for energy in a sustainable way, efficient long-distance 

power transmission via high voltage direct current (HVDC) cables is crucial – these cables 

facilitate the integration of renewable energy into our power networks. For reliable and efficient 

power transmission, underground and undersea cables require robust insulation materials that 

possess a high level of mechanical integrity, a low direct-current (DC) electrical conductivity 

and a high thermal conductivity at the elevated temperatures experienced during cable 

operation. There is growing interest in thermoplastic materials that fulfill these requirements 

since thermoplastics offer the possibility for mechanical recycling by melt-reprocessing, and 

allow for more energy efficient cable production. 

In this thesis, it is shown that thermoplastic blends of low-density polyethylene (LDPE) and 

isotactic polypropylene (iPP) can be engineered towards HVDC cable insulation applications 

despite the immiscibility between LDPE and iPP. Reactive compounding was explored as a 

strategy for compatibilising iPP and LDPE, resulting in a material concept that exhibited good 

thermomechanical properties while maintaining low DC electrical conductivity and 

thermoplasticity. Blends comprising iPP, LDPE and a styrenic copolymer were also 

investigated. This led to another thermoplastic material concept where the blend composition 

could be tuned to simultaneously attain appropriate mechanical stiffness, DC electrical 

conductivity and thermal conductivity. Further, the addition of Al2O3 nanoparticles was found 

to reduce the already low DC electrical conductivity of such blends. The novel material 

concepts described in this thesis may facilitate the design of thermoplastic insulation materials 

for HVDC cables of the future. 

 

Keywords: high-voltage power cable insulation, thermoplastic, polymer blends, polyethylene, 

polypropylene, copolymer. 
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Nomenclature 

 

DC Direct-current 

DSC Differential Scanning Calorimetry 

DMA Dynamic mechanical analysis 

HDPE High density polyethylene 

HVDC High voltage direct current 

iPP Isotactic polypropylene 

LDPE Low-density polyethylene 

PE Polyethylene 

PP Polypropylene 

SAXS Small Angle X-Ray Scattering 

SEBS Polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene 

SEM  Scanning electron microscopy 

TMA Thermomechanical analyser 

XLPE Crosslinked polyethylene 

WAXS Wide Angle X-Ray Scattering 
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Chapter 1 

Towards a Sustainable Future 

 As we observe and experience the effects of global warming and pollution, it is 

clear that living the way we do now is unsustainable.  Urgent changes are necessary to ensure 

that the needs of the present are met ‘without compromising the ability of future generations to 

meet their own needs’.1 This is the definition of sustainable development, first introduced by 

the World Commission on Environment and Development (WCED) in 1987.1 There are three 

interconnected pillars of sustainability – environmental, social and economic.2 These have been 

the basis of the 17 Sustainable Development Goals (SDGs) laid out by the United Nations (UN) 

as part of the 2030 Agenda for Sustainable Development.3 Sustainability is a multi-faceted 

topic. Even within the environmental category, there are several SDGs including ‘Affordable 

and Clean energy’, ‘Responsible Consumption and Production’, ‘Climate Action’, ‘Life below 

Water’ and ‘Life on land’,3 reflecting the multitude of considerations we need to take into 

account in order to achieve environmental sustainability.  

 High voltage direct-current (HVDC) cables play an important role in tackling the 

SDGs ‘Affordable and Clean Energy’ and ‘Climate Action’ – they enable efficient electrical 

transport over long distances, which facilitates our shift away from fossil fuels towards sources 

of renewable energy (see chapter 2).4-6 HVDC cable technologies can further contribute to a 

more sustainable future if other SDGs such as ‘Responsible Consumption and Production’ are 

also taken into account. This can be achieved if the environmental impact associated with the 

cables before, during and at the end of their lifetime, are identified and mitigated as much as 

possible. 
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 With regard to the environmental impact of cable manufacturing, aspects such as 

sourcing and transportation of raw materials, processing and cable installation should be 

considered. In the ideal scenario, raw materials and energy (for material transportation and 

manufacturing) will be derived from sustainable sources, processes will be energy efficient, and 

the overall carbon footprint will be low. Waste will also be minimal, non-toxic, and handled 

appropriately so as not to harm the environment.  

 With regard to the usage phase, we should aim for high cable efficiency and 

reliability over long times (cable lifetime currently ~50 years7). By engineering the materials 

and designs for cables for high performance and durability, we can maximise the benefits we 

reap from our investment in materials and energy for manufacturing. Furthermore, since HVDC 

cables are buried underground or laid undersea,4, 8, 9 cables should also be designed to minimise 

negative impacts on organisms living where cable infrastructures are implemented.10 

 At the end of life of the cable, it would be ideal if as much material as possible 

can be extracted from the cable and recycled into high quality products via energy-efficient 

processes. Materials that cannot be recycled should then be disposed of appropriately to 

minimise any negative impact on the environment.  

 While I have described ideal-case scenarios for cables in terms of sustainability, 

these are hard to achieve fully. In reality, materials, processes, designs and technologies are 

engineered such that the advantages outweigh the disadvantages. Nonetheless, we should strive 

towards maximising the positives and eliminating negatives. Therefore, I have explored new 

material concepts for HVDC cable insulation in my PhD work, aiming not only towards more 

efficient power transmission for our transition towards renewable energy, but also more energy 

efficient cable manufacturing and insulation materials that can be mechanically recycled by 

melt-reprocessing. 
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Chapter 2 

Why High Voltage Direct Current (HVDC) Cables? 

2.1 The energy problem 

 The World Energy Council predicts that compared to 2010, the global energy 

consumption will increase by at least 35% in 2030.11 By 2035, the annual consumption is 

projected to reach around 778 Etta Joule.12 To sustainably cope with our growing demand for 

energy, renewable energy technologies and energy efficiency are key.13-15 Our diversion from 

fossil fuels to renewables is not only crucial to prevent finite resources from being consumed 

at unsustainable rates, but also to combat climate change.16-18 The fact that two-thirds of all 

greenhouse gases arise from energy-related carbon dioxide (CO2) emissions19 highlights that 

the transition towards renewables is crucial for reducing greenhouse gas emissions. A 

significant and rapid reduction in emissions is needed to limit the increase in average global 

surface temperature (from pre-industrial levels) to well below 2 °C.13 

 

2.2 HVDC power cables – an important part of the solution 

 To phase out fossil fuels as our source of electrical energy, we need technologies 

not only for harnessing renewable energy18, 20 but also for energy storage21-23 and power 

transmission.24-26 Renewable energy sources are often intermittent21-23 and the required 

infrastructures (e.g. solar and wind farms) are often located far away from populated areas. To 

ensure a reliable supply of energy, extended power grids that connect these infrastructures and 

populated areas are necessary.27, 28 This can be achieved with high voltage direct-current 

(HVDC) cables, which allow electricity to be transported over long distances of up to a few 

thousand kilometres with minimal losses.24 
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2.3 HVDC cable design and manufacturing 

 For efficient power transmission, underground and undersea (necessary for 

traversing large bodies of water) HVDC cables require robust insulation around their 

conductors. The two main types of insulated HVDC cables are lapped and extruded cables.26 

Examples of the former include oil-paper insulation, where the conductor is wrapped with paper 

impregnated with dielectric fluids,4, 26 and paper-polypropylene laminate (PPL) insulation, 

where the conductor is wrapped with alternating layers of polypropylene and impregnated 

paper.4, 29  Extruded cables on the other hand are insulated by a polymeric layer that surrounds 

the conductor26 (Figure 1). As the name suggests, these cables are manufactured by extrusion, 

where molten polymeric insulation material is extruded directly onto the conductor and 

deposited as a compact and uniform layer (along with the semiconducting layers that are also 

extruded) around the conducting core.4 To achieve high transmission voltages, extruded cables 

are generally preferred over lapped insulation cables due to their ability to withstand higher 

conductor temperatures that allow for higher transmission capacity,4, 8, 30 simpler jointing 

procedures, reduced weight, and the elimination of environmental concerns over oil leakages.4, 

26, 30, 31 Hence, significant research and development efforts have been invested in extruded 

cable technologies. 
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Figure 1. Schematic showing the cross-section of a typical underground extruded HVDC cable, 

where the semiconducting layers smoothen the electric field,4, 32, 33 the metallic screen controls 

the shape of the electric field,4 contains the electric field within the cable34 and offers 

mechanical support,4 and the outer sheath protects the cable from external forces.4, 10, 33 

 

2.4 Extruded HVDC cables based on XLPE 

 Currently, the most widely-used type of extruded HVDC cables are those 

insulated with crosslinked polyethylene (XLPE).26, 30, 35, 36 The base resin of XLPE is low 

density polyethylene (LDPE), which can be produced with very high chemical and physical 

cleanliness.37 This material offers very low DC electrical conductivity,38 an adequate thermal 

conductivity, good mechanical flexibility even at low temperatures39, 40 and good processability 

for melt extrusion,36, 40 making it an excellent candidate for HVDC cable insulation. However, 

the melting temperature of LDPE is too low, resulting in inadequate mechanical stability at high 

cable operating temperatures.33, 41 Therefore, LDPE is crosslinked to form XLPE, which not 

only has good electrical properties,36, 37, 42 but also features thermomechanical properties36, 42 

that allow the material to function at typical cable operating temperatures of 70-90 °C.36, 38, 40, 

43, 44 Thanks to recent developments in XLPE-based HVDC cable technology, commercial 

transmission lines can now reach voltages as high as 640 kV and can transmit at least 3 GW of 

electrical power.24 
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Chapter 3 

New Developments for HVDC Cable Insulation: 

Thermoplastics and Higher Operating Temperatures 

3.1 Material requirements  

 Efficient and reliable electrical transport over long distances requires HVDC 

cables with robust insulation materials. As we strive towards cables with increased transmission 

capacity, it is necessary to develop insulation materials that can support increasingly high 

voltages.45-47 Although a higher current as well as voltage can increase electrical power, the 

latter is favoured because an increase in current is accompanied by more substantial Joule 

heating.46, 47 However, higher voltages have other implications. For an insulation layer of a 

given thickness, higher voltages will result in higher electric fields, leading to a higher DC 

electrical conductivity of the insulation, and hence an increase in leakage current. This can lead 

to a temperature rise, which in turn further increases the DC electrical conductivity that yet 

again contributes to even more heating. This process of thermal runaway would ultimately lead 

to electrical breakdown.48 Hence the insulation material must possess a sufficiently low DC 

electrical conductivity to keep leakage current heating under control. Further, it is also of benefit 

if the insulation material has a high thermal conductivity to facilitate heat dissipation away from 

the conductor to prevent build-up of thermal hotspots, which increase the probability of thermal 

breakdown.24, 49, 50 Moreover, high thermal conductivity will in principle contribute to a lower 

conductor temperature, leading to lower conductor losses.  
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 The insulation material must also demonstrate good thermomechanical properties 

to resist deformation under stresses from the weight of the conducting core and other external 

forces, especially at the elevated temperatures experienced by the cable. Cable operating 

temperatures of up to 70-90 °C are common for XLPE cables,4 and emergency conditions such 

as power surges and lightning strikes can temporarily heat the cable to much higher 

temperatures.4 

 

3.2 Thermoplastic insulation materials 

 There has been growing interest in thermoplastic alternatives for high voltage 

cable insulation51 due to the benefits that thermoplastics can offer both for cable manufacturing 

and with regard to sustainability aspects.52 In fact, commercial products are now available – the 

first thermoplastic-insulated HVDC cables (from Prysmian Group) will be installed in 

Germany.53, 54  

 Thermoplastic alternatives to XLPE eliminate the need for peroxide crosslinking 

(the conventional method for producing XLPE for HVDC cables) by incorporating higher-

melting polymer crystals, which can result in improved thermomechanical properties compared 

to LDPE at temperatures above 𝑇𝑚
𝐿𝐷𝑃𝐸 (sections 3.2.1 to 3.2.3).41, 55 Without crosslinking, cable 

production can be more energy efficient since the crosslinking step (Figure 2) and the 

byproduct-removing degassing step40, 48, 52 are omitted. Further, scorch, i.e. premature 

crosslinking,56, 57 which can give rise to defects in the insulation material that compromise its 

quality and reliability,52, 57 is avoided. This can allow for greater efficiency in cable 

manufacturing51 for example by having longer production times since the extruder used for 

production needs to be cleaned less frequently.48   

 In addition to energy efficiency, thermoplastics are advantageous from a 

sustainability viewpoint because of the absence of crosslinking byproducts that can be harmful 

to health and the environment,48 and the possibility to recycle the insulation material the end of 
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life of the cable by remelting.48 This is the conventional way of mechanically recycling 

polymers.58 However, it should be noted that mechanical recycling of XLPE is also possible, 

not by remelting, but by grinding into powder that can be added to virgin thermoplastics,59-63 

or by thermoplasticising using high temperature shearing,61, 64, 65 but the latter is energy 

intensive due to the high temperatures used (> 200 °C).61  

 Some PP-based thermoplastic polymer blends can withstand even higher 

temperatures41, 48, 66, 67 than XLPE (70-90 °C), such as the insulation currently used in 

Prysmian’s medium voltage alternating current cables (up to 110 °C).68 With further research, 

similar material concepts could potentially facilitate the development of thermoplastic 

insulation materials for HVDC cables that can tolerate even higher operating temperatures than 

existing extruded HVDC cables,69 and hence transmit more electrical power. With the 

appropriate blend composition and processing conditions, thermoplastic materials can be 

engineered for dimensional stability above 𝑇𝑚
𝐿𝐷𝑃𝐸. The stiffness of a material can be described 

by the storage modulus E’, which is typically measured as a function of temperature using 

dynamic mechanical analysis (DMA). In case of XLPE, a large fraction of LDPE crystals melt 

at 𝑇𝑚
𝐿𝐷𝑃𝐸 ~ 110 °C, resulting in a drastic drop in E’, yet XLPE maintains E’ ~ 2105 to 4105 Pa 

above 𝑇𝑚
𝐿𝐷𝑃𝐸 due to the presence of chemical crosslinks. E’ remains almost constant from 

120 °C up to 200 °C because of the crosslinks that stay intact until XLPE starts to degrade 

(Figure 3). Compared to XLPE, thermoplastic alternatives to XLPE can offer an even higher E’ 

above 𝑇𝑚
𝐿𝐷𝑃𝐸, and the temperature window across which high E’ is exhibited can be tuned. 

Furthermore, suitable thermoplastic alternatives would melt completely (drastic modulus drop 

at Tm) at temperatures well below their degradation temperature (Figure 3), making mechanical 

recycling by melt-reprocessing possible. 
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Figure 2. Schematic of the experienced temperature and degree of crosslinking of a traditional 

thermoset cable insulation material (orange line) and a thermoplastic insulation material (blue 

line) during compounding and extrusion (green), the heat activated crosslinking and degassing 

steps (grey), which are absent for the thermoplastic material, and operation (yellow). This figure 

is adapted from Figure 1 of paper I. 
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Figure 3. Storage modulus E’, which relates to material stiffness, measured with dynamic 

mechanical analysis (DMA) as a function of temperature of XLPE, i.e. LDPE crosslinked with 

1 wt% DCP at 200 C (black line, data from paper I) and an example of an envisioned ideal 

thermoplastic alternative (blue dashed line) showing how the thermomechanical properties of 

XLPE can be surpassed by increasing the temperature at which materials soften beyond 𝑇𝑚
𝐿𝐷𝑃𝐸 

(black horizontal dashed line) and/or increasing the stiffness of materials above 𝑇𝑚
𝐿𝐷𝑃𝐸 (black 

vertical dashed line), while featuring a drastic drop in modulus at 160 °C for instance, allowing 

processing at temperatures that are not excessively high (prevents degradation and lowers 

energy consumption; cf. Figure 2) and reprocessing in the melt (for mechanical recycling); 

inset: schematic of the oscillatory DMA measurement indicating the direction of applied stress.  

 

3.2.1 Polyethylene blends 

 Blends comprising LDPE and high-density polyethylene (HDPE) have been 

studied as potential candidates for HVDC cable insulation.70-75 HDPE has a melting temperature 

𝑇𝑚
𝐻𝐷𝑃𝐸  ~ 130 °C (cf. 110 °C for LDPE).70, 76 Since some HDPE and LDPE grades are melt-

miscible,70, 77, 78 good dispersion of HDPE in LDPE can be achieved and LDPE/HDPE co-

crystals can form.70 With appropriate blend compositions, degree of branching of LDPE, 

40 60 80 100 120 140 160 180 200
105

106

107

108

E
' (

P
a
)

temperature (°C)

XLPE



11 

 

polymer molecular-weight distribution and processing conditions,70, 79-81 HDPE:LDPE blends 

can display a higher E’ than LDPE above 𝑇𝑚
𝐿𝐷𝑃𝐸 due to the presence of HDPE crystals and 

LDPE:HDPE co-crystals.70 These crystals, connected by tie chains, act as network points 

together with trapped entanglements to form a network that extends across the material, holding 

the material together under stress in the temperature range 𝑇𝑚
𝐿𝐷𝑃𝐸 < T <  𝑇𝑚

𝐻𝐷𝑃𝐸.70  

 HDPE is polymerised with transition metal catalysts in low pressure reactors.82 

Remaining catalyst residues are thought to compromise the cleanliness and hence DC dielectric 

properties of linear polyethylenes. Hence, Andersson et al. explored HDPE:LDPE blends with 

a low HDPE content. Adding as little as 1-2 wt% HDPE was sufficient to arrest creep at 115 ˚C, 

i.e. above 𝑇𝑚
𝐿𝐷𝑃𝐸, when subjected to 1 kPa stress (~1x sample weight).70 Further, a blend with 

just 1 wt% HDPE was reported to have a DC conductivity of 𝜎𝐷𝐶 ~ 10-15 S m-1 at high electric 

fields of 30 and 40 kV mm-1 at 70 °C. This value is roughly one order of magnitude lower than 

𝜎𝐷𝐶 of both XLPE and LDPE.38 

 

3.2.2 Polypropylene-based materials 

 Although HDPE:LDPE blends display good potential for use as HVDC 

insulation, materials that can maintain structural integrity well above 𝑇𝑚
𝐻𝐷𝑃𝐸 would provide 

additional advantages. Polypropylene-based materials have therefore gained significant 

attention,51, 66, 83-89 and first commercial products for HVDC cable insulation have been 

developed.53, 54, 90 The main advantage of PP is its high melting temperature,41, 55 which is as 

high as 𝑇𝑚
𝑃𝑃~170 °C for isotactic polypropylene (iPP).85, 91 Further, iPP can be produced with a 

high degree of intrinsic cleanliness and displays very low DC electrical conductivity55 as low 

as 𝜎𝐷𝐶 ~ 10-15 S m-1 at high electric fields.91 Hence, iPP is widely used for the manufacture of 

dielectric films for capacitors.55 However, the main drawback of neat iPP is its mechanical 

properties at low temperatures.55, 67 iPP is too brittle41 below its Tg ~ 0 °C92 and too stiff at low 
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temperatures,51, 67 which complicates the laying of cables. To obtain polypropylene-based 

materials that have sufficient mechanical flexibility and toughness at low temperatures, several 

material concepts have been explored. Syndiotactic polypropylene (sPP), for instance, displays 

good dielectric properties and thermal stability, and is mechanically flexible due to its small 

spherulites and low crystallinity.88 The main drawback of sPP is its high cost.4, 35 Alternatively, 

polypropylene copolymerised with comonomers (eg. ethylene, butylene),67, 87, 93 and blends 

comprising PP or PP copolymers (eg. LDPE:PP-copolymer, iPP:polyolefin copolymers, PP-

copolymer:polyolefin copolymers, iPP:sPP)66, 83-86, 89, 94, 95 have been explored. 

 

3.2.3 Polyethylene:polypropylene blends 

 In addition to the above-mentioned material concepts, blends containing iPP and 

LDPE have been studied for HVDC cable applications.91, 96, 97 Such materials allow to combine 

good low-temperature mechanical properties, low DC electrical conductivity and adequately 

high thermal conductivity of LDPE, with the high-temperature mechanical stiffness and very 

low DC electrical conductivity of some iPP grades. However, due to the immiscibility between 

iPP and LDPE,98, 99 the two polymers strongly phase separate. Hence, connectivity of the minor 

phase is difficult to achieve. To reinforce LDPE with iPP, the iPP phase should be continuous. 

There is a critical composition where the LDPE and iPP phases are co-continuous. This can be 

achieved by tuning the blend composition and/or viscosity ratios of the components based on 

the relation 
𝜂𝐿𝐷𝑃𝐸

𝜂𝑃𝑃
=

∅𝐿𝐷𝑃𝐸

∅𝑃𝑃
  for a given shear rate, where 𝜂 is the viscosity and ∅ is the volume 

fraction.100 Co-continuous iPP and LDPE phases are observed in the 40:60 iPP:LDPE blend 

(Figure 4). Continuity of the iPP phase in iPP:LDPE blends has been shown to be necessary for 

achieving a high E’ at T > 𝑇𝑚
𝐿𝐷𝑃𝐸 (Figure 5). While blends with high iPP content offer a high 

degree of dimensional stability at elevated temperatures and a low DC electrical conductivity, 

they are stiffer than XLPE below 𝑇𝑚
𝐿𝐷𝑃𝐸 (Figure 5), and feature a low thermal conductivity (see 
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chapter 6 and 8 for characterisation of neat iPP and iPP:LDPE blends, respectively). It can be 

anticipated that such systems require effective compatibilisation to facilitate iPP dispersion in 

LDPE-rich blends, necessary for obtaining improved thermomechanical properties such as a 

high E’ at T > 𝑇𝑚
𝐿𝐷𝑃𝐸, without incorporating too much iPP that will be detrimental for the low-

temperature mechanical properties and thermal conductivity of iPP:LDPE blends. 

 

Figure 4. Scanning electron microscopy (SEM) micrographs of cryofractured, etched and 

sputtered surfaces of iPP:LDPE blends with iPP content: (a) 20 wt% (b) 40 wt%, (c) 60 wt%, 

and (d) 80 wt% (scale bar = 20 µm). (taken from Figure 4 of paper II, with corrected scale) 

 

Figure 5. Top: storage modulus E’ measured with DMA as a function of temperature of neat 

LDPE (black), neat iPP (navy), iPP:LDPE blends containing 20 to 30 wt% iPP (shades from 

brown to yellow) and 40 to 80 wt% iPP (shades of blue); bottom: differential scanning 

calorimetry (DSC) first heating thermograms of neat LDPE (black) and neat iPP (navy). 
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Chapter 4 

Project Aim 

 The overall goal of the project is to develop new material concepts for high 

voltage cable insulation that demonstrate 1) excellent thermomechanical properties, 2) a low 

DC electrical conductivity, 3) an adequate thermal conductivity and 4) thermoplastic behaviour.  

This thesis focuses on blends based on LDPE and iPP, and explores routes towards materials 

that possess the property portfolio needed for insulating HVDC cables of the future. 
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Chapter 5 

Materials and Methods 

5.1 Materials 

LDPE with MFI ~ 2 g/10 min (190 °C / 2.16 kg), 𝑀𝑛 ~ 13 kg mol-1, PDI ~ 9 and number of 

long-chain branches ~ 1.9 per 1000 carbons (characterisation reported in ref. 38), was obtained 

from Borealis AB. (Paper I-IV) 

 

XLPE was prepared from LDPE infused with 1 wt% dicumyl peroxide (DCP) (see section 5.2.1 

for experimental procedure for crosslinking and subsequent degassing) (Paper I-II) 

 

LDPE:Al2O3 masterbatch containing 3 wt% Al2O3 nanoparticles, 97 wt% LDPE and 0.02 wt.% 

Irganox 1076 was provided by Fritjof Nilsson (KTH). The Al2O3 nanoparticles used had an 

average diameter of (50  25) nm, and they were surface-modified with n-octyltriethoxysilane 

(Paper IV) 

 

Isotactic polypropylene (iPP) with 𝑀𝑛 ~ 40 kg mol-1, 𝑀𝑤 ~ 348 kg mol-1, PDI ~ 8.6 and 

isotacticity > 90%, was obtained from Borealis Polymers N.V. (Paper II-IV) 

 

Random heterophasic polypropylene (hPP), composed of random propylene-ethylene 

copolymers and contains 40% of an ethylene-rich rubbery phase dispersed in a propylene-rich 

matrix, was obtained from Borealis AB. (Chapter 6,10) 
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Branched statistical ethylene-glycidyl methacrylate copolymer p(E-stat-GMA) with a GMA 

content of 4.5 wt%, a melt flow index MFI ~ 2 g/10 min (190 °C / 2.16 kg), and a density of 

0.93 g cm-3 was obtained from Arkema (Lotader series AX8820). (Paper I) 

 

Isotactic polypropylene-maleic anhydride graft copolymer iPP-graft-MA with a MA content of 

8 - 10 wt%, a density of 0.93 g cm-3, number-average molecular weight 𝑀𝑛 ~ 4 kg mol-1 and 

PDI ~ 2.3 was obtained from Sigma Aldrich (product number 427845). (Paper I) 

 

Polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS): 

SEBSA with a melt-flow index of MFI ~ 2 - 4.5 g/10 min (230 °C / 2.16 kg) and 11.5 - 13.5 % 

polystyrene content was obtained from Kraton Corporation (Kraton G1645 MO). (Paper II) 

SEBSB with MFI < 1 g/10 min (230 °C / 2.16 kg) and 18.5 - 22.5 % polystyrene content was 

obtained from Kraton Corporation (Kraton G1642 HU). (Paper III & IV) 

 

5.2 Methods 

5.2.1 Sample preparation  

 Compounding of most blends was done by recirculation for the desired 

compounding time (5 - 15 minutes) at selected temperatures (170 - 220 °C) with a screw speed 

of 50 rpm in an Xplore Micro Compounder MC5 (~ 2.5 g) followed by extrusion. Upscaled 

SEBSB:iPP:LDPE ternary blends (~ 2 kg) were compounded at 120 rpm at temperatures up to 

200 °C in a Coperion ZSK 26 K 10.6 twin screw extruder, followed by extrusion. Plates were 

prepared by heating the extrudates to 170 °C or 200 °C and melt-pressing for 1 - 3 minutes in 

a hot press before cooling (see experimental section of individual papers for specific processing 

conditions for different blends). Samples for DSC, rheometry, DMA and creep, SEM, WAXS 

and SAXS measurements were cut from 1.25 mm thick plates, and from 0.3 mm and 4.6 mm 

plates for DC electrical conductivity and thermal conductivity measurements, respectively.  
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 To prepare XLPE, milled LDPE was dispersed in a solution of DCP in methanol 

at 40 °C and stirred for 1 h, followed by solvent evaporation. The resulting milled LDPE infused 

with 1 wt% DCP was melt-pressed at 120 °C for 5 minutes in a hot press. The temperature was 

then increased to 180 °C, where the sample was left to crosslink for 10 minutes before cooling. 

This XLPE sample was finally degassed in a vacuum oven at 50 °C overnight. 

 Al2O3 nanocomposites were prepared from the LDPE:Al2O3 masterbatch. To 

prepare this masterbatch, Al2O3 nanoparticles with an average diameter of (50 ± 25) nm were 

surface-modified with n-octyltriethoxysilane according to a previously described procedure.76 

After surface modification, the nanoparticles were dried for 20 h at 80 oC in a vacuum oven and 

then dispersed in n-heptane (0.3 ml n-heptane per 1g polymer) through ultrasonication for 

5 minutes, followed by the addition of Irganox 1076 and LDPE, resulting in a solid content of 

3 wt% surface-modified Al2O3 nanoparticles, 97 wt% LDPE and 0.02 wt% Irganox 1076. The 

LDPE:nanoparticle slurry was shaken for 1h and dried overnight at 80 oC. The dried powder 

was shaken for another 30 minutes, then compounded for 6 minutes at 150 oC and 100 rpm with 

an Xplore Micro Compounder MC5. The LDPE:Al2O3 extrudate was cut into 2-3 mm long 

granules. Neat LDPE, LDPE nanocomposites, ternary blends and ternary blend nanocomposites 

were prepared by compounding different amounts of SEBSB, iPP, LDPE and the LDPE:Al2O3 

masterbatch (dried for 17 h at 80 °C in a vacuum oven) with an Xplore Micro Compounder 

MC5 under N2 gas for 4 minutes at 200 °C and 70 rpm followed by extrusion using a die 

temperature of 210 °C. Extrudates were melt-pressed into 0.3 mm thick films for electrical 

measurements and 1.9 mm thick films for mechanical analysis using a LabPro 200 Fontijne 

press at 200 °C for 1 minute followed by cooling at a rate of -10 °C min-1. 
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5.2.2 Thermomechanical properties 

5.2.2.1 Dynamic mechanical analysis (DMA)  

 Dynamic mechanical analysis (DMA) was the main method of assessing the 

thermomechanical properties of materials studied in this thesis. Variable temperature DMA 

thermograms were recorded using a TA Q800 DMA in tensile mode (see experimental section 

in papers for details). In these experiments, each sample was subjected to an oscillating force 

and the resulting sinusoidal strain of the sample was measured by the instrument.101, 102 From 

these measurements, the storage modulus E’ of materials as a function of temperature was 

obtained. This allows to compare the stiffness of different materials at different temperatures, 

for instance between LDPE and XLPE above 𝑇𝑚
𝐿𝐷𝑃𝐸 (Figure 6). 

 

Figure 6. Storage modulus E’, measured with dynamic mechanical analysis (DMA) as a 

function of temperature of XLPE (black line) and LDPE (grey). 
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5.2.2.2. High-temperature creep tests 

 Creep tests were conducted using a TA Q800 DMA in tensile mode (see 

experimental section of papers for details on experimental conditions). For XLPE insulation 

materials, Hot Set tests are typically done to determine the degree of crosslinking,48, 103, 104 since 

the number of crosslinks relates to the material’s ability to resist deformation (elongation) under 

mechanical stresses at high temperatures.104, 105 Like the Hot Set tests, high-temperature creep 

tests involve the application of a constant tensile stress to samples at elevated temperatures. The 

strain, that is the increase in sample length (i.e. elongation) divided by the original sample 

length, is measured as a function of time. Materials with high dimensional stability at elevated 

temperatures will arrest creep and show low creep strain (e.g. XLPE), whereas materials with 

low dimensional stability will elongate rapidly and yield (e.g. LDPE) (Figure 7). 

 

 

Figure 7. Creep strain at a constant stress of 1 kPa (equivalent to the weight of samples with 

dimensions 20 mm x 5 mm x 1.3 mm) at 120 C of LDPE (grey) and XLPE (black) as a function 

time; inset: schematic of the creep measurement indicating the direction of applied stress. 
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5.2.2.3. Indentation tests 

 With the emergence of thermoplastic (i.e. not crosslinked) alternatives, another 

type of measurement known as the ‘thermopressure test’ has become more relevant.48 The 

thermopressure test mimics the conditions in the cable by simulating the application of an 

external pressure (eg. a premoulded joint) and assessing the amount of deformation in the 

relevant temperature window.48 Therefore, two types of measurements similar to the earlier-

mentioned DMA measurements and high-temperature creep tests were performed, but with a 

compressional force applied instead of tensile force (Figure 8). These indentation tests were 

conducted using a Thermomechanical Analyser TMA Q400 from TA instruments where force 

is applied by a glass probe fixed above the sample (details in experimental section of paper II). 

 

 

Figure 8. Schematic showing direction of applied tensile stress (left) for experiments done in 

the DMA, and compressional stress (right) used for indentation tests done in the TMA. 
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5.2.3. Electrical conductivity  

 To determine the DC electrical conductivity, sample plates were subjected to an 

electric field of 30 kV mm-1 at 70 °C in a test cell with a three-electrode system setup. The 

power supply was provided by a Glassman FJ40P03 high-voltage power supplier over at least 

18 h, (see experimental section of papers for further details) during which a Keithley 6517B 

electrometer measured the leakage current. DC electrical conductivity values 𝜎𝐷𝐶  of the 

different materials were calculated from the leakage current after a specified number of hours, 

using the equation 𝜎𝐷𝐶 =  
𝐽

𝐸
 , where J is the current density (i.e. leakage current divided by 

surface area of the measuring electrode) and E is the electric field. 

 

5.2.4. Thermal conductivity 

 A Hot Disk 2500 S instrument was used for thermal conductivity measurements, 

which were performed in an oven at 70 °C (see experimental section of paper III for details). 

For each measurement, a flat Kapton sensor, placed between 2 sample plates, supplied heat 

over 5 seconds while simultaneously measuring the temperature on the sensor. The Hot Disk 

software used the change in sensor temperature over time to determine the thermal conductivity 

of each sample.  
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Chapter 6 

Comparison of Reference Materials:                              

LDPE, XLPE, Random Heterophasic PP and Isotactic PP 

 The properties of LDPE, XLPE, iPP and a random heterophasic propylene-

ethylene copolymer (hPP) are presented to give an idea of material properties to aim towards. 

XLPE is the benchmark for thermoset HVDC insulation materials, while hPP demonstrates the 

capabilities of propylene-based thermoplastic alternatives available today. 

 

6.1 Thermomechanical properties 

 DMA measurements show that XLPE, hPP and iPP feature higher storage moduli 

than LDPE at T > 𝑇𝑚
𝐿𝐷𝑃𝐸 up to at least 160 °C (Figure 9). While the rubber modulus of XLPE 

provides a reference point, a direct comparison of the XLPE thermogram with those of 

thermoplastic alternatives may not be the most relevant. For instance, the rubber behaviour of 

XLPE at very high temperatures (e.g. 200 °C) is unnecessary for the application and prohibits 

reprocessing in the melt (the conventional method for mechanical recycling of plastics). 

However, as we strive towards materials that do not deform at elevated temperatures, a higher 

modulus (than XLPE) at temperatures above 𝑇𝑚
𝐿𝐷𝑃𝐸 would be preferable. The DMA 

thermogram of hPP shows a material with lower E’ than iPP at T < 𝑇𝑚
𝐿𝐷𝑃𝐸 and E’ that exceeds 

XLPE at 𝑇𝑚
𝐿𝐷𝑃𝐸 < T < 𝑇𝑚

𝑖𝑃𝑃. 

 Creep tests conducted at 120 °C reveal that XLPE, hPP and iPP effectively arrest 

creep above 𝑇𝑚
𝐿𝐷𝑃𝐸 at 120 °C (Figure 10). These materials show very low creep strain < 5% 

even after 100 minutes, while LDPE elongates rapidly and yields within 10 minutes. Under 

1kPa stress at 120 °C (i.e. between 𝑇𝑚
𝐿𝐷𝑃𝐸  and 𝑇𝑚

𝑖𝑃𝑃), the creep deformation of the materials 



23 

 

correlates with their storage moduli in that temperature window measured by DMA. hPP and 

iPP are even more effective than XLPE at reducing creep strain at temperatures up to their 𝑇𝑚 . 

 

 

Figure 9. Storage modulus E’, measured with DMA as a function of temperature of LDPE 

(grey), XLPE (black), iPP (blue), and hPP (sky blue). 

 

Figure 10. Creep strain at a constant stress of 1 kPa (equivalent to sample weight) at 120 C as 

a function of time, of LDPE (grey), XLPE (black), iPP (blue), and hPP (sky blue); inset: 

schematic of the creep measurement indicating the direction of the applied stress. 
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6.2 Electrical conductivity 

 While LDPE and XLPE feature a low DC electrical conductivity in the magnitude 

of 𝜎𝐷𝐶  ~10-14 S m-1, iPP and hPP exhibit even lower 𝜎𝐷𝐶 values, where iPP exhibits the lowest 

DC electrical conductivity of 𝜎𝐷𝐶  ~1·10-15 S m-1 (Figure 11). 

 

Figure 11. DC electrical conductivity 𝜎𝐷𝐶 of LDPE (grey), XLPE (black), iPP (blue), and hPP 

(sky blue), obtained after 18 h at 70 °C and an electric field of 30 kV mm-1; error bars are based 

on ~10% error estimated based on three measurements on neat LDPE (data from paper I). 
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6.3 Thermal conductivity 

 LDPE and XLPE display a higher thermal conductivity  than iPP and hPP 

(Figure 12). Higher  values are favoured for HVDC insulation materials (see Chapter 3). The 

low  of propylene-based materials constitutes a major disadvantage and motivates the 

iPP:LDPE blends that are studied in this thesis. 

 

Figure 12. Thermal conductivity  of LDPE (grey), XLPE (black), iPP (blue), and hPP (sky 

blue), at 70 °C; error bars are based on the standard deviation calculated from 5 measurements 

of each sample. 
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Chapter 7 

Compatibilisation through Reactive Compounding 

 The first material concepts explored in this thesis are based on the reactive 

compounding of LDPE and iPP via reactive compounding. This involves melt-mixing 

copolymers of LDPE and iPP that form covalent bonds between their respective functional 

groups in-situ, ultimately generating LDPE – iPP type copolymers. 

 

7.1 Byproduct-free chemical crosslinking 

 To eliminate potential byproducts, the branched statistical ethylene-glycidyl 

methacrylate copolymer (p(E-stat-GMA)) and maleic anhydride-grafted polypropylene (iPP-

graft-MA) were selected for reactive compounding. The choice of copolymers was motivated 

by the fact that p(E-stat-GMA) has been used as a reactive compatibiliser for polymer blends106-

108 and for byproduct-free crosslinking of PE-containing blends,105, 109-112 and because iPP-

graft-MA possesses good dielectric properties113, 114 and has been used as a compatibiliser, 

coupling agent, and interface modifier for PP-based materials.115, 116 

 The reaction between p(E-stat-GMA) and iPP-graft-MA involves an initial step 

to activate the succinic anhydride followed by the covalent linking of p(E-stat-GMA) with the 

activated iPP-graft-MA (Figure 13). The first step is moisture-initiated, where water opens the 

succinic acid anhydride ring to form two carboxyl groups. Fourier Transform Infrared (FT-IR) 

spectroscopy of iPP-graft-MA confirms that atmospheric moisture is sufficient for this 

equilibrium reaction between the anhydride and di-acid to occur, evident in the 1781 cm-1 peak 

for the anhydride and the 1718 cm-1 peak for the acid (Figure 14a and 14b).117 Although higher 

temperatures favour the closed anhydride form, there is an appreciable amount of the di-acid 

form at 170 C that is necessary to melt the iPP crystals in iPP-graft-MA (𝑇𝑚
𝑃𝑃 ~ 155 C).   
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Figure 13. (a) Activation of iPP-graft-MA by ring opening through reaction with water leading 

to two carboxyl groups, and (b) a carboxylic acid group reacts with an epoxy group, part of the 

GMA comonomer of p(E-stat-GMA); the second carboxyl group carries a generic R1 group 

because ring opening can occur by reaction with water (R1 = H) but also another carboxyl group 

or a hydroxyl group that is formed through an epoxy ring-opening reaction. 
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 In a second step, the nucleophilic oxygen of the generated carboxyl group attacks 

the electrophilic carbon of the epoxy ring in p(E-stat-GMA). The reaction leads to an ester bond 

between the two copolymers, without releasing any byproducts. This has also been confirmed 

by FT-IR analysis of a binary blend comprising p(E-stat-GMA) and iPP-graft-MA in a ratio of 

4:1 by weight, where epoxy and carboxyl groups would be present in a 1:1 molar ratio if all the 

anhydride rings were open. After annealing the binary blend for 20 minutes at 170 C, reaction 

between the two copolymers is evident by the decrease in height of the 1781 cm-1 anhydride 

peak and the increase in intensity of the 1718 cm-1 acid peak (Figure 14c).  

 As the epoxy-acid reaction proceeds between the two copolymers, acid groups are 

consumed, which shifts the equilibrium towards the opening of more anhydrides. This reduces 

the number of anhydride rings present and increases the concentration of carboxyl groups, as 

observed by FT-IR. The reaction between p(E-stat-GMA) and iPP-graft-MA is further 

evidenced by the consumption of the epoxy group in the binary blend relative to neat p(E-stat-

GMA). This is reflected in the reduced intensity of the peak at 911 cm-1 (which corresponds to 

the C-O deformation of the epoxy ring)118-120 in the binary blend compared to neat p(E-stat-

GMA) (Figure 14d).  
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Figure 14. (a) Transmission FT-IR spectra of iPP-graft-MA at increasing temperatures from 

40 °C to 220 °C, (b) absorbance intensity at 1718 cm-1 for the acid (blue) and 1781 cm-1 for the 

anhydride (orange) plotted against temperature for iPP-graft-MA (filled circles), the binary 

blend (hollow circles), and the binary blend after 20 minutes at 170 °C (hollow star); inset: 

reaction scheme of the reversible conversion between the cyclic anhydride and opened di-acid 

forms of the succinic anhydride grafted onto iPP, where R = iPP chain, (c) transmission FT-IR 

spectra measured near room temperature of p(E-stat-GMA) (grey, solid), iPP-graft-MA (black, 

solid), the binary blend compounded for 5 minutes at 170 °C (blue, solid) and the same binary 

material after annealing at 170 °C for 20 minutes (blue, dashed), and (d) ATR FT-IR spectra of 

the binary blend (blue), p(E-stat-GMA) (grey) and iPP-graft-MA (black), measured at room 

temperature. 
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7.2 The effect of in-situ copolymer formation on thermomechanical properties 

 The cured binary blend exhibited a rubber plateau that was higher than neat LDPE 

and comparable to reference XLPE (Figure 15). However, the binary blend is a thermoset 

(determined by gel content experiments – details in paper I), and E’ remains high even above 

𝑇𝑚
𝑃𝑃~ 155 C. To obtain a thermoplastic blend, a 24:6:70 p(E-stat-GMA):iPP-graft-MA:LDPE 

ternary blend, which contains the same ratio of the copolymers as in the binary blend but also 

a majority phase of 70 wt% LDPE, was prepared. In this ternary blend, the storage modulus 

above 𝑇𝑚
𝐿𝐷𝑃𝐸 (and above 𝑇𝑚

𝑃𝑃) was substantially reduced compared to the 4:1 p(E-stat-

GMA):iPP-graft-MA binary blend, but still substantially above that of neat LDPE. 

 

Figure 15. Storage modulus E’ measured with DMA as a function of temperature of the 4:1 

p(E-stat-GMA):iPP-graft-MA binary blend compounded at 170 C for 5 minutes (blue), the 

24:6:70 p(E-stat-GMA):iPP-graft-MA:LDPE ternary blend compounded at 170 C for 10 

minutes (red), as well as LDPE (black) and XLPE, i.e. LDPE crosslinked with 1 wt% dicumyl 

peroxide (DCP) at 200 C (grey); inset: schematic of the oscillatory DMA measurement 

indicating the direction of the applied stress. 
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 To assess the ternary blend’s ability to resist deformation outside the elastic region 

at temperatures above 𝑇𝑚
𝐿𝐷𝑃𝐸, creep measurements were carried out (Figure 16). When 

subjected to a constant stress of 1 kPa above 𝑇𝑚
𝐿𝐷𝑃𝐸  at 120 °C, neat LDPE yielded within 10 

minutes. In contrast, the ternary material displayed strongly reduced creep above 𝑇𝑚
𝐿𝐷𝑃𝐸  at 

120 °C and 130 °C, exhibiting creep strain of not more than 30% even after 100 minutes. The 

creep resistance demonstrated by the ternary blend can be attributed to the reaction between 

p(E-stat-GMA) and iPP-graft-MA which not only introduces crosslinks, but also effectively 

reduces the degree of phase separation in the blend (Figure 17). This allows iPP crystals to 

provide the thermomechanical reinforcement necessary to resist creep at 𝑇𝑚
𝐿𝐷𝑃𝐸 < T < 𝑇𝑚

𝑃𝑃. 

However, above this temperature window, eg. at 170 °C, this reinforcement is lost and the 

ternary blend displays a high creep strain approaching 120 % after 100 minutes. This suggests 

that the ternary blend can be reprocessed and was confirmed when the re-extruded ternary blend 

maintained a creep strain below 30 % after 100 minutes at 120 °C. The creep resistance 

demonstrated by the ternary blend even after re-extrusion reflects the material’s potential for 

recyclability by remelting. 
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Figure 16. Creep strain at a constant stress of 1 kPa (equivalent to the sample weight) at 120 C 

(black), 130 C (purple) and 170 C (red), of the 24:6:70 p(E-stat-GMA):iPP-graft-MA:LDPE 

ternary blend compounded at 170 °C for 10 minutes (filled circles), and at 120 °C for the ternary 

blend after a second compounding step at 170 °C for 5 minutes (black, hollow circles) and neat 

LDPE (black, dashed line); inset: schematic of the creep measurement indicating the direction 

of the applied stress. 

 

 

 

Figure 17. SEM images of cryofractured, etched and sputtered surfaces of (a) the 4:1 

LDPE:iPP blend, (b) the 4:1 p(E-stat-GMA):iPP-graft-MA binary blend, and (c) the 24:6:70 

p(E-stat-GMA):iPP-graft-MA:LDPE ternary blend (scale bar = 5 µm). 
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7.3 DC electrical conductivity 

 In terms of electrical properties, the DC electrical conductivity measured at 70 C 

and electric field of 30 kV mm-1 after 18 h, was 𝜎𝐷𝐶  410-14 S m-1 for the ternary blend 

(Table 1), comparable to 𝜎𝐷𝐶 of XLPE despite the presence of polar groups in the copolymers. 

material 
𝜎𝐷𝐶  after 18 h at 70 C and 30 kV/mm* 

(10-14 S m-1) 

LDPE 3 (± 0.3) 

XLPE 4 (± 0.4) 

ternary blend 4 (± 0.4) 

Table 1. DC electrical conductivity at 70 C and an electric field of 30 kV mm-1 after 18 h, 𝜎𝐷𝐶, 

of LDPE, XLPE, the 4:1 p(E-stat-GMA):iPP-graft-MA binary blend and the 24:6:70 p(E-stat-

GMA):iPP-graft-MA:LDPE ternary blend compounded at 170 C; error of 𝜎𝐷𝐶 are based on 

values measured for three neat LDPE samples. DC electrical conductivity measurements were 

done by Amir Masoud Pourrahimi (Chalmers) 

 

7.4 Challenges 

 While the behaviour of the here described ternary blend is promising, the reaction 

mechanism used for in-situ copolymer formation involves water. Changes in atmospheric 

humidity with the seasons can affect the reproducibility of the ternary blend’s 

thermomechanical performance. This can be remedied by adding water to the system, but a 

better solution would be a humidity control chamber, which would allow to control the 

equilibrium of the reaction mechanism involved and hence material properties. However, 

reaction mechanisms that are less reversible and do not involve moisture are more practical. 

These will elevate the potential of reactive compounding of LDPE and iPP as a means of 

preparing thermoplastic insulation materials for high voltage cable insulation. 
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Chapter 8 

Ternary Blends Comprising LDPE, Isotactic PP                 

and a Styrenic Copolymer 

 The properties of blends can be affected by a wide range of factors, including 

blend composition, compounding temperature, compounding time, mixing speed and 

processing conditions after compounding. With the complexities associated with compounding, 

the blending of unfunctionalised polyolefins reduces the number of factors to consider by 

eliminating variables associated with the chemical reaction mechanisms involved in reactive 

compounding. In this chapter, the properties of iPP:LDPE blends processed under comparable 

conditions but with different compositions are studied to investigate how the addition of 

styrenic block copolymers affects the properties of these blends. 

 

8.1 Screening styrenic block copolymers as potential compatibilisers for iPP:LDPE blends 

 The linear triblock copolymer polystyrene-b-poly(ethylene-co-butylene)-b-

polystyrene (SEBS) is widely used as an impact modifier for PP121, 122 and as a compatibiliser 

for various polymer blends, including those of PP and linear polyethylenes like HDPE and 

LLDPE.123, 124 However, little research has been done on the compatibilisation of iPP and LDPE 

with SEBS. Hence, a range of different styrene-based block copolymers (Table 2) were 

screened for their ability to increase the stiffness at 𝑇𝑚
𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚

𝑃𝑃 compared to the 25:75 

iPP:LDPE binary blend, which features a low E’~ 2·104  Pa at 150 °C (Figure 18). 16 styrene-

based block copolymers were screened that varied in terms of melt flow index, styrene block 

length, chemical composition of the middle block (i.e. ethylene-butylene, isoprene, butadiene, 

or ethylene-propylene, and one grade grafted with maleic anhydride), composition of diblock 

copolymers, and degree of branching.   



35 

 

 

Figure 18. Storage modulus E’ measured with DMA as a function of temperature of XLPE 

(black, bold dashed line), 25:75 iPP:LDPE binary blend (grey, bold solid line), and 5:95 

additive:(PP:LDPE)25:75 ternary blends with 16 different styrene-based block copolymers 

(black, solid lines) – curves highlighted in colour contain SEBSA (blue, bold solid line) and 

SEBSB (magenta (or violet in print version), bold solid line) as additives. 

 

 While it was not possible to establish any correlation between the characteristics 

of the different copolymers tested and the compatibilisation potential of the copolymers (and 

microstructure of the blends), it is clear that incorporating these copolymers increased the height 

of the rubber plateau of the ternary blends compared to the 25:75 iPP:LDPE binary blend, to 

varying degrees. In this thesis, focus will be placed on blends that incorporate two grades of 

SEBS – SEBSA and SEBSB. The ternary blend with SEBSA features a rubber plateau well above 

that of the 25:75 iPP:LDPE binary blend, matching that of reference XLPE up to almost 150 °C. 

This led to initial investigations (paper II) on 25:75 iPP:LDPE blends with SEBSA. This was 

followed by more in-depth studies on blends with SEBSB (tested at a later stage of the project), 

since DMA measurements suggest SEBSB to be the most effective of the screened copolymers 

at enhancing the stiffness of the 25:75 iPP:LDPE binary blend at 𝑇𝑚
𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚

𝑃𝑃. 

50 100 150 200
103

104

105

106

107

108

 XLPE

 25:75 iPP:LDPE

 5 wt% SEBSA

 5 wt% SEBSB

 5 wt% other styrene-based block copolymer

E
' (

P
a
)

temperature (°C)



36 

 

Label Supplier 
Type of 

copolymer 

Styrene 

content 

(%) 

Melt flow index 

(g/10 min) 
Other comments 

G1645MO KRATON SEBS 11.5 - 13.5 
2 - 4.5  

(230 °C, 2.16 kg) 
SEBSA 

G1642HU KRATON SEBS 18.5 - 22.5 <1 (230 °C, 2.16 kg) SEBSB 

A1535HU KRATON SEBS 56.3 - 60.3 <1 (230 °C, 5 kg) - 

G1726VS KRATON SEBS 30.0 - 32.0 
15.0 - 23.0  

(190 °C, 2.16 kg) 
- 

G1640ES KRATON SEBS 30.7 - 32.7 not provided  - 
 

MD6684GS KRATON SEBS 32.9 20 (230 °C, 2.16 kg) 
grafted with 1% 

maleic anhydride 

 

G1702HU KRATON SEPS 26.2 - 29.0 <1 (230 °C, 5 kg) - 
 

G1730VO KRATON SEPS 18.5 - 22.5 11.2 (230 °C, 5 kg) - 
 

P5051 Tuftec SEBS 47  4 (190 °C, 2.16 kg) - 
 

P1083 Tuftec SEBS  20  3 (190 °C, 2.16 kg) - 
 

SBS 1 Sigma Aldrich SBS 28 not provided - 
 

SBS 2 Sigma Aldrich SBS 30 not provided Mw = 140 kg mol-1 
 

SBS 3 Sigma Aldrich SBS 30 not provided contains 80% diblock 
 

SBS 4 Sigma Aldrich SBS 21 not provided branched 
 

SBS 5 Sigma Aldrich SBS 30 not provided branched 
 

SIS Sigma Aldrich SIS 22 not provided - 
 

Table 2. Supplier, styrenic copolymer midblock (ethylene-butylene in SEBS, ethylene-

propylene in SEPS, butadiene in SBS, and isoprene in SIS), styrene content and melt flow 

index of styrenic copolymers tested as compatibilisers for the 25:75 iPP:LDPE binary blend. 
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8.2 Effect of SEBS on iPP:LDPE blends 

8.2.1 Thermomechanical properties  

 In case of the SEBSA:iPP:LDPE ternary blends, the incorporation of either 5 or 

10 wt% of SEBSA increased E’ at 𝑇𝑚
𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚

𝑃𝑃 to a similar extent relative to the 25:75 

iPP:LDPE binary blend (Figure 19a). In addition to the heightened E’ in this temperature 

window measured by DMA in tensile mode, the 10:90 SEBSA:(iPP:LDPE)25:75 ternary blend 

also demonstrated improved resistance to deformation under compressional stress (measured 

with the TMA) relative to the binary blend when heated above 𝑇𝑚
𝐿𝐷𝑃𝐸 (Figure 19c). This is 

reflected in the reduced penetration depth of the measurement probe in case of the ternary blend 

as compared to the binary blend at 110 C < 𝑇 < 150 C.  

 Apart from DMA experiments, the SEBSA:(iPP:LDPE)25:75 ternary blend was also 

subjected to a constant stress at elevated temperatures where the deformation of the material 

was measured as a function of time. At 130 C, this ternary blend demonstrated significantly 

less deformation than the binary blend in these creep tests, both when subjected to tensile stress 

(Figure 19b) and when subjected to compressional stress (Figure 19d). The creep strain of 6% 

demonstrated by the ternary blend after 100 minutes in the tensile creep experiment was 

comparable to the creep strain of 4% exhibited by XLPE. In the compressional creep 

experiment, the ternary blend displayed greater resistance to deformation than XLPE.  
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Figure 19. (a) Storage modulus E’ from DMA of the 25:75 iPP:LDPE binary blend (orange), 

and ternary blends 5:95 SEBSA:(iPP:LDPE)25:75 (sky blue) and 10:90 SEBSA:(iPP:LDPE)25:75 

(blue); (b) creep strain at a constant stress of 1 kPa (equivalent to the sample weight) of the 

binary blend (orange), the 10:90 SEBSA:(iPP:LDPE)25:75 ternary blend (blue) and XLPE (grey) 

at 130 C as a function of time; (c) penetration depth measured as a function of temperature 

from indentation measurements of anisotropic samples of the 25:75 iPP:LDPE binary (orange) 

and the 10:90 SEBSA:(iPP:LDPE)25:75 ternary blend (blue); and (d) indentation creep strain of 

the 25:75 iPP:LDPE binary blend (orange), the 10:90 SEBSA:(iPP:LDPE)25:75 ternary blend 

(blue) and XLPE (grey) at 130 C and under 10 kPa stress, as a function of time. 
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 The promising thermomechanical properties demonstrated by the 10:90 

SEBSA:(iPP:LDPE)25:75 ternary blend led to further investigations on SEBS:iPP:LDPE systems 

using SEBSB, which gave rise to ternary blends with an even higher stiffness than the SEBSA-

based blends.. SEBSB, iPP, LDPE and their blends, which spanned a wide range of 

compositions, were characterised to better understand the SEBS:iPP:LDPE system.  

 Since the interactions among the different polymers in a blend can influence 

material properties, binary blends of iPP:LDPE, iPP:SEBSB and LDPE:SEBSB were first 

characterised with DSC. 𝑇𝑚
𝐿𝐷𝑃𝐸  and 𝑇𝑚

𝑃𝑃 of iPP:LDPE blends, and 𝑇𝑚
𝑃𝑃 of iPP:SEBSB binary 

blends obtained from first heating DSC thermograms, were observed to remain fairly constant 

as a function of iPP content (Figure 20). The endothermic peaks corresponding to 𝑇𝑔
𝑃𝑆 in SEBSB 

and/or 𝑇𝑚
𝐿𝐷𝑃𝐸 in LDPE:SEBSB binary blends also showed little change with blend composition. 

These observations reflect the immiscible nature of the three polymers. 

 SEM micrographs were also taken of cryofractured, etched and sputtered samples 

of the binary blends 20:80 iPP:LDPE, 20:80 SEBSB:LDPE, 20:80 SEBSB:iPP and 80:20 

SEBSB:iPP (Figure 21). For the SEBSB-containing samples (Figures 21b-d), the dark regions 

correspond to SEBSB since it is amorphous as has been shown in wide-angle X-ray scattering 

(WAXS) measurements (Figure 22) and is therefore removed during the etching process prior 

to imaging. These SEM micrographs show that LDPE, iPP and SEBSB strongly phase separate 

in the binary blends. Interestingly, in contrast to the large domains in the 20:80 iPP:LDPE and 

20:80 SEBSB:LDPE binary blends, much smaller domains are observed in the 20:80 SEBSB:iPP 

and 80:20 SEBSB:iPP blends. This suggests better compatibility between SEBSB and iPP 

compared to the other polymer pairs. 
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Figure 20. Peak melting temperature of iPP 𝑇𝑚
𝑃𝑃 as a function of iPP content (wt%) for the 

iPP:SEBSB (green circles) and iPP:LDPE (black circles) binary blends, and neat iPP (dark grey 

star); and the peak melting temperature of LDPE 𝑇𝑚
𝐿𝐷𝑃𝐸of iPP:LDPE binary blends (black 

squares), neat LDPE (light grey star), and the 80:20 LDPE:SEBSB binary blend (orange square), 

based on first heating DSC thermograms. 

 

 

Figure 21. SEM images of cryofractured, etched and sputtered surfaces of the binary blends 

(a) 20:80 iPP:LDPE, (b) 20:80 SEBSB:LDPE, (c) 20:80 SEBSB:iPP and (d) 80:20 SEBSB:iPP 

(scale bar = 2 µm). 
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Figure 22. WAXS diffractograms of neat iPP (black), neat LDPE (grey), and neat SEBSB (red), 

where the broad peak featured in SEBSB reflects the amorphous nature of SEBSB. WAXS 

measurements were done by Anja Lund and Ida Östergren (Chalmers) 

 

 The varying degrees of compatibility among SEBSB, iPP and LDPE influence the 

microstructures of the SEBSB:iPP:LDPE ternary blends. 5:95 SEBSB:(iPP:LDPE) ternary 

blends with iPP:LDPE ratios of 20:80, 25:75, 40:60 and 60:40 feature two main regions – one 

comprising neat LDPE and another comprising both iPP and SEBSB (Figure 23). In these 

blends, SEBSB assembles within the iPP-SEBSB regions as small sub-domains (which is etched 

out, leaving dark ‘holes’), and sometimes at the interface between iPP and LDPE (see paper 

II). The resulting salami-like microstructure can be attributed to the preferential interaction 

between iPP and SEBSB since they have better compatibility compared to the other polymer 

pairs in the ternary blend. However, there are no significant changes between the binary and 

ternary blends (at each iPP:LDPE composition ratio with constant SEBSB content of 5 wt%) in 

terms of domain sizes and the distribution of the domains that would be expected from a 

conventional compatibiliser (Figure 23). 

 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

in
te

n
s
it
y
 (

-)

q (Å-1)

LDPE

iPP

SEBSB



42 

 

 

Figure 23. SEM images of cryofractured, etched and sputtered surfaces of iPP:LDPE binary 

blends with iPP:LDPE ratios of: (a) 20:80, (b) 25:75 (c) 40:60 and (d) 60:40, and the 5:95 

SEBSB:(iPP:LDPE) ternary blends with iPP:LDPE ratios of: (e) 20:80, (f) 25:75 (g) 40:60 and 

(h) 60:40 (scale bar = 5 µm).  

 

 Nevertheless, DMA measurements of neat LDPE, neat iPP, iPP:LDPE binary 

blends, and 5:95 SEBSB:(iPP:LDPE) ternary blends reveal that the incorporation of 5 wt% 

SEBSB lowers the iPP content required to significantly increase E’ at 150 C (compared to neat 

LDPE) from 40 wt% to 24 wt% (Figure 24). This widens the range of compositions at which 

the 5:95 SEBSB:(iPP:LDPE) ternary blends exhibit an increase in E’ at 150 C. This is despite 

the slight lowering of E’ at 150 C for ternary blends with high iPP content (at least 40 wt% 

iPP) in the presence of SEBSB since these blends feature continuous iPP or iPP:SEBSB regions 

(Figure 23). 

a) b) c) d)

e) f) g) h)
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Figure 24. Storage modulus E’ measured at 150 °C with DMA as a function of iPP content of 

LDPE, iPP, iPP:LDPE binary blends (black circles), and the corresponding materials with 5 

wt% SEBS (red circles); solid lines are a guide to the eye.  

 

 To further understand how SEBSB affects the thermomechanical properties of the 

SEBSB:iPP:LDPE ternary blends, more SEM and DMA measurements were conducted. Here, 

the iPP content of the ternary blends was kept constant while the SEBSB content was varied. 

SEM images of 24:76 iPP:(SEBSB:LDPE) ternary blends show that increasing the SEBSB 

content from 5 wt% to 30 wt% (while keeping the iPP content constant at 24 wt%) resulted in 

coalescence and increasing volume of the iPP:SEBSB regions (Figure 25). This can be expected 

since SEBSB forms coalesced domains in the 20:80 SEBSB:LDPE binary blend, and the volume 

fraction of LDPE decreases as SEBSB content increases in the SEBSB:iPP:LDPE ternary blends 

when the iPP content is kept constant. 
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Figure 25. SEM images of cryofractured, etched and sputtered surfaces of 24:76 

iPP:(SEBSB:LDPE) ternary blends with SEBSB content: (a) 5 wt%, (b) 10 wt% (c) 20 wt% and 

(d) 30 wt% (scale bar = 2 µm).  

 

 DMA thermograms show that increasing the SEBSB content in 24:76 

iPP:(SEBSB:LDPE) ternary blends heightens E’ at 𝑇𝑚
𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚

𝑃𝑃 (Figure 26). Although an 

increase in SEBSB content (and a corresponding decrease in LDPE content) results in a greater 

volume fraction of the iPP:SEBSB region, the 24:76 iPP:(SEBSB:LDPE) ternary blends 

containing up to 30 wt% SEBSB do not show continuity of the iPP:SEBSB regions (cf. 

iPP:LDPE binary blends where a heightened rubber modulus was only observed at the onset of 

continuity of the iPP phase). Yet, these blends still featured an increased stiffness at 𝑇𝑚
𝐿𝐷𝑃𝐸 <

𝑇 < 𝑇𝑚
𝑃𝑃 as the SEBSB content was increased from 0 wt% to 30 wt%. 

 

a) b) c) d)
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Figure 26. Storage modulus E’ as a function of temperature from DMA of the 25:75 iPP:LDPE 

binary blend (black), the ternary blends 24:76 iPP:(SEBSB:LDPE) (different shades of 

red/orange) and the 24:76 SEBSB:LDPE binary blend (yellow).  

  

 To further investigate how SEBSB increases E’ of SEBSB:iPP:LDPE ternary 

blends at 𝑇𝑚
𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚

𝑃𝑃, DMA thermograms of iPP:SEBSB and LDPE:SEBSB binary 

blends with increasing amounts of SEBSB were obtained (Figure 27). iPP:SEBSB binary blends 

feature an increase in E’ at temperatures even above 𝑇𝑚
𝑃𝑃 as the amount of SEBSB increases 

(Figure 27a). This is in contrast to neat iPP which features a drastic drop in E’ upon reaching 

𝑇𝑚
𝑃𝑃 that resulted in the sample yielding at ~180 °C, suggesting that SEBSB provides some 

degree of added stiffness above 𝑇𝑚
𝑃𝑃 in SEBSB -containing blends.  
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Figure 27. Storage modulus E’ as a function of temperature from DMA of (a) neat iPP (darkest 

green) and iPP:SEBSB binary blends of varying compositions (shades of green), and (b) neat 

LDPE (black) and LDPE:SEBSB binary blends of varying compositions (shades of brown).  

*SEBSB not measured due to difficulty with compounding of neat SEBSB. Refer to supporting 

information in paper III for shear storage modulus G’ of SEBSB measured as a function of 

temperature, measured by oscillatory shear rheology.  
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 The enhanced high temperature stiffness provided by SEBSB is also observed in 

LDPE:SEBSB binary blends (Figure 27b). By incorporating 80 wt% SEBSB, E’ at 120 - 200 °C 

of the 20:80 LDPE:SEBSB binary blend greatly increased relative to neat LDPE. This binary 

blend featured E’ ~ 3·105 Pa and 1·105 Pa at 150 °C and 200 °C respectively, which is about 

one order of magnitude above E’ of LDPE at these temperatures. To rule out chemical 

crosslinking due to degradation of the polymers, oscillatory shear rheometry of neat LDPE, iPP 

and SEBSB was carried out at the compounding temperature of 180 °C, which showed no 

change in shear storage modulus G’ for 30 minutes (Figure 28). Although the stiffness-

enhancing effect of SEBSB above 𝑇𝑚
𝐿𝐷𝑃𝐸 is not yet fully understood, it is clear that the iPP 

dispersion in SEBSB:iPP:LDPE ternary blends cannot be the sole consideration when 

rationalising the  heightened E’ at 𝑇𝑚
𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚

𝑃𝑃 for SEBSB:iPP:LDPE ternary blends 

(below the percolation threshold of the iPP-SEBSB regions) relative to the corresponding 

iPP:LDPE binary blends. 

 

 

Figure 28. Storage modulus G’ measured by shear rheometry at 180 °C as a function of time 

of neat LDPE (black), neat iPP (blue) and neat SEBSB (yellow). 
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 In addition to increased E’ above 𝑇𝑚
𝐿𝐷𝑃𝐸 for SEBSB:iPP:LDPE blends below the 

percolation threshold of the iPP-SEBSB regions, incorporating SEBSB also lowers E’ below 

𝑇𝑚
𝐿𝐷𝑃𝐸 in these blends compared to the corresponding blends without SEBSB (Figures 26, 27, 

29). This lowering of E’ below 𝑇𝑚
𝐿𝐷𝑃𝐸 is important for blends with high iPP content because 

excessive stiffness at low temperatures is undesirable for cable applications. The effect of 

SEBSB on the stiffness of SEBSB:iPP:LDPE ternary blends, also visualised in contour plots of 

E’ at 150 °C and 50 °C for the SEBSB:iPP:LDPE ternary system (Figure 29), widens the range 

of compositions at which the blends demonstrate both enhanced stiffness at 𝑇𝑚
𝐿𝐷𝑃𝐸 < 𝑇 < 𝑇𝑚

𝑃𝑃 

and enhanced flexibility at lower temperatures.  This may facilitate the tailoring of such 

materials for use as HVDC cable insulation (Chapter 3). 

 

Figure 29. Ternary contour plots showing the storage moduli E’ of the SEBSB:iPP:LDPE 

ternary system at (a) 150 °C and (b)  50 °C. 

 Another advantage of adding SEBSB to iPP:LDPE blends is increased robustness 

against slight changes in processing conditions. This was observed in case of the 5:95 

SEBSB:(iPP:LDPE)40:60 ternary blend, which showed significantly less variation in E’ at 150 °C 

than the 40:60 iPP:LDPE binary blend when subjected to different compounding times of 5 to 

15 minutes (Figure 30a). A feasible explanation for this could be microstructure stabilisation in 

the presence of SEBSB in the SEBSB:(iPP:LDPE)40:60 ternary blend (Figure 30b). 
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Figure 30. (a) Left: Storage modulus E’ measured with DMA as a function of temperature of 

the 40:60 iPP:LDPE binary blends (grey) and the corresponding 5:95 SEBSB:(iPP:LDPE)40:60 

ternary blends (red). Solid, dashed and dotted lines correspond to compounding times of 5, 10, 

and 15 minutes respectively; right: box plots of E’ at 150 °C of the 40:60 iPP:LDPE binary 

blends (grey) and the corresponding 5:95 SEBSB:(iPP:LDPE)40:60 ternary blends (red) at 

different compounding times, where the box corresponds to the interquartile range, the line in 

each box reflects the median, the filled circle represents the mean, and the whiskers show the 

1.5 interquartile range (right); (b) SEM micrographs of the cryofractured, etched and sputtered 

surfaces of 40:60 iPP:LDPE binary blend (top) and the 5:95 SEBSB:(iPP:LDPE)40:60 ternary 

blend (bottom) after compounding for 5, 10 and 15 minutes (scale bar = 10 µm).  
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8.2.2 DC electrical conductivity  

 The neat iPP grade used in this thesis features a low DC electrical 

conductivity 𝜎𝐷𝐶 ~ 110-15 S m-1 measured at 70 C and 30 kV mm-1 (Figure 31a). The presence 

of iPP reduces 𝜎𝐷𝐶 relative to neat LDPE in case of the iPP:LDPE binary blends and the 5:95 

SEBSB:(iPP:LDPE) ternary blends. In fact, incorporating as little as 10 wt% iPP greatly 

suppressed 𝜎𝐷𝐶 from 310-14 S m-1 for neat LDPE to 𝜎𝐷𝐶 ~ 410-15 S m-1 for the 10:90 iPP:LDPE 

binary blend. Increasing iPP content beyond 10 wt% further reduced 𝜎𝐷𝐶, but to a lesser degree 

than the drop in 𝜎𝐷𝐶 exhibited by the 10:90 iPP:LDPE binary blend compared to neat LDPE. 

 In terms of how SEBSB affects 𝜎𝐷𝐶, a comparison between 𝜎𝐷𝐶 of the iPP:LDPE 

binary blends and the 5:95 SEBSB:(iPP:LDPE) ternary blends shows little influence of 5 wt% 

SEBSB on 𝜎𝐷𝐶. The DC electrical conductivity measured for neat SEBSB 𝜎𝐷𝐶 ~ 110-14 S m-1, 

which is slightly lower than 𝜎𝐷𝐶 ~ 310-14 S m-1 for neat LDPE, also suggests that adding SEBSB 

should at the very least not be detrimental to the 𝜎𝐷𝐶 of the SEBSB:(iPP:LDPE) ternary blends. 

 

8.2.3 Thermal conductivity 

 The thermal conductivity 𝜅 at 70 °C of the iPP:LDPE binary blends and the 5:95 

SEBSB:(iPP:LDPE) ternary blends decreases with increasing iPP content (Figure 31b). This is 

due to the relatively low 𝜅 ~ 0.26 W m-1K-1 measured for neat iPP compared to neat LDPE, 

which exhibits a 𝜅  ~  0.36 W m-1 K-1. Although neat SEBSB displays a substantially lower 𝜅 ~ 

0.19 W m-1 K-1, data from the 5:95 SEBSB:(iPP:LDPE) ternary blends and the 30:70 

SEBSB:(iPP:LDPE)54:46 ternary blend suggest that sufficiently high thermal conductivity values 

can still be maintained in SEBSB:(iPP:LDPE) ternary blends when the amount of SEBSB is 

sufficiently low, preferably less than 30 wt%. These measurements indicate that from a thermal 

conductivity perspective, SEBSB:(iPP:LDPE) blends that incorporate less iPP and SEBSB will 

be more suitable for high voltage cable insulation applications (Chapter 3). 
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Figure 31. (a) DC electrical conductivity 𝜎𝐷𝐶 at 70 °C and 30 kV mm-1, and (b) thermal 

conductivity 𝜅 at 70 °C, plotted as a function of iPP content of LDPE, iPP, iPP:LDPE binary 

blends (black), 5:95 SEBSB:(iPP:LDPE) ternary blends (red), SEBSB (yellow star), XLPE (grey 

star) and the 30:70 SEBSB:(iPP:LDPE)54:46 ternary blend (pink (or violet in print version), 

figure 31b only). 10% error is estimated for σDC based on measurements of three LDPE 

samples; error bars for κ correspond to the standard deviation from 5 measurements per sample; 

a solid line is added to each figure to guide the eye. DC electrical conductivity measurements 

were done by Amir Masoud Pourrahimi (Chalmers) 
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Chapter 9 

Reducing DC Electrical Conductivity                                 

with Metal Oxide Nanoparticles 

 SEBSB:iPP:LDPE ternary blends containing Al2O3 nanoparticles surface-

modified with n-octyltriethoxysilane were studied to investigate the effectiveness of these 

nanoparticles in reducing the DC electrical conductivity of SEBSB:iPP:LDPE ternary blends. 

The nanocomposites in this study were prepared using a masterbatch of LDPE with 3 wt% of 

the surface-modified Al2O3 nanoparticles provided by Fritjof Nilsson, KTH (see experimental 

details in paper IV). 

 The ternary blend with a composition of 20:38:42 SEBSB:iPP:LDPE was selected 

for this study because it features continuous iPP:SEBSB regions (Figure 33b) and exhibits a 

high E’ ~ 15·106  Pa at 150 °C that is well above that of XLPE (E’ ~ 0.4·106  Pa at 150 °C). This 

blend also displays E’ ~ 33·107 at 50 °C (Table 3), and hence, is substantially less stiff (at lower 

temperatures like 50 °C) than iPP (E’ ~ 92·107 Pa at 50 °C) and similar to the thermoplastic 

reference hPP (E’ ~ 24·107 at 50 °C) (Figure 9). The incorporation of 1.3 wt% Al2O3 

nanoparticles, which reside primarily in the LDPE phase (Figure 33), had a negligible effect on 

the blend stiffness, displaying E’ ~ 19·106 Pa at 150 °C and E’ ~ 34·107 at 50 °C (Table 3). 

 A 𝜎𝐷𝐶-reducing effect by the Al2O3 nanoparticles was observed in both LDPE and 

the SEBSB:iPP:LDPE ternary blend (Table 3). After 18 h at 70 C and 30 kV mm-1, the LDPE 

nanocomposite yielded 𝜎𝐷𝐶 ~ 11·10-15 S m-1, which is about a four-fold reduction from 𝜎𝐷𝐶 ~ 

43·10-15 S m-1 of neat LDPE. For the ternary blend, 𝜎𝐷𝐶 was slightly reduced from 4.3·10-15 

S m-1 in the ternary blend to 2.9·10-15 S m-1 for the ternary blend nanocomposite. This 𝜎𝐷𝐶-

reduction is less prominent compared to that observed in the LDPE nanocomposite because it 

contains a relatively high amount of the highly insulating iPP. Both iPP and the Al2O3 
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nanoparticles reduce 𝜎𝐷𝐶 of LDPE, and are able to do so in a synergistic manner, evidenced by 

the fact that the ternary blend nanocomposite showed the lowest 𝜎𝐷𝐶 compared to the LDPE 

nanocomposite (iPP absent) and the ternary blend (Al2O3 nanoparticles absent). 

 SEBSB 

(wt%) 

iPP 

(wt%) 

LDPE 

(wt%) 

Al2O3  

(wt%) 

𝐸′at 50 °C  

(107 MPa) 

𝐸′at 150 °C  

(106 Pa) 

𝜎𝐷𝐶  

(10-15 S m-1) 

LDPE - - 100 - 20 n.a. 43 (± 4.3) 

LDPE nanocomposite - - 98.7 1.3 21 n.a. 11 (± 0.1) 

iPP - 100 - - 92 220 1 (± 0.1) 

SEBSB 100 - - - 0.5 2a 10 (± 1) 

Ternary blend 20 38 42 - 33 15 4 (± 0.4) 

Ternary nanocomposite 20 38 40.7 1.3 34 19 3 (± 0.3) 

XLPE - - 100 - 9 0.4 40 (± 4) 

Table 3. Composition of the investigated formulations, their 𝐸′ at 50 C and 150 C, and 𝜎𝐷𝐶 

measured at 70 C and 30 kV mm-1 after 18 h. Error in 𝜎𝐷𝐶 is estimated to be 10%, based on a 

comparison of three neat LDPE samples. 𝜎𝐷𝐶 and E’ were measured by Azadeh Soroudi 

(Chalmers) 

 

Figure 33. SEM micrographs of the cryofractured, etched and sputtered surfaces of (a) the 

LDPE nanocomposite, (b) the SEBSB:iPP:LDPE ternary blend, and (c) the 

SEBSB:iPP:LDPE:Al2O3 ternary blend nanocomposite (scale bar = 2 µm). 
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Chapter 10 

Conclusion and Outlook 

 Thermoplastic blends based on LDPE and iPP prepared by reactive compounding 

and blending have been explored in the thesis. Both routes have led to material concepts that 

facilitate the design of insulation materials for high voltage cables.  

 Reactive compounding with iPP-graft-MA and p(E-stat-GMA) was shown to be 

a viable route for compatibilising iPP:LDPE blends. The p(E-stat-GMA):iPP-graft-MA:LDPE 

ternary blend investigated was a thermoplastic material that possessed thermomechanical 

properties superior to neat LDPE despite a relatively low iPP content. This material also 

displayed a low DC electrical conductivity 𝜎𝐷𝐶 comparable to reference XLPE despite the 

presence of polar groups. It would therefore be worth further exploring the reactive 

compounding route for the development of HVDC cable insulation materials, for instance using 

alternative reaction schemes that are less moisture sensitive. Further, reversible crosslinking of 

polymer blends could also be of interest. Crosslinked polymer blends that undergo de-

crosslinking at compounding temperatures (below degradation temperatures) but remain 

crosslinked at cable operation temperatures allow for good thermomechanical properties and 

also reprocessability by melting. Such materials should also be less prone to phase separation 

if the polymers in the blend are highly miscible. Since a low 𝜎𝐷𝐶 was maintained in the p(E-

stat-GMA):iPP-graft-MA:LDPE ternary blend described in the thesis, it may be possible to 

obtain a low 𝜎𝐷𝐶 for reversibly crosslinked materials. 
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 The compounding of iPP and LDPE with SEBS led to thermoplastic ternary 

blends where blend compositions could be tailored to achieve an appropriate stiffness (both 

below and at cable operation temperatures), robustness against small changes in processing 

conditions, and a low DC electrical conductivity, without inordinately compromising on 

thermal conductivity. It was further demonstrated that additive amounts of surface-modified 

Al2O3 nanoparticles could further reduce 𝜎𝐷𝐶 of these ternary blends without compromising on 

mechanical properties. This introduces another variable that can be tuned to achieve improved 

material performance on all fronts for such formulations. To further increase the potential of 

these blends (with and without Al2O3 nanoparticles), it would be valuable to better understand 

the mechanism behind the increase in E’ and creep resistance above 𝑇𝑚
𝐿𝐷𝑃𝐸 observed in blends 

with SEBS. It would also be useful to have a systematic study on how/whether the styrene 

content, molecular weight, comonomers, molecular architecture and molecular weights of 

styrenic block copolymers affect the different properties of these ternary blends. A deeper 

understanding on how these copolymers affect blend properties will facilitate the attainment of 

materials that are well-suited for high voltage cable insulation applications. 

 Since much larger scales are used in cable production, it is important to investigate 

if the properties of the blends vary when upscaled. Therefore, a SEBSB:iPP:LDPE ternary blend 

was compounded at a scale of 2 kg and characterised. The upscaled SEBSB:iPP:LDPE ternary 

blend demonstrated an E’ that was similar to reference random heterophasic PP (hPP) at 40 °C, 

and exhibited not only E’ greater than hPP above 𝑇𝑚
𝐿𝐷𝑃𝐸 but also a rubber plateau that exists to 

even higher temperatures than hPP (matching iPP) (Figure 34). In other words, this blend 

matches hPP in terms of softness at low temperatures, and compared to hPP is expected to be 

more resistant to mechanical stresses at elevated temperatures and over a wider range of 

temperatures. Furthermore, the ternary blend displays 𝜎𝐷𝐶 ~ 210-15 S m-1 at 70 °C and 30 kV 

mm-1. This is approximately an order of magnitude lower than that of neat LDPE 𝜎𝐷𝐶 ~ 210-14 
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S m-1
, and lower than 𝜎𝐷𝐶 of both references XLPE and hPP (Figure 35a). In fact, 𝜎𝐷𝐶 of the 

ternary blend nearly matches the highly insulating iPP, which features a 𝜎𝐷𝐶 ~ 110-15 S m-1 at 

70 °C and 30 kV mm-1. Furthermore, the ternary blend demonstrates a thermal conductivity  ~ 

0.30 W m-1K-1, which is significantly higher than  ~ 0.24 W m-1K-1 measured for hPP, and 

approaches  ~ 0.33 W m-1K-1 for XLPE (Figure 35b). These results mean that this ternary 

blend may potentially aid the design of cables that can sustain higher voltages and hence 

transmit more electrical power than current HVDC cables. In addition, the DMA curves of the 

blend compounded at 180 °C and 200 °C showed very similar properties when studied with 

DMA, DC electrical conductivity and thermal conductivity measurements, demonstrating the 

robustness of this ternary blend towards small changes in processing conditions. 

 

 

Figure 34. Storage modulus E’ measured with DMA as a function of temperature, of LDPE 

(grey), XLPE (black), iPP (blue), and hPP (sky blue), and the upscaled 20:38:42 

SEBSB:iPP:LDPE ternary blend compounded at 180 °C (orange) and 200 °C (red). 

Compounding of ternary blends was done by Johan Landberg (Research Institutes of Sweden 

(RISE)) using a Coperion ZSK 26 K 10.6 twin screw extruder at RISE. 
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Figure 35. (a) 𝜎𝐷𝐶 obtained after 18 h at 70 °C and an electric field of 30 kV mm-1 (error bars 

are based on ~10% error estimated based on three measurements on neat LDPE (data from 

paper I)), and (b)  at 70 °C (error bars are based on the standard deviation calculated from 5 

measurements of each sample), of LDPE (grey), XLPE (black), iPP (blue), hPP (sky blue), and 

the upscaled 20:38:42 SEBSB:iPP:LDPE ternary blend compounded at 180 °C (orange) and 200 

°C (red). DC conductivity measurements were done by Azadeh Soroudi (Chalmers). 
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 To further test the suitability of the investigated ternary blends for HVDC cable 

insulation, thermopressure tests designed to simulate the conditions experienced by a cable 

insulation material can be conducted to assess the mechanical performance of the material at 

elevated temperatures. DC conductivity measurements at even higher temperatures and further 

electrical characterisation such as breakdown strength should also be carried out. Additionally, 

ageing studies would be valuable for evaluating how prone such materials are to gradual phase 

separation and degradation that can cause deterioration in material properties (eg. mechanical, 

electrical) over time under cable operation conditions. The long-term stability of these materials 

would ultimately also influence their recyclability (by reprocessing in the melt) at the end of 

life of cables. 

 The material concepts described in this thesis show potential for the development 

of novel insulation materials for HVDC cables. From a practical point of view, the introduction 

of thermoplastics for HVDC cable insulation may initially be challenging due to the lack of a 

track record (so far, the success of thermoplastics has only been seen in medium voltage 

alternating current cables, whereas XLPE is a well-established insulation material for HVDC 

cables). Further, production assets have already been extensively developed and optimised for 

XLPE, but the manufacturing of thermoplastic-insulated HVDC cables will require new and/or 

adapted production assets – the time and resources needed for this will not be trivial. However, 

with further investigations, testing and optimisation, the material concepts explored here could 

contribute to a more sustainable future. 
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