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A B S T R A C T   

Among the various requirements that high voltage direct current (HVDC) insulation materials need to satisfy, 
sufficiently low electrical conductivity is one of the most important. The leading commercial HVDC insulation 
material is currently an exceptionally clean cross-linked low-density polyethylene (XLPE). Previous studies have 
reported that the DC-conductivity of low-density polyethylene (LDPE) can be markedly reduced either by 
including a fraction of high-density polyethylene (HDPE) or by adding a small amount of a well dispersed, 
semiconducting nanofiller such as Al2O3 coated with a silane. This study demonstrates that by combining these 
two strategies a synergistic effect can be achieved, resulting in an insulation material with an ultra-low electrical 
conductivity. The addition of both HDPE and C8–Al2O3 nanoparticles to LDPE resulted in ultra-insulating 
nanocomposites with a conductivity around 500 times lower than of the neat LDPE at an electric field of 32 
kV/mm and 60–90 ◦C. The new nanocomposite is thus a promising material regarding the electrical conductivity 
and it can be further optimized since the polyethylene blend and the nanoparticles can be improved 
independently.   

1. Introduction 

The growing global demand for renewable sources of energy in
creases the need for transporting electrical energy over large distances 
with minimal losses [1]. High-voltage direct current (HVDC) trans
mission lines are most efficient [2–4]. Air-insulated electrical overhead 
cables can be used in areas with few inhabitants, but in highly populated 
areas and when traversing oceans, the cables must be surrounded by an 
insulating layer. A high voltage is desired since a doubling of the voltage 
reduces the electrical losses by a factor of four. However, thermal and 
electrical stresses on the insulating material also increase rapidly with 
increasing voltage, which necessitates insulating materials with excel
lent physical properties. A suitable HVDC insulation material should 

have good thermal and mechanical properties as well as excellent 
electrical characteristics – high electrical breakdown strength, low 
dielectric permittivity, low space charge accumulation, low tendency for 
electrical treeing, low electric conductivity – in order to fulfil the 
demanding long-term requirements [2,5]. Among these requirements, 
an exceedingly low electrical conductivity is particularly important 
[6–8]. 

Traditionally, modern commercial extruded HVDC cables are made 
of extruded low-density polyethylene (LDPE), which is cross-linked into 
XLPE to increase its thermomechanical stability [9]. Recent studies have 
revealed that the DC-conductivity of LDPE can be reduced using either of 
two strategies: Firstly, if a small fraction (2–10 wt%) of high-density 
polyethylene (HDPE) is added to the LDPE, the resulting LDPE/HDPE 
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blend has a conductivity nearly one order of magnitude lower than that 
of the pure LDPE [10], with a reduced space charge accumulation [11] 
and an greater thermal stability [12]. Secondly, if a small amount (1–5 
wt%) of inorganic nanoparticles such as Al2O3 [13], MgO [6], ZnO [7,8] 
or SiO2 [14–16] are dispersed in LDPE, the electrical conductivity can be 
reduced by approximately two orders of magnitude. The addition of 
Al2O3 nanoparticles to a polyolefin matrix can also improve other ma
terial properties, including a reduction of the thermal resistivity [17,18], 
the space charge accumulation [19–22] and the dielectric permittivity 
[23,24]. Further, an increase in the dielectric breakdown strength 
[19–21,25], the elastic modulus [26,27], the tensile strength [28] and 
the thermal stability [27] has been reported. 

The underlying mechanisms behind the two strategies for reducing 
the conductivity are still not clear, but several hypotheses have been 
proposed. Well dispersed nanoparticles in a LDPE matrix can attract 
small, charge carrying molecules (e.g. ions, polar molecules etc.) and 
thus have a cleaning action on the polymer, leading to an overall 
reduction of the electrical conductivity [29,30]. On the other hand, the 
conductivity of the nanocomposite is also more sensitive to humidity 
than neat LDPE [29,31–35]. In addition, free electrons and holes can 
become trapped in deep traps close to the nanoparticle surfaces [17,36, 
37], and charge carriers can recombine at the surfaces [38], resulting in 
fewer space charges. Several reviews on nanodielectrics are available [8, 
14,39–44]. 

The addition of a small fraction of HDPE into the LDPE matrix 
changes the crystalline structure of the polymer, resulting in phase- 
separated crystals, an increase in the average thickness of the crystal 
lamellae [10] and improved thermomechanical properties [12,18]. The 
thickening of the crystals influences the amount of crystal bridging 
tie-chains and trapped entanglements [45,46], and this affects the 
charge distribution in the polyethylene [47]. The HDPE crystals may 
thus act as deep electron traps [10]. A further reduction in conductivity 
can be anticipated if the HDPE crystals grow very wide in the LDPE, 
introducing a labyrinth effect that can impede the charge carriers. 
Moreover, a reduction in electrical conductivity can occur if the HDPE 
limits the development of spherulitic structures [48–51]. If both the 
microstructure and the crystal nanostructure are optimized, the elec
trical properties can be significantly improved for polyethylene [48] and 
also for other polyolefin copolymers and blends [52,53]. One further 
advantage of the use of HDPE is that it allows for an increase in the 
thermomechanical properties, thus leading to a system that exhibits 
partial physical crosslinking behaviour without the need of a peroxide 
[12,18]. 

The aim of the present study has been to combine these two suc
cessful strategies in order to see whether a further reduction in con
ductivity can be achieved by adding both HDPE and octyl-coated Al2O3 
nanoparticles to LDPE. If an additive or synergetic effect were observed, 
this would indicate that the conductivity reductions with HDPE and 
nanoparticles are due to two different mechanisms and thus that the 
polymer matrix and the nanoparticles have the potential to be optimized 
independently. 

2. Experimental 

Composites of C8–Al2O3, HDPE and LDPE were manufactured and 
then analysed with transmission electron microscopy (TEM), infrared 
spectroscopy (IR), scanning electron microscopy (SEM), differential 
scanning calorimetry (DSC), dynamic mechanical thermal analysis 
(DMTA) and direct current (DC) electrical conductivity measurements. 
The materials studied contained 3 wt% nanoparticles because this filler 
concentration yields, according to earlier studies [29], a material with 
the lowest electrical conductivity. In order to minimize the number of 
unknowns in the experiments, the composites were not cross-linked, in 
contrast to commercial HVDC polyethylene insulation. 

3. Material preparation 

LDPE (Mw = 117 kg/mol, MW/Mn = 9, branching fraction 1.9 per 
1000 carbons) and HDPE (Mw = 58 kg/mol, Mw/Mn = 6) supplied by 
Borealis, were used as the matrix materials of the nanocomposites. 
Aluminium oxide nanoparticles (Nanodur from Nanophase Inc, CAS 
number 1344-28-01, density 3.97 g/cm3) coated with octyltriethox
ysilane (Sigma-Aldrich, CAS-number 3069-42-9) [13] (C8–Al2O3) were 
used as the filler material. The C8 coating was obtained by dispersing the 
Al2O3 nanoparticles (3.84 g) in water (163.2 mL) and 2-propanol (753.6 
mL) followed by the addition of a 25% ammonia solution (20.4 mL) and 
silane (21.6 mL). The reaction was carried out for 24 h at room tem
perature and the coated particles were washed thrice by centrifugation 
(Rotina 420) at 4500 rpm for 8 min and dispersed in ethanol. The 
cleaned particles were finally dried overnight at 80 ◦C and ground with a 
pestle and mortar into a fine powder [54]. The average diameter of the 
spherical Al2O3 nanoparticles was 50 nm according to TEM [55]. Prior 
to nanocomposite preparation, the nanoparticles were dried for 20 h at 
80 ◦C in a vacuum oven (Vacucell, MMM group). The dried modified 
nanoparticles were dispersed in n-heptane (0.3 mL n-heptane per 1 g 
polymer) and ultrasonicated for 5 min, after which 0.02 wt% antioxi
dant (Irganox 1076, Ciba Speciality Chemicals, CAS number 2082-79-3) 
was added. After the LDPE/HDPE powder had been added to the sus
pension, the slurry was shaken for 1 h with a Vortex Genie 2 shaker 
(Scientific Instruments Inc) and dried overnight at 80 ◦C. After being 
dried, the powder was shaken for another 30 min and then extruded for 
6 min at 150 ◦C and 100 rpm (Micro 5 cc twin screw compounder, Xplore 
instruments). This material was dried overnight at 80 ◦C in a vacuum 
oven. The extruded material intended for DC-conductivity measure
ments was cut into 2–3 mm pellets and compression moulded (TP400 
laboratory press, Fontijne Grotnes BV) to circular films 0.3 mm thick and 
with a diameter of 75 mm diameter, using a force of 200 kN at 150 ◦C for 
10 min followed by cooling (20 ◦C/min) to room temperature. The 
samples were stored in a desiccator between manufacture and 
measurement. 

3.1. Material characterization 

Transmission electron microscopy (TEM) (Hitachi HT7700 TEM) 
was used to confirm that an octyl-silane-coating was present on the 
spherical nanoparticles. Infrared spectroscopy (IR) (PerkinElmer FTIR 
spectrum 100) was used as a complement in order to verify the molec
ular structure of the coated particles. 

Scanning electron microscopy (SEM) (Hitachi S-4800 field emission 
scanning electron microscope) was used to access the nanoparticle 
dispersion in the composite samples and to examine their crystalline 
structures. The fractured samples used for the analyses were obtained by 
cooling 0.3 mm thick samples in liquid nitrogen and then breaking them. 
Prior to the SEM analysis, the samples were etched for 1 h in a solution of 
10 mg KMnO4 in 1 mL acid (10:4:1H2SO4:H3PO4:H2O), in order to reveal 
the crystal structures. The etched samples were washed with water and a 
conductive platinum layer was sputtered onto the samples for 30 s in an 
argon atmosphere using a high-resolution sputter coater (Cressington 
208RH). 

Differential scanning calorimetry (DSC) measurements (Mettler- 
Toledo DSC 1) were used to determine the crystallinity of the materials. 
The DSC scans were from 160 to – 20 ◦C, using a cooling rate of 10 ◦C/ 
min. (First cooled to – 20 ◦C at high speed, then heated to 160 ◦C at 10 
◦C/min, then cooled to – 20 ◦C using a cooling rate of 10 ◦C/min and 
finally heated to 160 ◦C again with a heating rate of 10 ◦C/min) The 
effect of changing the cooling rate from 1 ◦C/min to 40 ◦C/min was also 
examined. The mass crystallinity wc was calculated from the DSC curves 
using the total enthalpy method [56]: 

wc =
Δh

Δh0(T1)
(1) 
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where Δh is the measured melting enthalpy, obtained by integrating the 
melting peak from the onset of melting temperature (T1) to 160 ◦C. T1 is 
the intersection between the DSC curve and the straight line after the 
melting peak. The enthalpy of fusion Δh0 (T1) was computed as: 

Δh0(T1)=Δh0(T0
m) −

∫T
0
m

T1

(cp,a − cp,c)dT (2) 

The equilibrium melting temperature for PE is Tm
0 = 414.6 K [57] and 

the enthalpy of melting for a 100% crystalline PE at Tm
0 is Δh0(Tm

0 ) =
286.7 J/g [58]). The temperature dependent heat capacities for the 
amorphous and crystalline parts of the PE are denoted cp,a and cp,c, 
respectively. With known heat capacities for PE [57], Δh0 (T1) (J/g) can 
(in the range 250 K–414.6 K) be approximated by: 

Δh0(T1)≈ 286.6 − 0.1721 (497+ 3.043 T1 − 0.0238 T2
1 + 0.0000328 T3

1 )

(3) 

Torsional dynamic mechanical thermal analysis (DMTA) was per
formed using an Anton Paar MCR702 TwinDrive (Graz, Austria) 
rheometer operating in the single motor-transducer configuration 
(stress-controlled). A SCF cylindrical sample fixture was used, with the 
temperature being controlled via a CTD450 convection oven. The tem
perature was increased from 30 to 130 ◦C at a rate of 2 ◦C/min while the 
samples were subjected to a 1% strain amplitude at a frequency of 0.8 
Hz. The test samples were prepared directly from extruded strands (3 
mm in diameter) by cutting to a total length of 40 mm, so that the free 
sample length was ca. 26 mm. 

DC-conductivity measurements were performed at 60, 70 and 90 ◦C 
in a measurement cell, placed in a Binder FED 115 oven, where the 
voltage (32 kV/mm) was generated with a FUG HCP 35–12500 gener
ator and the signals were measured using a Keithley 6517B electrometer. 
A stainless-steel high-voltage electrode, equipped with brass sensing (30 
mm in diameter) and guard electrodes, was used. The signals were 
sampled and controlled with Labview. Two measurements at each ma
terial and temperature were typically used to control the repeatability of 
the measurements. A randomized order of the measurements was used 
to reduce the effects of systematic errors. The samples were placed in the 
measurement chamber 1 h before the measurements to ensure that the 
desired temperature was reached. The output from the conductivity 
measurement cell was electrical current I (A). The currents were con
verted to conductivity (S/m) using the equation σ = LI/(Uπr2), where σ 
is the conductivity (in S/m), r = 0.015 m is the radius of the sensing 
electrode, L = 280 ± 7 μm is the thickness of the sample, U = 9000 V is 
the applied voltage and E = U/L = 32 kV/mm is the electric field. The 

conductivity measurements were typically performed during 6 h. 
The conductivity data were analysed with a filtering algorithm 

implemented in Matlab, which reduced the number of data-points by 
averaging the logarithmic conductivities within each desired time in
terval. For some of the nanocomposites, in particularly at 60 ◦C, the 
conductivity was close to the detection limit of the electrometer. At 
these low conductivities, the electrometer occasionally reported nega
tive values of the signals instead of very small positive numbers. In the 
applied filtering protocol, these negative values were removed. As a 
consequence, the lowest measureable electrical conductivity was ca. 
2∙10− 17 S/m and the reported conductivities became upper bound 
values of the true values. 

4. Results and discussion 

Initially the nanoparticle powder was analysed to confirm a suc
cessful coating of the particles. Then the structure and the mechanical 
properties of the nanocomposites were examined to provide support 
towards the interpretation of the electrical data. Finally, the electrical 
conductivity of the nanocomposites was systematically assessed. 

Fig. 1. TEM images of unmodified Al2O3 (left) and C8–Al2O3 (right) nanoparticles.  

Fig. 2. FTIR spectra (arbitrary units) of uncoated Al2O3 and C8–Al2O3 nano
particles. Double measurements were made for the C8–Al2O3 nanoparticles 
(green and blue lines). 
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Fig. 3. SEM images of permanganate-etched 3 wt% C8–Al2O3 nanocomposites with 0 wt% HDPE (left) and 4 wt% HDPE (right).  

Fig. 4. DSC thermograms for LDPE with HDPE percentage from 0% to 100 wt%. (A) Second heating thermograms of LDPE/HDPE blends after cooling at 10 
◦

C/min 
from 160 ◦C. (B) Cooling of the same blends before second heating. (C) Second heating thermograms of nanocomposites with 3 wt% C8–Al2O3 after cooling with 10 
◦

C/min. (D) Second heating at different cooling rates (1–40 
◦

C/min) for a nanocomposite with 4 wt% HDPE and 3 wt% C8–Al2O3. 
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4.1. Morphology of (octyl-coated) aluminium oxide nanoparticles 

TEM micrographs (Fig. 1) showed that the Al2O3 nanoparticles in the 
silanized filler samples were surrounded by thin halos, indicating that 
the coating process had been successful. The visually observed thickness 
of the halo was 3–4 nm, which is somewhat larger than the length of a 
fully extended octyl chain (1.5 nm). The observed halo thickness is 
reasonable for a coating process with reactions involving silanes and 
surface hydroxyls and reactions between different silane molecules and 
is a consequence of using a triethoxy silane in an aqueous medium. The 
uncoated nanoparticles showed no halos. The average nanoparticle 
diameter was 50 ± 25 nm and the most common diameter was some
what lower (40 nm) than the average diameter. A more detailed inves
tigation of the size distribution and the dispersion of these nanoparticles 
in LDPE was previously presented [55]. 

IR revealed a distinct difference in IR-pattern between the coated and 
the uncoated nanoparticles (see Fig. 2). Only the octyl-coated particles 
had (C–H stretch) peaks around 2900 cm− 1, confirming the desired 
presence of an octyl layer coating [59]. Both IR and TEM thus showed 
that the aluminium oxide had been successfully coated with 
n-octyltriethoxysilane. 

4.2. Characterization of LDPE/HDPE/C8–Al2O3 nanocomposites 

SEM revealed the nanoparticle dispersion and the crystal 
morphology in permanganate-etched nanocomposite fracture surfaces 
(Fig. 3). Overall, the nanoparticles in the 3 wt% C8–Al2O3 nano
composites were well dispersed, although small clusters containing 3–6 
nanoparticles were present. The structure changed when 4 wt% HDPE 
was added, resulting in a more heterogeneous crystal morphology 
composed of dominant (HDPE) crystal lamellae blended with subsidiary 
(LDPE) crystal lamellae. The crystals were 5–30 nm in thickness, with 
thick HDPE crystals and thin LDPE crystals. Based on 200 measurements 
on each material, the average crystal width in the nanocomposite with 4 
wt% HDPE was found to be significantly larger (240 ± 160 nm) than that 
in the corresponding material without HDPE (140 ± 100 nm). The 
addition of 3 wt% nanoparticles did not influence the crystal width 
significantly. The spherulite structures in LDPE are known to be effec
tively removed by extrusion [48], typically leading to a reduced elec
trical conductivity, eventually because the remaining spherulite 
boundaries become less effective conductive paths through the material. 

DSC results for the cooling and the second heating of LDPE/HDPE 
blends and LDPE/HDPE/C8–Al2O3 nanocomposites with 3 wt% nano
particles are presented in Fig. 4. Two DSC measurements from − 20 ◦C to 
160 ◦C were performed on each sample. The LDPE gave rise to a single 
broad melting peak at ca. 110 ◦C and the HDPE had a single peak at ca. 
130 ◦C (Fig. 4a). The curves for the LDPE/HDPE blends showed a 
gradual transition from that of LDPE to that of HDPE when the HDPE 
fraction increased, although the blends had two or three melting peaks 
rather than one. The highest and lowest peaks correspond to the melting 
of HDPE and LDPE respectively, whereas the middle peak arises from co- 
crystals and tends to disappear when cooling is too slow. The general 
trend agrees with previous studies [12], although we observed the three 
melting peaks for slightly lower HDPE fractions (2–4 wt%) than previ
ously reported (5–10 wt%). The cooling curves before the second 
heating contained double peaks but not triple peaks (Fig. 4b) and the 
addition of 3 wt% C8–Al2O3 nanoparticles did not change the second 
heating DSC curves to any great extent (Fig. 4c). For the nanocomposite 
with 4 wt% HDPE and 3 wt% C8–Al2O3, the effect of cooling rate in the 
interval from 1 

◦

C/min to 40 
◦

C/min was examined (Fig. 4d). With a low 
cooling rate (1 

◦

C/min), the material was given enough time to phase 
separate, thus eliminating the amount of the co-crystals and the corre
sponding peak from the thermogram [12]. The crystallinities of LDPE 
and HDPE were 49 and 81%, respectively, whereas the crystallinity of 
the blends increased linearly with increasing HDPE fraction between 
these values. The nanoparticles had only a small effect on the 

crystallinity, the maximum change in crystallinity with the addition of 
nanoparticles being only 3%. For the nanocomposite with 4 wt% HDPE 
and 3 wt% C8–Al2O3, all cooling rates between 30 

◦

C/min and 5 
◦

C/min 
resulted in crystallinities between 50% and 52%. A faster cooling (40 
◦

C/min) resulted in a lower crystallinity (45.7%) and a slower cooling (1 
◦

C/min) resulted in a higher crystallinity (56.4%). The crystal thickness 
Lc was assessed through the Thomson-Gibbs equation, with material 
constants from Wunderlich 1980 [60,61]. 

Lc = 0.624Tm0/(Tm0 − Tm) (4)  

where Tm is the melting temperature (measured with DSC) and Tm0 =

414.2 K is the reference melting point. The melting temperature of the 
LDPE was 111.3 ◦C, corresponding to a crystal thickness of 8.7 nm, and 
the melting temperature of HDPE was 134.3 ◦C, corresponding to a 
crystal thickness of 38.3 nm. 

In our previous work on LDPE/HDPE blends we have observed that 
adding HDPE results in co-crystallisation and leads to an increased 
number of tie-chains and trapped entanglements [12,18]. Further 
analysis was done with DMTA [62]. For pure LDPE, DMTA showed a 
sudden drop in the value of the storage (G′) and loss (G′′) modulus 
immediately after the melting temperature (Fig. 5). The existence of the 
C8–Al2O3 nanoparticles did not have any effect on the thermomechan
ical behaviour. By adding 4 wt% HDPE a clear plateau exists in the 
values of G’ and G” in the region between the melting temperatures of 
the pure components. This indicates that the co-crystals and the 
resulting tie-chains and trapped entanglements lead to an increase of the 
mechanical stability and integrity of an otherwise molten material. This 
behaviour is similar to previously reported results on the same and 
different systems with varying microstructures [12,18]. From these re
sults we can see that the existence of the nanoparticles had almost no 
effect on the thermomechanical properties of the overall matrix. These 
enhanced mechanical properties can reduce the need for crosslinking in 
electrical insulation applications and thereby facilitate recycling. 

4.3. Electrical conductivity of LDPE/HDPE/C8–Al2O3 nanocomposites 

Fig. 6 shows a gradual decrease with time of the electrical conduc
tivity at 32 kV/mm for different material compositions at 60, 70 and 90 
◦C. At 60 ◦C, the addition of 4 wt% HDPE to the LDPE matrix resulted in 
a decrease in conductivity of nearly one order of magnitude after 6 h. 
The addition of 2 wt% HDPE resulted in a smaller but still distinct 
improvement. The addition of 3 wt% octyl coated Al2O3 to the LDPE 
gave a decrease in conductivity of more than two orders of magnitude, 
which is in accordance with previous measurements [13]. The 

Fig. 5. Storage modulus (G′) versus temperature for nanocomposites and 
pure LDPE. 
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three-component material (3 wt% C8–Al2O3 and 2 or 4 wt% HDPE) 
showed a further decrease by a factor 2, compared to the binary 3 wt% 
C8–Al2O3 nanocomposite. Almost identical results were obtained with 
1.5 wt % nanoparticles, confirming that the optimum at 3 wt% nano
particles [13] is insensitive to small deviations in filler content. At 60 ◦C, 
the reduction in conductivity for the ternary composites would be more 
pronounced with a lower detection limit of the electrometer. The re
ported conductivities cannot go below the detection limit (ca. 2∙10− 17 

S/m) and thus represent upper bounds of the true conductivities. The 
conductivity curves at 70 and 90 ◦C followed the same general trends as 
that at 60 ◦C, but the absolute values increased with increasing tem
perature. Two measurements were made for each material composition, 
confirming that the difference between measurements was clearly 
smaller than the differences between the different materials. At 90 ◦C, a 
slight increase in conductivity was observed by the end of the measuring 
period for all the LDPE-based materials, probably due to 
temperature-induced aging of the samples. The addition of 4 wt% HDPE 
resulted in a conductivity drop by a factor of two (6h, 70 ◦C) or three 
(6h, 90 ◦C), both with and without nanoparticles. Previous studies [10] 
have reported a larger effect on the conductivity when adding HDPE to 

LDPE at 70 ◦C, but our trend is clearly similar. 
The time-dependent conductivity curves shown in Fig. 6 can be 

divided into 3 time-regions [63]: (1) the capacitive charging current 
region, (2) the absorption current region, comprising two sub-regions 
and (3) the quasi steady-state region. 

A capacitive charging current will flow through the material once the 
voltage is applied, causing a distinct spike in the measured current. 
Before the voltage is applied, the current is always close to zero. Since 
the peak value is used as the starting point of each conductivity curve, 
the preceding capacitive current increase is not shown explicitly in the 
figures. 

The absorption current region, which is characterized by a rapid 
decrease in apparent conductivity, starts immediately after the capaci
tive current peak. In a log-log diagram, the decrease is approximately 
linear and can be described with Curie-von Schweidler’s law 
[63]:σ(t)∝I(t) = At− bn , with charging time t, current I(t), 
temperature-dependent pre-factor A and slope bn. The initial slope was 
highest for the nanocomposites (bn ≈ 4), but was notable also for the 
pure polymers (1<bn < 4). After a short period of time, ca. 5 s, a tran
sition with a sharp shift in slope occur, typically from bn ≈ 4 to bn ≈ 0.6. 

Fig. 6. Conductivity versus time for different materials. (a) 60 ◦C, (b) 70 ◦C, (c–d) 90 ◦C. The dotted curves in b-d are replicates of the same material compositions. 
Fig. 6a–c are for LDPE based nanocomposites whereas Fig. 6d show HDPE and HDPE +3 wt% C8–Al2O3. 
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The transition time, as well as the slope, depends on the polarization 
field [64]. After the transition, the absorption current region continues 
for approximately 1 h. Charge-accumulation, electrode polarization, 
dipole orientation, trapping of charge carriers (electrons, holes, ions and 
polar molecules) in deep traps and tunnelling/hopping of charge carriers 
between shallow traps are some of the electrical mechanisms influencing 
the absorption current region [65]. The reduction in conductivity when 
adding nanoparticles to LDPE can be associated with the trapping of 
charge carriers at nanoparticle surfaces [8,29,66] whereas the reduction 
in conductivity when adding HDPE to LDPE can be linked with the 
morphological changes and the resulting crystal structure [10]. 

A quasi-steady state arises once the absorption current has settled. 
For polymers at high electric fields, a completely steady state is however 
difficult to achieve within the practical experimental limitations, 
because the polymer itself changes with time, especially at elevated 
temperatures. Effects caused by thermal aging, including oxidation, 
polymer relaxation and redistribution of polar molecules, have a sig
nificant influence on the apparent conductivity of the materials [5]. 
Thus, when comparing conductivities, it is crucial to control both the 
electrical- and thermal history, indicating the importance of detailed 
and controlled sample preparation procedures. Thermal conditions in
fluence all conductivity measurements, but are particularly important 
during prolonged experiments at elevated temperatures. Heating of 
polymers in air can cause oxidation. At low temperatures, a slight 
oxidation of LDPE decreases the conductivity, whereas a strong oxida
tion increases the conductivity [48]. At elevated temperatures, oxida
tion generally increases the conductivity, which is one probable cause 
for the slight increase observed at the end of the conductivity curves, 
especially at 90 ◦C (Fig. 6c–d). One important conclusion is that 
long-term conductivity measurements should preferably not be per
formed in air, in order to avoid oxidation and to mimic the conditions 
that HVCD cables operate. 

The findings from Fig. 6 are summarized in Fig. 7, where the loga
rithmic electrical conductivity (6 h, 32 kV/mm) of four materials (LDPE, 
LDPE+4 wt% HDPE, LDPE+3 wt% C8–Al2O3 and LDPE+4 wt% 
HDPE+3 wt% C8–Al2O3) is shown to be linearly dependent on the 
temperature, the slopes of the lines being approximately the same for all 
four materials. The effect of adding HDPE to the pure LDPE was similar 
to the effect of adding HDPE to the two-component nanocomposites. The 
conductivity reduction resulting from the presence of nanoparticles and 
HDPE can therefore be considered additive. As a consequence, the three- 
component composite has an insulating capacity superior to that of two- 
component materials. This implies that two independent conductivity- 
reduction mechanisms are involved when HDPE and nanoparticles are 

added to the LDPE and thus that the matrix material and the nano
particles can be optimized independently before they are added 
together. 

In order to investigate the optimal concentration of HDPE, the 
electrical conductivity (6 h, 90 ◦C) of the LDPE/HDPE blends was 
measured as function of HDPE content with and without 3 wt% nano
particles (Fig. 8). The optimal concentration was observed between 4 
and 8 wt % HDPE, both with and without nanoparticles. The conduc
tivity of the pure HDPE was slightly higher than that of the optimal 4–8 
wt% LDPE/HDPE blends. This can probably be associated to the lower 
cleanliness of the HDPE and the differences in the overall morphology of 
the two systems [6,8]. The decrease in conductivity was smaller when 
nanoparticles were added to HDPE than to LDPE, probably due to an 
influence of the crystal structure. 

Commercial state-of-the-art HVDC cables contain chemically cross- 
linked polyethylene, whereas the system in our study is not. Cross
linking can be expected to have a minor effect on the overall electrical 
conductivity [10], but the improved thermomechanical properties after 
blending LDPE with small fractions of HDPE can in principle provide the 
necessary stability to reduce the overall crosslinking requirements. 
Furthermore, it is worth noticing that a wide range of crosslinking al
ternatives have been studied recently with very promising results 
[67–70]. 

5. Conclusions 

In previous work, it was concluded that the electrical conductivity of 
LDPE can be significantly reduced by adding small fractions of either 
HDPE or metal-oxide nanoparticles such as octyl-coated aluminium 
oxide. The hypothesis was that the reductions in conductivity due to the 
two additives are the results of two different physical mechanisms and, 
as a consequence, that an additive effect would be observed when the 
two concepts were combined. LDPE/HDPE polymer blends with and 
without C8–Al2O3 nanoparticles have therefore been manufactured and 
their conductivity has been measured at 60, 70 and 90 ◦C, using a 
voltage of 32 kV/mm. At all temperatures, the addition of 4 wt% HDPE 
to the LDPE resulted in a moderate decrease in conductivity (~2–10 
times), while the addition of 3 wt% C8–Al2O3 caused a larger drop 
(~200 times). At 90 ◦C, the optimal HDPE concentration was found to be 
between 4 and 8 wt%. When 4 wt% HDPE was added to the composite 
with 3 wt% nanoparticles, an additional decrease (~3 times) was 
observed, confirming that the composite material had a significantly 
lower electrical conductivity. Since the contributions to the reduction in 
conductivity from the HDPE and nanoparticles were additive, the two 

Fig. 7. Conductivity at 6 h versus temperature for 4 materials. The straight 
lines are best fits to the experimental conductivity data in lin-log scale. The 
lowermost conductivities at 60 and 70 ◦C are near the detection limit of the 
electrometer and should thus be even lower. 

Fig. 8. Electrical conductivity (6h, 90 ◦C, 32 kV/mm) as a function of HDPE wt. 
%, for LDPE blends with and without 3 wt% C8–Al2O3 in the LDPE. 
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contributions must stem from different physical mechanisms. Ternary 
composites can therefore be further optimized either by adjusting the 
polyethylene blend or the nanoparticles. Adding HDPE in LDPE has been 
reported to offer increased thermomechanical behaviour. In this work 
we have seen that adding nanoparticles does not alter this behaviour. 
This has the potential to lead to a system with some degree of physical 
crosslinking, thus reducing the need of chemical crosslinking with per
oxides. Finally, the additivity of the reductions in conductivity when 
combining nanoparticles, HDPE and LDPE indicates the immense po
tential for further optimization of such systems in the future, because the 
particles and the polymer matrix can be improved nearly independently. 
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