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Invariant electrical conductivity upon thermal
ageing of a crosslinked copolymer blend for high
voltage insulationt

Sarath Kumara,#® Amir Masoud Pourrahimi,z° Azadeh Soroudi,:° Xiangdong Xu,*®
Thomas Hammarstrém,? Yuriy Serdyuk® and Christian Muller (2 *°

Click chemistry type reactions between polyethylene-based copolymers are a promising and by-product
free alternative to peroxide crosslinking of low-density polyethylene, which is widely used as an
insulation material for high-voltage power cables. Here, the impact of thermal ageing on the long-term
stability of the thermo-mechanical and dielectric properties of a copolymer blend is evaluated that can
be cured through a by-product free reaction between the epoxy and carboxylic acid functional groups
attached to the polyethylene backbone. It is observed that ageing at 90 °C in air for up to 2500 h does
not affect the direct current (DC) electrical conductivity of about 3 x 107** S m~% provided that a
suitable antioxidant is added that prevents the thermo-oxidative degradation of the polyethylene
backbone. Furthermore, the material maintains its thermo-mechanical properties upon ageing such as a
high ductility at room temperature and a stiffness of about 1 MPa above the melting temperature of
polyethylene. Evidently, the use of click chemistry type reactions is a promising strategy for the design

rsc.li/materials-advances

Introduction

The rapidly growing demand for electricity combined with the
shift from fossil to renewable sources of energy requires
efficient long-distance electric power transmission."”> High-
voltage direct current (HVDC) submarine and underground
power cables are an integral part of future power grids that
seamlessly integrate wind and solar farms as well as hydro-
electric dams, all of which are often located in remote areas.**
Such HVDC cables require an insulating layer with excellent
dielectric and thermo-mechanical properties.**

Crosslinked low-density polyethylene (XLPE) is the most
widely used insulating material for extruded HVDC cables.
XLPE based insulating materials feature a low direct current
(DC) electrical conductivity of opc ~ 2 x 10 ** Sm ™" at 70 °C -
a typical cable operating temperature - and an electric field
exposure of up to 20 kv mm™*.>® The insulating properties can
be improved further by adding conductivity reducing additives,
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of new high-voltage insulation materials that can be cured without the formation of by-products.

such as metal oxide nanoparticles,” conjugated polymers*®

and aromatic voltage stabilisers,"*"* as well as a small amount
of high-density polyethylene.'*

XLPE based insulation materials are obtained by radical
crosslinking of low-density polyethylene (LDPE) using perox-
ides such as dicumyl peroxide (DCP). The peroxide curing
process results in by-products such as methane, acetophenone,
cumyl alcohol, and a-methylstyrene,">"® which can increase the
DC electrical conductivity and pose a potential health and
safety hazard. Hence, by-products need to be removed, which
is typically performed using a time and energy consuming
degassing procedure.’” As a result, strategies that reduce or
avoid the generation of by-products during the crosslinking
process are of great importance. One approach is to reduce the
amount of peroxides that are needed for radical crosslinking,
which can be achieved through the incorporation of vinyl
groups.'® Another strategy involves the development of insula-
tion materials that can be cured through a click chemistry-type
crosslinking reaction, which does not produce any by-
products.>'*>!

Click chemistry-type crosslinking can be realised by using
blends of polyethylene copolymers that comprise functional
groups, which can undergo a curing reaction. We have
previously studied blends of a statistical ethylene-glycidyl
methacrylate copolymer, p(E-stat-GMA) and a statistical ethyl-
ene-acrylic acid copolymer, p(E-stat-AA) (see Fig. 1 for
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Fig. 1 Chemical structures of the branched statistical copolymers p(E-
stat-AA) and p(E-stat-GMA) (left) as well as the covalent crosslink that
forms upon the reaction of carboxylic acid and an epoxy group (right).

chemical structures).>'® These two types of copolymers can be
compounded at, e.g., 120 °C, which lies above their respective
melting temperatures of T,, ~ 108 °C and 101 °C. Heating to
temperatures above 140 °C triggers the curing reaction that
leads to the formation of a covalent crosslink (Fig. 1).° The
cured blends display a DC electrical conductivity of about
1 x 107" S m~ " measured at 70 °C and 20 kV mm ™" provided
that the overall comonomer content is sufficiently low.>® It is of
paramount importance that the excellent dielectric properties
of click chemistry-cured copolymer blends do not deteriorate
with time. Ageing of polyethylene-based insulation materials
can introduce chemical defects as well as structural changes,
which can negatively affect their dielectric and thermo-
mechanical properties®2® and hence may cause electrical
treeing as well as a decrease in the dielectric breakdown
strength.?”°

Here, we study how long-term ageing at 90 °C - the currently
highest HVDC cable operating temperature - for up to 2500 h
influences the dielectric and thermo-mechanical properties of a
cured copolymer blend comprising p(E-stat-GMA) and p(E-stat-
AA). We found that the electrical conductivity is not affected by
ageing provided that a suitable antioxidant is added.

Experimental

Materials

The branched statistical copolymer p(E-stat-GMA) with a glyci-
dyl methacrylate (GMA) content of 4.5 wt%, a melt flow index
(MFI) of ~2 g (10 min) " (190 °C/2.16 kg, data provided by the
supplier), and a density of 0.93 g cm > was obtained from
Arkema (Lotader series). The branched statistical copolymer
P(E-stat-AA) with an acrylic acid (AA) content of 3.1 wt%, an MFI
of ~10.6 g (10 min)~' (190 °C/2.16 kg, data provided by the
supplier), and a density of 0.93 ¢ cm™> was obtained from SK
Primacor Europe. Irganox 1010 was purchased from Sigma
Aldrich and used as received.
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Processing and sample preparation

Blends of p(E-stat-GMA) and p(E-stat-AA) with a stoichiometric
ratio of 1.2 : 1 wt% : wt% were compounded for 10 min at 120 °C
using a twin-screw Xplore Micro Compounder MC5. Irganox
was added by first compounding a blend containing 1 wt%
Irganox (one gram of antioxidant per 100 grams of the blend +
antioxidant), which was diluted to 0.1 wt% through a second
compounding step. The extrudate was first melted at 140 °C in
a hot press, then cured at 200 °C for 10 min and finally cooled
to room temperature, resulting in 0.3 mm thick films. The
samples were then aged at 90 °C in air using a UN55 universal
oven from Memmert.

Attenuated total reflectance (ATR) Fourier-transform infrared
(FTIR) spectroscopy

FTIR spectra were recorded using a PerkinElmer FTIR spectro-
photometer equipped with a GladiATR attachment from Pike
Technologies. Each spectrum was obtained by averaging
32 scans.

Differential scanning calorimetry (DSC)

DSC thermograms were recorded under nitrogen (50 mL min~")
from 20 to 150 °C at a heating/cooling rate of 10 °C min ', using a
Mettler Toledo DSC2 instrument and a TC-125MT intercooler. The
sample weight was 2-4 mg. Thermo-oxidative degradation was
monitored at 190 °C by first keeping the sample for 5 min under
nitrogen gas flow and then switching to air flow.

Dynamic mechanical analysis (DMA)

DMA thermograms were recorded from 30 to 200 °C using a TA
Q800 instrument in tensile mode at a heating rate of 3 °C min™ %,
a pre-load strain of 0.01%, a maximum strain of 0.05% and
a frequency of 0.5 Hz. The samples with dimensions of
12.7 x 5.8 x 0.3 mm® were cut from melt-pressed films.

DC conductivity measurements

The leakage currents were measured at 30, 50 and 70 °C using
a test cell based on a three-electrode system, which consisted
of a high voltage electrode, a grounded guard ring electrode,
and a circular measuring electrode with an area of 6.16 cm>.
The electrode system was connected to a high-voltage
power supply (Glassman FJ60R2) and a DC voltage of 6 kv
was applied across the 0.3 mm thick specimen resulting in an
electric field level of 20 kv mm ™" for 12 h. The volume leakage
current was recorded using a Keithley 6517B electrometer and
the LabView based dynamic average software. The DC electrical
conductivity opc was calculated based on the close to steady
state leakage currents obtained at the end of the 12 h time
interval.

Dielectric frequency response

Frequency domain spectroscopy (FDS) was carried out using an
insulation diagnostic analyser IDAX 300 in combination with a
high voltage amplifier VAX020. Material specimens (0.3 mm in
thickness) were measured at 2 KV peak-to-peak and a frequency

© 2022 The Author(s). Published by the Royal Society of Chemistry
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range from 0.1 mHz to 1 kHz at three temperatures, 30 °C, 50 °C
and 70 °C. The loss tangent was calculated based on the
measured complex capacitance (see ref. 6 for details).

Results and discussion

We chose to work with two copolymers, p(E-stat-GMA) and p(E-
stat-AA), with low comonomer contents of 4.5 wt% GMA and
3 wt% AA, respectively. Blends of the two copolymers were
compounded at 120 °C, one without any antioxidant and a
second type that contained 0.1 wt% Irganox 1010, followed by
curing at 200 °C (see the Experimental section for details).

In a first set of experiments, we recorded differential scan-
ning calorimetry (DSC) isotherms at 190 °C in air to determine
the extent of thermo-oxidative degradation. For the cured
blend, we observe the onset of an exothermic degradation
process as soon as air is introduced (Fig. 2). The deviation
from the isothermal baseline after the gas switch suggests the
immediate degradation of the cured blend that does not con-
tain the antioxidant with an oxidation induction time (OIT) of
0 min. In most significant contrast, the isotherm recorded for
the cured blend containing 0.1 wt% Irganox features a signifi-
cantly reduced exotherm at ¢ > 5 min which suggests that the
OIT exceeds the duration of the experiment (OIT > 30 min),
indicating that the antioxidant can largely suppress thermo-
oxidative degradation.

The cured blend samples were aged at 90 °C for 500 to
2500 h at ambient atmosphere, and Fourier-transform infrared
(FTIR) spectroscopy was performed to investigate the chemical
processes that underlie the observed thermo-oxidative degrada-
tion of the cured blend without the antioxidant. The as-cured
blend features two absorption peaks at 1705 cm ' and
1735 ecm ™' prior to ageing (Fig. 3a), which we assign to the
stretching vibrations of carbonyl groups that are part of (1)

cured blend + Irganox

cured blend |

heat flow (W g')

1

0 5 10 15 20 25 30 35

t (min)

Fig. 2 DSC isotherm at 190 °C under an air flow (t > 5 min) for the cured
binary blend without the antioxidant (red) and the cured binary blend with
0.1 wt% Irganox (blue).

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Q

o
N

ageing time
=1000h

[ cured blend

o
Y
T

T T
cured blend + Irganox

normalised intensity (-)
o
N

01+t P 1
\ '\\ [ R it Y
0 " L 1
2000 1900 1800 1700 1600 1500
b wavenumber (cm™)
0:25 T T T T
020 o R ¢
./‘// cured blend
<> d
~ 015} 1
Zo10f / ]
’." cured blend + Irganox
0.05 .
L 4 é
* ¥ & pY
000 i e i U i e i i A e e s o U s s s 4 a i
0 500 1000 1500 2000 2500
ageing time (h)
Fig. 3 (a) FTIR spectra of the cured binary blend without (red) and with

0.1 wt% Irganox (blue) prior to ageing (dashed lines) and after ageing for
1000 h (solid lines) and (b) absorbance at 1714 cm™! normalised by the
absorbance at 2920 cm™, corresponding to the asymmetric C—H stretch-
ing of the cured binary blend without (red) and with Irganox (blue).

carboxylic acid dimers and (2) the ester of GMA or the covalent
crosslink, respectively (see Fig. 1)."° The cured blend containing
Irganox features a more pronounced absorption at 1735 cm™*
relative to the absorption at 1705 cm ™', when compared to the
cured blend without the antioxidant. The more extensive con-
sumption of carboxylic acid groups is consistent with a higher
degree of crosslinking as discussed below.

In the case of blends without the antioxidant, a distinct new
absorption peak emerges at 1714 cm™ ' upon ageing, which we
assign to the stretching vibrations of carbonyl groups that are
introduced to the polyethylene backbone in the form of ketones
as a result of thermo-oxidative degradation (Fig. 3a).*'”*
Instead, ageing did not significantly affect the FTIR spectra of
the cured blend with the antioxidant (Fig. 3a), indicating that
the presence of 0.1 wt% Irganox is able to suppress the
oxidation of the cured blend. We used the absorption at
1714 ecm™ ' to monitor the thermo-oxidative degradation at
90 °C (Fig. 3b). The samples without the antioxidant underwent
rapid thermo-oxidative degradation already during the first
500 hours of ageing while the samples with the antioxidant

Mater. Adv.
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featured an invariant FTIR absorption in the carbonyl region up
to 2500 h of ageing at 90 °C. The OIT of samples containing
0.1 wt% Irganox and aged for up to 2000 h was longer than
30 min (the same as samples prior to ageing, see Fig. 2), while,
for an ageing time of 2500 h, an OIT of about 5 min was
obtained (Fig. S1, ESIT). This observation indicates that the
material contained a sufficient amount of antioxidant to hinder
thermo-oxidation for at least 2500 h of ageing at 90 °C. It is
expected that a higher content of Irganox 1010 would increase
the OIT of the material aged for 2500 h.

Dynamic mechanical analysis (DMA) was used to investigate
how ageing influences the storage modulus E’ of the materials.
The DMA thermograms of the samples aged for 1000 h are
characteristic for the cured blends (Fig. 4a). Both materials
display a considerable decrease in stiffness above the melting
temperatures of the two copolymers, p(E-stat-GMA) and p(E-
stat-AA), i.e. T, ~ 108 °C and 101 °C.” The cured binary blend
features a rubber plateau above the melting temperature with a
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Fig. 4 (a) DMA thermograms of the samples aged for 1000 h and

(b) storage modulus versus ageing time at 30 °C and 150 °C of the cured
binary blend without (red) and with 0.1 wt% Irganox (blue).
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value of E, ~ 0.2 MPa in the case of the cured blend without
the antioxidant, while the Irganox-containing blend shows a
higher value of E,, ~ 1 MPa after 1000 h of ageing. The rubber
plateau modulus can be used to estimate the molecular weight
between network points (network points can be crosslinks,
trapped entanglements, etc.) according to M. = pRT/E,, where
p =0.789 cm™? is the density of polyethylene at T = 140 °C. We
obtain values of 13.5 kg mol " and 2.7 kg mol " for the cured
blend without and with Irganox (consistent with the FTIR
spectra of the cured blends; see Fig. 3a), which corresponds
to 1 and 5 network points per 1000 carbons, respectively, i.e.
comparable to a previously obtained value of 3.5 network points
per 1000 carbons for the same curing time and temperature.’
The two copolymers p(E-stat-AA) and p(E-stat-GMA) have a
comonomer-to-ethylene ratio of 1: 108 GMA:E and 1:83 AA:E,
respectively, which implies that the complete consumption of
all functional groups would give rise to about 5 crosslinks per
1000 carbons. We have previously shown that the cured blends
of p(E-stat-AA) and p(E-stat-GMA) contain not only covalent
crosslinks but also a significant fraction of physical network
points in the form of (trapped) entanglements."®

To explore whether ageing alters the stiffness of the materi-
als, the storage moduli at 30 °C and 150 °C were plotted versus
the ageing time. The storage modulus below the melting
temperature was unaffected by ageing (Fig. 4b). This observa-
tion is consistent with an invariant crystallinity of about 30%,
as determined by DSC (ESIt Fig. S2). The rubber plateau
modulus of the cured blend, with and without antioxidant,
first decreased upon ageing for 500 h but then gradually
increased upon ageing for longer times. We argue that ageing
at 90 °C, which is close to the melting temperature of the
copolymers, facilitates the reorganisation of at least some
physical network points, leading to a slight decrease in the
rubber plateau. More long-term ageing, however, leads to a
gradual increase in the rubber plateau because the curing
reaction slowly proceeds at the chosen annealing temperature.

To investigate the impact of ageing at 90 °C on the dielectric
properties of the cured blends, leakage currents were recorded
at 70 °C and 20 kV mm™". The leakage current of the cured
blends that did not contain the antioxidant significantly
increased by more than two orders of magnitude as a result
of ageing, while the cured blends with Irganox displayed an
invariant leakage current (Fig. 5a). The DC electrical conductiv-
ity was calculated based on the leakage current measured after
12 h. The cured blend without the antioxidant features a low
opc of 2 x 107 S m™" at 70 °C and 20 kV mm " (Fig. 5b; see
ESIt Fig. S3 for measurements at 30 °C and 50 °C), which is
comparable to the opc of LDPE measured under the same
conditions.” The cured blend with Irganox only had a slightly
higher value of opc &~ 3 X 107" S m™?, which we assign to the
presence of the antioxidant.>® The DC electrical conductivity of
the cured blend without the antioxidant strongly increased with
ageing time, reaching a value of opc &~ 2 x 107 S m™" after
1000 h at 90 °C. In contrast, the cured blend containing Irganox
displayed the same DC electrical conductivity up to at least
2500 h of ageing at 90 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Leakage current recorded at 70 °C and 20 kV mm™* for the
cured binary blend without (red) and with 0.1 wt% Irganox (blue) prior to
ageing (open symbols) and after ageing for 1000 h (full symbols) and
(b) DC electrical conductivity opc at 70 °C and 20 kV mm~* as a function of
ageing time calculated from charging currents at 12 h.

In a final set of experiments, frequency domain spectroscopy
(FDS) was carried out to study the frequency dependence of the
dielectric response from 0.1 mHz to 1 kHz from which the loss
tangent was determined (Fig. S4, ESIt). We found that for the
cured blend without antioxidant the loss tangent at 50 Hz
increases with ageing time, e.g. from about 5 x 10™* to
3 x 1072 at 70 °C after 2500 h of ageing at 90 °C (Fig. S5, ESI¥).
Instead, the loss tangent recorded for the binary blend with the
antioxidant only slightly changed upon ageing, e.g. from about
4 x 10"* to 6 x 10~ * under the same conditions. Evidently, the
presence of 0.1 wt% Irganox can prevent the degradation of the
dielectric properties up to at least 2500 h.

Conclusions

We have investigated the impact of ageing at 90 °C and air on
the thermo-mechanical and dielectric properties of a cured
blend composed of a statistical ethylene-glycidyl methacrylate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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copolymer, p(E-stat-GMA), and a statistical ethylene-acrylic
acid copolymer, p(E-stat-AA). Curing of the blend proceeds via
a click chemistry-type reaction between epoxy and carboxylic
acid functional groups, resulting in a thermoset material with a
DC electrical conductivity of 6pc & 2 x 107" S m™*, which is
comparable to the gpc of LDPE. Ageing of the cured blend
results in thermo-oxidative degradation, which does not
strongly influence the thermo-mechanical properties, as mea-
sured with DMA, but leads to a significant increase in opc by
more than two orders of magnitude. The addition of the
antioxidant Irganox 1010 results in a slightly higher opc of
~ 3 x 107" S m " prior to ageing, which however does not
change upon ageing for at least 2500 h, which is consistent with
the suppression of thermo-oxidative degradation as inferred
from FTIR spectroscopy. Evidently, click chemistry type curing
of the copolymer blend studied here is a promising alternative
for insulation materials based on peroxide-crosslinked LDPE.
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