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Polyethylene Based lonomers as High Voltage Insulation

Materials

Silvia D’Auria, Amir Masoud Pourrahimi, Alessia Favero, Peter Neuteboom,
Xiangdong Xu, Shuichi Haraguchi, Marko Bek, Roland Kdddr, Enrico Dalcanale,

Roberta Pinalli,* Christian Miiller,* and Jéréme Vachon*

Polyethylene based ionomers are demonstrated to feature a
thermo-mechanical and dielectric property portfolio that is comparable to
cross-linked polyethylene (XLPE), which may enable the design of more
sustainable high voltage direct-current (HVDC) power cables, a crucial
component of future electricity grids that seamlessly integrate renewable
sources of energy. A new type of ionomer is obtained via
high-pressure/high-temperature free radical copolymerization of ethylene in
the presence of small amounts of ion-pair comonomers comprising amine
terminated methacrylates and methacrylic acid. The synthesized ionomers
feature a crystallinity, melting temperature, rubber plateau modulus and
thermal conductivity like XLPE but remain melt-processable. Moreover, the
preparation of the ionomers is free of byproducts, which readily yields a highly
insulating material with a low dielectric loss tangent and a low direct-current
(DC) electrical conductivity of 1to 6:10-'* S m~" at 70 °C and an electric field
of 30 kv mm~'. Evidently, the investigated ionomers represent a promising

sources of energy.!!l The most advanced
type of HVDC cable comprises an extruded
insulation layer between the inner conduc-
tor and outer shielding, which allows the ca-
ble to be buried underground or placed at
the bottom of the sea.?] The most common
insulation of extruded HVDC cables is com-
posed of low-density polyethylene (LDPE),
which is cross-linked with peroxides to form
an infusible material that maintains dimen-
sional stability above the melting temper-
ature of LDPE, T:PPE ~ 110 °C. Peroxide
cross-linking, however, results in the forma-
tion of byproducts such as water, methane,
cumyl alcohol and a-methyl styrene,’!
which represent a health hazard and cause
premature aging of dielectrics under ser-
vice conditions.*! Hence, these byprod-

alternative to XLPE-based high voltage insulation, which may permit to ease
the production as well as end-of-use recycling of HYDC power cables by
combining the advantages of thermoset and thermoplastic materials while

avoiding the formation of byproducts.

1. Introduction

High voltage direct-current (HVDC) power cables are an integral
part of modern electrical power grids that integrate renewable

ucts must be removed from cross-linked
polyethylene (XLPE), which can be achieved
through a time and energy intensive de-
gassing process.!*] Degassed XLPE features
a low opc ~ 3107 S m™! at an electric
field of 30 kV mm™! and 70 °C,5] which is a
typical HVDC cable operating temperature.

Alternative materials concepts that avoid the formation of
byproducts during the cable manufacturing process, while main-
taining the thermo-mechanical and dielectric properties of
XLPE, are highly sought after.[) The ability to dissipate the heat
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generated by the conducting core to avoid the risk of thermal run-
way and breakdown of the insulation material is another key pa-
rameter to be considered for high voltage insulation materials.!!

Two types of strategies have been explored that either aim to
replace peroxide curing or avoid cross-linking altogether. Byprod-
uct free curing processes exploit click-chemistry type reactions
between polyethylene copolymers, where permanent covalent
bonds form upon the reaction of functional groups such as
carboxylic acids and epoxides.[”®] A second strategy is to use
polypropylene copolymers or blends,[®*12] which thanks to the
high melting temperature of polypropylene of up to T* ~ 170 °C
maintain dimensional stability at elevated temperatures despite
the absence of cross-links. Both types of blends feature electri-
cal conductivities that are comparable to or even less than val-
ues reported for XLPE. The dielectric properties of novel insu-
lation materials can be tuned further through the addition of
metal oxide nanoparticles,!'>'*] aromatic molecules!*>!®! or or-
ganic semiconductors.['78] An additional advantage of thermo-
plastic formulations is the possibility to reprocess the material
by remelting, which may ease recycling of the cable insulation
for other applications once a cable has reached the end of'its life-
time.

One approach that has not yet received much attention in the
context of HVDC cable insulation is the use of dynamic bonds,
presumably because of concerns that the introduction of addi-
tional chemical moieties may negatively affect the dielectric prop-
erties. One recent study!'®! proposed the use of a dynamic net-
work as a cable insulation material and explored the thermo-
mechanical and dielectric properties of a polyethylene vitrimer
comprising hydroxy ester cross-links formed through a byprod-
uct free reaction of a dicarboxylic acid and epoxides that under-
went transesterification in the presence of zinc acetate.?*2!] In
terms of thermo-mechanical behavior, dynamic networks have
the potential to combine the advantages of thermoset and ther-
moplastic insulation materials, i.e., an XLPE type rubber plateau
above TFE, as well as the possibility to reprocess the material at
more elevated temperatures.

Here, we report the synthesis of a new type of polyethylene-
based ionomer, where a few mole percent of positively and nega-
tively charged groups are covalently bound to the polymer back-
bone. Amine terminated methacrylates and methacrylic acid,
present in the form of ion pairs, are used as comonomers to-
gether with ethylene in a high-temperature/high-pressure pro-
cess. The concept of having a direct copolymerization of ion-pair
comonomers (IPCs) with non-charged monomers was first re-
ported by Salomone et al.?2?¥ and later extended to other charged
monomers and types of polymerization, including atom transfer
and free radical polymerization (ATRP, FRP) as well as reversible
addition fragmentation chain transfer (RAFT).>*?%] However,
these synthetic schemes are not suitable for ethylene, particularly
when polymerized using metal-based catalysts that can be poi-
soned by charged molecules. We thus extend the IPC concept to
polyethylene copolymers, which were obtained via high-pressure
free radical copolymerization in the presence of ethylene and a
suitable initiator.

The formation of ion pairs comprising an ammonium and a
carboxylate group, which are both embedded within the polyethy-
lene backbone, removes the need for labile counterions such as
Na* or Zn?* that are present in other types of ionomers such
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as ethylene-acrylate and ethylene-methacrylate copolymers.[26:27]

This approach not only removes the need for an additional neu-
tralization step after the synthesis but also results in materials
that do not comprise any metal ions, which may become mo-
bile at a sufficiently high electric field. Additionally, ethylene-
acrylate and ethylene-methacrylate copolymers require the use
of corrosion resistant processing equipment, i.e., both extruder
and die should be made from corrosion resistant metals or must
be nickel/chrome plated. Instead, IPC based materials do not
require specialized equipment since the acid is fully neutral-
ized by the amine counterpart. As a result, this type of ionomer
features a low ope = 1 to 6:107* S m~! at an electric field of
30kV mm™" and 70 °C, comparable to XLPE, together with a sim-
ilar or even higher thermal conductivity x > 0.36 W m~' K. Ev-
idently, all-organic ionomers represent a new design strategy for
high voltage insulation materials that combine the advantages of
thermosets and thermoplastics while avoiding the formation of
byproducts.

2. Results and Discussion

The one-step synthesis of polyethylene-based ionomers where
both the cationic and anionic groups are covalently bound to the
backbone is performed by directly reacting various IPCs with
ethylene through a high-pressure/high-temperature free radical
copolymerization.[?] This approach avoids the presence of mo-
bile inorganic cations, which is the case for commercially avail-
able ionomers such as Surlyn (Dupont), a copolymer between
ethylene and methacrylic acid whose synthesis requires a neutral-
ization step,!?*3% and Dymalink (Total Cray Valley),3!l where zinc
diacrylate is used as the cross-linker between two acidic groups.
High-pressure/high-temperature free radical polymerization of
ethylene leads to a branched chain configuration characteristic
of low-density polyethylene (LDPE). The synthesis is compatible
with a large range of comonomers with various functionalities
that would not be feasible when using typical industrial Ziegler-
Natta or metallocene catalysts where any “polar” moieties such
as hydroxyl or amine groups would poison the catalyst.?2**! In-
stead, by using free radical polymerization, it is possible to in-
troduce such polar groups directly without any protecting group
(Figure 1).

A wide range of IPCs were synthesized, either through an
acid-base reaction, when secondary or tertiary amines were
used, or through ion exchange metathesis in the case of pri-
mary amines used in the form of ammonium salts. IPCs based
on secondary or tertiary amines were obtained by mixing the
two starting reagents without the use of solvents (Scheme 1a).
To realize IPCs based on primary amines, which are typi-
cally protonated (e.g. with HCI) to avoid transamidation re-
actions, co-dissolution of the two reagents in a mixture of
methanol and dichloromethane and removal of the resulting
insoluble inorganic salt to shift the equilibrium toward the
product (Scheme 1b) was performed.

Structural variations of the starting monomers were devised
to probe the influence of different ion pairs on the thermal, me-
chanical, and dielectric properties of the resulting copolymers.
In particular, we used cationic comonomers with diverse de-
grees of alkylation of the amine moiety or different alkylating
groups, while we exclusively used methacrylic acid for the anionic
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Figure 1. Schematic illustration of the ion-pair comonomer (IPC) concept.

comonomers (see Figure 2a, monomers M1-4). To confirm the
formation of the ion pair, we used 'H-NMR spectroscopy. An up-
field shift of the vinyl protons belonging to the methacrylate unit
is observed, while the ethane protons connecting the ester to the
amine group and the methyl of the latter experience a downfield
shift, as expected (Figures S1-S7, Supporting Information).

All ionomers (Figure 2c) were prepared through free radical
polymerization by reacting the IPC and ethylene at a high pres-
sure of ~2000 bars and high temperature of 180 or 200 °C in
an autoclave using a peroxide initiator (Figure 2b; see Table 1
for reaction conditions). The IPCs were dissolved in methanol
(50 wt%) and co-injected together with high-pressure ethylene in
the autoclave through a static mixer. Methanol was chosen as a
solvent since it does not have a large effect on the polymerization
thanks to its very low chain transfer constant.

Atthe end of the reaction, the desired ionomers were recovered
as a fine powder from the recuperation vessel and characterized
through "H NMR spectroscopy (Figures S8-S15, Supporting In-
formation), FTIR spectroscopy (Figure S16, Supporting Informa-
tion), and elemental analysis. Elemental analysis indicates that
the IPC content correlates with the comonomer content in the
feed (Table 1). The 'H NMR spectra of polymers P2-4 featured di-
agnostic peaks belonging to the amine moieties, as well as to the
polyethylene backbone. The obtained polymers were quite pure,
without the presence of any side product. On the contrary, for P1
the 'H NMR spectrum indicated the presence of both unreacted

www.afm-journal.de

monomers and side products, the latter due to unwanted amida-
tion reactions (Figure S9, Supporting Information). We speculate
that since M2-4 carry substituents on the amine group, amida-
tion reactions are less likely to occur due to steric hindrance com-
pared with M1. Moreover, the degree of conversion of M1 to P1
was found to be lower compared with M2-4 (Table S1, Supporting
Information) and varied between different synthetic runs. There-
fore, we decided to dismiss P1 during the remainder of this study.

The nitrogen content in the resulting polymers is a diagnostic
measure of the presence of IPCs and allows their quantification.
Therefore, elemental analysis was used to determine the IPC con-
tent, which was found to be ~3 wt% for P2-4 and 4.5 wt% for P1.
The calculated IPC content per 1000 carbons (-CH,-) was similar
for all synthesized ionomers, except P1 (see Table 1). Consider-
ing the low IPC content, we cannot be certain that every chain
comprises both anions and cations and is independently neutral.
Hence, we refer to the synthesized materials as ionomers, and not
zwitterionic polymers, which, arguably, is a good description for
most polymer chains.

We confirmed that both the synthesized ionomers as well as
melt-pressed films could be dissolved in p-xylene at 100 °C, which
suggests that the material does not form one inseparable net-
work (Figure S17, Supporting Information). Size exclusion chro-
matography (SEC) of the ionomers using 1,2-dichlorobenzene as
the solvent indicated the presence of aggregates with apparent
molecular weights of more than 10° g mol™! (not shown), which

R (o)

a) o R 0
Yko/\/ N \R- . OH =
b)
o) cF 0
I:IH + MeOH
o 0 *Na ~_—_
Na*CI
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Scheme 1. a) Acid-base reaction in the case of secondary and tertiary amines and b) exchange metathesis reaction in the case of a primary amine.
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Figure 2. a) The synthetized ion pair comonomers (IPCs), b) free radical polymerization reaction, and c) corresponding ionomers; the letters a and b

identify ionomers polymerized at 180 and 200 °C, respectively (see Table 1).

likely consist of several polyethylene backbones linked via ion
pairs. We argue that the ionomers should not be thought of as in-
dividual macromolecules but rather clusters of macromolecules
whose makeup can evolve due to exchangereactions between dif-
ferent ion pairs.

Differential Scanning Calorimetry (DSC) was performed to
gain further insight into the microstructure of the synthe-
sized ionomers and to assess their thermal properties. Sec-
ond heating thermograms of all ionomers feature a similar
crystallinity of ~40% and a peak melting temperature T, =
113 to 114 °C, slightly higher than reference LDPE (Table 2
and Figure S18, Supporting Information), indicating that the
IPCs do not significantly affect the microstructure of the poly-
mer matrix. We also note that all DSC thermograms feature
a single melting endotherm, which is consistent with a rela-
tively even distribution of the comonomers along the polymer
backbone.

We used the Gibbs-Thomson equation to calculate the peak
lamellar thickness:

| = 20 L 1)
e T A0 TO T
p-AHY T, -T,

where 6, = 90.4 m] m~2 is the surface energy for polyethylene,
=1g cm~? is the density of the crystal phase, AHO 286.2] g7}
is the heat of fusion, and T° = 418.6 K is the equlhbnum melt-
ing temperature of polyethylene. We obtained values of |_ ranging
from 8.1 to 8.4 nm, which are higher compared with the values
obtained for the LDPE and XLPE reference materials (Table S2,
Supporting Information), likely because of differences in the de-
gree of long-chain branching.
Dynamic mechanical thermal analysis (DMTA) in tensile
mode was used to analyze the thermo-mechanical properties

Table 1. IPC molecular weight M,p¢, IPC content in the feed and temperature T used for free radical polymerization of ionomers, IPC content of the
synthesized ionomers from elemental analysis of the nitrogen content given in wt%, mol% and per 1000 CH,.

IPC Mpc IPC T lonomer IPC content IPC content IPC content
[g mol™] feed [°q] [wt%] [mol%] per 1000 CH,
[mol%]
M1 215.25 0.1 200 P1 4.5 0.61 3.1
M2 271.35 0.05 180 P2a 3.1 0.33 1.7
200 P2b 2.9 0.31 1.5
M3 243.30 0.05 180 P3a 2.9 0.34 1.7
200 P3b 2.8 0.33 1.7
M4 271.35 0.05 180 P4a 2.9 0.31 1.5
200 P4b 29 0.31 1.5
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Table 2. Peak melting temperature T, and crystallinity X, = AH; /AHf0 from DSC, where AHy is the melting enthalpy and AH}) =286.2) g7, storage

modulus E’ at 150 °C from DMTA, molecular weight between cross-links M, according to Equation 2, number of crosslinks N, per 1000 CH,, thermal
conductivity k at room temperature, electrical conductivity opc at 70 °C and an electric field of 30 kV mm~" of LDPE, degassed XLPE, Surlyn as well as

the synthesized ionomers; the error in o p¢ is estimated to be 30%.[12]

Material T X, E’ at 150 °C M, N, Katrt. opc at 70 °C
[°q [%] [MPa] [kg mol=1] per 1000 CH, W m™ K] [107* s m™
LDPE 110 39 - - - 0.41+0.08 7.0 +2.1
XLPE 108 42 3.7 2.3 6.2 0.36 + 0.004 45+ 1.4
Surlyn 90 10 - - - 0.29 + 0.002 3.4+10
P2a 114 40 0.8 10.8 13 0.39 + 0.006 1.0+03
P2b 113 41 1.01 8.2 1.7 0.38 + 0.006 6.0+18
P3a 114 42 2.6 3.2 4.4 0.37 +0.001 31409
P3b 113 41 1.14 7.3 1.9 0.35 + 0.006 53+ 16
P4a 114 39 1.4 6.0 23 0.39 + 0.001 1.6 +0.5
P4b 113 42 0.85 9.8 1.4 0.36 + 0.009 1.7+05

of melt-pressed films of the ionomers up to 200 °C (thermal
gravimetric analysis (TGA) shows no weight loss up to 200 °C,
see Figures S19-S24 Supporting Information). All materials dis-
play a storage modulus E’ between 200 and 500 MPa at room
temperature (Figure 3). DMTA thermograms of reference LDPE
and Surlyn feature a significant decrease in E’ above their melt-
ing temperature(s), resulting in a molten material above 120 °C
(Figure 3). In contrast, XLPE (see experimental section for de-
tails) with a gel content of 68% gave rise to a rubber plateau above
its T,,, = 108 °C with a value of E' ~ 3.7 MPa at 150 °C (Table 2).
Likewise, DMTA thermograms of the synthesized ionomers fea-
ture a distinct rubber plateau above T*%, confirming that the in-
troduction of IPCs leads to the formation of a network (Figure 3a
and b). Except for P2a, the moduli of the polymers synthesized
at 200 °C are lower compared with the modulus of the corre-
sponding polymers synthesized at 180 °C. P3a exhibits a rub-
ber plateau modulus of E’ ~ 2.6 MPa at 150 °C (Table 2), which
is like the value obtained for XLPE. The molecular weight be-
tween consecutive crosslinks M. was estimated according to
equation 2:

_ pRT

M, = el

2)

3
10 a) e LDPE
s XLPE
—— Surlyn™
Z W P2a
= ® P3a
%) 1] P4da
L. 10
©
S
@ 100 4
g
=) \
@ 107" 4 H
102 T T L ;
0 50 100 150 200

Temperature [°C]

Where p = 0.790 g cm™> is the density at temperature
T = 150 °C (423 K), R the universal gas constant and
G'=F /[2(1+v)] = E' /3 the shear modulus at T = 150 °C as-
suming a Poisson’s ratio v = 0.5. The number of network points
N, per 1000 carbons (—CH,—) was then estimated by dividing
14 kg mol~" with M_ (Table 2). For XLPE we obtain a value of M,
~ 2.3 kg mol~!, which corresponds to N, = 6.3 per 1000 carbons.
Ionomer P3a yields similar values of M_ ~ 3.2 kg mol~! and N_ »
4.4 per 1000 carbons (Table 2), which suggests that the amount of
comonomer and type of amine group can be selected to match the
thermo-mechanical properties of XLPE. In general, for P2-4 the
estimated value for N_ is comparable to or larger than the num-
ber of IPCs per 1000 carbons (cf. Tables 1 and 2), which suggests
that the majority of IPCs, in addition to long-chain branches and
trapped entanglements, form a network point. The overall pic-
ture emerging from these data is the presence of ionic network
points that reinforce the molten ionomers.

In a further set of experiments dynamic oscillatory shear and
extensional rheology measurements were carried out to gain fur-
ther insights into the viscoelastic properties of the ionomer melts.
Dynamic oscillatory shear measurements at 150 °C of LDPE and
Surlyn reveal a crossover frequency where the shear storage and

3
10 b)__ e LDPE
= e XLPE
— 102 - Surlyn™
EW ° P2b
=3 P3b
o 10" 4 P4b
5
o
o
> 10°4
&
S \
@» 10" 4 )
102 T T s :
0 50 100 150 200

Temperature [°C]

Figure 3. DMTA thermograms of: a) LDPE, XLPE, Surlyn, P2-4a and b) LDPE, XLPE, Surlyn, P2-4b.

Adv. Funct. Mater. 2023, 2301878 2301878 (5 of 9)

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95UB017 SUOLUIOD 9A1IER1D) 3[cedldde 8Ly Aq peusenob a.1e sajoie YO 9sh Jo SajnJ 10} ARiq1T 8UlUO AB|IM U (SUORIPUOD-pUE-SWLBIALIO" A3 | 1M Aleq 1 jBulUo//Sdiy) SUONIPUOD pue sWs 1 8} 39S *[£202/90/.2] Uo Akeiqiauliuo Ao|im ‘ABojouyoe | JO AiseAIUN SBWRYD AQ 828TOSZ0Z WPe/Z00T OT/I0P/LI0Y"A8| M Ale.d 1 |Bul|uo//Sciy Woly pepeojumoq ‘0 ‘8Z0£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

loss modulus are of equal magnitude, i.e., G' = G”, indicating a
transition from an elastic- to a viscous-dominated behavior with
decreasing frequency (Figure S25). The longest relaxation time
of the polymer melt 7, = 1/w. _ o was found to be 5.6 s for
LDPE and 0.7 s for Surlyn. In contrast, XLPE shows an elastic-
dominated behavior in the entire tested frequency range from
® = 0.01 to 600 rad s7!, i.e., G’ > G” as expected for a cross-
linked polymer. Likewise, the ionomers P2-4a,b have virtually
identical viscosity functions compared to XLPE both in terms of
magnitude and shear thinning slope, retaining their elastic net-
work character across the tested frequency range, in agreement
with the DMTA measurements (see Figure 3). For all ionomers
but P3a we observe that the difference between G’ and G” de-
creases at lower frequencies, and thus a crossover point may exist
at w << 0.01 rad s~ where G’ = G” implying longest relaxation
times of 74 >> 600 s (Figure S25, Supporting Information).

Extensional rheology measurements allowed us to monitor the
transient uniaxial extensional viscosity as a function of Hencky
strain rate from £ = 1072 to 10! s~! (Figure S26, Supporting Infor-
mation). LDPE displays significant strain hardening, as expected
due to its long-chain branched molecular topology. A similar de-
gree of strain hardening is observed in the case of XLPE as well
as the ionomers P3a,b and P4a,b indicating that strain stretch-
ing occurs between the covalent network points in case of XLPE
and ionic network points in case of the ionomers. In contrast, the
ionomers P2a,b with a tert-butyl group on the secondary amine
feature minimal strain hardening. Since these two materials fea-
ture a similar N, as, e.g., P3b and P4b (see Table 2), we argue
that chain stretching between cross-links and thus strain hard-
ening is absent because the ionic network points are able to re-
organize to a greater extent. This observation is consistent with
a lower dissociation energy of ion-pairs due to the presence of a
bulky alkyl group at the ammonium cation, which increases the
anion/cation distance.3*3¢!

The transient plane source method was used to determine
the thermal diffusivity a and heat capacity C, at room temper-
ature (Table S3), and the thermal conductivity was calculated
according to:

k =apC, (3)

using a density of p = 0.921 g cm~3. We find that LDPE has a
thermal conductivity at room temperature of k = 0.41 W m~! K~!
while XLPE shows a lower value of k = 0.36 W m™" K~! (Table 2).
Surlyn features a significantly lower thermal conductivity, which
we assign to the lower crystallinity of the material. lonomers P2-4
display slightly larger values than XLPE, e.g., k = 0.39 W m~! K!
for P4a, which we explain with a similar crystallinity, but slightly
larger lamellar thickness as indicated by the larger T,, compared
with XLPE (see Table S2, Supporting Information).

In a further set of experiments, we determined the electrical
conductivity of the ionomers. Films with thicknesses of 0.14 to
0.16 mm were placed between two planar electrodes, with the
measuring electrode surrounded by a shielding electrode, and
the electrode system was placed in an oven to maintain a temper-
ature of 70 °C (Figure 4a). We applied a DC voltage for 18 h that
gave rise to an electric field of 30 kV mm~!, followed by an inter-
mittent interval during which the applied voltage was turned off
for 6 h to simulate a discharging event, and finally the same DC
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Figure 4. a) Schematic of the setup used for leakage current measure-
ments, and apparent conductivity ¢ = IV~" - 4L(zD?)~" where L is the
distance between the measuring and high voltage electrode (i.e., the sam-
ple thickness), D the diameter of the measuring electrode, V the applied
voltage and | the leakage current recorded at 70 °C and 30 kV mm~" with
an intermittent step of 6 h during which the applied voltage was turned off
for b) LDPE, XLPE, Surlyn and ionomers P2-4a and c) LDPE, XLPE, Surlyn
and ionomers P2-4b. Open symbols: D = 28 mm; closed symbols: D =
59 mm.

voltage was reapplied for another 18 h. After reapplication of the
voltage the leakage currents and hence the apparent conductivity
rapidly approached quasi steady—state behavior, indicating that
polarization did not significantly affect the materials (Figure 4;
Figure S27, Supporting Information). The apparent conductivity
gradually decayed, approaching quasi steady-state conditions at
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the end of the measurement, and the value obtained at the end
of the second 18 h period was used as an estimate for o,.. While
the leakage current can decrease further when measuring in-
sulation materials over longer periods of time,[*’”! we note that
for some of the materials the here recorded values appear to
decrease less rapidly toward the end of the measurement (see
Figure S27, Supporting Information for log-log plot of apparent
conductivity versus time). For LDPE and XLPE we obtained val-
ues of opc = 7.0 and 4.5-107* S m~!, respectively (Table 2), the
latter being similar to values reported for XLPE used for high volt-
age insulation.!®] Remarkably, despite the presence of polar func-
tional groups, ionomers P2-4a synthesized at 180 °C feature a low
6pc =1103.1-107* Sm™!, which is close to the value obtained for
XLPE. Instead, P2-4b, which were synthesized at 200 °C, display
slightly higher values of o, = 1.7 to 6:107%* S m~1.

To rule out that o unduly increases at higher temperatures
we also carried out measurements at 30 kV mm~' and 90 °C,
albeit for a period of only 3 h to minimize the risk of breakdown.
For P3a, for instance, we observe that o is five-fold higher at
90 °C compared to 70 °C (Figure S28, Supporting Information),
an increase that is expected given the temperature-dependence
of charge conduction in high voltage insulation materials.[>33]

Evidently, the selection of a judicious amount of IPCs in com-
bination with tuning of the polymerization conditions results
in materials that display a promising combination of thermo-
mechanical and dielectric properties. The ionomers P2a and
P4a, for example, offer a desirable combination of a low o <
2:107* S m~! but high x = 0.39 W m~! K7!, while the tensile
storage modulus at 150 °C ranges from E' ~ 0.8 to 1.4 MPa,
slightly less than reference XLPE (Table 2). Thermal aging of
LDPE leads to the formation of carbonyl groups that can act as
traps for charge carriers, leading to a reduction in 6, with a min-
imum value for a certain degree of oxidation.[**#!] Likewise, it can
be anticipated that there is an IPC content for which optimal elec-
trical properties are obtained.

Finally, we carried out dielectric frequency response spec-
troscopy at 70 and 90 °C across a frequency range of 0.01 to
1000 Hz and determined the dielectric loss tangent tan §. Both
LDPE and Surlyn feature a low value of tan 6 = 0.0021 and
0.0032 at 70 °C and 0.01 Hz (Figure S29 and Table S4, Support-
ing Information),’! where tan § is dominated by DC conduction
losses, which must be low to enable the design of HVDC cable
insulation. At higher frequencies, e.g., 50 Hz, the alternating cur-
rent (AC) frequency used in Europe, LDPE displays an even lower
tan 6 = 0.0003 while Surlyn shows a much higher value of 0.0047.
Gratifyingly, several ionomers feature a loss tangent that is com-
parable to values measured for LDPE, e.g., 0.0015 and 0.0004 in
case of P2a at 0.01 and 50 Hz, respectively (Table S4, Support-
ing Information), which suggests that the investigated ionomers
give rise to minimal dielectric loss despite the presence of car-
boxylate:ammonium ion pairs.

3. Conclusions

In this work, we introduce polyethylene-based ionomers as
potential insulation materials for high voltage power cables.
The studied ionomers were synthesized via high-pressure/high-
temperature free radical copolymerization in the presence
of a suitable initiator by directly reacting various ion-pair
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comonomers (IPCs) with ethylene. The IPCs comprise amino ter-
minated methacrylates and methacrylic acid that differ in the type
and number of substituents on the amine group. This approach
resulted in melt-processable materials with thermo-mechanical
properties like XLPE, while avoiding the presence of mobile in-
organic cations or cross-linking side products that can affect the
dielectric properties. The synthesized ionomers exhibit a melt-
ing temperature and crystallinity like XLPE and LDPE, indicating
that the IPCs do not significantly affect the microstructure of the
polymer matrix. Dynamic mechanical thermal analysis (DMTA)
indicated that all investigated ionomers feature a rubber plateau
above their melting temperature, like XLPE. Despite the presence
of ionic moieties, the obtained ionomers display promising insu-
lating properties, as evidenced by a low dielectric loss tangent and
low electrical conductivity of 6 =110 6:107* Sm~! at 70 °C and
an electric field of 30 kV mm~!, comparable to or lower than the
value measured for XLPE, o = 4.5-1071* S m~!, the most com-
mon insulation material used for extruded high voltage cables.
Moreover, the ionomers exhibit a relatively high thermal conduc-
tivity k = 0.35 to 0.39 W m~! K~ comparable to or larger than
XLPE (x = 0.36 W m~! K™!). Importantly, properties like the elas-
tic modulus at elevated temperatures as well as the electrical and
thermal conductivity can be tuned by a judicious selection of the
amine group of the IPC, which offers the opportunity to optimize
the ionomer concept for specific application requirements. Over-
all, the investigated type of ionomers show potential as a viable
alternative to XLPE for high voltage power cable insulation.

4. Experimental Section

Materials: lonomers P1-4a,b were synthesized by free radical polymer-
ization of ethylene in the presence of the IPCs M1-4 (see Table 1 and
Supporting Information for details). LDPE with a melt flow rate (MFR)
of 0.85 g / 10 min (190 °C; 2.16 kg) and density of 0.921 g cm™ was ob-
tained from SABIC. An ethylene-methacrylic acid ionomer neutralized with
NaOH Surlyn (14.5 wt% of MAA and 2.02 wt% of Nat*) was obtained from
Dow. Unless otherwise specified, solvents and chemicals used for the syn-
thesis of the IPCs M 1-4 and all the ionomers were purchased from Sigma-—
Aldrich and used as received. All solvents employed were laboratory grade
and used as received.

Sample Preparation: Samples for DMTA and DC conductivity mea-
surements were prepared by melt-pressing the ionomers or LDPE at
150 °C, including a 5 min melting step followed by application of 150 kN for
10 min. Some melt-pressed ionomer films contained physical impurities
that were removed by cutting followed by melt-pressing of the remaining
material for a second time. To prepare XLPE, milled LDPE was dispersed
in a solution of dicumyl peroxide (DCP) in methanol at 40 °C and stirred
for 1h, followed by solvent evaporation. The resulting milled LDPE infused
with T wt% DCP was melt-pressed at 120 °C for 5 min. The temperature
was then increased to 180 °C, where the sample was allowed to cross-link
for 10 min before cooling. Finally, XLPE samples were degassed in a vac-
uum oven at 40 °C. The gel content was measured by submerging 150 mg
of material in 500 mL of decalin for 20 h followed by drying and weighing
of the insoluble fraction.

Nuclear Magnetic Resonance Spectroscopy: Nuclear magnetic reso-
nance (NMR) spectra were recorded using a Bruker AVANCE 400
(400 MHz) spectrometer at room temperature. Chemical shifts were re-
ported in parts per million (ppm). "H-NMR chemical shifts were given in
reference to the residual solvent peak at 7.26 ppm in CDCls, at 6.00 ppm
for tetrachloroethane-d, (TCE-d,), and at 2.50 ppm in dimethyl sulfoxide-
dg (DMSO-dg). High-temperature NMR spectra were recorded on a Bruker
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AVANCE Il (500 MHz) equipped with a cryogenically cooled probe head
at 80 or 120 °C in TCE-d,.

Elemental Analysis: Elemental analysis (EA) was carried out with a
CHNS Thermo Fisher FlashSmart instrument. Samples were burned in
the presence of oxygen. The nitrogen content was determined by means
of thermal conductivity (TC) and volumetric analysis.

Fourier Transform Infrared Spectroscopy: Fourier transform infrared
spectroscopy (FTIR) in attenuated total reflectance (ATR) mode was per-
formed on powder samples with a Perkin Elmer FTIR Spectrum Two in-
strument equipped with a GladiATR attachment from Pike Technologies.
The background was subtracted from every recorded spectrum.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was
performed under nitrogen atmosphere using a Perkin Elmer TGA 8000.
Samples were heated to 800 °C at a heating rate of 10 °C min~".

Differential Scanning Calorimetry: Differential scanning calorimetry
(DSC) measurements were carried out under nitrogen between —50 and
150 °C at a scan rate of 10°C min~", using a Mettler Toledo DSC2 calorime-
ter. The sample weight was 5-10 mg.

Dynamic Mechanical Thermal Analysis:  Dynamic mechanical thermal
analysis (DMTA) was carried out in tensile mode using a TA Q800 DMA
in tensile mode on 30 mm X 11 mm pieces cut from 0.7 mm thick melt-
pressed films. Variable-temperature measurements from 25 to 200 °C were
done at a heating rate of 3 °C min~!, with a preload force of 0.01 N, a
maximum strain of 0.05% and a frequency of 1 Hz.

Rheology:  Rheological properties in simple shear and uniaxial exten-
sion were determined using an Anton Paar MCR702e Space rheometer
equipped with a convection oven for temperature control. All tests were
performed at 150 °C. Shear rheological properties were measured in oscil-
latory shear using an 8 mm plate-plate measuring geometry (and 15 mm
plate-plate geometry for LDPE and Surlyn) in counter-oscillation sepa-
rate motor-transducer configuration. The angular frequency was varied
from 0.01 to 600 rad s™' at shear strain amplitudes adjusted between
0.03%-0.3% to contain the measurements within the linear viscoelastic
regime. Oscillatory shear measurements were performed in a nitrogen at-
mosphere. The extensional rheological properties were measured using an
extensional fixture for rotational rheometry in separate motor-transduced
configuration. Thus, the transient uniaxial extensional viscosity, 112’ (t, &),

was recorded at four Hencky strain rates,[*2 ¢ = 1072, 107", 10°, 10" s~
at 150 °C.

Thermal Conductivity Measurements:  The thermal diffusivity and heat
capacity were measured with a TPS 2500 S instrument from Hot Disk at
room temperature. A 7854 Kapton sensor was sandwiched between two
4.6-mm-thick specimen films with a diameter of 3.0 mm, fixed between
two steel blocks. During each measurement, 4 mW of heating power was
supplied over 2 s, resulting in a probing depth of ~2 mm.

DC Conductivity Measurements: The test cell consisted of a three-
electrode setup that was placed in an oven and connected to a high-voltage
power supply (Keithley 2290). The high voltage electrode had a diameter
of 60 mm; a measuring electrode with a diameter of D = 28 or 59 mm was
used, as indicated. A DC voltage of V = 4.2 to 4.8 kV was applied across
L =10.14to0 0.16 mm thick films. To ensure good surface contact between
the specimen and electrodes, a 0.7 mm thick electrically conductive rub-
ber layer was applied on all three electrode contact surfaces. The volume
leakage current was recorded with a Keithley 6517B electrometer, and dy-
namically averaged. Measurements at 70 °C were carried out by applying
an electric field of 30 kV mm™! for ~18 h, then the voltage was switched-
off for 6 and finally the same electric field was reapplied for another 18 h
(Figure 4; Figure S27, Supporting Information). opc at 70 °C was calcu-
lated based on the charging currents obtained at the end of the second
18 h period (Table 2). Alternatively, for measurements at 90 °C the rubber
layers were removed resulting in direct surface contact between the spec-
imen and electrodes; an electric field of 30 kV mm~" was applied for 3 h
and opc was calculated based on the charging current at the end of the
measurement (Figure S28, Supporting Information).

Dielectric Frequency Response Measurements: A Megger IDAX 300 in-
sulation diagnostic analyzer was used to obtain the loss factor of 0.14 to
0.16 mm thick films. The test cell consisted of a three-electrode setup (see
Figure S29, Supporting Information) that was placed in an oven at 70 or
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90 °C for 5 h prior to the measurement to allow the temperature to sta-
bilize. The measuring electrode with a diameter of D = 59 mm was fully
covered by a guard electrode with a gap distance of 0.1 mm to minimize
electrode edge effects. The voltage electrode on the other side of the films
covered both electrodes. An rms voltage of 140 V was applied and the fre-
quency was varied from 0.07 to 1000 Hz.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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