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used in HV cable accessories: a thermomechanical
analysis

Oscar Kayanja,a Emre Kantar,b Svein M. Hellesø,b Julia Glaum,a Sverre Hvidstenb and
Mari-Ann Einarsrud *a

Medium and high-voltage cable accessories, such as terminations and connectors, operate under harsh

mechanical and thermal stresses, influencing long-term reliability. These stresses may lead to deterio-

ration in the mechanical properties of the materials, thereby reducing radial pressure. Hence, the number

and size of microcavities at the solid–solid interfaces will increase, being detrimental to the electrical

breakdown strength. To mitigate this, applying external compressive pressure after installation is proposed

to address challenges with the microcavities. However, the long-term effect of the external compressive

pressure on the mechanical properties of the materials remains unclear. This study investigates the com-

bined effect of mechanical compression and thermal cycling on two types of insulating silicone rubber

(SiR) and semiconductive SiR used in HV cable accessories, comparing them with cross-linked polyethyl-

ene (XLPE). The materials were subjected to 25% compressive strain and thermal cycling between −20
and 110 °C in air, while another set underwent only thermal cycling. Ageing under compression increased

the compression set by ∼1% in hard SiR and ∼3% in soft and semiconductive SiR compared to unaged

materials. Surface hardness increased significantly in soft and semiconductive SiR (∼3.7%) but slightly in

hard SiR (∼0.3%). Surface roughness increased by 0.7–0.9 µm across all materials. After ageing, the stress-

relaxation response decreased for both hard and soft SiR, whereas semiconductive SiR showed a slight

increase. The material response to cyclic loading after accelerated ageing is presented, along with the

suitability of these materials for future cable termination designs.

1. Introduction

Silicone rubber (SiR) is used as an insulator in cable acces-
sories such as joints, terminations, and connectors due to its
chemical and thermal stability and insulating properties.1–3

The service life of such cable accessories is influenced by a
range of factors, including electrical insulation and stress
grading material types, thermomechanical forces, insulation
and overvoltage requirements, voltage rating, overall quality of
components, as well as the diligence of the workmanship
during installation of cable systems. The cable accessories
include non-cross-linked solid–solid polymer interfaces that
are reported to be electrically the weakest link in the cable
systems. This is due to imperfect material surfaces, leading to
microcavities of different sizes and shapes at the interface.4

The size of the microcavities can be reduced by increasing the
contact/interfacial pressure5,6 and the application of an exter-

nal radial pressure can be an alternative to minimise the size
and number of interfacial microcavities.7 This will enhance
the breakdown strength of the interface by increasing the
inception voltage of electrical discharges, i.e., partial dis-
charges (PD), that can gradually lead to electrical tree for-
mation and then an electrical breakdown.8–10

In addition to electrical stress, materials used in cable
accessories are subjected to cyclic thermal and operational
mechanical stresses. Under normal operation, the temperature
may rise up to 90 °C (maximum allowed conductor tempera-
ture by IEC design criteria),11 and under short circuit con-
ditions, the temperature can go up to 250 °C for a very short
time.12,13 Seasonal variations and operational conditions will
affect the interfacial pressure between the accessory and the
cable insulation. Stress relaxation of the rubber in the acces-
sory influenced by the thermomechanical factors may even-
tually result in a decline in the interfacial pressure, which in
turn reduces the electrical performance of the cable
accessory.14

A schematic of the cross-section of a cable termination is
shown in Fig. 1. The outer body of a prefabricated slip-on ter-
mination (SOT) can be made of SiR seamlessly cross-linked

aDepartment of Materials Science and Engineering, NTNU Norwegian University of

Science and Technology, Trondheim, Norway. E-mail: mari-ann.einarsrud@ntnu.no
bElectric Power Technology, SINTEF Energy Research, Trondheim, Norway

© 2026 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 9
:0

0:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal

http://rsc.li/rscapplpolym
http://orcid.org/0000-0002-3017-1156
http://crossmark.crossref.org/dialog/?doi=10.1039/d5lp00369e&domain=pdf&date_stamp=2026-02-09
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00369e
https://pubs.rsc.org/en/journals/journal/LP


with a semi-conductive material (3) (e.g., SiR blended with
carbon black), with a key role of geometric electric field
grading at the end cut of the insulation screen (5).15 A radial
interfacial pressure is obtained from the elastic behaviour of
SiR when expanded onto the cable insulation. The interface
between the cable and the SOT, being the most critical section,
is highlighted with a dashed box (4) in Fig. 1. SiR is in contact
with the cable insulation, and material properties and compat-
ibility at the interface are crucial for the electrical breakdown
strength.

To regulate the interfacial pressure, rather than allowing it
to be determined solely by the geometry of the cable, the cable
accessory and the intrinsic mechanical properties of the
material, we propose to include an external pressure device to
the outer surface of the cable accessory, as illustrated in Fig. 1.
This is intended to reduce the size and number of microcav-
ities at the interface as well as subjecting a higher radial
pressure than what the effect of the expanded SiR on the acces-
sory alone would impose over longer period of time.7 The
external pressure must be adequate to ensure the necessary
interfacial pressure; however, it should not induce permanent
deformations to the materials involved. This approach
increases the inception voltage of electrical discharges strongly
enhancing the service reliability of the component.

Hence, the thermomechanical properties of SiR and the
cable insulation need to be studied for designing better-per-
forming cable terminations and connectors. Wu et al. investi-
gated the effect of temperature cycling on SiR in tension from
−40 to 90 °C and showed that hardness, elongation at break,
and tensile strength increased with ageing time.16 However,
the behaviour of the same material under compression was
not investigated. In another accelerated ageing study by Yu
et al., semiconductive SiR showed a decreasing shear modulus
and an increasing surface roughness with ageing temperature
and time in dry air.12 Persson et al. assessed the stress relax-

ation behaviour of SiR under compression at 23 °C, and the
rate of stress relaxation was observed to increase with higher
strain amplitudes.17 Only a few studies have examined SiR
stress relaxation under compression together with additional
factors such as temperature changes, as considered here.

The stress-relaxation behaviour of SiR may significantly con-
tribute to the changes observed at a solid–solid polymer inter-
face. Hence, studying the stress-relaxation behaviour of SiR
under thermal and mechanical stresses is critical. In this
work, we therefore investigated the effect of temperature
cycling under compression on the properties of different
grades of SiR materials used in HV cable accessories. In
addition, cross-linked polyethylene (XLPE) samples were inves-
tigated as a reference for the cable insulation. Insulating SiR of
different grades, semiconductive SiR and XLPE samples were
subjected to accelerated ageing following ISO 3384-2:2019.
Changes in material properties and a possible degradation
mechanism due to accelerated ageing are discussed. The
results will elucidate how these materials respond to thermal
variations and external compressive pressure, providing
insights essential for upgrading cable accessories to next-gene-
ration, higher-capacity, cost-effective designs.

2. Materials and methods
2.1. Materials investigated

Two types of insulating and one semiconductive SiR were man-
ufactured in sheets by NKT GmbH Kabelgarnituren,
Nordenham, Germany, and used as received. To fabricate
XLPE plates, polyethylene pellets were extruded and sub-
sequently cross-linked during casting to form plates of the
specified dimensions. Cylindrical samples (29.0 ± 0.5 mm dia-
meter, 6.3 ± 0.3 mm thickness) were punched from the plates
using a waterjet for SiR and a metallic die for XLPE. The cut
XLPE samples were then preconditioned for one week at 70 °C
in vacuum.

2.2. Thermomechanical cycling procedure

The cylindrical samples were aged in a climate chamber fol-
lowing method B described in ISO 3384-2:2019.18 For each
sample category, a total of eight specimens were subjected to
336 h of thermal cycling, under two conditions: (i) without
compression on a stainless-steel plate (4 specimens) and (ii)
with constant compression to induce thermomechanical stress
(4 specimens). For samples aged under thermomechanical
stress, a constant 25% height reduction was applied using a
custom-designed mechanical compression device, shown in
Fig. 2. Height reduction refers to the percentage reduction in
the original thickness of the sample with the help of two paral-
lel compression plates. For a 25% height reduction, an orig-
inally 6.3 mm-thick sample was compressed to a gap thickness
of 4.7 mm between the compression plates. The stainless-steel
compression plates were polished to a roughness profile with
an average roughness, Ra, of less than 0.4 µm. The type T
thermocouple was placed close to the SiR or XLPE samples.

Fig. 1 Schematics of the cable-termination interface. Axial section with
1: no electrical stress outside cable/connector, 2: high electrical stress
outside cable/connector. 3: Electrical field grading. 4: Interface between
the SOT and cable. 5: End cut of the insulation screen of the cable. P:
Uniform radial external pressure on the SOT using an external pressure
unit.
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Both the thermocouple and the load cell were connected to a
data logger (Agilent, Santa Clara, US) for continuous data
recording. Changes in the counterforce during the tempera-
ture cycling were recorded by the standard force measured by a
5 kN load cell (Omega, Manchester, UK), which was used to
measure the relaxation behaviour. Silicone oil (kinematic vis-
cosity 50 mm2 s−1) was used as a lubricant between the
samples and the compression plates to minimise friction
effects.

The temperature profile shown for two cycles in Fig. 3 was
used, and a total of 42 cycles were run. Included in Fig. 3 is
also the recorded temperature close to the sample surface.
Temperatures ranging from −20 to 110 °C were selected to
assess material behaviour beyond the upper normal operation
temperature, and rapid temperature cycling was done to
induce thermal fatigue within the materials. Heating and
cooling rates of 1.0 K min−1 were used, and a holding time of
2 h at the maximum and minimum temperatures was utilised

to ensure homogenous temperature distribution within the
samples.

2.3. Assessment of compression set and stress relaxation

The assessment of the compression set used to study the
elastic recovery of unaged and aged materials was guided by
ISO 815-1:2019.19 Compression set refers to the permanent
deformation that remains in a rubber material beyond its com-
pression for a period of time after the compressive force is
removed. A lower compression set corresponds to minimal
change in interfacial pressure between materials on the com-
ponent (cable accessory) over time, in addition to better
sealing ability and elasticity which are vital for long-term per-
formance. The compression set was calculated according to
eqn (1):

Compression set ð%Þ ¼ t0 � tf
t0 � ts

� 100 ð1Þ

where t0 is the initial thickness of the sample, ts is the thick-
ness under compression, and tf is the final thickness of the
sample after 30 min of recovery following the release of the
25% height reduction. The thicknesses were measured using a
Digital ABS AOS Calliper (Mitutoyo Corporation, Kawasaki,
Japan).

The stress relaxation over 24 h at 20 °C of unaged and accel-
erated aged samples was measured using the 5 kN load cell
according to the procedure described in our previous work.20

The samples were compressed to 25% height reduction, and
the decline of the counterforce for 24 h was measured. The
compression stress ratio was calculated using the expression,
Ft/F0, where F0 is the maximum force measured by the load
cell after 60 s of the application of the 25% height reduction
and Ft is the force recorded continuously by the load cell over
the entire duration of the investigation.

2.4. Analysis of cyclic loading

Repetitive compressive loads were applied to all material cat-
egories to assess the strain energy absorbed and released per
unit volume in unaged and aged samples at ambient tempera-
ture. Height reductions in compression of 10, 25, 50, and 75%
were applied. The analyses were performed using a UTS
200.4–200 kN universal testing machine (UTS Testsysteme,
Ulm, Germany). A loading speed of 10 mm min−1, which
corresponds to a strain rate of 0.0278 s−1 for 6 mm thick
samples, was employed. For each compressive strain category,
a total of 5 cycles were conducted.

2.5. Morphology, thermal, and structural characterisation

The surface morphology of SiR and XLPE samples before and
after accelerated ageing was examined on a JEOL – IT800 low
vacuum (30 bar) field emission scanning electron microscope
(SEM) (Joel, Akishima, Tokyo, Japan). Cross-sectional images
were obtained under high vacuum using the hybrid lens mode
at 1 kV. Sample cross-sections were cut with a scalpel and sub-
sequently cleaned with ethanol before imaging.

Fig. 2 Schematic illustration of the pressure device used during accel-
erated ageing. The 5 kN load cell connected to a data logger was used
to measure the relaxation behaviour.

Fig. 3 Comparison between the set-temperature profile and the
recorded temperature during the first two cycles of the thermomech-
anical testing.

RSC Applied Polymers Paper

© 2026 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 9
:0

0:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00369e


The roughness of the sample surfaces before and after
accelerated ageing was examined using a non-contact optical
profilometer (Bruker Contour GT, Billerica, USA). A total of
three scans were made at random positions on the top surface
of samples from which the average values of roughness and
standard deviation were obtained. Areal average surface rough-
ness, Sa, was calculated by VISION 64 software, by averaging
absolute values of surface height differences from a reference
plane determined by the lowest point on the measured
surface. Image processing involved using a “data restore” filter
meant for interpolating missing data points to the raw data.21

Thermal stability of the materials up to 1000 °C was
studied using thermogravimetric analysis (TGA) on a Netzsch –

STA449 Jupiter TGA (Netzsch, Selb, Germany). Synthetic air
and a heating rate of 10 K min−1 were used. Material hardness
was assessed on a Shore A scale guided by ASTM D2240-15
using a digital durometer (SaluTron Messtechnik, Frechen,
Germany). An average of ten measurements was reported.
Phase transitions were assessed by differential scanning calori-
metry (DSC) using a Netzsch – DSC Polyma 214 (Netzsch, Selb,
Germany) using aluminium pans with a closed pierced lid. An
initial heating to 200 °C was used, followed by cooling to
−160 °C and then heating again to 200 °C. Infrared spectra
were recorded using a Bruker Vertex 80v – FTIR spectrophoto-
meter (Bruker, Billerica, US).

3. Results
3.1. Thermomechanical cycling

Sample categorisation was based on shore A hardness values,
where hard SiR possessed an average hardness of 75, soft SiR a
hardness value of 32, and semiconductive SiR (also named as
semicon. SiR) at 41, as shown in Fig. S1 in SI. The force
applied to each sample at the beginning and changes in the
measured counterforce as each sample went through tempera-
ture cycling under the fixed height reduction of 25% are pre-
sented in Fig. 4. Similar repeated load cycling was observed for
the four parallels of each material type studied. Due to the
rubbery nature of SiR-based materials, they possessed a cyclic
behaviour of expanding and contracting throughout the accel-
erated ageing, as shown in Fig. 4(a)–(c). The changes in the

measured standard force during the cyclic ageing can be
attributed to the stress relaxation response to thermomechani-
cal cycling. The XLPE reference samples showed a subtle recov-
ery from the initial compression, as shown in Fig. 4(d) due to
their characteristic plastic behaviour. All samples underwent
an initial physical relaxation, as shown in Fig. S2, which pre-
sents the first two cycles. The last two cycles shown in Fig. S3
confirm that the SiR-based materials underwent a similar
expansion and contraction throughout the ageing process.

3.2. Post-ageing compression set and stress relaxation
analysis

A general increase in compression set was observed for the
SiR-based samples after ageing under 25% compression, as
shown in Fig. 5(a). The soft SiR showed a lower percentage
increase in compression set than hard SiR. The stress relax-
ation effect was assessed by measuring the decline in the
counterforce by the material and thereafter calculating the
compression stress ratio at ambient temperature. The com-
pression stress ratio after the accelerated ageing for samples
assessed for 24 h is shown in Fig. 5(b)–(d). The compression
stress ration was higher for the aged samples compared to the
unaged for all types of materials. At 25% height reduction, the
relaxation profile of hard SiR in Fig. 5(b) was steeper than for
the profiles of soft SiR in Fig. 5(c) and semiconductive SiR in
Fig. 5(d). In the early stages of the ageing, increased cross-
linking of the SiR impedes the ability of the material to relax,
hence decreased stress relaxation, however at longer ageing
times, the rate of stress decay will increase due to chain scis-
sion giving the increased stress relaxation.

3.3. Cyclic loading assessment

Material response to cyclic loading for unaged and aged
samples is shown in Fig. 6 and S4 at different height
reductions. Increasing height reduction in compression was
used to assess the effect of elevated compressive stress on the
strain energy absorbed and released per unit volume. The
resulting stress–strain behaviour was dependent on the
maximum loading condition previously encountered for each
sample. A typical Mullins (stress softening) effect was observed
for both SiR-based and XLPE samples.22

Fig. 4 Measured standard force vs. time for (a) hard SiR, (b) soft SiR, (c) semiconductive SiR and (d) XLPE samples during thermomechanical cycling
between −20 and 110 °C at a holding time of 2 h both at the lowest and highest temperatures.
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For hard SiR and XLPE, the initial loading profile was
different from consecutive loading profiles at a similar size
reduction, which was not observed for soft and semiconduc-
tive SiR. For soft SiR, the consecutive loading profiles were
similar to the respective initial loading profile showing that
these materials recover from the deformation, especially at
lower compression ratios. The change observed in hard SiR
and XLPE can be attributed to higher energy dissipation
during the initial loading and unloading cycles caused by irre-
versible structural changes in the materials.23 Considering the
last cycle of the highest height reduction (75%), the engineer-
ing stress vs. strain relationship showed different responses.
As presented in Fig. 7, hard SiR endured a higher stress com-
pared to semiconductive and soft SiR samples. However, XLPE
endured the highest value of stress compared to the rubbery
SiR materials.

The strain energy absorbed, released and energy dissipated
per unit volume summarised in Table 1 detail material
response shown in the last cycle of applying 75% strain. A
higher strain energy was absorbed than released per unit
volume. Materials aged under compression dissipated less
strain energy during the cyclic loading to 75% height
reduction. Since a larger surface area was exposed for samples
aged without compression, significant structural changes in
the polymer matrix could have been responsible for their

altered mechanical behaviour. A reduction in strain energy dis-
sipated was observed for the aged samples compared to the
unaged irrespective of the sample type. The change in relative
compression force vs. time for 5 cycles at 75% height reduction
is presented in Fig. S5. A decline in the maximum com-
pression force achieved at different repeated 75% height
reductions was observed for hard SiR and XLPE while for soft
and semiconductive SiR, an increase in the compression force
was observed. For SiR samples, the compression force nearly
appeared within the same loading time, but this was signifi-
cantly different in XLPE samples as shown in Fig. S5 where
there was a clear time difference.

3.4. Hardness

An increase in hardness was observed for all material types
after the accelerated ageing. SiR-based materials aged without
compression showed a stronger increase in hardness com-
pared to those aged under compression, as shown in Fig. 8.
However, for XLPE, a larger increase in hardness was observed
for samples aged under compression. Hardness increases in
aged materials corresponded with an observed increase in
compression set with increasing ageing time, consistent with
literature.24,25 The increase in hardness can be linked to
enhanced post-crosslinking and molecular interactions
between the nanofillers and the SiR matrix in the early stages

Fig. 5 (a) Compression set for SiR materials and material response to stress relaxation assessment prior to and after the accelerated ageing for (b)
hard SiR, (c) soft SiR and (d) semiconductive SiR. The samples were kept under 25% compression for 24 h at ambient temperature.
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of the accelerated ageing process.26 A significant change in
sample mass and thickness was observed after the accelerated
ageing, as shown in Fig. S6 and S7. The increase in mass of
SiR-based samples under compression can be attributed to the
diffusion of silicone oil, used as a lubricant, into the rubber
matrix. A significant decrease in thickness was observed for
the materials aged under compression (Fig. S7(b)).

3.5. Surface morphology

SEM images of unaged and aged SiR-based material surfaces
presented in Fig. S8 show nearly the same morphology.
However, there was an observable distinction on sample cross-
sections as shown in Fig. 9. Cross section of SiR-based
samples aged under and without compression had a rougher
surface comprised of tiny particles. Similar features have pre-
viously been attributed to inorganic fillers separating out of
the SiR rubber matrix.12 The separation of additives from the
material bulk of semiconductive SiR was enhanced by the
ageing and was more prominent in the samples aged in a com-
bination of thermal and mechanical stresses. Thermal cycling
could have possibly weakened the bonding between the addi-
tives and the SiR, hence particles being observed on the cross-
section of aged samples.

3.6. Surface roughness

Optical profilometry analysis of unaged and aged samples
showed variation of surface roughness as presented in Table 2.
An increase in average surface roughness was observed after
ageing under compression for all sample categories and a
reduction was observed for samples aged without com-
pression. The contribution of the surface profile of com-
pression plates to the roughness of aged samples was mini-
mised by the application of silicone oil lubricant. For materials
aged under compression a small increase in surface roughness
was observed. Materials aged without compression were only
subjected to thermal stress which could have induced realign-
ment of molecular chains within the polymeric bulk and
resulting in a reduced surface roughness.

3.7. Thermal properties

DSC data of the SiR-based and XLPE materials are presented
in Fig. S9. The temperature range used for the thermomech-
anical cycling did not include any thermal events for the SiR-
based materials. XLPE, however shows a thermal event in the
upper temperature range (90 to 110 °C) due to partial crystalli-
sation as has been previous reported.27–29 The mass loss of the
different materials during thermogravimetric analysis in syn-

Fig. 6 Material response for aged samples under 25% compression to cyclic compression at different height reductions for (a) hard SiR, (b) soft SiR,
(c) semiconductive SiR and (d) XLPE samples. A loading speed of 10 mm min−1 corresponding to strain rate of 0.0278 s−1 was used.
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thetic air is provided in Fig. S10. The temperature range used
for the accelerated ageing process was lower than the
decomposition temperatures of the materials analysed.

The visual appearance of the samples before and after
accelerated ageing is shown in Fig. S11. Unaged XLPE, hard
and soft SiR possessed a translucent appearance whereas the
aged samples turned yellowish. The yellowish effect was

intense in XLPE as well as insulating SiR that were aged
without compression. Since the thermomechanical cycling was
performed in air, oxidation of the materials might occur.
However, FTIR analysis of the materials (Fig. S12 and S13) did
not show that significant oxidation had occurred. Minimal
changes were observed for the bands at 714 and 720 cm−1,
indicating that there was limited oxidation to a carboxyl and

Fig. 7 Loading and unloading behaviour of (a) hard SiR, (b) soft SiR, (c) semiconductive SiR and (d) XLPE for the last cycle of 75% height reduction. A
loading and unloading speed of 10 mm min−1 corresponding to strain rate of 0.0278 s−1 was used.

Table 1 Calculated strain energy and energy dissipated in the last cycle of 75% height reduction for unaged and aged SiR and XLPE samples

Sample
type

Ageing
process

Compression size
reduction

Strain energy absorbed per
unit volume (mJ mm−3)

Strain energy released per
unit volume (mJ mm−3)

Energy dissipated per unit
volume (mJ mm−3)

Hard SiR Unaged 0% 5.1 1.0 4.1
Aged 25% 4.6 1.0 3.6

0% 4.7 1.0 3.7
Soft SiR Unaged 0% 2.1 0.2 1.9

Aged 25% 2.0 0.2 1.8
0% 1.9 0.2 1.7

Semicon.
SiR

Unaged 0% 2.3 0.3 2.0
Aged 25% 2.1 0.3 1.8

0% 2.3 0.3 2.0
XLPE Unaged 0% 17.8 8.5 9.3

Aged 25% 18.3 9.4 8.9
0% 17.0 8.8 8.2
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ketone groups respectively, and this infers that the materials
were resistant to oxidation during the accelerated ageing.

4. Discussion

Maintaining a high interfacial pressure between SiR and XLPE
on a cable accessory is crucial, as it ensures a high AC break-
down strength of the cable accessory.7–10 From the cyclic com-
pression analysis after thermomechanical ageing obtained at
ambient temperature (Fig. 6), soft SiR exhibited a lower stress
relaxation response than hard SiR. Stress relaxation is in
general induced by physical and chemical processes. While
physical processes are favoured for short time periods and at
ambient to low temperatures, chemical processes are favoured
at extended time periods and at elevated temperatures.30 The
mobility of polymer chains highly influences the physical
relaxation response. The observed stress relaxation which is
most probably physical is in agreement with literature.31,32

The observed Mullins effect (stress softening) was significantly
dependent on the material type. More strain energy per unit

Fig. 8 Percentage change in hardness for all materials after being sub-
jected to accelerated ageing.

Fig. 9 SEM images of cross-sections of the bulk of unaged and aged (a) hard SiR (b) soft SiR and (c) semiconductive SiR materials. The dotted
circles show inorganic solid particles on sample cross-sections.
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volume (Table 1) was dissipated in XLPE due to the plastic
nature than in SiR-based materials. A clear difference in the
strain energy absorbed in the first cycle was observed for the
SiR-based materials (Fig. 6). For hard SiR, most of the soften-
ing appears after the first cycle and there is a distinct change
of the loading curve for consecutive cycles.22 For soft SiR,
stress softening occurs along the loading curve of the initial
cycle, with no significant difference in the amount of energy
absorbed during loading for consecutive cycles. A similar
behaviour was observed for semiconductive SiR. Moreover,
under cyclic compressive stress, hard SiR absorbs more strain
energy per unit volume than soft SiR. These results suggest
that structural changes may have occurred in hard SiR as a
result of the thermomechanical cycling, a response that was
not observed in soft SiR. Significant changes in the mechani-
cal properties of SiR are undesirable for the cable termination
design illustrated in Fig. 1, as they can result in interfacial
pressure loss. A lower stress relaxation response of SiR is desir-
able as it aids in retaining the required interfacial pressure.

The lower stress relaxation response for soft SiR compared
to hard SiR when subjected to thermomechanical stresses is
therefore beneficial for the modified cable termination design.
In addition, semiconductive SiR possessed a different mechan-
ical response, which, if altered to match that of soft SiR, would
be a better combination for the modified cable termination
design. Hence, soft SiR is a suitable candidate material for the
modified HV cable accessory design applying an extended
external pressure. This will facilitate maintenance of a
sufficient interfacial pressure at the solid–solid interfaces, i.e.,
between SiR and XLPE.

5. Conclusions

Accelerated ageing through combined thermal and mechanical
stresses increased surface hardness, compression set, and
roughness of SiR and XLPE materials used in HV cable acces-
sories. Compared to unaged samples, aged materials exhibited
reduced stress relaxation and diminished energy dissipation
under cyclic loading, indicating a general decline in mechani-
cal performance. Soft SiR demonstrated better suitability for
cable terminations with external pressure devices due to its
lower stress relaxation and minimal property degradation.
Aligning the mechanical properties of semiconductive SiR
with soft SiR will be emphasised in future work to prevent
internal stress concentrations at cross-linked interfaces
between insulating and semiconducting SiR and enable high

interfacial pressures between SiR and peeled XLPE cable
surfaces.
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Table 2 Areal average roughness, Sa calculated from surface profile images obtained from a non-contact optical profilometer

Hard SiR Soft SiR Semicon. SiR XLPE

Sa (µm) SD Sa (µm) SD Sa (µm) SD Sa (µm) SD

Unaged 0.60 0.024 0.64 0.010 0.62 0.029 0.35 0.066
Aged under compression 0.66 0.079 0.86 0.066 0.70 0.254 0.47 0.012
Aged without compression 0.56 0.055 0.58 0.010 0.52 0.049 0.17 0.028
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