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Abstract: The adequate interfacial pressure of silicone rubber in cable intermediate joints is a basic
condition to ensure the normal operation of cable joints, while high temperature and ageing in
the operation of actual cables and accessories would affect the magnitude of interfacial pressure.
The uniaxial tensile force of two different silicone rubbers for 10 kV cold-shrink joints at different
temperatures and thermal ageing times was measured by experiment, and the Yeoh rubber intrinsic
structure model was fitted according to the measured data. The material model was embedded into a
two-dimensional axisymmetric finite element simulation model of the structure, and the relationship
between the interference, temperature, thermal ageing time and interfacial pressure was investigated.
The results show that the interfacial pressure increases linearly with the increase in interference. At the
same interference, the interfacial pressure at the root of insulating silicone rubber and semiconducting
silicone rubber increased by 9.1%, 12.3%, 6.4% and 9.2%, 16.3%, 5.6%, respectively, at 50, 75, and
100 °C compared with room temperature, and the largest interfacial pressure of cable joints was at
75 °C. Using the established ageing life prediction model based on the Arrhenius principle, the
service life of the accessories was predicted to be 28.9 years at 90 °C of operating temperature and
interfacial pressure greater than 55% of initial interfacial pressure.

Keywords: cable accessories; high temperature; thermal ageing; constitutive model; interface pressure

1. Introduction

Cable joints are the vulnerable components where cable accidents occur. Insufficient
interface pressure between cable accessories and cross-linked polyethylene is one of the
significant causes of insulation breakdown in joints. Therefore, to prevent breakdown
accidents, the interface pressure of cable joints should be controlled within a reasonable
range [1-4]. Previous studies have shown that when the interface pressure between cable
accessories and the main insulation is between 0.1 and 0.25 MPa, it can meet the electrical
strength requirements [5]. The heating of cable cores can lead to an increase in the temper-
ature of accessory insulation materials, affecting the mechanical performance of silicone
rubber materials in accessories. Additionally, the prolonged high-temperature operation of
accessories can cause aging and deterioration of the mechanical performance of silicone
rubber [6]. Therefore, studying the interface pressure of cable accessories after temperature
rise and aging is of great significance.

Currently, many studies have been conducted on the factors influencing the interface
pressure of cable accessories both domestically and internationally. Wang Z did not con-
sider the silicone rubber material as a hyperelastic material in the finite element simulation
of interfacial pressure, and did not utilize the intrinsic model to simulate the nonlinear
change in elastic modulus during the nonlinear change in the hyperelastic material [6]. The
model designed by Jia does not take into account the effect of thermal expansion due to
the high operating temperatures on the calculated values [7]. Xie Q confirms that the Yeoh
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model can describe the mechanical properties of silicone rubber materials well, and has
high computational efficiency and computational stability [8]. Tian Z et al. studied the
close relationship between interface pressure and Young’'s modulus by utilizing a series
of finite element models established using ANSYS for cable accessories [9]. Normand
Amyot studied the effect of temperature on interfacial pressure, but did not study the effect
of temperature on the modulus of elasticity of silicone rubber or the effect of aging on
interfacial pressure [10]. Wang X analyzed the effect of extreme high and low temperatures
on interfacial pressure, but did not study the effect of high temperatures (150 °C, 170 °C)
on interfacial pressure [11]. Based on the mechanical properties of the material itself, some
researchers considered the thermal expansion effect of the material and conducted simula-
tion analysis on the magnitude of the impact of different factors on the interface pressure
of the accessory surface. However, there has been limited research on the actual aging
process in this study [12,13]. Abbas Ghaderi and others studied the variations in interface
pressure of cable intermediate joints under simulated cyclic temperature conditions in real
operating conditions. However, they did not consider the influence of cyclic temperature
under different aging durations on the interface pressure [14]. At present, there are more
studies at home and abroad on the effect of temperature on the partial discharge, break-
down field strength and electrical field distribution of silicone rubber fabricated parts and
cable intermediate joints, while there are fewer studies on the effect of temperature on the
interfacial pressure of cable intermediate joints [15-17].

In summary, existing research mainly focuses on the interface pressure of cable ac-
cessories under normal temperature conditions, and there is a lack of data on tensile
stress—strain and constitutive model parameters of silicone rubber materials in accessories
under high-temperature and aging conditions. There is also limited research on the changes
in interface pressure in temperature variation environments for cable joints. Therefore, in
this study, taking a 10 kV cold-shrink cable intermediate joint as an example, the stress—
strain data of silicone rubber materials in the accessory were determined through uniaxial
tension tests under high-temperature environments and different durations of thermal
aging. Based on the experimental data, the hyperelastic Yeoh constitutive model of silicone
rubber was fitted, and a simplified two-dimensional axisymmetric finite element model of
the intermediate joint was established. The simulation was used to analyze the effects of
temperature and thermal aging on the interface pressure of the accessory silicone rubber.

2. Materials and Methods
2.1. Tensile Test of Cable Joint Accessories

According to the actual materials used in the production of the YJJI7 10 kV cold shrink-
able middle joint by the Guodian Changyuan Electric Power Limited Liability Company,
we commissioned the company to manufacture black sheets made of the same materials as
the insulation silicone rubber and semiconductive silicone rubber sections of the 10 kV cold
shrinkable middle joint. The production of the black sheets should adhere to the same level
of craftsmanship as the silicone rubber used in the cold shrinkable cable accessories. The
dimensions of the insulation silicone rubber and conductive silicone rubber black sheets
were 1000 mm x 1000 mm x 2 mm. The sheets were cut into dumbbell-shaped II specimens
using a dedicated cutting tool, as shown in Figure 1. The narrow part of the specimen had
an average width of 4 mm and an average thickness of 2 mm. The gauge length of the
specimen was 25 mm, and the average length of the specimen was 75 mm.

Due to the external armored tape wrapping of the three-core cable accessory and the
sealed internal environment of the joint, the heat transfer coefficient was low, resulting
in a temperature difference of less than 7 °C between the outer and inner surfaces of the
accessory [18]. Therefore, in this study, when calculating the interface pressure, it was
assumed that the temperature was equal at all locations of the accessory. To enhance the
accuracy of the tests, the heating chamber temperature of the high-temperature tensile
testing machine was set to 25 °C, 50 °C, 75 °C, and 100 °C, simulating the environmental
temperature of the cable accessories. The samples needed to be preheated for 5-8 min
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before the tensile test. The samples were clamped onto the fixed fixture for the tensile test
(with the tensile force set to zero before the test). Each set of tensile tests were repeated
three times.

.

(a) (b)

Figure 1. Dumbbell-type silicone rubber sample. (a) Insulating silicone rubber (materials selected
from Figure 5, 6—accessory insulation); (b) semiconductive silicone rubber (materials selected from
Figure 5, 1—stress cone).

Accelerated aging tests were conducted on the samples using the DHG-9425A blast
drying oven manufactured by Shanghai Yiheng Scientific Instrument Limited Liability
Company. The aging temperatures were set at 130, 150, and 170 °C, and the aging time was
120 h. After aging had been completed, the samples were taken out and allowed to rest for
30 min at room temperature before conducting the tensile tests.

Uniaxial tensile tests were performed using an FL-GD type tensile testing machine
produced by Fu le Instrument Technology Limited Liability Company. The tensile rate
was set at 500 mm/min. In order to reduce the influence of environmental factors and
differences between specimens, the average tensile values of the three specimens were
selected as the test results.

Figures 2 and 3 show the stress—strain curves of the insulation silicone rubber and
semiconductive silicone rubber of the accessory at different temperatures. It can be ob-
served from Figures 2 and 3 that the mechanical properties of the insulation silicone rubber
and semiconductive silicone rubber were highly influenced by temperature. At the same
elongation rate, both materials exhibited the lowest stress at room temperature (25 °C). As
the temperature increased, the tensile stress of the insulation silicone rubber and semicon-
ductive insulation rubber initially increased and then decreased, with the maximum tensile
stress occurring at 75 °C. During the tensile deformation of the accessory silicone rubber,
the molecular chains became stretched, leading to increased orderliness and decreased
entropy. Due to molecular thermal motion, the molecules spontaneously returned to their
original state, resulting in increased entropy and generating elastic recovery force. As
the temperature rose, the tendency of entropy recovery became stronger, resulting in an
increase in elastic modulus [19]. When the temperature exceeded 75 °C, considering the
thermal effects and volumetric expansion, the effective cross-linking density decreased,
weakening the interactions between molecules and chain segments, leading to a decrease
in stress.
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Figure 2. Stress—strain curves of insulating silicone rubber at different temperatures.
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Figure 3. Stress—strain curves of semi-conductive silicone rubber at different temperatures.

The stress—strain curves of silicone rubber under thermal aging conditions at 30, 150,
and 170 °C are shown in Figure 4. For clarity reasons, only the stress—strain curves for
aging durations of 96 h, 360 h, and 720 h at temperatures of 150 and 170 °C are presented
in Figure 4c,d.
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Figure 4. (a) Stress—strain curves of insulating silicone rubber after ageing different times at
130 °C; (b) stress—strain curves of semiconductive silicone rubber with different aging times at
130 °C; (c) stress—strain curves of semiconductive silicone rubber at different aging durations at
150 °C; (d) stress—strain curves of semiconductive silicone rubber at different aging durations at 170 °C.

From Figure 4, it can be observed that with an increase in aging time, the tensile stress
decreased and the mechanical properties deteriorated at the same elongation rate. The
stress—strain responses of both materials exhibited nonlinear elastic characteristics. This
nonlinear behavior remained consistent as the material temperature increased and aging
time extended.
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2.2. Simulation Model

The study focuses on a 10 kV cold shrink cable mid-joint. A two-dimensional (2D)
axisymmetric model of the joint was constructed, and its simulated structure is shown in
Figure 5. To reduce computational complexity, a simplified cable joint model was used,
consisting of copper cores, cross-linked polyethylene, stress cones, high-voltage shielding
tubes, insulation of the cable accessory, insulation tape, and crimping tubes. The stress
cones and high-voltage shielding tubes were made of semi-conductive silicone rubber,
while the accessory insulation was made of insulation silicone rubber. The stress cones,
high-voltage shielding tubes, and insulation rubber were heat cured to form a complete
joint assembly. The cable cold shrink accessory was assembled with the main cross-linked
polyethylene (XLPE) insulation of the cable, creating an interface with different media.
The silicone rubber of the accessory underwent compression deformation with a certain
interference fit, generating pressure at the composite interface.

1 — & 2 3 4 5 6

2 A S = 7 G &Y

1-Stress cone  2-High voltage shield tube 3-Insulating tape
4-Pipe pressure  5-Cross linked polyethylene 6-Accessory insulation 7-Copper core
Figure 5. The 10 kV cable joint simulation model structure.

In the finite element simulation analysis, a penalty function analysis method was
used to solve the geometric nonlinearity issue of silicone rubber. When two boundaries
are compressed against each other, a virtual unit is established between the nodes of the
two contact surfaces to simulate the surface-to-surface contact. To simulate the interface
pressure of actual cable accessories, the assembly was defined in the model by creating
contact pairs. The silicone rubber was set as the contact body, while the cross-linked
polyethylene (XLPE) was set as the target body (i.e., elements 1, 6, and 2 in Figure 5 were
set as the contact body, and elements 3 and 5 were set as the target body, with no contact
defined between elements 1, 6, and 2). The amount by which the contact surface deviates
from the geometric target body surface is referred to as the overload. A displacement load
(i.e., overload) was set instead of boundary loads. The physics field was set with solid
mechanics, and the upper boundary of the two-dimensional attachment model was set
as a free boundary. Two points along the axis of symmetry were fixed constraints. In the
mesh division of the two-dimensional model, the focus was on the deformation and stress
of the silicone rubber on the interference fit surface. Therefore, the silicone rubber was
divided into a finer mesh, while the mesh for cross-linked polyethylene and copper core
models was coarser. The silicone rubber material in the cable mid-joint accessory undergoes
minimal volume change during compression deformation and is typically considered an
approximately incompressible and isotropic hyperelastic material. The deformation process
is complex and highly nonlinear. Therefore, this study was based on the Yeoh hyperelastic
constitutive model for rubber. Three material parameters, C1g, Cg, and Cay, related to the
strain energy density function, were utilized to calculate the interface pressure.

2.3. The Stress—Strain Relationship Determines the Silicone Rubber Constitutive Model

Under the assumption that silicone rubber is isotropic, the strain energy density
function is expressed as [20].
W= f(11112/ 13) (1)

where W is the strain energy density, and Iy, I and I3 are the three invariants of the Green
deformation tensor.
I = A3+ A%+ A3 2)
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L = MM+ A3A3 + A3A3 @)

Iy = AfA3A] (4)

where A1, A and A3 are the principal stretches.
Equation (1) can be approximated by the power series:

N . .
W= Y Cu(h—3)(Lh—3)(I—3) )
i+j+k=1

Due to the incompressibility of the silicone rubber material, I3 = 1 and Equation (5)
reduces to N
W= ) Gy(h—3)(L-3) (6)
i+j=1
To simplify the problem, consider the case where let j = 0, and Equation (6) reduces
t
0 N |
W =Y Ci(l1 —3)' @)
i=1
N and Cjy are input parameters. In practical applications, N is typically set to 3.
Substituting these values into Equation (7), we obtain Equation (8).

W = Cio(I1 — 3) + Coo(Iy — 3)* + Co(I1 — 3)° (8)

In Equation (5), W represents the strain energy density. I; is the first invariant of the
Green strain. Cyp, Cpg, and Csg are Yeoh coefficients. Cyg is one half of the initial shear
modulus at small strains. At small strains, the rubber—filler network is not damaged, and
only Cjp comes into play. The negative value of Cyg reflects the softening process of the
material during moderate deformation. The positive value of C3g reflects the hardening of
the material during large deformation.

The Yeoh constitutive model demonstrates high fitting accuracy and is in accordance
with the uniaxial tensile mechanical behavior of silicone rubber. In this paper, the stress—
strain data obtained from the test were imported into Origin software, and nonlinear
curves were used to fit the material constitutive model parameters Cyg, Cy, and Czo.
The constitutive model parameters for insulation silicone rubber and semiconductor sili-
cone rubber at room temperature (25 °C) and elevated temperatures of 50 °C, 75 °C, and
100 °C are presented in Table 1 to Table 2, respectively. It can be observed that the initial
shear modulus was the highest for both insulation and semiconductor silicone rubber at
75 °C. The fitting parameters for insulation silicone rubber and semiconductor silicone
rubber aged for 48 h, 96 h, 144 h, 192 h, 360 h, 528 h, and 720 h at 130 °C are shown in
Table 3 to Table 4. It can be observed that with increasing aging time, the initial shear
modulus Cjj continuously decreased.

Table 1. Fitting results based on Yeoh model for insulating silicone rubber at different temperatures.

Temperature/°C C1o Cyo Cszo
25 0.209 —852 x 1074 2.01 x 10~°
50 0.219 —751 x 1074 3.00 x 10~°
75 0.225 —5.56 x 1074 3.50 x 10~°

100 0.214 —7.80 x 1074 221 x 107°
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Table 2. Fitting results based on Yeoh model for semi-conductive silicone rubber at different temperatures.

Temperature/°C C1o Cyo Czo
25 0.252 —5.65 x 10~* 3.53 x 107°
50 0.273 —3.78 x 1074 7.69 x 107
75 0.292 —294 x 1074 7.99 x 1075
100 0.264 —4.65 x 1074 404 x 1075

Table 3. Fitting results based on Yeoh model for insulating silicone rubber after ageing at 130 °C.

Aging Time/h Cro Cyo Cszo
48 0.201 —9.13 x 1074 1.90 x 10>
9 0.196 —9.65 x 1074 1.85 x 1075
144 0.192 —1.00 x 1074 1.81 x 10~
192 0.190 —1.02 x 1074 1.78 x 1075
360 0.185 -1.12 x 107* 1.65 x 105
528 0.181 —1.21 x 1074 1.60 x 10~
720 0.176 —1.26 x 1074 1.58 x 1075

Table 4. Fitting results based on Yeoh model for semi-conductive silicone rubber after ageing at 130 °C.

Aglng Time/h C10 C20 C30
48 0.232 —5.58 x 10~* 3.28 x 107°
96 0.227 —6.02 x 1074 321 x 107°
144 0.220 —6.64 x 1074 3.11 x 10~°
192 0.217 —7.05 x 1074 293 x 107>
360 0.210 —7.55 x 10~4 2.80 x 10~°
528 0.201 —812 x 1074 2.68 x 107°
720 0.194 —8.34 x 1074 2.65 x 107°

2.4. Theoretical Calculation of Interfacial Pressure

The rubber constitutive relationship is defined by the strain energy density function,
as shown in Equation (9) [21].

2
¢ =-DEV
J

W W g MWgg ©)
Iy ol, o,

In Equation (9), ¢ presents the Cauchy stress deviator, and DEV [.] denotes the
deviatoric part of the tensor [.]. W is the strain energy density function per unit undeformed
volume. I; and I are the first and second invariants of the Cauchy—Green deformation
tensor, respectively. ] represents the volume ratio before and after the deformation of the
silicone rubber. B = F-FT, where F is the deformation gradient tensor of the silicone rubber.

The three principal stretches A; (I =1, 0, z) of axisymmetric plane strain are shown in
Equation (10).

Ay, =dr/dR
Ag =1/R (10)
Az =1

In Equation (10), R is the radius of silicone rubber before deformation; r is the radius of
silicone rubber after deformation. Equation (11) can be obtained by combining Equation (9).

OW _ oW\ /r> R? oW [ rt R*
Jr_ae__2<ail+llalz><R2_r2>_281z<R4_r4> -

In Equation (11), o7 is the radial stress; oy is a circumferential stress.
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The pressure balance equation of the semi-conductive material is Equation (12).
do, 1
— + (0, —0p) =0 12
dr + r ( r 9) ( )

Equation (13) can be obtained by connecting the lines Equations (8), (11) and (12).

2 r2 2 4 4
doy (W g W R _awr R (13)
2R dR ol ol r2 o, \ R4 4

Equation (14) is obtained by considering the rubber’s approximate incompressibility.
RI-R? = 13 — (R + up)? (14)

In Equation (14), P, and u;, respectively, represent the radial stress and radial defor-
mation of the semi-conductive layer at R, R; represent the radius of silicone rubber before
deformation, and r1 represent the radius of silicone rubber after deformation.

For the insulation layer, the radial stress on the outer surface of the insulating silicone
rubber was 0, and the radial stress expression where the inner diameter of the insulation layer
is Ry can be calculated by connecting Equations (13) and (14), as shown in Equation (15),
where R, is the outer diameter of the joint.

Ri2Ry (OW | dW\ (1] R\ 2R; W R}
—P, = e +h= )53 dR 15
"7 Ik, R2 (311 + 1312) (R% ) 2oL 3 15)

For the semi-conductive layer, radial stress at R, and radial deformation at R, in
semiconductive silicone rubber are represented by P, and u,, respectively. R, and r;
represent the initial and final radii of the semiconductive silicone rubber, respectively.
Therefore, Equation (16) is given.

—R3 = (R +uc)* — R (16)

By using Equations (13) and (16), the expression for the radial stress at the inner
diameter of the cable joint can be calculated, as shown in Equation (17).

Ry 2R, [ OW aw> 3 RI\ 2R, W R;
P—P:/ I %) W N e 17
b ¢ c I‘% (611 * 1 812 (R% I’% 7‘% 812 1’2 2 ( )

Let 1. represent the deformation that occurs in the cable layer at R.. Due to the
continuity of longitudinal stress and contact interface deformation, the radial stress in
the cable layer at R, is denoted as P.. E. represents the elastic modulus of XLPE, and v,
represents the Poisson’s ratio of XLPE.

(14 v:)(1—20,)

e = pe(Re + 9) 3 (18)
c
The deformation relation of the interference fit interface is Equation (19).
Ue—UUe =0 (19)

Equation (20) can be obtained from the near incompressibility of the semiconducting
rubber layer.

(Ry + 1p)* — (Re + uc)*> = RZ — R? (20)

By simultaneously solving Equations (9)—(14), the interface pressure between the cable
joint and the cable insulation XLPE, as well as the radial stress and deformation of the cable
insulation XLPE, can be determined.
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2.5. Distribution of Interfacial Pressure

In order to study the distribution of interface pressure in cable joints, the constitutive
model parameters of the attached silicone rubber were incorporated into the simulation
model at temperatures of 25 °C, 50 °C, 75 °C, and 100 °C (this ideal model does not take
into account other phenomena in rubber-like materials, such as viscoelasticity (relaxation)
and irreversible phenomena on interfacial pressure). An interference fit of 1.5 mm was
assumed. The stress contour map of the cable joint is shown in Figure 6, and the stress
distribution and displacement deformation of the insulation silicone rubber in the radial
direction are shown in Figure 7.

Root of stress cone  Insulating silicone rubber root Insulating silicone rubber section ~ Stress cone section

———  e—— MPa

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Figure 6. Maps of stress distribution for cable joints.
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0.14 0.14
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0.1 0.1
0.08 0.08
0.06
0.06
0.04
0.04 0.02
0.02 0
(b)

Figure 7. Stress distribution and displacement field. (a) Stress cone section stress diagram and
displacement field; (b) insulation silicone rubber section stress diagram and displacement field.

Analyzing Figure 6 to Figure 7, the following observations can be made. The cable joint
is an axisymmetric structure, and the interface pressure in the middle joint is symmetrically
distributed. The stress magnitudes are equal on the same radius circumference. Maximum
deformation occurs at the interference fit between the attachment and the cross-linked
polyethylene (XLPE). The characteristic feature is that the displacement deformation gradu-
ally decreases from the inner side to the outer side of the joint. The maximum stress occurs at
the interface between the attachment and the XLPE contact surface. The characteristic feature
is that the stress gradually decreases from the inner side to the outer side of the joint.

Figure 8 shows the interface pressure at the root of the insulation silicone rubber
and the semiconductive silicone rubber as a function of the interference fit. From the
graph, it can be observed that the interface pressure linearly increases with the interference
fit. For every 0.5 mm increase in interference fit, the interface pressure at the root of the
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insulation silicone rubber increases by 0.0455 MPa, and the interface pressure at the root of
the semiconductive silicone rubber increases by 0.0577 MPa.

0.354

—®— insulating silicone rubber
—e— Semi-conductive silicone rubber .

Interfacial pressure/MPa

0.00 T T T T T |
0.0 0.5 1.0 1.5 2.0 25 3.0

Magnitude of interference/mm

Figure 8. Interfacial pressure and interference volume.

In order to study the axial interface pressure more intuitively, the joint interface
pressure data along the composite interface of the joint were collected, with the left end
of the stress cone defined as the origin and the positive direction towards the right. The
interface pressure distribution of the joint is shown in Figure 9.

0.204
<
% 0.134 YvY T’v‘va‘v'va‘vfyv /VV\v
2 r 7 \ v
2 b 7 M
§ 0.161 ! ! 1
= 7 M Y M
.8 v Y M 7
2 . y A v
Es y\v v/v v\v Dl
2 . ~v
k5 0.144
0.12 T T T |
0 10 20 30 40

Distance/cm
Figure 9. The upward pressure distribution of the cable joint shaft.

The stress cone structure was present at both ends of the 10 kV cable cold-shrink
attachment, and the stress cone interface pressure was generated by the compression
deformation of the semi-conductive silicone rubber. As seen in Figure 10, the pressure at
the outer end of the attachment was 0.173 MPa, and it increased to 0.180 MPa at 1.1 cm and
then significantly decreased to 0.146 MPa at 3.2 cm. This is because the thickness of the
stress cone decreased, the insulating silicone rubber thickness increased, and the elastic
modulus of insulating silicone rubber was less than the stress cone silicone rubber. The
modulus of elasticity was smaller than the stress cone silicone rubber modulus, and the
modulus of elasticity on the calculation of mechanical properties had a greater impact. The
minimum interfacial pressure at the root of the silicone rubber was 0.143 MPa, which rose
significantly to 0.179 MPa at 10.1 cm due to the fact that the inner material of the cable
attachment was a high-voltage shielding tube, which had a higher modulus of elasticity
than that of the insulating silicone rubber. Due to the axisymmetric structure of the cable
joint, the pressure variation trends were the same at both ends.
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Figure 10. Radial displacement of XLPE at different interface pressures.

A theoretical analysis and finite element numerical simulation were conducted to
determine the interface pressures at the weak points of the cable joint, including the
interface between the joint insulation and XLPE, the interface between the stress cone root
and XLPE, and the interface between the high-voltage shielding tube and XLPE. The results
of the theoretical analysis and finite element numerical simulation were compared and
presented in Table 5. From Table 5, it can be observed that there was minimal difference
between the theoretical calculations and simulation results, with a deviation of less than
2%. The high level of agreement between the two demonstrates their consistency.

Table 5. The calculation result of the composite interface pressure of the cable joint.

The Inner Surface Method Radial Stress/MPa Circumferential Stress/MPa
S Theoretical calculation 0.1798 0.3597
tress cone Finite element simulation 0.1832 0.3549
. . Theoretical calculation 0.1781 0.2878
High-voltage shield tube Finite element simulation 0.1799 0.2925
Insulati Theoretical calculation 0.1431 0.2347
nsulation Finite element simulation 0.1458 0.2372

3. Results

To study the influence of interface pressure on the deformation of XLPE (cross-linked
polyethylene) in different temperatures, we assumed the 10 kV cable copper core to be
rigid with a diameter of 15 mm, and the insulation thickness to be 6 mm. Based on
the temperature-dependent values of the elastic modulus of cross-linked polyethylene
measured, the relationship between the radial displacement of XLPE and pressure was
calculated and shown in Figure 10.

From Figure 10, it can be observed that under the influence of interface pressure, XLPE
undergoes a certain radial displacement. As the temperature increased, the elastic modulus
of XLPE decreased, leading to an increase in the radial displacement. At an interface
pressure of 0.2 MPa, the deformations of XLPE at 20 °C and 80 °C were 2.3 pm and
12 um, respectively. This corresponds to strain levels of approximately 0.15% and 0.8%. The
compressive deformation of the cable’s XLPE can be neglected with increasing temperature.

To investigate the effect of temperature on the interface pressure of the cable’s intermedi-
ate joint, the constitutive model parameters of the accessory silicone rubber at temperatures of
50 °C, 75 °C, and 100 °C were incorporated into the simulation model. The stress distribution
in the cable joint with an interference fit of 1.5 mm under different temperatures is shown in
Figure 11, indicating that the interface pressure was highest at 75 °C.
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Figure 11. Maps of stress distribution for cable joints at different temperatures. (a) 50 °C; (b) 75 °C;
(c) 100 °C.

The relationship between the interface pressures at the stress cone and insulation
silicone rubber root interfaces and temperature, with interference fits of 1.5 mm and
2 mm, is presented in Figure 12. From Figure 12, it can be observed that compared to room
temperature, the interface pressures at the insulation silicone rubber and semi-conductive
silicone rubber root interfaces exhibited the greatest increase at 75 °C, reaching 12.3% and
16.3%, respectively. The accessory silicone rubber in the cable was a high polymer composed
of flexible macromolecular chains, exhibiting high elasticity under external stretching due
to conformational changes in the macromolecular chains. The macromolecular chains
had a strong dependence on temperature. According to the elastic modulus formula
of cross-linked rubber elastic bodies, the elastic modulus is proportional to temperature
and the effective cross-linking density of the elastic body [22-24]. When the insulation
silicone rubber and semiconductive silicone rubber were subjected to temperatures between
25 °C and 75 °C, the elastic modulus increased, with an increase in conformational entropy
as the dominant factor. When the insulation silicone rubber and semiconductive silicone
rubber were subjected to temperatures between 75 °C and 100 °C, the volume expanded,
creating more free space between the molecular chains. This increased the thermal motion
and activity of the molecular chains, resulting in a decrease in the effective cross-linking
density and a weakening of the interactions between molecules and chain segments. This
macroscopically manifested as a decrease in the rubber’s elastic modulus. It indicates that
the effective cross-linking density had a major contribution to the elastic modulus of the
silicone rubber when the temperature exceeded 75 °C.
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Figure 12. Interfacial pressure at the root of silicone rubber at different temperatures.

4. Discussions
4.1. Degree of Interface Pressure Reduction

When the cable accessories were tightly fitted with the cable, the compression of the
silicone rubber caused deformation, storing strain energy within the volume of the silicone
rubber. To investigate the effect of thermal aging on the strain energy density at the stress
concentration unit, data from 192 h thermal aging at 130 °C were selected for calculation,
and the results are shown in Figure 13.
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Figure 13. Elastic strain energy density curves of silicone rubber with different ageing times.

From Figure 13, it can be observed that the elastic strain energy density of both types
of silicone rubber in the accessories increased with the increase in interference fit. Under
the same interference fit, the elastic strain energy density of the semiconductor silicone
rubber was greater than that of the insulating silicone rubber. After aging, the strain energy
density of both types of silicone rubber decreased. At 192 h of aging and an interference
fit of 2 mm, the strain energy density of the semiconductor silicone rubber decreased by
13.3%, while that of the insulating silicone rubber decreased by 10.0%.

As the aging time increases, the slope of the strain energy density function decreased,
reflecting a decrease in the energy stored per unit volume of the silicone rubber and a
reduction in the mechanical properties of the silicone rubber, resulting in a decrease in
interfacial pressure.

To study the change in interfacial pressure of the cable accessories after thermal aging,
stress—strain curves of the semiconductor silicone rubber were obtained through thermal
aging experiments at temperatures of 130 °C, 150 °C, and 170 °C for aging durations of 48,
96, 192, 360, 528, and 720 h. The degree of interfacial pressure reduction at each aging time
node under the same interference fit was calculated, as shown in Figure 14.



Appl. Sci. 2023, 13, 10406

14 0f 18

1.0
o . —a— 130°C
S ~a —e— 150°C
> (N —_ —=— 170°C
5084 | I— N
172} L
% \ \o
51 \o
£ 06 . .
Q
G
- \.\
2 0.4+ .
an
)
A

0.2

0 120 240 360 480 600 720
Aging time t/h

Figure 14. Curves of interfacial pressure drop with aging time.

From Figure 14, it can be seen that under the same interference fit condition, the
interfacial pressure of the cable accessories decreased with the increase in aging time. Fur-
thermore, the decrease in interfacial pressure exhibited a pattern of initially fast reduction,
followed by a slower rate of change as aging progressed. At 130 °C aging for 192 h, the
interfacial pressure at the root of the stress cone decreased by 13.6%. Meanwhile, at the
same aging time, when the thermal aging temperature was 150 °C, the interfacial pressure
at the root decreased by 24.5%. By comparing the rate of change in interfacial pressure at
different thermal aging temperatures, it can be observed that temperature plays a crucial
role in the thermal aging rate. The higher the temperature of thermal aging, the more
pronounced the impact on the interface pressure of silicone rubber at the root.

In the early stage of thermal aging, cross-linking reactions occur within the silicone
rubber samples, resulting in a more compact network structure inside the material. The
increased cross-linking inhibits the sliding between polymer chains, reduces the flexibility
of the polymer, and disrupts the original high elasticity of the silicone rubber, resulting in
a decrease in the interfacial pressure at the root of the insulating silicone rubber. When
the insulating silicone rubber is exposed to long-term high temperatures, the movement
of molecular chains intensifies. When the energy required to break the chemical bonds is
exceeded, thermal degradation of the polymer chains occurs. As the aging time increases,
thermal degradation reactions gradually dominate, leading to severe molecular chain
breakage in the silicone rubber material. This results in a decrease in its mechanical
properties, ultimately reducing the elasticity of the silicone rubber and even causing a loss
of elasticity [25].

4.2. Aging Prediction Model

The reduction rate of aging performance in silicone rubber is commonly referred to as
the degree of aging (P). In this study, the degree of reduction in interface pressure at the
root of the silicone rubber before and after aging was used to represent the aging level.

At a certain temperature T, the interface pressure generated by rubber deformation
decreases over time. The degree of interface pressure reduction P and aging time (t) are
fitted using the modified equation proposed [26], as shown in Equation (21).

In(P) = —kt* (21)

In Equation (21), P represents the ratio between the interface pressure P at any given
time ¢ and the initial pressure Py. « is a temperature-independent constant, and k is a
temperature-dependent rate constant. At a certain temperature, the relationship between
the rate constant k and the aging temperature T follows the Arrhenius equation, as shown
in Equation (22).

k = A-exp(—E/RT) (22)
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In Equation (22), A represents the collision factor; E represents the apparent activation
energy; R represents the gas constant; and T represents the aging temperature. The
unknown parameters are solved using an iterative approach, and the convergence criterion
is to minimize the value of I in Equation (23).

q n

1= ) (P By)° (23)

i=1j=1

In Equation (23), I represents the convergence criterion; P;; represents the experimental
values of the j-th performance at the i-th temperature; and 151-]- represents the calculated
values of the j-th performance at the i-th aging temperature. By computing, the minimum
value of I is obtained when o = 0.43.

Using a linear relationship equation between InP and t* obtained from fitting
Equation (21), rate constants at various temperatures can be determined, namely
ki3p = 0.053, ki50 = 0.114, and k179 = 0.219. To transform Equation (22) into a linear
relationship, a logarithmic transformation is applied, resulting in Equation (24). The values
of k130, k150, and k179 are logged, and a linear fit is performed on Igk and T~ 1.

Y =C+DZ (24)

In Equation (24), Y = Igk,C = 1gA, D = E/(2.03R), Z = T~'. The coefficients C and
D of the linear equation are calculated using the least squares method.

The r was used to verify the linear correlation of the Y = C + DZ equation, and
Equation (25) is the equation for calculating the correlation coefficient r:

_rYyyz
_ LYZ q
r= (25)

(LY)? (xz)®
s

Setting g = 4, the experimental calculation yields |r| = 0.9988, which is greater than
the specified test value of 0.95 for the correlation coefficient. This demonstrates the linear
correlation of the established equation.

The relationship between the rate constant (k) and the aging temperature (T) is deter-
mined to be Equation (26).

Kk — 102598:648/T+5.2042 (26)

In summary, the aging prediction model is shown in Equation (27).

_107259&648/1" . t0‘43)

P =l 27)

Given that the minimum initial interface pressure of the cold shrink accessory is
0.18 MPa and the maximum temperature during cable operation is 90 °C (363 K), the
minimum interface pressure required to meet the electrical requirements is 0.1 MPa. There-
fore, the interface pressure should be maintained above 55%, as shown in Figure 15. The
estimated service life is approximately 28.9 years.
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Figure 15. Ageing degree at 90 °C as a function of ageing time.

5. Conclusions

The maximum displacement deformation of the cable accessory occurs at the interface
between the accessory and the cross-linked polyethylene, with the displacement
deformation gradually decreasing from the inner side to the outer side of the accessory.
The maximum stress of the accessory appears on the contact surface with the cross-
linked polyethylene, and the stress gradually decreases from the inner side to the outer
side of the accessory.

Temperature has a significant impact on the silicone rubber material of the accessory.
With increasing temperature, the mechanical properties of the two materials change.
By establishing a finite element simulation model to analyze the interface pressure
variation at different temperatures and aging time points under the same interference
fit compared to room temperature, the insulation silicone rubber at 50, 75, and 100 °C
shows an increase in interface pressure by 9.1%, 12.3%, and 6.4%, respectively. The
semiconductive silicone rubber shows an increase in interface pressure by 9.2%, 16.3%,
and 5.6%, respectively. At 75 °C, the interface pressure is the highest for the cable joint.
The initial shear modulus of the silicone rubber material of the accessory decreases
with increasing aging time. Along the composite interface horizontal path, at the
same point, the interface pressure and elastic strain energy density before aging were
greater than those after aging, and the degree of interface pressure decrease showed
a pattern of initial rapid decline, followed by a slow decline as aging progresses.
A predictive model for the service life of the semiconductive silicone rubber was
established. According to the prediction model calculation, when the accessory is used
at a temperature of 90 °C and the interface pressure exceeds 55% of the initial interface
pressure, the service life is estimated to be 28.9 years.

Through finite element static structural simulation analysis, it is possible to effectively
analyze the interface pressure of the joint under different temperatures. The measured
stress—strain data at high temperature and thermal aging provide a foundation for
theoretical calculations and model development of the interface pressure in the middle
joint of the cable.
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