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Abstract: Epoxy resin is widely used in the support, insulation, and packaging components of electrical equipment owing to their
excellent insulation, thermal, and mechanical properties. However, epoxy-resin insulation often suffers from thermal and mechanical
stresses under extreme environmental conditions and a compact design, which can induce electrical tree degradation and insulation
failure in electrical equipment. In this study, the photoelastic method is employed to investigate the thermal-mechanical coupling
stress dependence of the electrical treeing behavior of epoxy resin. Typical electrical tree growth morphology and stress distribution
were observed using the photoelastic method. The correlation between the tree length and overall accumulated damage with an
increase in mechanical stress is determined. The results show that compressive stress retards the growth of electrical trees along the

electric field, while tensile stress has accelerating effects. This proves that the presence of thermal stress can induce more severe

accumulated damage.
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1 Introduction

Epoxy resin is a broad term that refers to a polymer
that contains epoxy groups. These groups can
transform from a linear structure into a stable
cross-linked network through a reaction with a curing

agent (=31,

Epoxy resin is commonly used in
high-voltage insulation equipment, such as support
insulators, cable terminals, insulation pull rods, and
power module packaging. Epoxy resin has exceptional
heat resistance, mechanical properties, insulation

performance, and favorable processability 7
However, with the development of compact designs,
large-scale power transmission, and extreme
environments, epoxy insulation must withstand high
temperatures, mechanical and electrical stresses during

operation. Combined with the local electric field
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concentration caused by internal defects, the insulation
degradation process can be accelerated, and a rapid
failure fault can decrease the reliability of electrical
equipment [8-10,

With improvements in the voltage level, capacity,
and integration of electrical equipment, the failure rate
of epoxy insulation components is rapidly increasing,
which presents higher requirements and challenges to
the insulation performance of epoxy resin 531

recent years, statistics on electrical equipment
accidents, both domestically and internationally,
indicate that incidents of electrical tree breakdown in
epoxy resin insulation components have frequently
occurred under the combined effects of mechanical
stress and temperature gradient fields. In 2014, a basin

insulator at a substation

[14]

experienced a fault
breakdown The research results indicate that
insulators generate small cracks owing to installation
process problems, and the cracks further expand
during long-term live operation, ultimately forming a
discharge channel for the conductor to reach the shell.
In 2016, the epoxy sleeve of a gas insulated-

switchgear (GIS) terminal in a substation cracked
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because it was in a stress state close to its material
strength limit for a sustained period 131 In September
of the same year, a 500 kV three pillar gas-insulated
line (GIL) at a converter station experienced a rupture
fault ML
breakdown accidents

In recent years, multiple insulation-
have occurred during the
operation of insulated pull rods 07 On September 28,
2016, the GIS circuit breaker of the Beijing West
Station ultra-high-voltage AC project malfunctioned.
During disassembly, it was discovered that the
insulation rod had broken. In April 2018, the insulation
rod of the Suzhou expansion station was discharged,
and there were evident signs of damage to the surface
of the rod. In 2016, the insulation rod at the Jinan
Station experienced an insulation-breakdown failure.
In December 2020, the insulation rod of the circuit
breaker at the Wuhu expansion station broke, and burn
discovered on-site. The accident

marks were

investigation revealed that complex operating
conditions were the predominant cause of the
deterioration of the power generation branches,
leading to the breakdown failure of the epoxy
insulation components.

Electrical treeing is the primary cause of the
insulation-breakdown of epoxy resins, which is closely
related to the partial discharge behavior of
dielectrics "™, Under the action of an electric field,
space-charge trapping, detrapping, and recombination
release accelerate  the

processes energy and

degradation of the polymer molecular chain,
eventually forming a low-density region 191 With the
accumulation of molecular chain damage, polarization
occurs at the defects, generating polarized charges and
resulting in local electric field distortion 1 Therefore,
when the critical value of the insulation-breakdown
strength in this region is exceeded, multiple partial
discharges can form electrical tree channels 21 The
phenomenon of electrical treeing is a crucial factor
that restricts the safe and reliable operation of power
equipment. It is urgent to comprehensively reveal the
growth mechanism of the electrical treeing of epoxy
resin insulation materials under mechanical stress and
temperature gradient fields.

has been made in

Significant  progress

understanding the electrical tree degradation

characteristics of insulating materials, such as

cross-linked polyethylene, silicone rubber, and

ethylene  propylene diene monomers, under

18,22
: 1 However,

mechanical stress or thermal gradients
the large modulus and stress concentration of the
epoxy resin make it difficult to study the electrical tree
degradation behavior 21 With increasing tensile stress,
the tree inception probability and growth rate
increased, and branch-like trees formed easily. With
increasing compressive stress, both the tree length and
corresponding accumulated damage first decreased
and subsequently increased. Based on the calculation
results of the driving energy of electrical tree growth
under electrical and mechanical stress, the growth
mechanism of an electrical tree under mechanical
stress was analyzed 24 Moreover, it was found that a
large temperature gradient led to an increase in the
number of electrical tree channels, damage area, and
results in a shorter breakdown time. The thermal stress
generated by the temperature gradient changes the
strain distribution of the material, reduces the energy
required for the growth of the electrical tree, and
promotes the development of the electrical tree (231,
However, research progress on the direct correlation
between the mutual presence of thermal-mechanical
coupling stress and the electrical treeing process of
epoxy resin is still lacking.

Therefore, this study introduces a photoelastic
method to further explore the coupling effects of
thermal-mechanical stress on the electrical tree
degradation process. The correlation between stress
and tree growth characteristics, such as length and
accumulated damage, is examined. A diagram of the
electrical degradation model is established to reveal

the related mechanisms.

2 Methods

2.1 Sample preparation

The test samples were composed of bisphenol-A
epoxy resin HY-511 and amine curing agent HY-651
with mass ratio of 3:1, produced by Yanhai Chemical
Co., Ltd. The mixture was degassed in a vacuum
chamber and cast into a mold embedded with a steel
needle. The
temperature (around 20 ‘C) for 48 h and then cured at
60 °‘C for 8 h. Dumbbell-type standard tensile

samples were pre-cured at room
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specimens were prepared for tensile stress tests. The
narrowest part of the specimen was 50 mm long, 4 mm
wide, and 3 mm thick. Rectangular specimens with
dimensions of 50 mmx4 mmx3 mm were fabricated
for the compression stress test. The samples were
selected under the microscope, and only the samples
with a needle plate distance of (2+0.1) mm were
employed for the electrical treeing experiment.

2.2 Electrical tree experimental setups

The electrical tree experimental setups are shown in
Fig. 1a, which include the AC power source, voltage
divider, and mechanical device that can provide tensile
and compressive forces. The loading rate was 30
MPa/min during the tensile and compressive stress
tests. The change in the applied external force load
was recorded using a force measurement system.

The mechanical stress o in the sample is defined by
Eq. (1)

o=F | bc (1)
where F denotes the applied force of the mechanical

device (N), b indicates the width of the specimen (m),
and ¢ denotes the thickness of the specimen (m).

A needle-plate electrode system with a distance of 2
mm was designed for the electrical treeing degradation
tests. The applied AC voltage was set to 15 kV. Twenty
samples were analyzed for each condition to ensure
statistical accuracy. To study the electrical tree growth
characteristics, the tree length and accumulated
damage were recorded, which were obtained by
calculating the total number of pixels covered by the
electrical tree channel. The temperature gradient
controller is shown in Fig. 1b. The temperature control
system consists of heating plates, sensors, and other
units. The temperature gradient was realized using
ceramic heating plates on the needle electrode and
of the

high-temperature side from being transmitted to the

grounding sides. To prevent the heat
low-temperature side of the sample, an experimental
device was set up with a temperature-controlled
water-cooling system. Before applying the voltage, the
temperature of the high-voltage side and the grounding
side was maintained for 15 min to obtain a stable
temperature gradient A7=60 ‘C. The temperature of
the high-voltage electrode and ground electrode of the

sample was 90 ‘C and 30 ‘C, respectively.
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(a) Electrical degradation test

Fig. 1

2.3 Mechanical stress characterization

To observe the stress distribution in the specimen, the
photoelastic method shown in Fig. 2 was employed.
The incident light £ is decomposed into two polarized
beams E; and FE, with an orthogonal vibration
direction when it passes through the object. The path
difference between the two beams after passing

through the object is A because the two beams travel at

(b) Temperature gradient control system

Experimental setup for electrical treeing tests under thermal-mechanical coupling tresses

different speeds. The principal stress difference
o, — o, is calculated by Egs. (2)-(4).

o,—o0,=ni/Ch 2)

o,—0,=nl/C 3)

f=1/C 4

where n indicates the fringe order, 4 symbolizes the
wavelength of incident light wave, C denotes the
material optical sensitivity coefficient, / indicates the
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sample thickness and f indicates the fringe value of
material, which is usually determined by experiment.
When white light was used as the light source, colored
stripes appeared. When the differences in the principal
stresses were equal, the stripe color was the same.
Here, £, the photoelastic constant, i.e., the fringe value
of the epoxy resin selected is 11 MPa « mm with A=

Ground
glass Polarizer

2 |
Light source
\_‘ e T — )5
-~ < " -
/

.\1;/

490 nm %" The sample thickness, 4, is 3 mm. In
this study, the mechanical stress generated by the
applied load was uniform across the samples. We set
the position as zero stress, and the thermal stress in the
other positions can be obtained using Eq. (2). This is
referred to as the stress gradient generated by the
temperature gradient.

Lens and
filter Camera

Polarizer

Fig. 2 Photoelastic method for observing the stress distribution

3 Results and discussion

3.1 Electrical tree degradation

The relationships among the tensile stress, electrical
tree length, and accumulated damage under different
temperature gradients are depicted in Fig. 3.
According to Fig. 3a, when AT is 0 and 60 C and
when the tensile stress changes from 0 to 30 MPa, the
average electrical tree length increases continuously,
indicating that the tensile stress promotes the growth
of the electrical tree along the electric field. The length
of the electrical tree at 60 C is much longer than that
at 0 °C, indicating that an increase in the local
temperature accelerates the growth of the electrical
tree.

In addition to the length of the electrical tree, the
accumulated damage can be used to evaluate the
overall deterioration caused by the electrical tree. Fig.
3b shows the relationship between the accumulated
damage to the electrical tree and the tensile stress.
When AT is 0 and 60 °C, the accumulated damage
increases with tensile stress. The accumulated damage
at 60 ‘C is much higher than that at 0 “C. The
accumulated damage is the result of changes in the
length and structure of an electrical tree. Additionally,
when the tensile stress increases from 20 MPa to 30
MPa, the accumulated damage growth rate when AT is
0 °C is higher than that when AT is 60 ‘C. Moreover, it
can also be observed from the study of the mechanical

stress distribution that when the temperature rise

releases the stress concentration area; that is, although
the applied stress increases, the internal microdefects
of the epoxy resin show a reduced increase, which
slows down the degree of local electric field distortion
and the probability of partial discharge, thus reducing

the accumulated damage rate of the electrical tree.
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(b) Accumulated damage
Fig. 3 Tree length and accumulated damage as functions of

different tensile stress

Fig. 4 depicts the
stress,

relationship between the

compressive electrical tree length, and

accumulated damage under different temperature
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gradients. As shown in Fig. 4a, when the compressive
stress changes from 0 to 10 MPa, the length of the
electrical tree decreases. Appropriate compressive
stress can increase the polymer molecular chain
breakage threshold and reduce the probability of
electrical dendrite initiation. When the compressive
stress continues to increase, the damage to the
molecular chain caused by the stress intensifies, and
the micro defects in the epoxy resin increase, which
generates charge accumulation inside the defects and a
strong local electric field, thus accelerating the growth
of the electrical tree. Compared with AT at 0 C, the
electrical tree length growth at 60 °C is higher, which
indicates that an increase in the local temperature may
accelerate the growth of the electrical tree. When AT is
60 C, the length of the electrical tree is the highest,
and the temperature rise near the high-voltage
electrode can threaten the insulation safety.
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Fig.4 Tree length and accumulated damage as functions of

different compressive stress

Fig. 4b
accumulated damage to the electrical tree and the

shows the relationship between the
compressive stress. When AT is 0 and 60 °C, the
accumulated damage first decreases and then increases
with the increase of compression stress, and the
accumulated damage at 60 “C is much higher than that

at 0 ‘C. Moreover, when the compressive stress rises
from 20 MPa to 30 MPa, the accumulated damage
growth rate at 60 ‘C is less than that at 0 ‘C. The
analysis shows that the stress concentration area is
released at high temperatures, and the influence of
stress on the growth of the electrical tree was
thus, the

weakened; accumulated damage rate

decreased.
3.2 Mechanical stress distribution

For comparison, the typical photoelastic images of
electrical trees with the same stressing time under
tensile and compressive load of 10 MPa at 90 C are
presented in Fig. 5. Tensile stress promotes electrical
tree growth in the stress direction, forming a bush-like
tree, while compressive stress causes the electrical tree

to grow perpendicularly, forming a branch-like tree.

R

o LI
T — —— e . B - |

(a) Tensile stress

(b) Compressive stress
Fig. 5 Typical morphologies of electrical trees at high

temperatures under tensile and compressive stresses

When comparing the two scenarios, no obvious
stress concentration was observed in the sample under
a homogeneous temperature, even with tensile or
compressive loads. To further investigate the effects of
thermal stress, the high-voltage electrode and ground
are 90 C and 30 °C,
respectively, and the temperature gradient is 60 °C.
show that the

electrode temperatures

The photoelastic images stress

distribution under the temperature gradient is
significantly different, as shown in Figs. 6 and 7.

Fig. 6 shows the stress distribution of the needle
electrode at a temperature gradient of 60 C under
tensile stress. According to the photoelastic images,
the stress distribution was consistent throughout the
process. Stress initiates from the tip of the needle
electrode, becomes stronger, and extends in the
direction of the applied stress, that is, perpendicular to
the needle electrode. The analysis shows that under an

external tensile stress, owing to the existence of the
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needle tip, the stress distribution is uneven, resulting in
the maximum tensile stress in front of the needle
electrode. The highest stress was found in the layers
along the applied stress direction, as shown in Fig. 6.
Zero- or very-low-stress regions are found near the
low-voltage side, that is, the high-temperature side,
because the high temperature releases the stress

concentration area.
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Fig. 6 Growth process of the electrical tree with 7g=60 C

under tensile stress

Fig. 7 shows the stress distribution of the needle
electrode with a temperature gradient of 60 ‘C under
compressive stress. The stress distribution was found
to be contrary to that of the previous case. Following
the application of compressive stress together with the
temperature gradient, a relatively low amount of stress
is found at the tip of the needle electrode, which then
grows toward the ground electrode. The highest stress
levels existed on the two sides of the needle electrode,
where the thermal stress met the applied compressive

stress.

Fig. 7 Growth process of electrical tree with 75=60 ‘C under

compressive stress

When comparing the two scenarios, the most
significant difference is that the stress is highly

distributed along the stress directions under a tensile
load, whereas the highest stress regions only exist as
certain shapes near the high-voltage side in the latter.
It is speculated that this is caused by the different
effects of tensile and compressive stresses on the
needle tip. The epoxy resin exhibits a slight
deformation under mechanical stress. Under tensile
stress, the position of the needle tip is equivalent to
that of a notch, which did not block the tensile
deformation of the epoxy tree. However, under
compressive stress, the micro-deformation of the resin
on both sides of the needle tip is blocked; thus, the
stress distribution of the resin under tensile and
compressive  stresses is  significantly different.
Although the two scenarios show opposite phenomena
in terms of stress distribution, the thermal stress still
promotes the electrical tree process in both cases.
Moreover, thermal-mechanical coupling stress can
accelerate the process and increase the growth of the
electrical tree length further than single mechanical

stress.
3.3 Discussions

The relationship between the thermal and mechanical
coupling stress and the electrical tree morphology is
study, the
thermal-mechanical combined stress value is set as a

depicted in Fig. 8. In this

controlling parameter and the X-axis. Three types of
results were obtained under different conditions: a
low- or zero-voltage level in the absence of a
temperature gradient, a high-voltage level in the
absence of a temperature gradient, and a high-voltage
level with a temperature gradient. When the tree length
is greater than zero, it indicates that an electrical tree
can be generated; the larger the value, the more severe
the degradation of the electrical tree. When the tree
length is less than zero, the opposite occurs. In the
absence of a temperature gradient, when the applied
voltage is not sufficiently large and the mechanical
stress is low, an electrical tree does not occur. With an
increase in the mechanical stress, the probability of
electrical tree initiation increases. When the voltage is
sufficiently high, an electrical tree is more likely to
initiate and grow as the tensile stress increases. When
the compressive stress increases, electrical tree growth
exhibits a nonlinear trend. This explains the variation
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pattern shown in Fig. 4, where an appropriate
compressive stress can suppress the tree growth
process. When a temperature gradient of 60 C is
applied, the breakdown process becomes even faster,
and the curve is found to be steeper. This proves that
thermal stress in superposition with mechanical stress
has a stronger effect on the electrical tree formation

process. Moreover, it can be observed that under the

same temperature gradient, the tensile and
compressive stresses show different tree-growth
morphologies.

AT=60 ‘C Treeing area
Tree growth curve
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Fig. 8 Relationship between electrical tree morphology and

thermal-mechanical stress

As shown in the first and fourth quadrants of Fig. 8,
electrical tree growth accelerates with an increase in
tensile stress, while the temperature gradient promotes
the process. As a result, the breakdown time becomes
shorter, and the accumulated damage rate increases
significantly. In the second and third quadrants,
compressive stress can initially inhibit tree growth;
however, once the stress exceeds a certain value, the
growth of the electrical tree is accelerated, and the
temperature gradient further promotes the process.
According to the curve, tensile stress consistently
accelerates tree growth, while compressive stress
initially decelerates the process and then accelerates it
after reaching a certain point. However, thermal stress
promotes the growth process in any event and induces
more severe damage in a relatively short period. This
is consistent with the results presented in Section 3.1.

In the absence of a temperature gradient, the
electrical tree tends to exist as a small bush- or
branch-like structure at low voltages. At this time, the
breakdown process is only in the initiation stage; the
tree branches are still short, and the effects are not

significant. However, when the voltage level is
increased and thermal stress is applied together with
the already present mechanical stress, the tree process
becomes more severe. Tree branches grow faster in
certain directions to form more complex structures,
which may lead to the formation of cracks and voids in
the epoxy resin. This is consistent with the results

presented in Section 3.2.

4 Conclusions

The following conclusions were drawn from this
study.

(1) Under high mechanical stress, the electrical tree
exhibits a sparser structure and larger destructive area.
Tensile mechanical stress constantly promotes the
growth of electrical trees along the electric field,
whereas a temperature gradient accelerates this growth
process. More damage accumulated during the growth
process.

(2) Although compressive mechanical stress initially
reduces the tree growth and accumulated damage, after
the applied stress reaches 10 MPa, the process returns
to inducing an increase in the tree length and damage,
similar to the tensile mechanical stress. The
temperature gradient also accelerates the process.

(3) The mechanical stress and temperature gradient
simultaneously affect the electrical tree degradation
process of the epoxy resin. When the mechanical stress
increased from 20 MPa to 30 MPa, the stress was
released at high temperatures, and the effect of
temperature on the electrical tree was dominant.

(4) Both thermal and mechanical stresses must be
emphasized when considering epoxy resin insulation
for equipment. In this study, only vertical stress was
applied to the sample. The applied stress in the
horizontal direction must be investigated. Moreover,
epoxy resin is cured with several catalysts and
accelerators during the actual work process. Hence, it
is difficult to observe the stress distribution using the
current equipment setup, which needs to be improved

in future studies.
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