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In molecular dynamics simulation, the cross-linked epoxy resin model can well
simulate the performance of epoxy resin in actual use. We have established a
cross-linked epoxy resin model and a composite model of epoxy resin and
aluminum at the molecular level. Based on ReaxFF, the reaction molecular
dynamics simulation of pyrolysis aging was carried out by Lammps. The aged
epoxy resin is decomposed into H,, CO, H,O, CO,, CH4 and CH,O. Tensile
simulation of aged epoxy resin and aluminum system was carried out, and the
stress-strain curve was obtained. Compared with non-aging, the maximum
stress is reduced by 25.77%. In order to verify the correctness of the simulation
results, an epoxy resin with Diglycidyl ether of Bisphenol A (DGEBA) as the resin
substrate and 4,4'- Diaminodiphenyl sulfone (44DDS) as the curing agent was
prepared, which is coated on the surface of aluminum for curing. In order to
explore the change of adhesion during aging, we put the samples in high-
temperature vacuum drying oven at 160°C for thermal oxygen aging
experiment. The state of epoxy resin at different aging time was studied by
SEM, XPS and FTIR. The results showed that the adhesion decreased by 27.16%
after aging. The chemical bond in epoxy resin was seriously damaged, the
content of the O/C element increased from 15.95% to 22.76%, and the surface
cracks of epoxy resin coating increased significantly. Through molecular
dynamics simulation and thermal aging experiments, this paper reveals the
reasons for the reduction of adhesion between epoxy resin and aluminum
caused by thermal aging, which provided theoretical guidance for the aging and
falling off of epoxy resin coating in gas-insulated transmission line.
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1 Introduction

Epoxy resin has excellent mechanical, electrical, thermal and
bonding properties, and is widely used in coatings (Zhang et al.,
2015; Waskiewicz et al., 2013; Langer et al., 2019), electronic
product packaging (Komoda, 2013; Feng et al., 2018; Li et al,,
2019), aerospace (Fischer et al, 2011; Bakis et al., 2021) and
electrical equipment (Ramu and Nagamani, 2014; Wang et al,,
2019). Because gas-insulated transmission line (GIL) has the
advantages of large transmission capacity, low power loss, flexible
laying and good reliability, it is suitable for special areas with
harsh natural environment and large height drop (Xiao and Yan
2017; Magier et al,, 2018). It makes up for the limitations of
overhead lines and cables in the field of high voltage direct
current transmission (HVDC), and has broad application
prospects (Tang et al., 2008). However, during the production,
assembly and operation of GIL, the internal metal particles will
change the electric field distribution in GIL, resulting in electric
field distortion. Under DC voltage, the surface charge
accumulation effect will induce surface flashover, which has a
great impact on the operation reliability of GIL (Hama et al,,
2007; Ma et al., 2015; Ma et al., 2015; Zhou et al., 2017; Xue et al.,
2020). The results show that the epoxy coating on the internal
electrode of GIL can effectively inhibit the movement of metal
particles, thus inhibiting the internal discharge of GIL and
improving the operation reliability of GIL (Zhang et al., 2017).

Although the epoxy resin has excellent performance, the
epoxy resin will age with the extension of service time during the
use process, which shows that the surface is yellow, the gloss is
weakened, cracks appear, the mechanical properties and
insulation properties are reduced (McGrath et al., 2008; Yang
and Jiang, 2015). The epoxy resin coating used in GIL is affected
by electric and thermal stress for a long time, which will break the
molecular chain of the epoxy resin. After long-time operation,
the mechanical properties of the epoxy coating will decline,
cracks and even the coating will fall off, which will lead to the
complete failure of the epoxy coating (Kim et al., 2005;
Zubielewicz and Krolikowska., 2009; Zhang et al, 2014;
Mader et al., 2015).

With the rapid development of computer technology,
molecular force field and molecular system simulation
algorithm have been widely used in the research and
application of polymer materials. Molecular dynamics
simulation technology can study the physical and chemical
changes of materials at the molecular and atomic scales. It has
become the third important scientific method after experimental
method and theoretical method. Molecular dynamics method
can be used to simulate the aging of epoxy resin. Karuth
simulated the hydrothermal degradation of cross-linked epoxy
resin, and successfully simulated the protonation of water
molecules and the nucleophilic attack on the CO bond of
ether bond in epoxy amine network (Karuth et al.,, 2022). At

present, many experiment have been carried out on the aging of
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epoxy resin under different conditions, such as physical aging
(Kong et al., 1981; Moosburger-Will et al., 2014), thermal aging
(Gaoetal., 2011; Chen, 2013), hygrothermal aging (Stocchi et al.,
2006; Niu et al., 2021; Gibhardt et al., 2022), photooxidation
aging (Zhang et al, 1994; Pan, 2016). In terms of aging
experiment, Yang studied the high temperature thermal
oxidative aging behavior of bisphenol A epoxy resin fiber
reinforced composites cured with anhydride. The results
showed that oxidation and molecular rearrangement occurred
on the surface of epoxy resin during thermal oxidative aging, and
the ester structure on the tertiary carbon atom o, Hydroxyl and
hydrogen are oxidized to carbonyl functional groups. Thermal
oxygen aging will significantly reduce the fracture strain, but has
little effect on the bending strength (Yang et al.,, 2015).

Although there are many studies on the aging behavior of
epoxy resin, the properties of epoxy resin after aging can still
meet the needs of Engineering in many cases. The main material
of GIL inner electrode is aluminum, and epoxy resin is attached
to the electrode to inhibit the movement and placement of
particles. However, once the adhesion between the epoxy resin
coating and aluminum decreases to a certain extent or even falls
off, the epoxy resin coating will be completely ineffective. More
importantly, the coating falling off will become a foreign matter
of GIL, which will reduce the insulation reliability of Gil and
easily lead to discharge. At present, there is no clear study on the
problem of epoxy resin coating falling off in GIL, and the change
of interfacial adhesion between epoxy resin and aluminum
involved in this study is not clear. Therefore, the problem of
epoxy resin coating falling off from aluminum in GIL needs
further study.

In this paper, the epoxy resin model and the composite model of
epoxy resin and aluminum were established by molecular dynamics
simulation. The adhesion between epoxy resin and aluminum was
studied by molecular simulation. Through experiments, epoxy resin
was prepared with diglycidyl ether of bisphenol A (DGEBA) and
44'- diaminodiphenyl sulfone (44DDS) as raw materials, and
attached to aluminum alloy after curing for thermal aging test.
The samples with different aging time were tested by pull-out test,
and the microstructure of the coating was tested by scanning
electron microscope (SEM), and the microstructure of the
coating was analyzed by fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectrometer (XPS). The change of
adhesion between epoxy resin and aluminum alloy in GIL during
aging was explored, and the reason for the failure of epoxy resin
coating on GIL electrode was explained.

2 Molecular dynamics simulation
2.1 Build model

Epoxy resin is crosslinked by 44DDS and DGEBA. The
chemical molecular structure of epoxy monomers DGEBA
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(A) Molecular formula of DGEBA; (B) molecular structures of DGEBA; (C) molecular structures of 44DDS; (D) alumina structure after supercell;
(E) Crosslinked epoxy resin model; (F) composite model of epoxy resin and alumina.

and 44DDS is shown in Figure 1A. Nis the polymerization degree
of the resin. For the DER332 epoxy resin used in the actual
industry, the average polymerization degree  is 0.03, that is, it is
a mixture of 97 mol% DGEBA with # = 0 and 3 mol% DGEBA
with n = 1 (Wu.,, 2007). In order to reasonably simplify the
calculation, the degree of polymerization n is set to 0 when
constructing the DGEBA molecular model. According to the
chemical formulas of DGEBA and 44DDS, the models of DGEBA
and 44DDS were built, and the reasonable molecular structure
was obtained by geometry optimization, as shown in the
Figure 1B and Figure 1C.

The crosslinking reaction is realized by the reaction of amino
group (-NH2) in 44DDS and epoxy group (-CH(O)CH-) in
DGEBA. The reaction is divided into two steps. First, the oxygen
in the epoxy group in DGEBA combines with the hydrogen of
-NH2 in 44DDS to form -OH, and -NH, becomes -NH after
losing a hydrogen atom. Then, -NH forms covalent bonds with
the broken carbon at the end of the epoxy monomer. In this way,
DGEBA and 44DDS are connected. Then, the hydrogen in -NH-
continues to react with the oxygen in the epoxy ring, and C in the
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epoxy and N in 44DDS form a new covalent bond. In this way, an
amino group in 44DDS reacts with only two epoxy groups in
DGEBA, and two amino groups in a 44DDS can react with two
DGEBA. Therefore, the molar ratio of DGEBA to 44DDS should
be 2:1 (Wu and Xu, 2007).

50 DGEBA and 25 44DDS were crosslinked. Based on the
crosslinking reaction mechanism, perl script was used for
modeling. The force field used in the modeling process is
CompassIl. The cross-linking reaction is carried out at
0.1MPa and 500 K. The initial close contacts cutoff is set to
3.5A. When there are pairs of reaction atoms within the reaction
distance, the cross-linking reaction is carried out. After the cross-
linking reaction within the reaction distance is completed, the
kinetic relaxation is carried out, and then the reaction distance of
0.5A is increased. This process is repeated. The maximum
reaction distance is set to 7A (Wu and Xu., 2006). After the
crosslinking reaction, the crosslinking degree of pure epoxy resin
Then,
optimization was carried out under the pressure of 0.1MPa,
the temperature of 298 K and NPT ensemble to obtain a

model can reach 90%. Ins molecular dynamics
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crosslinked epoxy resin model with a size of 31.95 A x 31.95 A
x31.95A and a density of 1.182g/cm”. The epoxy resin model is
shown in Figure 1E. In the experiment, the density of cured epoxy
resin is 1.1~1.2g/cm’, and the crosslinked epoxy resin model after
structural optimization is consistent with the actual curing
situation.

In Figure 1D, the molecular structure of alumina was
expanded to 33.31 A x 33.31 A x12.99A. By building layered
structure as a crystal, the cross-linked epoxy resin is placed on the
alumina model in Figure 1F. After exporting the model file, use
atomsk to convert the file into the data file of lammps. Based on
ReaxFF, the model is subject to energy minimization and
equalization at 300K and 1 atm. After this process, a new
chemical bond will be formed at the interface between
alumina and epoxy resin. At the interface between the two
materials,the type of chemical bond will be manually adjusted
to make the bonding conform to the chemical principle.

2.2 Electrothermal cracking simulation

2.2.1 ReaxFF

ReaxFF determines the connection relationship between
atoms based on the bond order, bond distance and the
relationship between bond order and energy, which can
characterize the chemical reactions between atoms and
molecules through the breaking of chemical bonds. The

energy expression of ReaxFF is:

Esystem = Epond + Eover + Eunder + Eval + Epen + Etors + Econj

+ EvdiWaals + ECoulomb

Where Egygem is the total energy of the system. Among them,
based on the interaction between chemical bonds: Epyhq is the
bond energy, E, ., is the supersaturated bond energy, E, 4, is the
unsaturated bond energy, E,, is the bond angular energy, Epey, is
the penalty energy term, E is the dihedral angular energy, Econ;
is the conjugation term of the molecule. Non chemical bond
interaction: E,giwaaals 18 the van der Waals force interaction
energy, and Ecouomp is the electrostatic interaction energy. In
recent years, ReaxFF has been widely used in the study of

complex chemical reaction systems.

2.2.2 Simulation condition setting

Based on ReaxFF, this paper simulates the actual working
conditions of insulators in DC GIL through Lammps, and applies
3kV/mm electric field to the simulation system. During the aging
process of epoxy resin, bond fracture and product formation will
occur. The research shows that the results obtained by high
temperature simulation in ReaxFF are basically consistent with
the experimental test. The change of temperature only affects the
cracking rate and degree, and the reflected path and final product
remain unchanged. In this paper, the pre simulation was carried
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out from 2300 K to 6300 K. It was found that the epoxy resin
coating began to decompose seriously from about 5000 K. In
order to shorten the simulation time, molecular dynamics
simulation was carried out at 6300 K. The simulation duration
is 100 ps, the step size is 0.25 fs, and the reaction state of the
current system is output every 1,000 steps. NVT ensemble was
used in the simulation process. First, a dynamic relaxation of 4ps
was carried out at 300 K, and then an electric field of 3kV/mm
was applied. The system temperature increased to 6300 K at the
rate of 500k/ps, and maintained this state until the end of the
simulation (Ni et al., 2018).

2.2.3 Result

The main pyrolysis products of epoxy resin are shown in the
Figure 2A. The main products are H,, CO, CH,, CH,0, H,0, and
CO,. This is the same as the experimental result (Zhou
et al,2011). The first 4ps of the simulation process is the
dynamic relaxation of epoxy resin, and no product is
with the of
temperature, the chemical bond of epoxy resin began to break

produced. Then, rapid rise simulation
and began to produce products. Within 12ps of temperature rise,
the product increased gradually. When the aging time reached
16 ps, the molecular numbers of various products no longer

increased and began to fluctuate up and down.

2.3 Stretch simulation

The uncracked cross-linked epoxy resin and the aged 10ps
epoxy resin were combined with alumina respectively. At a
pressure of 1atm and a temperature of 298K, the unaged
epoxy resin and alumina composite model and the aged and
cracked alumina composite model were stretched along the
z-axis under the same conditions. The stretching rate was
0.001/fs, the timestep was 0.001 fs, and 300000 steps were run.

In the tensile process, under the action of external force, bond
fracture occurs at the interface and inside the epoxy resin with the
increase of the distance between atoms. The change of the model
at different tensile moments is shown in Figure 2C. The length of
the model is from 50.59 A to 101.15 A. The relationship between
stress and strain in the tensile process is output as the stress-
strain curve, as shown in Figure 2B. The & is strain and the o is
stress. It can be seen from the figure that the stress of the aged
model is smaller than that of the non-aged model. The maximum
stress between the non-aged epoxy resin and aluminum alloy is
1865.22 MPa, and the maximum stress between the aged epoxy
resin and aluminum oxide is 1,384.40 MPa. Because the adhesion
represents the maximum force when the epoxy resin and
aluminum alloy substrate are pulled apart, the maximum
stress of the stress-strain curve is used to represent the
adhesion between the epoxy resin and aluminum alloy.
Compared with the non-aged model, the adhesion of the aged
model decreased by 25.77%. This is because the aging epoxy resin
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(A) The variation curve of main products with time in electrothermal cracking simulation; (B) stress strain curve of epoxy resin aluminum
composite model; (C) model picture of epoxy resin and aluminum composite model at 0, 36000, 60000, 81000 steps.
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has a large number of internal chemical bonds broken due to high
temperature, the atomic connection between cross-linked epoxy
resins is no longer tight, and the ability to resist external
deformation is weakened, resulting in the overall reduction of
stress compared with that without aging. At the same time, aging
cracking causes the decomposition of the functional groups in the
epoxy resin that are easy to react with alumina, resulting in the
reduction of the chemical bond between epoxy and alumina, the
weakening of the chemical interaction between the interfaces,
and the reduction of the maximum stress.

3 Experiment materials and method
3.1 Samples

The sample preparation process is shown in Figure 3. The
resin substrate is DGEBA and the curing agent is 44DDS. First,
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mix the DGEBA and 44DDS in a beaker at a mass ratio of 100:
30. Because the mixture of epoxy resin and curing agent has a
high viscosity at room temperature, it is very difficult to stir.
Therefore, it should be stirred at a higher temperature. Under
the condition of 60°C water bath, use a magnetic stirrer to stir
for 20 min, place the beaker in an electric vacuum drying oven,
and vacuumize at 80°C for 30 min. High temperature resistant
paper is used to stick on both sides of the aluminum alloy to
make the height difference between the edge and the middle of
the aluminum alloy, and a groove is formed in the middle of the
aluminum alloy. After vacuum pumping, use a straw to adsorb a
small amount of epoxy resin solution to one side of the
aluminum alloy at 60°C, and push the glass rod to the other
side at a uniform speed, so that the epoxy resin can be uniformly
coated on the 7,075 aluminum alloy. Then, the aluminum alloy
coated with epoxy resin is placed in the oven for curing. Curing
procedure: 100°C/2 h + 160°C/20 h. After curing, stop heating
and slowly cool the temperature in the oven to room
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DGEBA:44DDS=100:30

FIGURE 3
Curing flow chart of DGEBA and 44DDS on aluminum alloy.

temperature to obtain the epoxy resin sample attached to the
aluminum alloy.

The thickness of the final epoxy coating can be controlled by
controlling the thickness of the tape. Select a thickness of 50 +
5um of epoxy resin coating samples for the pull-off test. The
samples were characterized after aging test at 160°C for 600 h.

3.2 Testing and characterization

3.2.1 Pull-off test

The Positest at-A adhesion tester produced by Defelso
company is used. The spindle used for bonding the coating is
20mm in diameter. The Araldite 2015 adhesive divided into
two parts A and B is mixed in 1:1 and stirred evenly. The
spindle is bonded to the surface of the epoxy resin coating
within 3 h. After 12 h, the adhesive adhesion performance is
the best. The tensile force is applied uniformly to separate the
coating from the aluminum alloy. This force is the adhesion.
Select three samples for each aging time to reduce the
experimental error.

3.2.2 Characterization

The spotlight 400 and Frontier fourier transform infrared
spectroscopy (FTIR) produced by PerkinElmer company in
Germany was used to observe the changes of functional
groups in the range of 4,000 ~ 400 cm™' on the surface of
composite samples before and after aging.
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Vacuumize at 80 °C for 30min

Vacuum

AXIS-Ultra DDD-600 W X-ray photoelectron spectrometer
(XPS) from Shimadzu-Kratos, Japan, was used. The excitation
source was Mg Ka target, and its photoelectron energy was
1,253.6eV with a take-off Angle of 45°. The bond energy is
corrected by the C (1s) primary peak of 284.6 eV.

Scanning electron microscope (SEM) was used to test the
morphology of the coating under different aging time. The
magnification of SEM is 5,000 times.

4 Analysis of test results
4.1 Adhesion analysis

The relation of adhesion between epoxy resin and aluminum
alloy after different aging time is shown in the Figure 4A. After
600 h aging experiment, the adhesion between epoxy resin and
aluminum alloy decreases from 2.253MPa to 1.641MPa, which
decreases by 27.16%. In the early and middle stages of aging,
adhesion decreases rapidly. When aged to 300 h, the adhesion
between epoxy resin and aluminum alloy decreases to 1.745MPa,
which is 22.54% lower than that without aging. In the middle and
late stage of aging experiment, the adhesion still decreases, but
the rate of decline obviously slows down. During the aging time
of 300 h at the late aging stage, the adhesion decreases from
1.745MPa to 1.641MPa, which only decreases by 4.62%
compared with that without aging. The adhesion between
epoxy resin and aluminum alloy tends to be stable.
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(A) The relationship between adhesion and time between epoxy resin and aluminum alloy; Scanning electron microscope of epoxy resin with

magnification of 5,000 times (B) 0 h;(C) 120 h; (D) 400 h; (E) 600 h.

4.2 Surface morphology analysis

SEM images of epoxy coating surfaces aged at 160 °C for
different times (0 h,120 h,400 h, 600 h) are shown in Figure 4B,
Figure 4C,D and Figure 4E. As can be seen from Figure 4B, the
surface of the unaged epoxy resin coating is very smooth. After
thermal aging at 160°C, the surface of the coating becomes
uneven and the roughness gradually increases. After aging for
600 h, cracks in the coating also increase significantly. As shown
in Figure 4C, after aging for 120 h, the surface of the coating
began to become no longer smooth, with small bumps. With the
increase of aging time, the bumps on the surface of the coating
are increased, some of the bumps are enlarged and tend to spread
into cracks. When aging for 400 h, the number of surface cracks
is significantly increased and particles are produced. When the
coating is aged for 600 h, the surface cracks deepen and expand,

and the particles are more and more dense.

4.3 Fourier transform infrared
spectroscopy analysis

The Figure 5A shows the FTIR spectra of epoxy resin before
and after thermal oxygen aging test at 160°C. From the figure, we
can see the effect of thermal oxygen aging on epoxy resin coating.

As shown in Figure 5A, compared with the non-aged
samples, the FTIR spectra of the epoxy resin aged at 160°C
for 600h have changed significantly. Firstly, the peaks of
2952cm™ and 2872cm' were related to C-H stretching.
After thermal oxygen aging, the peaks decreased by 35.67%
and 46.27% respectively, which proved that the hydrocarbon
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units in the epoxy resin were seriously aged after thermal oxygen
aging test. The breaking of -C=C-C=0 at 1,590.2 cm™" and C-C
chemical bond at 1,504.3 resulted in the decrease of absorption
peak. In addition, with the extension of aging time, the

1

absorption peak at 1,630.5 cm™' increases at the aging time of
60 h, which proves that -CH2- in the cured epoxy is oxidized and
combined with benzene ring to form C=O. after aging for a
longer time, C=0 decomposes and the absorption peak gradually
weakens. In addition, the absorption peaks at 1,231.1 cm™,
1,092.6 cm™, 822.7cm™ and 554.5cm™" were weakened due
to thermal oxygen decomposition. After thermal oxygen
aging, the intensity of all absorption peaks decreased
significantly, indicating that the structural damage of epoxy

resin caused by thermal oxygen aging was very obvious.

4.4 X-ray photoelectron spectrometer
analysis

In order to understand the changes of micro elements in
epoxy resin coating during thermal oxygen aging, the chemical
components of epoxy resin coating during 600 h thermal oxygen
aging at 160°C were analyzed by XPS. The two most important
elements in the epoxy resin coating are analyzed. Figure 5B,
Figure 5C and Figure 5D lists the relative atomic fraction of C and
O and the value of O/C atomic ratio. It can be seen from the
figure that with the increase of aging time, the relative atomic
content of C atoms in the epoxy coating gradually decreases,
from 84.05% to 77.24%. The relative atomic content of O atom
gradually increased from 15.95% to 22.76%. The O/Cvalue
increased from 18.97% without aging to 29.46%. Consistent
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with the FTIR spectrum analysis, the reason for the increase of
O/C relative atomic content is that some C-containing functional
groups are oxidized by O,, and the increase of O element content
will reduce the relative C element content. In addition, it may be
caused by the combination of C and O elements in epoxy to form
CO, volatilization (Cysne Barbosa et al., 2016).

5 Discussion

In the molecular dynamics simulation part, after the tensile
test of the model of epoxy resin and aluminum with different
aging degrees, we get the conclusion that aging will reduce the
adhesion between epoxy resin and aluminum. In order to verify
the correctness of this model and the simulation results, the
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thermal aging experiment of aluminum based epoxy resin
corresponding to the simulation was carried out, and the
samples were pulled off. The experimental results show that
the adhesion between the aged epoxy resin and aluminum is also
weakened. In order to explore the changes in the morphology,
internal chemical bonds and element content of epoxy resin
during the experiment, we carried out SEM, FTIR and XPS
experiments. During the aging experiment,the epoxy resin
coating is dehydrated due to thermal aging, the molecular
chain is broken, and the resin volume gradually shrinks and
decomposes. In addition, due to the different coefficient of
thermal expansion between epoxy resin and aluminum alloy,
local thermal stress will be generated at the interface between
epoxy resin and aluminum alloy during thermal aging, which will
lead to cracks. The cracks on the surface of the aged epoxy resin
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provide a channel for oxygen to enter the interior of the sample,
so that the interior of the coating is also eroded by oxygen,
resulting in a large number of cracks in the coating. The
precipitation of crystal water and the generation of cracks in
the coating, the fracture of chemical bonds and the change of the
relative element content of epoxy resin will have a great impact
on the mechanical properties of epoxy resin coating and the
adhesion between epoxy resin and aluminum alloy, resulting in
the continuous decline of adhesion.

Both simulation and experiment show that aging will break
the internal chemical bond of epoxy resin and reduce the
adhesion between epoxy resin and aluminum. It is proved
that the simulation model and conclusion are correct. In the
future research, based on this model, aluminum surface
treatment or nano modification of epoxy resin can be carried
out, so as to further explore the methods to improve the
interfacial adhesion and the aging cracking resistance of the
coating.

6 Conclusion

In this paper, a cross-linked epoxy resin model is constructed.
After electrothermal cracking aging simulation, the main products
of epoxy resin decomposition are H,, CO, H,0, CO,, CH,, and
CH,0. After the cross-linked epoxy resin and the aged epoxy resin
were constructed with alumina respectively, the tensile simulation
was carried out. The maximum stress after aging was 25.77% lower
than that of the non-aging model. We verify the correctness of the
simulation through aging experiments. After DGEBA and 44DDS
are mixed and coated on the aluminum alloy, the epoxy resin is
cured after heating 100°C/2 h + 160°C/20 h. After 600 h and 160°C
aging experiment, the adhesion between epoxy resin and
aluminum alloy decreased by 27.16%. A large number of cracks
appeared on the surface of the epoxy resin coating, and the internal
chemical bond was broken in a large range. The content of C
element in the epoxy resin decreased and the content of O element
increased. This experiment can provide guidance for the aging
failure of epoxy resin coating during GIL operation.
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