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ABSTRACT: The eco-friendly insulating medium CsF,O gas has attracted the attention of
many researchers due to its superior environmental protection and insulation properties.
However, there are few studies on the compatibility of CsF,,0 gas with sealing materials for the
gas-insulated equipment (GIE), which will bury hidden dangers for its engineering application.
In this study, the compatibility of CsF ;O gas with an ethylene propylene diene monomer
(EPDM) sealing material which is most used in equipment was tested, and its reaction —_——
mechanism was simulated. The study found that the O element on the carbonyl group of ‘ o Time (wis)
CsF 1O gas has high chemical reactivity and will interact with EPDM rubber. During the .44
interaction process, EPDM rubber will also react with the C;F4 gas generated by the
decomposition of CsF;0 gas, and at the same time, it will also decompose CsF;,O gas to
produce more C;F4O and C;HF,. The surface of EPDM rubber will produce oily substances
and a large number of crystal particles, which will cause its mechanical properties to deteriorate
and shorten its service life. Therefore, it is necessary to carry out anti-corrosion treatment on the
surface of EPDM rubber or replace the sealing material with better compatibility when
designing and manufacturing GIE.
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1. INTRODUCTION

Sulfur hexafluoride (SF¢) gas has been widely used in the gas-
insulated equipment (GIE) of power systems due to its
excellent insulation and arc extinguishing performance.'
However, SF gas has a very high greenhouse effect. Its global
warming potential (GWP) is 23,500 times that of CO,, and its
life span in the atmosphere is about 3200 years.” As early as
1997, the “Kyoto Protocol” clearly listed it as a greenhouse gas
that needs to be restricted.” The “Paris Agreement” signed at

gases (such as N, synthetic air, CO,, and so forth) to meet the
requirements for liquefaction temperature in engineering
practice.8

Currently, many researchers have carried out a lot of
research on the physical and chemical properties,”'® insulation
properties,'’ decomposition characteristics,"® and arc
extinguishing characteristics'* of CsF 14O and its gas mixture
and have achieved certain results, confirming that the CsF,,O
gas mixture has the potential to be used in various medium-

the end of 2015 also pointed out that countries in the world
should strive to achieve net-zero emissions of greenhouse gases
by the end of this century while keeping the global warming
value within 1.5—29%." In response to the global call for energy
conservation and emission reduction, avoiding the greenhouse
effect caused by the use of SF4 gas and realizing the green and
sustainable development of the power industry, it has become
a research hotspot in related fields to find environmentally
friendly insulating media for power systems.’

The excellent insulation properties of CsF;,O (1,1,1,3,4,4,4-
heptafluoro-3-(trifluoromethyl)-2-butanone) gas have received
extensive attention from many researchers in recent years.7
The insulation performance of pure CsF,O gas is about 1.4
times that of SF gas, its GWP value is less than 1 (equivalent
to CO,), and its atmospheric lifetime is only 15 days.
However, the liquefaction temperature of CsF,O gas of 26.9
°C under normal pressure limits its application. In engineering
applications, pure CsF (O gas cannot be used alone as an
insulating medium. It must be mixed with low-boiling buffer
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and low-voltage GIE. It is necessary to carry out the
compatibility study of CsF (O gas and the internal materials
of the equipment before engineering applications. CsF,O gas
will be in direct contact with the internal materials of GIE, so it
is required that CsF (O gas and the internal materials of GIE
can coexist for a long time and have good compatibility.
Kessler et al. had carried out accelerated aging experiments of
C;F 4O gas and materials such as metals, alloys, and insulators
inside GIE within the range of 75—225 °C. Studies had shown
that CsF (O gas and metals are still stable at high temperatures,
whereas C;F,,O gas will react with insulators or elastomers to
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produce C;HF, and C,F.'® Zhang et al. first studied the
interaction mechanism between C F;,O and metal materials in
electrical equipment through density functional theory (DFT).
The calculation found that the oxygen atom in the CsF;,O
molecule has a strong interaction force with the Cu(1 1 1)
surface, while the fluorine atom has a weak interaction force
with the Cu(l 1 1) surface, which belongs to physical
adsorption.'® The interaction force between CF;,O molecule
and Al(1 1 1) is stronger than that of Ag(1 1 1), which belongs
to chemical adsorption, and the interaction mechanism
between the C;F;(O molecule and Ag(l 1 1) is physical
interaction.'” Experimental research on the compatibility of
the CF;,0—CO, gas mixture with metal materials copper and
aluminum had shown that the compatibility of copper and the
CsF(0—CO, gas mixture is significantly lower than that of
aluminum. The interaction between the C.F,;0—CO, gas
mixture and copper at the temperature above 100 °C for 8 h
will corrode the copper surface and form cubic grains, but
there is no corrosion on the aluminum surface.® Experimental
research on the compatibility of C;F;;O—N, and C.F;,0O—
synthetic air gas mixtures with metal material copper had
shown that oxygen at high temperatures will aggravate the
corrosion of CsF;,O gas on the copper surface. Therefore, it is
necessary to protect the copper contacts inside GIE with silver
plating to prevent CsF;,0O gas from corroding the copper
surface.

CsF 40 gas is a new synthetic gas. It is an indispensable step
to study the compatibility of CsF;,O gas with internal materials
of GIE before engineering applications. Relevant researchers
have conducted studies on the metal materials (copper,
aluminum, and silver) used in GIE, but there are few reports
on the compatibility of rubber sealing materials used in GIE
with CsF 4O gas. If the compatibility of CsF;,O gas and rubber
sealing materials is poor, it will lead to accelerated aging of the
sealing materials, shortened service life, and increased annual
leakage rate and even cause equipment insulation breakdown
due to gas leakage. Therefore, study on the compatibility of
CsF,0 gas and rubber sealing materials will have guiding
significance for its engineering applications.

In this study, a CsF ;O gas and rubber sealing material
compatibility test platform was built, and ethylene propylene
diene monomer (EPDM) rubber seal ring, the most commonly
used sealing material in GIE, was used as the test object. The
compatibility of the C;F;(O—CO, gas mixture and EPDM
rubber was studied by the thermal acceleration test.

2. RESULTS AND ANALYSIS

When using GCMS to detect the components of the gas
mixture, first, one should use the SCAN mode to scan all
possible decomposition products. The chromatographic peaks
of the decomposition products are shown in Figure la. The
mass-to-charge ratios (m/z) of CsF(O gas and decomposition
products are shown in Table 1. The decomposition products
were found to be C;F,O, C;F4 and C;HF, through mass
spectrometry identification. The reasons why the decom-
position products of the control test group contained H-
containing C;HF, are as follows: In the test process of this
research, the impurity inside the gas chamber was removed by
vacuuming and using pure CO, gas to clean the gas chamber,
which avoided the interference of impurity gas to the greatest
extent, but there were still traces of H,O remaining on the
inside and inner wall of the gas chamber, and it participates in
the decomposition reaction of CsF (O gas during the test. The
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Figure 1. Decomposition products of the C;F;,0—CO, gas mixture
and EPDM rubber after thermal aging. (a) Qualitative analysis of
decomposition products of CsF;qO gas. (b) Quantitative analysis
results of decomposition products of CsF;,0 gas.

Table 1. C;F,,O Gas and Its Decomposition Product Mass-
to-Charge Ratios (m/z) and Separation Time

gas type mass-to-charge ratios (m/z) separation time (min)
CFyy0 69, 97, 169, 197, 266 6.04—6.90
C.FH 69, 151 5.55-6.01
C.Fq 69, 100, 131, 150 527-5.61
C,FO 50, 69, 119 497-5.56

safety data sheet of CsF,,O gas shows that CsF,,O reacts with
water by violent hydrolysis, and the rate of reaction with water
is fast at room temperature, and the half-life of hydrolysis is
about 11.5 min.” In the reaction process, H,0 will decompose
to produce H®* and OH® and react with CF;*, C;F,%, and F*
particles generated by the decomposition of CsF;;0O gas and
finally %enerate decomposition products such as C;F4 and
C;HF,."""* From the chromatogram of the control group
shown in Figure 1a, it can be seen that the CF,(0O—CO, gas
mixture will react with the stainless steel shell outside the heat
source at high temperatures and produce three decomposition
products of C;F4O, C;F, and C;HF.. In the test group, the
main decomposition products produced by the contact of the
CsF,0—CO, gas mixture with EPDM are also three
decomposition products of C3FsO, C;F;, and C;HF,. The
difference is that the concentrations of the three decom-
position products produced by them are different.

https://doi.org/10.1021/acsomega.1c03491
ACS Omega 2021, 6, 28770—28778


https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

In order to study the effect of EPDM on the decomposition
products of CsF ;O gas under different temperature con-
ditions, C3F4 and C;HF, were quantitatively studied using
C;Fs and C;HF, standard concentration gases. Since the
standard concentration of C;F¢O gas cannot be obtained
temporarily, the peak area of C;FcO gas produced by different
test groups can be obtained by integrating the mass spectrum
peak area with the m/z of 119 in C;F,O gas, and the
concentration change of C;F¢O gas can be studied by
comparing the peak area in a semi-quantitative way. The
quantitative analysis diagrams of the three decomposition
products of C;F4O, C;F¢, and C;HF, are shown in Figure 1b.

When the test temperature was 80 °C, the EPDM test group
produced more C;FO and C;HF, than the CiF,,0 gas
decomposition in the control group, while the content of C;Fq
was greatly reduced. The concentrations of C;F4 and C;HF,
produced by the control test group were 83.70 and 232.33
ppm, respectively. The concentration of C;F4 produced by the
80 °C EPDM rubber test group decreased by 69.57%, and the
concentration of C;F,O and C;HF, increased by 156.55 and
26.98%, respectively. In the different temperature test groups,
the concentrations of C;Fs and C;HF, produced by the
decomposition of the test group at 70 °C were 70.45 and
260.38 ppm, respectively, and the concentration of C;Fq
produced by the EPDM rubber test group at 80 °C decreased
by 64.41%, whereas the concentration of C;F;O and C;HF,
increased by 148.09 and 13.30%, respectively. The above
results indicate that long-term contact between CF;,O gas
and the surface of the stainless steel shell outside the heat
source will decompose the trace of CsF,;0 gas and produce
three main decomposition products: C;FcO, C;F4, and C;HF.,.

After the test is over, the gas inside the gas chamber is
extracted through the exhaust gas collection and recovery
system, and the sample of the EPDM rubber sealing ring taken
out is shown in Figure 2. From left to right, there are samples

Figure 2. Surface photos of EPDM rubber before and after the test.

of EPDM rubber sealing rings before the test and when the test
temperature is 70 and 80 °C, respectively. The EPDM rubber
before the test showed a black matt appearance, and the rubber
surface after the test had a layer of oily substance attached to
the surface. In order to further explore the surface changes of
EPDM rubber in contact with CsF,,O gas under thermal aging
conditions, it is necessary to characterize EPDM rubber
samples before and after the test to reveal their interaction
mechanism.

3. CHARACTERIZATION OF EPDM SAMPLES AND
THEIR INTERACTION MECHANISM

3.1. Rubber Tensile Test. The EPDM rubber sealing rings
used in this study are the O-type rubber ring used in the GIE
produced by the XJ Group and not the standard test rubber
sample. One should refer to the rubber tensile standard test
principle; the length of the tensile test sample is 65 mm and
the tensile speed is 500 mm/min."” The tensile stress and
strain properties of EPDM rubber samples before and after the
test are shown in Figure 3 and Table 2. The elongation at
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Figure 3. Tensile stress—strain curve of EPDM rubber samples before
and after the test.

Table 2. Elongation at Break and Maximum Force of EPDM
Rubber Samples

elongation at break (%)  maximum force (MPa)

control group 111.60 250.00
70 °C test group 89.87 222.78
80 °C test group 92.65 245.18

break of the EPDM rubber sample before the test was
111.60%, and the maximum tensile force was 250.00 MPa.
However, the elongation at break of the EPDM sample at 70
and 80 °C was reduced by 19.47 and 16.98%, and the
maximum tensile force was reduced by 10.88 and 1.92%,
respectively. The changes in mechanical parameters indicate
that the EPDM rubber has embrittled, and the mechanical
properties of EPDM rubber samples are slightly reduced after
the thermal aging test.

3.2. SEM Test. Figure 4 shows the changes in the surface
morphology of EPDM rubber before and after the test. The
EPDM rubber before the test had some small ravines on the
surface. Under high magnification, it can be observed that the
surface of the rubber is covered with grit-like particles. These
phenomena are caused by the rubber manufacturing process.
When the test temperature is 70 °C, the small ravines on the
surface of EPDM rubber are not as obvious as those in the
control group. Most of the grit-like particles observed under
high magnification have disappeared. Except for the precip-
itation of crystal particles (white particles in the picture) in
some areas, the surface of the rubber has a relatively smooth
morphology. The above results show that when the test
temperature is 70 °C, the EPDM rubber has begun to appear
slightly corroded after being thermally aged for 90 h in the
CsF1(0—CO, gas mixture. When the test temperature is 80
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Figure 4. Surface morphology of EPDM rubber before and after the
test. (a) Control group. (b) 70 °C test group. (c) 80 °C test group.

°C, a large number of crystal particles are uniformly distributed
on the surface of EPDM rubber, indicating that the structure of
the rubber surface has been severely damaged and a large
number of crystal particles are exposed. The crystal particles on
the rubber surface come from the crosslinking agent added
during the production of EPDM rubber and precipitated to the
surface due to high temperature.

3.3. XPS Test. The EPDM rubber is a kind of copolymer
formed by ethylene, propylene, and a small amount of non-
conjugated diene. The chemical elements are mainly C and H
elements. Since the photoionization interface of the H and He
elements is small and the signal is too weak, XPS cannot detect
these two elements, so the change of the H element is not
considered. In order to further study the change law of
elements (F 1s, C 1s, and O 1s) on the surface of EPDM
rubber samples, this study used XPS to perform energy
spectrum scanning tests (the orbits of the tested elements are
selected according to the international general test rules) on
the elements that may exist on the rubber surface. We first use
XPS Peak software to perform a Shirley-type fitting deduction
on the background of the energy spectrum and then use the
Gaussian algorithm to perform peak fitting.”" Finally, refer to
the National Institute of Standards and Technology XPS
database and previous studies’' to determine the chemical
state, molecular structure, and chemical bonds of the elements.
The results are shown in Table 3 and Figure S.

Table 3. Changes in Surface Element Content of EPDM
Rubber Samples before and after the Test

C (%) E (%) 0 (%)
control group 79.13 1.18 19.69
70 °C test group 65.16 15.37 19.47
80 °C test group 64.24 17.46 18.30

From the changes of the elements on the surface of EPDM
rubber samples before and after the test listed in Table 3, it can
be seen that the content of the C element on the surface of the
rubber samples is the highest, and its proportion of the surface
of the EPDM rubber sample before the test is close to 80%.
The reason that the rubber surface before the test contained
19.69% of the O element was that EPDM rubber was
vulcanized with peroxide as a cross-linking agent to obtain
more excellent mechanical and insulating properties, so its
surface contained the O element. During the heat aging test,
the proportion of O element decreased slightly, and the higher
the test temperature, the more the proportion of the O
element on the rubber surface decreased. This is due to the
large increase in the content of the F element during the
thermal aging test, which indirectly caused the relative decrease
in the proportion of C and O. The increase in the content of
the F element also indirectly indicates that CiF ;O gas
interacts with EPDM rubber during the thermal aging process.

From the high-resolution photoelectron spectra of F 1s, C
Is, and O 1s shown in Figure S, it can be seen that the
characteristic chemical bonds of the elements on the surface of
EPDM rubber samples have changed after the test. The
different characteristic chemical bonds’ information in the
figure represents different material characteristics, which
directly indicates that CsF,,0 gas interacts with EPDM rubber
during the high-temperature thermal aging process. Figure Sa
shows the photoelectron spectrum of the F 1s orbital on the
surface of the rubber samples. The EPDM rubber before the
test did not contain the F element, and the surface of the
rubber after the test detected two characteristic peaks of the F
element. The C—F bond and the —CF,—CH,— group were
detected at 684.50 and 688.15 eV, respectively. The C—F bond
at 684.50 eV indicates that the chemical bond formed by the F
atom fixed to the C atom was detected on the rubber surface.””
The reason may be that C;F ;O gas or its decomposition
product gas detected above was attached to the rubber surface.
However, the —CF,—CH,— group confirmed that the —CF,—
group replaced the —CH,— group in the rubber during the
reaction of CsF (O gas with rubber and formed a long-chain
structure containing organic fluorine groups. The photo-
electron spectroscopy of the C 1s orbital on the surface of the
rubber samples shown in Figure Sb detected the chemical
bond formed by the C and O elements, which is a
characteristic peak of the peroxide crosslinker. It is important
to point out that the C element on the surface of EPDM
rubber samples produced a new characteristic peak at 292.80
eV after the test, which corresponds to the —CF,—CF,—
group. This is also consistent with the detection result of the F
element shown in Figure Sa. Combined with the previous test
results that the concentration of C;F4 produced by the
decomposition of CF,0 is lower than that of the control
group, it is shown that the —CF,—CF,— groups detected in
Figure Sa,b are mainly produced by the reaction of C;F4 with
EPDM. Although the photoelectron spectroscopy of the O 1s
orbital on the surface of the rubber sample shown in Figure Sc
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Figure 5. Surface element analysis of EPDM rubber before and after the test.

did not detect the formation of new characteristic chemical
bonds, the two characteristic peak intensities of the O element
also changed to varying degrees before and after the test.

The new characteristic peaks of F 1s and C 1s in the above
results confirm that CF,(O gas and EPDM rubber have a
chemical reaction under thermal aging conditions, and CF,,O
gas will corrode the surface of EPDM rubber at high
temperatures.

3.4. Reaction Mechanism of C;F,,0 and EPDM. In
order to analyze the interaction mechanism between CiF,,O
gas and EPDM, density functional theory (DFT) was used.
EPDM rubber is a copolymer formed of ethylene, propylene,
and a small amount of non-conjugated diene. Ethylene
norbornene is usually used as the diene. Its main advantages
are fast vulcanization speed and high vulcanization efficiency.
In this study, the ethylene—propylene—ethylidene norbornene
chain was selected as the model of EDPM rubber for DFT
calculation. Yamada et al. also used this scheme to study the
interaction mechanism between nitrile rubber and fuel species
based on DFT.>* EPDM defects and particles have unsaturated
chemical bonds and are more reactive than EPDM molecules.
Therefore, the reaction between CF,,O and EPDM defects or
particles can occur more easily than EPDM molecules.”' We
used the Perdew—Burke—Ernzerhof-generalized gradient ap-
proximation method in our calculations to deal with electronic
exchange and correlation.”* In the calculations, the double
numerical plus polarization was used to add polarization
functions to all atoms, and all electrons were processed using
all electrons relativistically, and the relativistic effect was
introduced in the processing of core electrons to make the
calculation results more accurate and reliable.”> The
convergence tolerance settings in the geometric optimization
calculation process are as follows: 1.0 X 10~® Ha for energy,

28774

(2) 0.005 A for maximum displacement, and (3) 0.002 Ha/A
for maximum force.”'

The reaction enthalpy of a chemical reaction is defined as
follows:

enthalpy = E - E

(1)
where the negative value of the reaction enthalpy indicates that
the reaction is thermodynamically spontaneous and the
positive value of the reaction enthalpy indicates that the
reaction is an endothermic process.

Because the EPDM molecule is a complex organic
macromolecular structure, the interaction mechanism between
EPDM rubber and C;F,,O gas discussed in this study mainly
focuses on the reaction of EPDM rubber defects or particles
with CsF;(O molecules. The defects and particles of EPDM
rubber have unsaturated chemical bonds, and its chemical
reaction activity is higher than that of EPDM rubber
molecules. In other words, the reaction between C:F,,O
molecules and EPDM defects and particles is more likely to
occur than EPDM molecules. The structure of the EPDM
monomer is shown in Figure 6a. From its structural
characteristics, it can be found that there were four possible
defect formation paths for EPDM rubber (marked by the
arrow in the figure).

The energy barrier and reaction enthalpy required by EPDM
rubber to form the four defect paths are shown in Figure 6b—e.
EPDM rubber requires 108.80 kcal/mol of energy to form
defects through the process of the chemical bond breaking
shown in reaction path 1, and the reaction enthalpy is 90.99
kcal/mol. EPDM rubber requires 184.74 kcal/mol of energy to
form defects through the process of the chemical bond
breaking shown in reaction path 2, and the reaction enthalpy is
89.18 kcal/mol. EPDM rubber requires 234.94 kcal/mol of
energy to form defects through the process of the chemical

product reactant

https://doi.org/10.1021/acsomega.1c03491
ACS Omega 2021, 6, 28770—28778


https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03491?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Reaction path 1

Reaction path 4

=y *®
T T

Reaction enthalpy (kcal/mol)
=
1

204

2504

2004

1504

1004

Reaction enthalpy (kcal/mol)
b4
T

(d

C

Reaction path 2

Reaction path 3

200+

Reaction enthalpy (kcal/mol)

200+

=
2

S
P

504

Reaction enthalpy (kcal/mol)

(e)

Figure 6. Enthalpy of reaction formed by defects in EPDM rubber. (a) Monomer structure and defect formation path of EPDM. (b) Reaction path

1. (c) Reaction path 2. (d) Reaction path 3. (e) Reaction path 4.

bond breaking shown in reaction path 3, and the reaction
enthalpy is 114.41 kcal/mol. EPDM rubber requires 207.70
kcal/mol of energy to form defects through the process of the
chemical bond breaking in the dehydrogenation process shown
in reaction path 4, and the reaction enthalpy is 95.74 kcal/mol.

We calculated the possible interactions between the CF,O
molecule and four kinds of EPDM defects and considered the
structural characteristics of the C;F;,0 molecule to construct
the initial structure model of 24 possible reaction models. The
calculation results show that C and F elements in the C;F;,0
molecule have low chemical reactivity and cannot react with
EPDM defects, while the O element in the C;F;;0 molecule
has high chemical reactivity and can react with EPDM defects
to form chemical bonds. The adsorption models of the C;F,,0
molecule and EPDM defects obtained by calculation are shown
in Figure 7.

28775

The eight types of defects formed in the four reaction paths
shown in Figure 6b—e interact with the O element in the
CsF 100 molecule to form eight adsorption models. When the
O element in the C;F;,O molecule is close to the defects of
EPDM rubber, the optimized structures show that the distance
between the O in the C;F,,0O molecule and the C element or
the H element in the EPDM defect was shortened. When the
O element in the CsF,,O molecule is close to the C element in
the EPDM defect in paths 1—3, the optimized structures show
that the distance between the O and C elements in the EPDM
defect was about 1.500 A, the distances between the O and C
elements in the two EPDM defects in reaction path 3 were
1.456 and 1.377 A, respectively, and the distance between O in
the C;F,,O molecule and H elements in the EPDM defect in
reaction path 4 was 0.979 A.
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Figure 7. Enthalpy of reaction between CF,,O gas and defects in EPDM rubber.

In addition, the calculation results show that the enthalpy
values of all reaction paths are negative, that is, the reaction
process is exothermic. The reaction enthalpy of reaction paths
3A and 4B is significantly higher than that of the other six
reaction paths (approximately —20.00 kcal/mol). Among
them, path 3A with the largest reaction enthalpy value is
—41.71 kcal/mol, and path 4A with the smallest reaction
enthalpy value is —17.61 kcal/mol. The two adsorption models
formed by reaction paths 3A and 4B have the largest reaction
enthalpy and the most heat released during the adsorption
process. Therefore, the two reaction paths are most likely to
undergo adsorption reaction between CsF;;0 molecules and
EPDM defects. The chemical reaction that causes the fluorine
element to accumulate on the rubber surface is also more likely
to occur through the above two paths.

3.5. Discussion. According to the above results, the
interaction between CiF;;O and EPDM rubber defects and
particles will cause the adsorption of CsF;jO on the rubber
surface. The O element in the carbonyl (C=O0) group of
CsF 4O is chemically active and can easily react with EPDM

defects or particles to form chemical bonds. CsF;,O gas has
poor compatibility with EPDM during high-temperature
thermal aging. This shortcoming should be considered when
designing and manufacturing GIE sealing materials. In order to
prevent the corrosion of the sealing material from accelerating
its aging process, resulting in the shortening of the service life
of the equipment and even the insulation failure caused by gas
leakage, we need to perform anti-corrosion treatment on the
surface of EPDM rubber or use rubber with better
compatibility with C;F;,0 gas as a sealing material.

4. CONCLUSIONS

In this study, the EPDM rubber sealing ring used in GIE by
State Grid XJ Group Co., Ltd. was used as the test object to
explore the compatibility of CsF;(O gas and EPDM rubber
under thermal aging. After the thermal aging test, the changes
in gas composition, mechanical properties, surface morphol-
ogy, and element changes of EPDM rubber were tested, the
reaction mechanism was simulated, and the following
conclusions were obtained:
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(1) Under thermal aging conditions, minor amounts of
C;F 40 gas will react with the outer shell of the stainless
steel container to decompose and generate C3F¢O, C;Fq
and C;HF,. EPDM rubber will react with the C;F¢ gas
produced by the decomposition of CsF,,O gas, reducing
the content of C;F¢ in the decomposition products.
During the thermal aging test, oily substances will be
formed on the surface of EPDM rubber, and a large
number of crystal particles will be observed on the
surface under the microscopic view. This change will
make EPDM rubber brittle and decrease the mechanical
properties.

The O element on the carbonyl group in the CiF,,0
molecule has high reactivity and will form a stable
adsorption structure and form new chemical bonds
during the interaction process with EPDM rubber
defects and particles.

The reaction of EPDM and CsF,O gas will accelerate
its aging and shorten its service life. In the process of
designing and manufacturing GIE, the surface of EPDM
rubber should be treated with anti-corrosion or replaced
with rubber with better compatibility.

()

(3)

(4)

5. EXPERIMENTAL SECTION

The test platform is shown in Figure 8, which is mainly
composed of a heating system, a temperature feedback control

HEH
HEH

PID

Temperature feedback|
control system

Barometer

Temperature
sensor N

Exhaust gas
collection bag

EPDM samples
Y
Gas chamber

Figure 8. C;F;;0—CO, gas mixture and EPDM rubber thermal
acceleration test platform.

system, a detection system, and an exhaust gas collection and
recovery system. The heating system includes a heat source
and a 304 stainless steel shell outside the heat source. The heat
source transfers heat to the surface through the stainless steel
shell so that the gas is heated more uniformly. The outer wall
of the gas chamber is also made of 304 stainless steel, which
ensures that the gas chamber has high chemical stability. The
temperature feedback monitoring and control system includes
a temperature sensor and a proportion integration differ-
entiation (PID) controller. The temperature sensor is used to
monitor the temperature of the test gas and provide feedback
of the temperature signal to the PID controller to control the
test process. There is also a sensor for monitoring the gas
temperature inside the gas chamber. The detection system
includes a gas chromatograph—mass spectrometer, a field
emission scanning electron microscope, and an X-ray photo-
electron spectrometer. The gas chromatograph—mass spec-
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trometer is the GCMS-QP2010 Ultra gas chromatography
mass spectrometer produced by Shimadzu. The chromato-
graphic column model is CP-SIL 5 CB, and the film thickness,
length, and inner diameter of the chromatographic column are
8 um, 60 m, and 0.32 mm, respectively. FESEM is produced by
Carl Zeiss and is used to observe the changes in the surface
morphology of EPDM rubber after heat aging. XPS is used to
characterize the element composition, content, and character-
istic chemical bonds of the EPDM rubber surface and can be
used to analyze the chemical reactions that occur on the
EPDM rubber surface.

The C4F (O gas used in the test was provided by Minnesota
Mining and Manufacturing (3M) with a purity of 99.5%, and
high-purity CO, was provided by Wuhan Niuride Special Gas
Co., Ltd. with a purity of 99.999%. The EPDM rubber material
is the sample of the EPDM seal ring in GIE produced by State
Grid XJ Group Co., Ltd. The sample is a cylindrical shape with
a diameter of 5 mm. The cleaning steps of EPDM rubber
samples before the test were as follows: first, we should put the
EPDM rubber sample in distilled water and use ultrasonic
cleaning for 1 h to remove the impurities on the surface to
prevent it from affecting the test results, and then we should
put the sample in a drying oven to dry for 24 h to remove
water.

The gas used in the experiment of this research was a 7.5%
CsF1,0—92.5% CO, gas mixture (volume fraction). Since the
gas pressure in the gas chamber will rise during the thermal
aging process, the gas pressure was set to 0.2 MPa (relative
pressure) for safety reasons. The relevant regulations stipulate
that the maximum ambient temperature for the safe and stable
operation of GIE is 40 °C, and the allowable upper limit of
temperature rise of metal products can reach 65—75 °C.°
EPDM is generally used as the sealing material of GIE, and the
temperature of the equipment casing is usually lower. GB/T
11022-2011°° stipulates that the maximum temperature rise of
the part that can be touched in normal operation is 30 °C, and
the maximum temperature rise of the part that does not need
to be touched in normal operation is 40 °C. Therefore,
considering the actual operating conditions of GIE, the test
temperature was selected as 70 and 80 °C, and control groups
with the temperature of 80 °C were set up. The control group
had the same conditions as the test group except that no
EPDM was placed. There is currently no compatibility test
standard for non-SF4 gas insulating media and rubber
materials. In order to have sufficient reaction time between
CsF 0O gas and EPDM rubber, the thermal aging test time was
90 h.”' After the test, the gas sample in the gas chamber was
collected and GCMS was used to detect the change in gas
composition.
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