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for its potential use in eco-friendly gas-insulated equipment (GIE). The evaluation __
of the compatibility between C,F,N/CO,/O, and sealing rubber is necessary and
significant considering the high working pressure (0.14—0.6 MPa) of GIE. Herein, gy
we explored the compatibility between C,F,N/CO,/0O, and fluororubber (FKM)
and nitrile butadiene rubber (NBR) for the first time by analyzing the gas
components, rubber morphology, elemental composition, and mechanical
properties. The interaction mechanism of the gas—rubber interface was further &\
investigated based on the density functional theory. We found that C,F,N/CO,/ /
O, is compatible with FKM and NBR at 85 °C, while the surface morphology
changed at 100 °C, with white granular and agglomerated lumps appearing on
FKM and multi-layer flakes being generated on NBR. The accumulation of the
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fluorine element occurred, and the compressive mechanical properties of NBR
deteriorated after the gas—solid rubber interaction. Overall, the compatibility between FKM and C,F,N/CO,/O, is superior, which

could be employed as the sealing material for C,F,N-based GIE.

1. INTRODUCTION

In recent years, fluorinated nitrile (C,F,N) has been
considered to be the most potential alternative gas for sulfur
hexafluoride (SFs) employed in gas-insulated equipment
(GIE)."™* Tts dielectric strength reaches twice that of SF,,
with a global warming potential of 2090. For engineering
applications, CO, is mostly mixed with C,F;N to meet the
minimum operating temperature requirements of GIE." In
addition, O, is selected as the regulatory gas to inhibit the
formation of solid by-products.” At present, explorations on
the basic insulation performance of the C,F,N/CO,/O, gas
mixture have confirmed its application feasibility; equipment
manufacturers such as General Electric have also introduced
eco-friendly GIE, with C,F,N/CO,/0O, as the insulating
medium.

Mostly, the operating gas pressure of GIE is at 0.14—0.6
MPa. Considering the insulating properties of C,F;N/CO,/0,
are closely related to gas pressure, the sealing material is
required to work reliably to ensure operational safety. At
present, GIE mostly uses O-ring rubber such as an ethylene
propylene diene monomer (EPDM), nitrile butadiene rubber
(NBR), fluororubber (FKM), a fluorosilicone elastomer, and
alkyl ester acrylate as sealing materials.® First, the sealing ring is
in close contact with the gas-insulating medium during long-
term operation and is subjected to a combination of electrical,
thermal, and mechanical stresses. Moreover, the operation and
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maintenance period of GIE generally reaches more than 6
months. Therefore, it is necessary to systematically evaluate the
compatibility between C,F,N/CO,/O, and rubber sealing
materials before large-scale engineering applications to avoid
the sealing failure induced by the gas—solid rubber interface
reactions.””®

Currently, explorations on the compatibility between C,F,N
and rubber materials have made some achievements. Kessler et
al. found that there existed a strong interaction between the
rubber, desiccant, and C,F,;N, leading to the formation of
C,F,H and C;Fs.” Zhang et al. analyzed the compatibility
between EPDM and C,F,N/CO, and found that the gas—solid
interaction produced C;F,, CF;H, and C,FsH at 80 °C (90 h),
with granular crystals deposited on the EPDM.'® Zhou et al.
further pointed out that the gas—solid interaction resulted in
significant deterioration of the mechanical properties of EPDM
and the precipitation of multi-layered cross-sectional cracks
with sulfite crystals.'" Existing studies confirm that EPDM has
poor compatibility with the C,F,N gas mixture, and further
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Figure 1. (a) Molecular structure of FKM. (b) Molecular structure of NBR. (c) Stainless-steel chamber for accelerated thermal aging tests. (d)
Dimension illustration of the rubber sample. (e) Images of the double-layer stainless steel-perforated disc and fixture.
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Figure 2. Morphology and element composition of the rubber sample before and after the interaction. (a) Untreated FKM. (b) FKM-C,F,N/CO,-
85 °C. (c) FKM-C,F,N/CO0,/0,-85 °C. (d) FKM-C,F;N/C0,-100 °C. (e) FKM-C,F,N/CO,/0,-100 °C. (f) Untreated NBR. (g) NBR-C,F,N/
C0,-85 °C. (h) NBR-C,F,N/CO,/0,-85 °C. (i) NBR-C,F,N/CO,-100 °C. (j) NBR-C,F,N/CO,/0,-100 °C. (k) Energy spectrum of the FKM
surface. (1) Energy spectrum of the NBR surface.
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Figure 3. (a) XPS spectra for the surface of FKM. (b) XPS spectra for the surface of NBR.

investigations on the compatibility as well as the interaction
mechanism between sealing materials and the C,F,N gas
mixture are necessary.

FKM is a family of sealing materials containing fluorocarbon
groups, which demonstrates great resistance to heat, oxidation,
and corrosion owing to the shielding effect of C—F bonds."
Among them, the polymeric monomers of type 26 and type
246 FKM with a fluorine content of 66 and 68% are usually
used in electrical engineering. In addition, NBR formed by the
polymerization of butadiene and acrylonitrile also has superior
heat- and oil-resistance performance.'> Herein, we presented
the accelerated thermal aging tests for FKM, NBR, and
C,F;N/CO, and C,F,N/CO,/0, gas mixtures to reveal the
compatibility between them. A systematic analysis of the
characteristic parameters was carried out to reveal the gas
composition, rubber morphology, elemental composition, as
well as mechanical properties. Furthermore, the microscopic
gas—solid interaction mechanism between FKM and NBR and
C,F,N gas was analyzed based on the density functional theory
(DFT). Relevant results will provide a basis for the selection of
sealing materials for C,F,N/CO,/O,-based GIE.

2. METHODS

2.1. Materials. The FKM and NBR used in this paper are
from Pinggao Group Co., Ltd. The degree of cross-linking of
FKM and NBR is 23—28%. The type 26 and type 246-mixed
FKM with the molecular formulas shown in Figure la were
selected. In detail, type 26 FKM is a copolymer of vinylidene
fluoride and hexafluoropropylene. Type 246 FKM is a
copolymer of vinylidene fluoride, tetrafluoroethylene, and
hexafluoropropylene. The fluorine content of the two types of
FKM is 66 and 68%, respectively. Type 26 FKM has superior
mechanical properties and excellent airtightness, and the
reduction of hydrogen atoms brings outstanding heat
resistance to type 246 FKM.'* The mass ratio of 26 and 246
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FKM in the mixed FKM is 50:50. The molecular chain of NBR
is composed of butadiene and acrylonitrile, in which butadiene
is mainly bonded with a 1,4 structure and a small part is
bonded with a 1,2 structure (Figure 1b).

The rubber samples for accelerated thermal aging tests were
cut into square sheets (side length: 4 mm, thickness: 0.8 mm)
for morphological and elemental characterization or cylindrical
specimens (diameter: 29 mm, thickness: 12.5 mm) for the
mechanical property test (compressive modulus and perma-
nent compression deformation), as shown in Figure 1lc. The
dimension parameters of samples were selected according to
the standard ISO 815-1:2019. C,F;N (purity > 99.2%) and
CO, (purity > 99.999%) were supplied by 3M China and
Wuhan Neurod Special Gas Company, respectively.

2.2. Experimental Methods. The schematic diagram of
the gas—solid rubber compatibility device is given in Figure
1d,-e. The stainless-steel chamber with the volume of 0.3 L
could withstand the high pressure of 0.6 MPa. The double-
layer stainless steel-perforated disc set in the center of the
chamber was used to place the rubber samples. The fixture
clearance for permanent compression deformation was set to
9.375 mm to ensure the 25% compression of the cylindrical
rubber sample during the test. Considering the minimum
operating temperature of 15% C,F,N/85% CO, reaches —25
°C at 0.14 MPa and the optimal 6% O, is recommended for
engineering application,">™"” the 15% C,F,N/85% CO, and
15% C,F;N/79% CO,/6% O, gas mixtures were selected to
conduct the gas—solid rubber compatibility tests. The aging
temperatures of 85 and 100 °C were chosen, the accelerated
thermal aging period was 28 days according to the ISO
23529:2016 standard, and the experimental pressure was set to
0.3 MPa to accelerate the aging process.

The chamber with rubber samples was cleaned with pure
CO, three times after vacuuming to avoid the influence of
impurity gases. Then, the C,F,N/CO, and C,F,N/CO,/0,
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Figure 4. Parameters of compressive mechanical properties before and after the experiment. (a) Compressive modulus of elasticity. (b) Permanent
compression deformation.
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Figure 5. Gas component diagram. (a) FKM-85 °C; (b) FKM-100 °C. (c) NBR-8S °C. (d) NBR-100 °C.

gas mixtures were filled, and the chambers were placed in an

incubator for 28 days

to experience the accelerated thermal
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aging tests. Gas chromatography—mass spectrometry (GC—
MS) (Shimadzu Ultra 2010plus with a CP-Sil S CB column)
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Figure 7. MBO and reaction paths of rubbers. (a) Type 26 FKM. (b) Type 246 FKM. (c) NBR.

was used to perform gas component analysis. The mechanical
behavior, morphology, and element composition of rubber
samples were characterized by the universal testing machine
Instron 5969, field emission scanning electron microscopy
(FESEM), and X-ray photoelectron spectroscopy (XPS).

3. RESULTS AND DISCUSSION

3.1. Morphology and Elemental Composition of
Rubber after Interaction. Figure 2 shows the rubber
morphology after interaction in order to make each scanning

11418

result more clearly reflect the relative content of each element;
all the samples have been rescaled independently. The
morphology of mixed FKM and NBR shows no obvious
change in the C,F,N/CO, and C,F,N/CO,/0O, environment
after the accelerated thermal aging tests at 85 °C for 28 days.
As the temperature increased to 100 °C, white granular
substances were produced on the FKM surface after interacting
with C,F;N/CO,, and agglomerated substances appeared for
the C,F;N/CO,/0, environment. Thus, FKM is compatible
with the C,F;N gas mixture at 85 °C, while a further increase
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Table 1. Reaction between Type 26 FKM and C,F,N at 100 °C

. Enthalpy
Reaction Reactant Product (keal/mol)
Al -22.188
C4F7IN+C4H4Fs C4FeN+C4sH4Fs
A2 ‘H ﬁ - W 112,388
C4F7IN+C4H4Fs CsF12HaN
A3 i . 'g -16.420
C4F7IN+CF3 CsFioN
B1 %:z M" -19.297
C
C4F7N+C3H3F4 C7F1iH3N
B2 "z “%L -16.961
C4F7N+C2HF4 CeF11HN
cl g "& -34.826
Ps 1
C4F7IN+C2H3F2 C4F7N+C2HsF2
Cc2 -14.060
CosFoH3N
C3 -16.770

C4F7IN+CsHFs

C7F13HN

of temperature will lead to morphology change, and the
presence of O, will exacerbate this process. As for NBR, the
rubber surface that interacted with C,F,N/CO, at 100 °C
generated uneven structures, and the multi-layer flake
substance generated when interacted with C,F,N/CO,/0,
indicated that O, would trigger the gas—solid interface.
Furthermore, we explored the element composition of the
sample after tests. As shown in Figure 2k,l, C and F are derived
from the rubber molecular chain, carbon black (C), and the
C,F-N gas mixture.'® The Zn, Mg, Ca, and Si originated from
the reinforcing agents, such as zinc oxide (ZnO), magnesium
oxide (MgO), calcium oxide (CaO), calcium sulfate (CaCO3),
and silica white (SiO,)."""” The O element is derived from the
reinforcing agent and peroxide cross-linker and its products,
and S belongs to the vulcanizing agent introduced during the
vulcanization process that forms sulfur—carbon cross-linking
bonds in the rubber. No new element appeared on the FKM
surface after the gas—solid interaction, while the content of Ca
increased obviously at 100 °C, which indicated that the

interaction might cause the precipitation of reinforcing agents
onto the surface to form the agglomerated block-like
substances. XPS analysis was further conducted to investigate
the element valency. As shown in Figure 3a, the C element is
mainly in the form of C—C/C—H (284.8 eV), and the
composition of CF; (293.6 eV), CF (291.2 eV), CF, (289.3
eV), and C—CF, (286.7 eV) also exists. The binding energy
peaks of Ca and Mg located at 347.2, 350.7, and 1304 eV
belong to the Ca 2p;/,, Ca 2p,/, and Mg 1s, respectively.
Overall, there were no new element valence states generated
during the accelerated thermal aging tests.

As for the NBR, the interaction of C,F;,N/CO, and C,F,N/
CO,/0, at 85 °C did not cause obvious changes in element
compositions (as shown in Figure 21), indicating the chemical
properties of NBR were maintained well. As the temperature
reaches 100 °C, the F element appears on the NBR surface
after interacting with C,F,N/CO, and C,F,N/CO,/0, (see
the blue and purple lines in Figure 3l), inferring a strong
chemical reaction occurred between them. The content of Mg,
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Table 2. Reaction between Type 246 FKM and C,F,N at 100 °C

. Enthalpy
Reaction Reactant Product (kcal/mol)
Al -16.026
A2 -11.036
C4F7N+C2HF4
Bl -26.026
C4F7N+C4HsF¢
. ‘H “"gx -12.448
C4F7N+C4HsFe
B3 -13.501
C4F7N+C3HFs
o1 ﬁ&%; -31.772
C4F7N+C3HsF4
o W. ,_%f -19.175
C4F7N+C3HsF4
C3 -16.925

C4F7N+C4HF3

CsFisHN

Si, and S elements also increased significantly, which was
ascribed to the precipitation of the internal reinforcing agent
and cross-linker crystals. The characteristic peak area of Ca
increased with temperature (Figure 3b), which fits well with
the microscopic morphology of multi-layer flake-like sub-
stances generated on the surface. In addition, the two
characteristic peaks located at 684.5 and 688.3 eV
corresponded to the C—F and —CF,CH,—, respectively,
where C—F belongs to the inorganic fluorine component
and —CF,CH,— belongs to the —CF,CH,— group, corre-
sponding to the organic fluorine component.'’ The peak area
of C—F and —CF,CH,— increased significantly with temper-
ature, indicating that the reaction between the C,F,N gas
mixture and NBR leads to the accumulation of the F element.
Overall, the compatibility between the C,F,N gas mixture and

NBR is poor at 100 °C. The increase of temperature or the
addition of O, will intensify the gas—solid interaction.

3.2. Mechanical Properties of Rubber after Inter-
action. Compressive mechanical properties are important
indicators that reflect the sealing performance of rubber sealing
rings, which is also of great significance for the safe operation
of GIE. To further analyze the influence of the gas—solid
interaction on the mechanical properties of sealing rubber, the
mechanical properties of the rubber samples were tested,
including the compressive modulus and the permanent
compression deformation.

As shown in Figure 4, the initial compressive moduli of
FKM and NBR are 5.285 and 5.292 MPa, respectively. The
compressive modulus of NBR increased slightly after
interacting with C,F;N/CO,/0, at 85 °C. As the temperature
reaches 100 °C, its value decreases by 22.81 and 6.84% after
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Table 3. Reaction between NBR and C,F.,N at 100 °C

Reaction Reactant Product Enthalpy
(kcal/mol)
A ' dat 4108
C4FN+C7F 10N CiiFi7N
Bl -18.745
C4F7N+CsHo
©
B2 j & -5.211
C4F7N+C2HoN CesF7H2N2
Cl -4.592
C4F7N+CsH7 CsF7H7IN
2 :Q §§°" -17.425
C4F7N+C3HaN C7F7H4N2

interacting with C,F,N/CO, and C,F,N/CO,/0, gas
mixtures. The addition of O, could significantly inhibit the
decrease of the compressive modulus. It is reported that the
aging of rubber under thermal oxygen conditions is usually
dominated by O,, and the oxidation mechanism will lead to the
cross-linkin% and cracking reactions of molecular chains at the
same time.”" Generally, the cross-linking reactions increase the
density and hardness of rubber, while the cracking reactions
work on the contrary, and the final strength of the rubber
depends on the rate at which the two proceed.”" In addition,
the ends of broken molecular chains may oxidize to form polar
groups that enhance intermolecular attractiveness, and
plasticizer loss can also lead to increased hardness of
rubber.””** Accordingly, multiple factors such as cross-linking,
cracking, oxidation reaction, and plasticizer loss could have
influences on the compressive mechanical properties. Phtha-
lates are the majority of plasticizers, accounting for more than
80% of the market share of plasticizers. The molecular
structure of phthalate contains a carbon—carbon double
bond, a carbon—oxygen double bond, and a carbon—oxygen
bond.** However, it can be seen from Figure 3a that the
characteristic peaks of the above three molecular bonds do not
appear, indicating there was no obvious plasticizer precip-
itation on the FKM surface, which indicated that there was
almost no loss of plasticizer during the experiment. Therefore,
it is speculated that the cross-linking reaction is dominant and
the rubber cross-linking density increases, resulting in an

increase in the compressive modulus of elasticity. Under the
same experimental conditions, the molecular structure of FKM
is compact to maintain the mechanical strength, while NBR
has obvious structural damage at 100 °C, resulting in a
significant deterioration of compressive mechanical properties.

Besides, the permanent compression deformation of FKM
increased by 6.75 and 7.26% after interacting with C,F,N/CO,
and C,F;,N/CO,/0, as the temperature changed from 85 to
100 °C, respectively, which is lower than that of NBR (8.16
and 14.66%), indicating that a higher temperature will weaken
the compression recovery performance of rubber. The addition
of O, resulted in the increase of the compressive modulus and
permanent compression deformation. This is ascribed to the
excessive cross-linking density that causes dense internal cross-
linking molecular chains and lower uniformity. The stress
concentration area is more likely to produce molecular chain
fractures and cause collapse. Thus, the rubber’s self-recovery
performance is weakened.”! In addition, it is reported that the
internal chemical reaction rate in rubber is suppressed by
diffusion-limited oxidation (DLO), which helps maintain the
elasticity and recovery performance.””*® The DLO effect
occurs when oxygen diffusion into the material cannot keep up
with oxygen consumption due to aging. Because of the
consequential shortage of oxygen in the interior sample, it can
be seen from Figure 4 that the effect of oxygen on the
mechanical properties of NBR is significantly greater than that
of FKM, and it is presumed that oxygen has greater
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permeability in NBR, the DLO effect is weaker in the NBR
experimental group, and the aging degree of NBR is higher.

Overall, the mechanical performance of FKM is superior to
that of NBR. The long-term gas—solid interaction will cause
inferior mechanical property deterioration, which demonstrates
better sealing performance and a safer, more reliable
application potential.

3.3. Analysis of Gas Components after Interaction.
The gas composition after interaction was also considered to
evaluate the compatibility, and the gas chromatogram under
different conditions is given in Figure S.

It can be found that the interaction of the C,F,N gas mixture
and FKM and NBR will produce gas decomposition products
including carbon monoxide (CO), hexafluoropropylene
(CsFs), and trifluoroacetonitrile (CF;CN). CO is generated
by the reaction between O, and carbon black (C) or the
decomposition of the additive substance, considering the
decomposition or reduction of CO, requires a high temper-
ature of 1000 °C—2300 °C. The CO content in the ternary gas
experimental group was significantly higher than that of the
binary gas because of the adequate O,. In addition, some
studies”™*” report that O, usually leads to the oxidation of
rubber molecular side chains, generating ketones, aldehydes,
acids, peroxides, alcohols, and gaseous decomposition products
such as CO and CO, during the thermal aging process. The
content of C;Fs and CF;CN in the FKM group was
significantly higher than that in the NBR group. C;F¢ mainly
comes from the decomposition of C,F;N, and CF;CN mainly
comes from the combination of CF; and CN.”® The content of
these two gases is also higher in the C,F,N/CO,/0,
experimental group.

It should be noted that the experimental temperature is
much lower than the initial thermal decomposition temper-
ature of C,F;N (350 °C).”” Thus, the gas—solid rubber
undergoes reactions with moderate conditions to produce C;Fg
and CF;CN. In addition, it is reported that nitrile substances
will decompose under alkaline conditions.”® Considering MgO
and CaO are alkaline oxides and CaCOsj is a strong base-weak
acid salt, which may also lead to the decomposition of
C,F.N."" Moreover, the FKM molecular chains are rich in
CF;, F, and other fluorine-containing groups, and the NBR
molecular chains also contain CN groups. The combination of
free radicals produced by the cracking of rubber chains and the
decomposition of C,F,N in thermal acceleration experiments
also promoted the generation of C;F4 and CF;CN. As NBR
does not contain the F element, the fluorine-containing
radicals only have a source of C,F;N. Thus, the content of
C;Fgs and CF;CN after interacting with NBR is significantly
lower than that of FKM. It is noteworthy that the addition of
O, also promotes the formation of three main gas components.

3.4. Gas—Solid Interaction Mechanism. Considering the
aging temperature set in this work is much lower than the
initial thermal decomposition of C,F,N, the generation of gas
by-products as well as the morphological change of rubber are
ascribed to the gas—solid chemical reactions. As illustrated in
Figure 6, some specific molecular bonds of rubber will break
under heating conditions, C,F,N and these newly formed
unsaturated groups are more likely to have chemical reactions
compared to the simple decomposition of C,F;N. Besides,
there originally exist unsaturated components on the rubber
surface, which will also interact with C,F;N to generate by-
products. We further calculated the reaction enthalpy between
C,F/N and rubber monomer molecules based on DFT to

understand the gas—solid interaction mechanism. DFT
calculations were conducted using the Dmol3 package of
Materials Studio. The generalized gradient approximation with
the Perdew—Burke—Ernzerhof exchange—correlation function
was used for geometric optimization.”"’” The double
numerical polarization was selected as the atomic orbital
basis set, and the density functional semi-core pseudopotential
(DSPP) was applied considering the relativistic effect of
transition.”>** The direct inversion in the iterative subspace
was used to speed up the convergence rate of the self-
consistent field electron density.”> The convergence criteria for
geometric optimization were set with 1 X 10~ Ha for energy,
0.002 Ha/A for the maximum force, and 0.005 A for maximum
displacement.>**°
The reaction enthalpy (E,) is defined as follows®’

E E - Ereactant ( 1 )

enthalpy = ‘product

Figure 7 shows the optimized structure of type 26, type 246
FKM, and NBR monomer molecules and the corresponding
Mayer bond order (MBO), respectively.”® The bond strength
of C=N and C=C is the highest, with the MBO reaching
2.994 and 1.822, respectively. Herein, we mainly considered
three bond cleavage paths of FKM and NBR, as shown in
Figure 7. Table 1 shows the reaction paths and enthalpy
between the decomposition groups of type 26 FKM and
C,E N. The F atoms linked to the central C atoms of C,F,N
detach from the C,F-N molecule and form new bonds with the
unsaturated C in C,;H,F; and C,H;F, to generate C,H,Fq
(—22.188 kcal/mol) and C,H,F; (—34.826 kcal/mol) through
paths Al and Cl1, respectively. These two paths have the
highest reaction enthalpy, which makes them more likely to
occur. For other reaction paths, the gas—solid interaction
causes the formation of C=N in between C,F,N and the
rubber monomer.

As for the type 246 FKM, the F atoms linked to the central
C atoms of C,F,N detach and form new bonds with the
unsaturated C in C,H;F4 and C;H;F, to generate C,H;F, and
C;H;F; through paths Bl and C1 and also demonstrated the
largest enthalpy of —26.026 and —31.772 kcal/mol, respec-
tively (Table 2). The other paths result in the generation of
CoFsH3N, CgF HN, CoF3H3N, C;F3HN, C/F; H;N, and
CgF sHN, all of which have lower enthalpy. Combined with
the results obtained in Table 1, the accumulation of the F
element mainly occurred through the detachment of central F
in C4F,N to form a new bond with the unsaturated C atom in
rubber monomers.

Table 3 shows the reaction paths and enthalpy changes
between the decomposition groups of NBR and C,F,N. Bond
binding of N in C,F,N and unsaturated C atoms in rubber
monomers will occur, and the reaction enthalpies through
paths B1 (—18.745 kcal/mol) and C2 (—17.425 kcal/mol) are
the highest with the bond length shortened to 1.440 and 1.447
A. Therefore, the accumulation of the F element on the surface
of NBR mainly comes from the adsorption of C,F,N.

Overall, the adsorption of C,F,N and the bonding of central
F with rubber monomers can both result in the accumulation
of fluorine. Accordingly, the FKM surface has both the
adsorbed C,F-N and bonded C—F, while NBR is mainly
composed of the adsorbed C,F;N. Combined with the
morphology and mechanical property test results, the
adsorption of C,F,N is more likely to cause damage to the
microstructure of rubber and the deterioration of mechanical
properties. As the temperature increases, the cracking rate of
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NBR is accelerated and the surface-adsorbed C,F,N will move
intensely or even diffuse to the interior of rubber, further
causing the reaction of unsaturated structure or additives and
exacerbating the internal structure destruction, macroscopically
bringing significant morphology and mechanical property
deterjoration. On the whole, FKM has the potential to be
used as the sealing material for C,F,N gas mixture-based GIE.

4. CONCLUSIONS

Herein, we investigated the compatibility of the C,F,N gas
mixture with FKM and NBR to reveal the effect of the gas—
solid interface interaction on rubber morphology, mechanical
properties, and gas compositions. The interaction mechanism
of gas—solid rubber was further analyzed. The following
conclusions can be obtained.

(1) FKM and NBR are relatively stable under C,F,N/CO,
and C,F,N/CO,/0, environments at 85 °C. At 100 °C,
the interaction between C,F,N and rubber causes
microscopic structural damage and the precipitation of
the crystals of the vulcanizing agent and the reinforcing
agent. The addition of O, further promotes the cracking
reactions. The adsorption of C,F,N molecules on the
rubber surface or the reaction between them caused the
accumulation of the F element, and the gas by-products
CO, CsF¢, and CF;CN were generated.

(2) The interaction between the C,F,N gas mixture and
FKM will not lead to the deterioration of mechanical
properties. The compressive modulus increased, and the
permanent compression deformation is within 25%. The
mechanical properties of NBR significantly deteriorated
after the interaction, with a decrease of the compressive
modulus and a weakening of the self-recovery perform-
ance.

(3) The reaction between C,F,N and the unsaturated
groups on the rubber surface is dominated by the
transfer of the central F atom in C,F,N and the bonding
of the N atom with the unsaturated C atom. The main F
element accumulation paths on the FKM and NBR are
the chemical reaction of the F atom and the adsorption
of the C,F,N molecule, respectively.

(4) The compatibility between FKM and the C,F;N gas
mixture is superior to that of NBR, which demonstrates
application potential as a sealing material for C,F,N gas
mixture-based GIE.
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