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1 | INTRODUCTION

Abstract

The eco-friendly insulating gas perfluoroisobutyronitrile (C4F7N) is potentially used in
gas-insulated transformers (GIT) to replace sulphur hexafluoride (SFs). However, eval-
uation of the long-term insulation reliability and gas—solid interface discharge decom-
position characteristics of the gas—solid film insulation structure in GIT is indispensable.
The authors simulated the gas—solid film insulation structure in GIT and explored the
interface pattial discharge (PD) characteristics of C,F;N/CO, gas mixture with poly-
ethylene terephthalate (PET). The effect of gas pressure, mixing ratio on gas—solid
interface gas decomposition, PET degradation was investigated, and the interaction
mechanism was analysed. It is found that the interface PD generated three degradation
regions on a PET film. The gas—solid interface reaction in the electrode contact region
and the discharge development trace was significantly higher than that of halation region.
The content of gas decomposition products decreases with the increase of gas pressure
and the PD intensity of SF4-PET is inferior to that of C4F;N/CO, under the same
condition. Relevant results provide reference for the development and application of

C4F7N/C02 based GIT.

conditions [3, 4]. However, the sulphur hexafluoride (SF)
currently used in GIT is a highly potent greenhouse gas with a

Transformer is the core equipment in power transmission and
distribution systems, and mineral oil is often used as its insulation
and cooling medium [1]. However, mineral oil has the disad-
vantages of low ignition point and non-degradability, and its
application in confined spaces, such as buildings and rail transit,
bring certain safety hazards [2]. The gas-insulated transformer
(GIT) has the advantages of compact structure, low noise and
non-flammability, which can meet the needs of special working

global warming potential (GWP) of 24,300 and an atmospheric
lifetime of 3200 years [5-7]. The power industry accounts for
more than 80% SF; usage [8]. With the proposition of the ‘net
zero' emission target, several countries in the wotld have grad-
ually introduced SFy control or even ban measures [9, 10].
Therefore, the development of eco-friendly insulating gas and
equipment is of great significance to achieve the low carbon-
isation in power industry [11].
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In recent years, perfluoroisobutyronitrile (C4F7N) has been
considered as one of the most promising alternative gases. Its
GWP is 2090 and its dielectric strength is more than twice than
that of SF¢ [12—14]. Due to the high liquefaction temperature
(=4.7°C), C4F;N needs to be mixed with buffer gases such as
CO, to meet the minimum operating temperature re-
quirements of the equipment [15, 16]. Scholars have carried
out systematic research on the basic insulation, stability and
decomposition, material compatibility, biosafety etc. of
C,F7N/CO, gas mixture, and confirmed its application po-
tential in medium and high voltage gas-insulated transmission
and distribution equipment [17-19].

The gas—solid insulation structure in GIT is composed of
insulating gas and a polyethylene terephthalate (PET) film,
which inevitably forms the non-uniform electrical field that is
prone to cause partial discharge (PD) even sutface flashover
[20]. The long-term insulation reliability of gas—solid insu-
lation structure is closely related to the reliability of equip-
ment [21-23].

For example, Okabe et al. studied the discharge charac-
teristics of SF¢-PET films and found that PD caused the
PET film degradation by losing transparency and turning
white (called ‘clouding’) and ‘blackening’. Further tests found
that the insulation tolerance strength of the ‘clouding' part
did not deteriorate significantly, while the ‘blackening’ part
decreased sharply [24]. Ohno et al. pointed out that PD can
also induce the decomposition of SF¢ to produce SO,, SOF,,
CF,4 and other decomposition products [25]. Therefore, it is
necessary to evaluate the PD and its decomposition charac-
teristics of the gas—solid film in GIT. However, studies on
PD and decomposition characteristics of C,F;N/CO, gas
mixture mainly focus on gas phase conditions currently
[26-28]. It is found that the decomposition of gas mainly
produces fluorocarbons (CF4, CoFs CsFg, CsFg etc.), fluori-
nated nitriles (CF3;CN, C,N, etc.) and carbon-oxygen com-
pounds (CO, COF, etc.) decomposition products. As for the
evaluation of gas—solid interface PD characteristics, epoxy
resin is mostly utilised [29, 30]. There are few reports on the
insulation and decomposition characteristics of C4F,N-PET
gas—solid interface, which is expected to be explored to
evaluate the gas—solid insulation performance in GIT under
the fault condition.

In this paper, we simulate the gas-film insulation structure
in GIT and test the interface PD characteristics of the
C,F7N/CO,-PET system. The effect of gas pressure, mixing
ratio on the decomposition properties are explored and
compared with SFs. The phase resolved partial discharge
(PRPD) pattern and the test results under different condi-
tions contribute to the guidance of fault monitoring and the
selection of application conditions of gas mixture. Further-
more, the effect of PD on the morphology and elemental
composition of PET and the decomposition mechanism of
gas—solid interface are analysed. All the relevant results not
only clarify the decomposition charactetistics of C4F7N/CO,-
PET gas—solid insulation system but also provide an impot-
tant reference for the development and application of
C,F-N/CO,-based GIT.

2 | METHODS

21 | Test platform

Figure 1a shows the structure of the power frequency
discharge test platform, which is mainly composed of the AC
voltage regulator (0-380 V), power frequency transformer
(100 kV, 50 kVA), protection resistance (10 k€2), a voltage
dividing capacitor (1:1000), a coupling capacitor (500 pF) and
test chamber (30 L, 0-0.6 MPa). The coupling capacitor is used
to provide a low-resistance, high-frequency channel for the PD
pulse current, and the dividing capacitor is used to measure the
actual voltage applied to the sample. The pulse current method
recommended by IEC60270 is used. The high frequency pulse
signal generated by the PD of the sample is measured by the
coupling capacitance and the detection impedance, and the
relevant data is recorded by the high-speed digital storage
oscilloscope (Tektronix DPO5104B, analogue bandwidth is
1 GHz). Two channels of the oscilloscope are utilised to collect
the PD signals as well as sinusoidal voltage synchronously.
The gas—solid interface PD test adopts the ‘triple-junction’
model to simulate the interface discharge of C4F,N/CO, gas
mixture and the PET film, that is, PD is triggered by the ‘triple
junction point' at the junction of high voltage electrode, PET
film and insulating gas in the model. The size parameters and
electric field distribution of the ‘triple junction' model (based
on COMSOL Multiphysics simulation calculation) are shown
in Figure 1b,c, respectively. The curvature radius of the rod
electrode tip is 10 mm, and the hemisphere tip is polished into
a circle with a diameter of 4 mm. The diameter of the plate
electrode is 50 mm and the height is 10 mm. The insulating
material, that is, the PET film is placed in the middle of the
rod-plate electrode and superimposed to a thickness of 3 mm.
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FIGURE 1 The schematic diagram of C4F7N/CO, gas mixture and
the PET film interface partial discharge test platform. (a) Composition and
wiring diagram of the test platform, (b) dimension of the electrode model,
(¢) the electric field distribution of the electrode model, (d) the surface
morphology of the PET film before the test.
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Figure 1d gives the Scanning Electron Microscope (SEM)
morphology of the PET film before the test.

2.2 | Test method

The working pressure of the existing 66-110 kV GIT is
mostly 0.23-0.24 MPa (absolute pressure) [31]. Therefore, we
set up three groups of gas pressure conditions of 0.2 MPa,
0.24 MPa and 0.3 MPa. According to the liquefaction tem-
perature characteristics of C4F;N/CO;, gas mixture [32], the
maximum content of C4F;N in the gas mixture under
0.2 MPa, 0.24 MPa, and 0.3 MPa is 18%, 15% and 12%,
respectively, when GIT works at —25°C. Therefore, we cat-
ried out interface PD characteristics tests on 18%C4F,N/
82%CO, (0.2 MPa), 15%C,F;N/85%CO, (0.24 MPa) and
12%C,4F/N/88%CO, (0.3 MPa).

Before the test, the gas chamber, electrode and PET film
were cleaned. Then we eliminated the impurities in the gas
chamber and filled the C4F;N/CO, gas mixture according to
the conditions. The PD test was conducted by step-up method
(0.5 kV/min). The test voltage was set to 18.5 kV to generate
stable PD based on our preliminary exploration, and the test
period was set to 72 h. Besides, the 100 AC cycle signals in
each measurement were recorded for PRPD analysis (a total
record of 2 s). Gas chromatograph-mass spectrometer (GC-
MS) was used to analyse the discharge decomposition products
of gas mixture every 12 h. At the end of the test, SEM-energy
dispersive spectroscopy (energy dispersive spectroscopy) was
used to characterise the microstructure, element composition
and distribution characteristics of PET films.

2.3 | Theoretical methods

At present, density functional theory (DFT) calculation have
been widely utilised to explore the reaction paths and reaction
mechanisms of vatious chemical systems, so as to the gas
insulating medium or gas—solid interface interaction [33—-30].
Herein, we analysed the reaction mechanism of the C4F;N gas-
PET solid film based on DFT in this paper. We firstly obtained
the most stable structure of each gas and solid molecule by
geometric optimisation and then we calculated the energy
required for the interaction process. All calculations are based
on the DMol’ package of Materials Studio [37, 38]. For geo-
metric optimisation, the generalised approximation method
treated by the Perdew—Burke—Ernzerhof (GGA-PBE) func-
tions was used to handle the exchange correlation energy [39].
The convergence criteria of 1.0 X 107> Ha, 0.005 A, and
0.002 Ha/A for energy tolerance, displacement and maximum
force was set, respectively.

Besides, we explored the discharge process of the gas-film
interface from the perspective of numerical simulation. Due to
the lack of core data such as the collision cross section of
C4F7N and its main decomposition by-products, we used 80%
N,/20%0O, as the gas medium to illustrate the interface

discharge development process. The 2D parallel streamer
solver with KinEtics (PASSKEy) model was built [40]. The
model is based on solving the conservation of mass, mo-
mentum and energy equations of different plasma species. The
mass conservation equation is given as follows:

aﬂ,‘
= =5 1
&+V S (1)

Ti=pmE—-D;Vn (2)

Where, 7; stands for the density of electron, ion, radical or
neutral species. I'; is its flux, and §; is the source term, which is
the sum of the production and loss terms for the species. E is
the electric field intensity, u; is the mobility and D; is the
diffusion coefficient, respectively.

The deposited charges on dielectric surface was solved by
Poission's equation:

Nenarge

V(eE) = — Z qgin; — o, (3)

oo, 1
a2 a-VTEs) 4)

=1
E=-Vg (5)

Where, ¢ is the applied voltage, o is the space charge, € is the
dielectric constant, g; is the charge of species j and Neparge 18
the number of the deposited charges.

The electron energy distribution function was assumed as
Maxwellian. The effect of photoionisation was considered and
was solved by the three terms Helmholtz equations. The
swarm coefficients and reactions rate of electrons were taken
from BOLSIG + [41]. The plasma kinetics scheme for N,/O,
included 15 species and 34 reactions in total. The pressure of
gas mixture was set to 0.1 MPa and the temperature was 300 K.
In order to ensure the rationality of the simulation results, the
setting of the electrode structure parameters in the simulation
was completely consistent with the test conditions. The voltage
was also set to 18.5 kV, the rise time was 0.1 ns and the end
time was 20.0 ns.

2.4 | Data process

Due to the different pressures of the three different test
conditions, the increase of the gas pressure will change the
molar concentration of the gas in the chamber when its volume
is constant. Since the volume fraction of each decomposition
product obtained by the GC-MS cannot directly reflect the
change of the actual amount in the chamber, the volume
fraction needs to be converted into molar concentration. The

chamber in the test is a closed system, so its initial state satisfies
the gaseous state equation:
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PV =nRT (6)

In the formula, P and V is the pressure (unit: Pa) and
volume (unit: L) of the gas chamber, respectively. 7 is the
amount of substance (unit: mol). 7 is the thermodynamic
temperature (unit: K). R is the molar gas constant, which is a
constant value of 8.31 x 10 and the unit is Pa I, K™' mol™".
The temperature of the initial state of the gas chamber is room
temperature 7o = 298.15 K, and the three groups of test
pressures are 0.2 MPa, 0.24 MPa and 0.3 MPa, respectively. 7,
is the amount of substance of the gas mixture. The molar
concentration of the gas mixture in the initial state can be
calculated from formula (7):

P

o o

¢o(gas mixture)

The initial molar concentraton of C,F;N/CO, gas
mixture at different pressures is calculated, and the results
are shown in Table 1. Since the amount of gas involved in
the PD induced decomposition is relatively small (content
of the highest decomposition product does not exceed
0.004%), the main components in the gas chamber after
the test are still C4FsN and CO,. Thus, the volume frac-
tion of the decomposition product obtained by GC-MS
reflects its proportion of the amount of substance in the
gas mixture.

The decomposition products in this test are all from the
decomposition of C4F;N. The initial molar concentration of
C4F7N in the three groups of tests is 0.001,458 mol/L ac-
cording to the calculation results using formula (8). Where a is
the mixing ratio of C4F;N:

c0(C4F7N) = ¢ (gas mixture) X a (8)

The initial molar concentration of C4F-N is the same under
the three groups of test conditions. Therefore, the influence of
different test conditions on the decomposition of C4F7N can
be explored by comparing the molar concentration of
decomposition products. Herein, ¢ is set as the volume frac-
tion of the measured decomposition product, and ¢, =¥ be-
longs to the volume fraction of the decomposition product in
C4F7N. The molar concentration of the decomposition prod-
uct is calculated as follows:

TABLE 1 The initial concentration of C4F;N/CO, gas mixture
under different pressures.

Molar concentration

Gas pressure (MPa) (mol/L)
0.2 0.0807
0.24 0.0969
0.3 0.1211

¢(gas product) = ¢o(C4F7N) X ¢, = co(gas mixture) X a X e
a

= ¢o(gas mixture) X @

©)

3 | RESULTS AND DISCUSSION

3.1 | Intetface PD decomposition
characteristics of C,F;N/CO,-PET

Figure 2 shows the interface PD decomposition characteristics
of C4F;N/CO, with the PET film. The gaseous by-products
are the average value calculated by repeating three tests un-
der the same conditions. The main PD decomposition prod-
ucts contain perfluorocarbon gases (CF,4, CoI'g and CsFg) and
C,N,. For C,Ny, due to the lack of standard gas, we use the
peak area integral method to represent its relative concentra-
tion change. Specifically, the content of CF4, C,F, C3Fg and
C,N; increased linearly at 0.2—0.3 MPa during 72 h PD, indi-
cating that C4F7N continued to decompose. The content of
CF, was the highest, and the yields of C,F4 and CsFg were
similar. The variation trend of C,N, peak area is similar to that
of C,F¢ and CsFg.

The molar concentration of decomposition product and
the PRPD pattern under different test conditions were shown
in Figure 3. It can be found that the molar concentration of
CF,, CoFg and C5Fyg is the highest at 0.2 MPa, and the value at
0.24 and 0.3 MPa is similar (Figure 3a,b). The peak atea of
C,N, demonstrates similar trend with that of C,Fg and C5Fs.
As the initial molar concentration of C4F-N is the same under
different gas pressure conditions, the higher content of
decomposition products at low pressure than that of high
pressure indicates that the increase of gas pressure can inhibit
the PD decomposition process. This is also consistent with the
previous research conclusions on gas phase decomposition
charactetistics of C4F;N/CO,. In fact, according to the PD
statistical characteristics given in Figure 3e—g, the number of
PD decreases with gas pressure. Specifically, the magnitude of
average discharge per single pulse at 0.2 MPa, 0.24 MPa and
0.3 MPa are 256.85, 250.05 and 248.59 pC, respectively, and the
PD number are 1824, 684 and 542, respectively. Although the
magnitude of average discharge under different pressures is not
much different, the number of PD decreases significantly with
the increase of pressure. Relevant PD statistical characteristics
confirm that the intetface discharge of C4F;N/CO,-PET is
more intense at low pressure, resulting in generating more gas
decomposition products.

3.2 | Effect of gas—solid interface discharge
on PET morphology and element distribution

Figure 4 shows the morphology of the PET film after the test,
and it can be seen that three deterioration regions were
generated after 72 h interface discharge. Among them, Region
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FIGURE 3 Comparison of gas decomposition product concentration and partial discharge statistical characteristics under different test conditions.
(a) Concentration of CFy. (b) Concentration of C,F. (c) Concentration of CsFg. (d) Concentration of C,Ny. (¢) 0.2 MPa. (f) 0.24 MPa. (g) 0.3 MPa.

I is the direct contact part between the electrode and the PET
film, and the PET film produces a flaky convex structure
caused by ablation after discharge. Region II is located in the
halo formed outside Region 1 and the microscopic
morphology is similar to that of Region I. Region III belongs
to the outward development trace of interface discharge, and
dispersed particles appear on the surface of PET. With the
increase of gas pressure, the deterioration of the PET film was

significantly weakened, that is, the interface discharge intensity
of C4F7N/CO, and PET was weak at high gas pressutre. In
addition, there is no obvious discharge outward development
trace at 0.3 MPa (Figure 4c).

Furthermore, Figure 5 shows the elemental composition
and content of the three deterioration regions at 0.24 MPa.
Except for C, H and O, Cu, F and N elements appeared in
Region I after the test, where Cu came from the electrode, and
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FIGURE 4 The surface morphology of the PET film changed after discharge under different gas pressure conditions. (a) 0.2 MPa. (b) 0.24 MPa.

(©) 0.3 MPa.

F and N came from the decomposition products of C4F;N.
Region II and III only have F and N elements. Among them,
the F element in Region I and Region III is concentrated in the
trace of morphological deterioration, indicating that the
chemical reaction occurs in the flaky convex region and fluo-
ride deposition occurs. In addition, the distribution intensity of
I element in Region I is significantly higher than that of C
element. The distribution intensity of C element in Region 1I is
significantly higher than that of F and N, indicating that the
morphological changes in this region are mainly due to the
physical changes of PET electrical and thermal stress.

Figure 6 shows the statistical results of element content in
different regions. It can be seen that the content of F and N
elements in Region II is significantly lower than that the other
two regions. There is only 1.6% F element and no N element is
detected at 0.3 MPa, which indicates that Region II is basically

not involved in C4F7N-PET decomposition. The content of FF
and N elements in Region III were also lower than those in
Region I. The content of F and N elements in Region I were
52.31% and 9.27% under 0.2 MPa, which were higher than that
of 19.52% and 4.81% in Region III. The content of F and N in
Region I were 38.21% and 8.25% at 0.24 MPa, which were much
higher than that of 8.71% and 2.17% in Region I1I. Therefore,
the chemical reaction intensity of the interaction between elec-
trode and PET film interface is higher, which is also consistent
with the more solid precipitates observed in Region I.

Figure 6d—f show the element content of Region I-III
under different test conditions. The contents of F and N in
the three groups of test conditions in Region I were 52.31%,
42.59% and 38.21% and 9.27%, 8.58% and 8.25%, respectively.
The contents of FF and N in Region II were 13.54%, 4.72% and
1.6% and 4.69%, 1.31% and 0%, respectively. The content of F
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FIGURE 5 The distribution characteristics of elements in the three degradation regions of the PET film after discharge under 0.24 MPa. (a) Region 1.

(b) Region 1I. (c) Region III.

100, 100 () 100
(a) e o (b) Wie o (c) “TEmc o
F N F N F N
80 Cu 80 Cu 80, Cu
_— fy - 69.56
IRl £ 64.24 i &7
c 60 56.63 c 60 i c 60
S o 52.31 1 S S o
5 5 4259 5
Q 40| 2 40137.29 3 403939 3821
o
£ 3[3039 = 29.72 28.87 4 28.85
a 30 2514 2055 a 30 a 30
20 13.54 ; 20 136 g g - 201 1399
9.27 = . 2 8.25
100 W89 469 481 10 472 547 10 g i
4 0.19 0 ) " 0.18 319 179 N 016 6 o o

[ 1 11 1
Deteriorated region

Deteriorated region

1 11 I |t
Deteriorated region

100, 100, 100,
() o (e[ Tc o M o
F N F N F N
80 Cu 80 Cu 80 Cu
-~ - 69.56 —_
&7 &7 64.24 X 79 —
60| c 60} 56.63 = 60 =
§ 52.31 S 5 [s512
£ 5 £ 50 £ 50
S ]
2 40 37.29 3939 38.21 g 40 §. 40,
30.39 29.72
£ & 30| |psra 28.85 £ 30 28.87
20} k300 20 T 20| 20.5519.52
9.27 11.36 - .
10 | 7.85 9 8.58 8.25 10 e 472 10| i 8.71
" 0.19 0.18 0.1§ a 0 1319 160 0 N ~ 217
0.2 0.24 0.3 0.2 0.24 0.3 02

Gas pressure (MPa)

Gas pressure (MPa)

0.24
Gas pressure (MPa)

FIGURE 6 The comparison of element content after interface discharge of polyethylene terephthalate film. (a) 0.2 MPa. (b) 0.24 MPa. (c) 0.3 MPa.

(d) Region 1. (e) Region II. (f) Region III.

in Region III was 19.52% and 8.71% at 0.2 and 0.24 MPa,
respectively, and the content of N was 4.81% and 2.17%,
respectively. Therefore, with the increase of gas pressure, the
content of F and N elements in the corresponding region
showed a decreasing trend, which was consistent with the test
results of gas decomposition products under different test
conditions.

3.3 | The reaction mechanism between
C4F;N and PET film

Combined with the decomposition characteristics of C4FN,
morphology change and element distribution characteristics of
PET obtained above, we further analysed the reaction mecha-
nism of gas—solid interface discharge induced decomposition.
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The direct contact between the electrode and the PET film
(Region I) has the highest electric field intensity, and the gas and
gas—solid interface reactions are the most intense. On the one
hand, C4F7N will be ionised to produce a series of positive and
negative ions and free radicals. On the other hand, the PET film
will react with various particles produced by C4F;N decom-
position and produce solid precipitates. The similar process also
occurs in the extended region (Region III) of interface
discharge, while the energy generated in this region is less than
Region I. Thus, the intensity of various physical and chemical
reactions is lower and the amount of solid precipitates is less. In
addition, the morphology change of the halo region (Region II)
is due to the physical change of the PET film structure induced
by electrical and thermal stress. At the same time, there is a
possibility of reaction with the PET film in the intermediate
product of C4F;N decomposition, which is manifested by the
deposition of a small amount of F and N elements.

For gas decomposition products (CF4, C,Fs, CsFg and
C;Ny), it is mainly composed of intermediate products pro-
duced by C4F;N dissociation. The main path and enthalpy of
C4F;N decomposition reaction are given in Figure 7a. The
enthalpy of path 1 is the lowest (74.94 kcal/mol), and it is more
likely to occur. Figure 7b further gives the path and enthalpy
value of the steady-state gas products produced by the

(a) ‘_II’ "{ ) “’_l&. L

L o (M) o % (IM5)
Lﬁ — g
—— O (M3) 4 % (M)
0 kcal/mo! ™

of + of ==
o 4 of TTew g

(b)

—_—

©&0=09

intermediate products. The energy released by the formation
of small molecular products such as C,N, and CF, is signifi-
cantly higher than that of C,Fs and C3Fg, which is consistent
with the fact that the content of CF, in the gas decomposition
products is higher than that of C,Fs and CsFs.

For solid precipitates, on the one hand, electrical and
thermal stress will lead to the breakage of PET molecular
chemical bonds, which will destroy the original structure of the
film. On the other hand, the particles produced by the gas
phase decomposition of C4F7N will also be deposited on the
surface of the PET film. In addition, the intermediate products
of C4F7N decomposition may react with PET at the gas—solid
interface, resulting in the precipitation of solid products.
Figure 7c shows the relaxation structure after the interaction
between C4F;N decomposition particles and PET molecules. It
can be seen that the generation of vatious complex structutes
releases energy, that is, the gas phase decomposition particles
are coupled with PET to produce macromolecular substances
and precipitate.

Moreover, the development process of interface discharge
between gas mixture and the PET film were shown in Figure 8.
The electric field intensity at the junction of the electrode
and the PET film is relatively concentrated, so that the gas
molecules nearby are first ionised to produce electrons

(c)

A1/MO!

FIGURE 7 The reaction mechanism of interface discharge between C4F;N/CO, and the PET film. (a) The relevant decomposition mechanism of C4F7N.
(b) The generation mechanism of gas by-products. (c) Possible reactions on the PET film.
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FIGURE 8 The variation process of interface discharge between C4F;N/CO, and the PET film. (a) The distribution of electron density. (b) The

distribution of electric field. (c) Total energy density on the PET film.

(Figure 8a). Then the produced electrons collide with gas and
solid molecules under the acceleration of electric field, which
further induces ionization and promotes the generation of
more electrons. These electrons are pushed away from the high
voltage electrode and develop outward under the action of
electric field with the variation of time. As the electrons are
away from the high voltage electrode, the electron density
distribution tends to be sparse. In the process of interface
discharge, the varying regularity of electric potential distribu-
tion is shown in Figure 8b. It can be observed that the
distortion degree of the front electric field becomes weaker
with the increase of time, which also leads to the gradual
weakening of the collision ionisation on the gas-film interface
in the process of outward development until it disappears.
Figure 8c gives the total energy density on the gas-film inter-
face. During the development of interface discharge, most of
the energy is concentrated near the electrode, and the energy
density decreases gradually along the direction away from the
electrode.

In our test, Region I directly contact with the electrode,
and the energy density is the largest which results in the most
intense reactions on the gas-PET film interface. It can be seen
from Figure 8c that the energy of Region III (outward devel-
opment trace) is less than that of Region I, so the intensity of
various reactions is lower and the interface damage is also
minor. The morphological change of the Region II (halo re-
gion) is mainly due to the physical change of the PET film
structure caused by electrical and thermal stress, and the extent
of damage is the lightest. Therefore, our test results show the
consistency with the numerical simulation.

3.4 | Interface partial discharge
characteristics of SF4 and PET film

We further tested the interface discharge characteristics of SFg
and PET. Figure 9 shows the morphology, elemental compo-
sition and gas product formation of PET after the test. The
change of PET motphology is similar to that of C4F;N/CO,
gas mixture and there is obvious deterioration after the test.
Different from C,F;N/CO, gas mixture under 0.24 MPa, only
Region I and II appear after SF4-PET interface discharge un-
der this condition, and no external development trace (Region
III) is generated, indicating that the interaction between SFg
and PET is lower than that of C,F;N/CO, under the same
pressure and applied voltage. The element distribution char-
acteristics of the degradation region are similar to those of the
C4F;N/CO5 test, as shown in Figure 9b. Among them, Cu, F
and S elements appear in Region I, and F element is concen-
trated in the degradation trace, while C element is concentrated
in Region II. The significantly concentrated distribution of F
element in the deterioration trace of Region I indicates that the
reaction between the film and SFg in this region is more
intense. This conclusion is also demonstrated by the compar-
ison of element content in Figure 9c. Specifically, the contents
of F and S elements in Region I are 15.87% and 1.96%,
respectively, which are much higher than 4.75% and 0.65%,
respectively, in Region II. Figure 9d shows the types and
concentration changes of gas products after interface discharge
of SFg and PET film. It can be seen that the content of CO,,
CF,, SO,, SO,F,, SOF,, and SOF, increases linearly with the
discharge time. The presence of C element-containing gas
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FIGURE 9 The interface discharge test of SF; and the PET film under 0.24 MPa. (a) Motrphology change of polyethylene terephthalate film.
(b) Distribution characteristics of elements in the degraded region of PET film. (c) Element content change of the PET film. (d) Interface discharge induced

gaseous decomposition by-products of SFg and the PET film.

components confirmed that PET participated in the reaction
process with SFq decomposition particles.

4 | CONCLUSION

In this paper, we investigated the interface PD decomposition
characteristics of C4F;N/CO, gas mixture and the PET film
for GIT. The characteristics of gas decomposition and solid
morphology degradation under different pressure and mixing
ratio were explored and compared with SFg. Furthermore, the
gas—solid interface reaction mechanism of C4F;N-PET was
analysed. The following conclusions can be obtained:

(1) The intetface discharge of C4F;N/CO; and PET mainly
produces four gas products: CF4, CoI, CsFg and CoNp,
among which the content of CF, is the highest. With the
increase of gas pressure, the content of decomposition
products decreases significantly, that is, the decomposition
reaction of gas—solid interface is inhibited at high gas
pressure. In engineering applications, it can be considered
to increase the gas pressure appropriately to avoid the gas—
solid interface decomposition.

(2) Three degradation regions were generated at the PET after
interface PD. Obvious gas—solid interface reactions
occurred in the contact area with the electrode and the
epitaxial development trace of interface discharge. The F

and N elements are also deposited in the deterioration
region. The content of C element in the contact area with
the electrode is significantly reduced and the content of F
element is obviously increased. The content of F and N
elements in the halo area is the lowest, and its deterioration
is mainly caused by physical changes such as electrical and
thermal stress.

(3) Under the interface discharge of C4F;N-PET, there is a
gas-phase and gas—solid interface interaction process. The
particles generated by the decomposition of C4F;N and
the relaxation of PET molecules will form a series of
complex structural products, resulting in the precipitation
of solid products. Under the same conditions, SFs-PET
interface discharge can also induce the change of film
surface morphology, but the degree of deterioration is
weaker than that of C4F7N/COs.
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