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This study investigates the degradation state of silicone rubber (SiR) under electric and thermal fields by
analyzing its gas-evolution characteristics. The goal is to provide a new diagnostic approach for high-
voltage cable accessories. Thermogravimetry-infrared spectroscopy (TG-IR) was used to trace the

thermal decomposition products. Electrical breakdown was simulated through discharge experiments.

Density functional theory (DFT) calculations and reactive force field (ReaxFF) molecular dynamics
simulations were employed to verify the reaction mechanisms and decomposition pathways. The results
show that under electric field, SiR mainly produces CH,4, C,H,, and silane (SiHg4), accompanied by CO
and CO,. Under thermal field, the main products are CH,O, CH,4, hexamethylcyclotrisiloxane (D3), and

octamethylcyclotetrasiloxane (D4), along with oxidative gases such as CO,. Molecular simulations

revealed differences in microscopic decomposition pathways. A normalized infrared spectral database
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was also established based on DFT calculations. Overall, this work links macroscopic gas-evolution

behavior with microscopic mechanisms and diagnostic applications. It systematically elucidates the
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1 Introduction

With the rapid growth of urbanization and electricity demand,
power transmission cables have become critical infrastructure
for ensuring the stable operation of power systems and sup-
porting economic development. High-voltage cables are widely
used in urban power grids, and their safety and reliability
directly affect power supply quality and societal efficiency.*
Among the components of cable systems, accessories are
considered as the weakest link. They are more prone to insu-
lation performance degradation during long-term service,
which may threaten the stability of the entire network. Silicone
rubber (SiR), owing to its excellent electrical insulation, thermal
stability, and mechanical flexibility,>* has been extensively used
in high-voltage cable accessories. However, under prolonged
electric and thermal fields, SiR gradually undergoes aging and
releases characteristic gaseous products.®

To investigate this phenomenon, previous studies have used
thermogravimetric analysis (TGA),* Fourier transform infrared
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decomposition behavior of SiR under electric and thermal fields and provides a theoretical foundation
for gas-infrared-based fault diagnosis in cable accessories.

spectroscopy (FTIR), gas chromatography-mass spectrometry
(GC-MS), and scanning electron microscopy (SEM) to analyze
the gas-evolution behavior of SiR under electric and thermal
fields.”® Most of these studies have focused on the analysis of
gas evolution during thermal decomposition. In contrast,
investigations on gas generation under electric field remain
scarce. Comparative studies of electrical breakdown-induced
decomposition versus thermal decomposition are particularly
rare, and the differences in gas evolution under these condi-
tions have not been fully explored. Although typical gaseous
products such as CH,O and cyclic siloxanes generated during
thermal decomposition have been identified," the intrinsic
relationship between molecular chain scission pathways and
gas formation remains unclear. Consequently, current diag-
nostic techniques are still limited in their ability to elucidate the
underlying mechanisms of SiR decomposition.

Previous studies have shown that the decomposition
behavior of SiR is strongly influenced by both electric and
thermal field conditions. In most reports, the thermal decom-
position process is divided into three temperature stages. The
low-temperature stage occurs below 350 °C and is characterized
by surface moisture evaporation. The medium-temperature
stage, between 350 °C and 450 °C, involves side-chain scis-
sion. The high-temperature stage, above 450 °C, is where the
maximum weight loss occurs. This is due to extensive bond
and recombination.' this coarse

cleavage However,
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classification does not fully capture the complexity of SiR
decomposition under real service conditions. Moreover, most
existing studies have been limited to single thermal effects, and
systematic investigations of decomposition mechanisms under
coupled electro-thermal fields remain scarce.

ReaxFF molecular dynamics simulations have shown that
high-temperature thermal degradation of SiR mainly generates
CH,, small-ring cyclosiloxanes, and methyl radicals as gaseous
products.’>"” However, these simulation results differ signifi-
cantly from those obtained by dissolved gas analysis (DGA).
DGA primarily detects gases dissolved in liquid insulating oils,"®
whereas SiR is a solid material whose decomposition products
are mainly solid SiO,." The characteristic gases detected by the
two methods also differ considerably.

In addition, some studies on other polymer systems have
used the electron force field (EFF) to model discharge-induced
decomposition.”* The method is accurate at the microscopic
level, but it is computationally expensive. It scales poorly for
large polymer systems and is difficult to extend to engineering
applications. To address this limitation, researchers have
introduced charge transfer with polarization current equaliza-
tion (QTPIE). QTPIE represents intramolecular charge distri-
bution and equilibration under external electric fields more
accurately. It provides a new route to probe decomposition
mechanisms of polymers under complex electro-thermal
conditions and helps overcome the limitations of conven-
tional methods in large-scale simulations.

Accordingly, this work combines experiments with molec-
ular simulations to investigate the gas-evolution behavior of SiR
under various electric and thermal field conditions. A normal-
ized infrared spectral database of characteristic gases is estab-
lished. And reveal the generation rules of gas products under
different environmental conditions.

2 Materials and methods
2.1 Sample preparation and instrumentation

The experimental material was obtained from 110 kV SiR cable
joints, in which the SiR formulation contains approximately
15% inorganic filler (SiO,).*** The samples were prepared by
slicing the joints with a cutting machine, ensuring that their
composition is consistent with that used in engineering
applications.

The instruments used in this study were as follows: Fourier
transform infrared spectrometer (FTIR, Nicolet 6700, Thermo
Fisher Scientific, USA); thermogravimetric analyzer (TGA, Pyris,
PerkinElmer, USA); and gas chromatograph (GC, GC112N,
Shanghai Analytical Instrument Co., China).

2.2 Electrical gas evolution experiments of SiR

The breakdown decomposition setup for SiR in air is shown in
Fig. 1. The electrode plates were sandwiched between two SiR
sheets and the assembly was placed in a sealed gas-generation
chamber. The discharge strength was controlled by adjusting
the electrode gap to 1, 3, and 5 mm. The applied voltage was
then increased stepwise at a rate of 1 kV min~" until a high-
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Fig. 1 Experimental setup diagram for breakdown gas production
process.

energy discharge occurred and caused breakdown of the
material. For electrode gaps of 1, 3, and 5 mm, the breakdown
voltages in air were approximately 1.4, 2.0, and 4.8 kV, respec-
tively, while those in argon atmosphere were 1.3, 2.8, and 4.7
kv. The discharge energy was calculated using the capacitor
energy relation E = 0.5CV;,q”> with C = 10 pF.?* For electrode gaps
of 1, 3, and 5 mm, the discharge energies in air atmosphere
were 9.8, 20, and 115.2 pJ, respectively, and those in argon
atmosphere were 8.45, 39.2, and 110.45 pJ. The gaseous prod-
ucts were collected using a syringe and analyzed offline by FTIR
to obtain the infrared spectra of the decomposition products.

2.3 Thermal gas evolution experiments of SiR

Thermal degradation characteristics were analyzed using TG-IR
and GC experiments. These two methods cover different gas
species. TG-IR provided thermal decomposition curves and
infrared spectra of polar gases but could not detect H,. GC
analysis successfully quantified the concentrations of seven
gases: H,, CO, CO,, C,H,, C,H,, CHy, and C,He. However, it did
not detect any other gaseous products.

In the TG-IR experiments, the sample temperature was
increased under programmed control using the thermogravi-
metric analyzer. Volatile products released during decomposition
were continuously monitored by the FTIR spectrometer. The tests
were conducted in air and argon atmosphere, with the temper-
ature range set from 50 °C to 800 °C and a heating rate of 50 °©
C min~". GC experiments were carried out by placing 0.1 g of SiR
in a gas washing bottle, with the temperature precisely controlled
by an electric heater. After gas generation, the gaseous products
were qualitatively and quantitatively analyzed using a gas chro-
matograph equipped with a molecular sieve column and an
alumina column, with detection performed by FID and TCD,
respectively. In the muffle furnace experiments, when the
temperature exceeded 400 °C, 0.02 g of SiR was loaded into an
alumina threaded crucible and heated to produce gases; the
released products were collected in a sealed plastic bag equipped
with a gas valve and subsequently analyzed by GC under the same
conditions. Prior to quantitative measurements, a seven-
component mixed standard gas was used for calibration to
ensure the accuracy of concentration determination. All GC-
derived gas concentrations were normalized to the sample

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Construction and simulation procedure of silicone rubber molecular models.

mass by dividing the measured concentration of each component
by the corresponding sample amount, and the results were finally
expressed as gas concentration per gram of sample.

2.4 MD simulations and DFT calculations of SiR
decomposition

To accurately simulate the decomposition behavior of SiR under
electric and thermal fields, two types of polydimethylsiloxane
(PDMS) models were first constructed using Packmol: a single-
chain model and a folded-chain model. The folded-chain model
contained five PDMS single chains, and the folded conforma-
tions were randomly generated using the Monte Carlo method.
Energy minimization and relaxation were then performed in
LAMMPS under the ReaxFF reactive force field to eliminate
unreasonable stresses and conformations. Decomposition
simulations were carried out in air and argon atmospheres. In
air atmosphere, 40 O, molecules were added to the simulation
box, whereas in argon atmosphere the system contained only
the pure polymer (Fig. 2).

In the thermal decomposition simulations, the system was
gradually heated to 1500 K under a constant-volume, constant-
temperature (NVT) ensemble, where 1500 K was adopted as an
“accelerated condition” rather than the actual decomposition
temperature to speed up the decomposition process.*
Temperature control was achieved using a Berendsen thermo-
stat with a damping constant of 25 fs to promote chain scission
and structural rearrangement. For the electric field simulations,
the QTPIE method was used to achieve dynamic charge equili-
bration. An external electric field of 3 kV mm ™' was applied to
the two ends of the simulation box to enhance molecular
polarization and facilitate chain breakage. Both the single-
chain and folded-chain models were simulated. The single-
chain model was used to analyze the microscopic mecha-
nisms of small-molecule generation, whereas the folded-chain
model, being closer to real systems, allowed statistical anal-
ysis of the yields of characteristic gaseous products. The
molecular structural evolution during decomposition was
visualized using Open Visualization Tool (OVITO), and the
formation trends of key products were quantified.

The gas release during SiR decomposition was obtained
from the molecular dynamics (MD) simulations. Vibrational
analyses based on density functional theory (DFT) were then
performed. These analyses calculated the vibrational modes
and infrared absorption frequencies of the characteristic gases.

© 2025 The Author(s). Published by the Royal Society of Chemistry

These calculations were carried out in Gaussian at the B3LYP/
def2-SVP level of theory.”” Because the harmonic approxima-
tion and the solution of the Schrodinger equation introduce
systematic errors,”® the predicted IR frequencies are typically
higher than the experimental fundamentals. Following the
literature,*”*® a scaling factor of 0.9671 was applied to correct
the calculated frequencies. The spectra were then Gaussian-
broadened using the Multiwfn program to achieve better
agreement with the experimental data.

3 Results and discussion

3.1 Analysis of gas evolution from electrical breakdown of
SiR

Gas identification in FTIR spectroscopy relies on the charac-
teristic vibrational absorption peaks of molecules, enabling
rapid recognition of multiple gas components. Because gas
molecules contain few atoms, their characteristic bands are
concentrated in specific wavenumber ranges, which enables
rapid identification of multiple components in a complex gas
mixture. However, FTIR is insensitive to non-polar molecules
such as H, and therefore cannot detect their presence. Based on
FTIR analysis, the gas products from SiR decomposition under
electrical breakdown were systematically investigated. Shown in
Fig. 3, the main products generated after breakdown were CH,,
H,0, C,H,, CO,, and CO. By comparing the spectra under
different atmospheres, it can be seen that the characteristic
peaks of Si-H and C,H, are more pronounced in argon atmo-
sphere, although the overall differences remain limited. This is
mainly because the presence of oxygen promotes the cleavage or
transformation of C=C bonds, thereby reducing the yield of
C,H,.

Moreover, H, radicals generated during discharge can react
with silicon atoms to form Si-H-containing species, such as
silane (SiH,). Although cyclic siloxanes are important mono-
meric units of SiR, their yields were low under breakdown
conditions because the reaction was extremely rapid and chain
rearrangement was limited. As a result, their FTIR characteristic
bands were weak (Fig. 3).

3.2 Analysis of gas evolution from thermal decomposition of
SiR

As shown in Fig. 4, thermogravimetric analysis reveals four
characteristic temperatures for SiR at 370, 615, 665, and 754 °C.

RSC Adv, 2025, 15, 50337-50345 | 50339
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At high temperatures, the residual mass remains at approxi-
mately 60%, which is mainly composed of the original inor-
ganic filler SiO, and SiO, formed from the thermal degradation
of SiR at elevated temperatures.” Because these temperatures
showed a relatively rich composition and noticeable release of
characteristic gases, they were selected for detailed analysis.
The first corresponds to the onset of decomposition at 370 °C,
followed by two decomposition-rate maxima at 615 °C and 754 °
C, and a transition temperature at 665 °C. This selection
allowed the relationship between characteristic gaseous species
and different decomposition stages to be established.

To more intuitively illustrate the effects of atmosphere and
temperature on the gas-evolution behavior, three-dimensional
FTIR spectra (Fig. 5) and GC chromatograms (Fig. 6) were
acquired under both air and argon atmospheres, and several
representative temperatures were selected for analysis in
conjunction with the TG curves. The results show that, below
the onset decomposition temperature in argon atmosphere,
only H,O and trace amounts of CO, are detected, indicating that
the material structure remains largely unchanged. At the
decomposition temperature, small amounts of CH, and CO,
appear in the products. As the temperature increases above the
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Fig. 4 SiR decomposition thermogravimetric analysis.
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decomposition threshold, the signals associated with Si-
containing groups (e.g., Si-CHj;, Si-O-Si, Si-(CHj),) become
more pronounced,*** suggesting that the cleavage and rear-
rangement of the structural units in SiR are significantly
intensified at elevated temperatures. Previous studies have
shown that, at high temperatures, these structural units can
undergo scission and cyclization to form low-molecular-weight
cyclic siloxanes such as hexamethylcyclotrisiloxane (D3) and
octamethylcyclotetrasiloxane (D4).3*3°

3.3 ReaxFF-based MD simulations of gas evolution from SiR
decomposition

Experimental observation of radical reaction pathways during
SiR decomposition is difficult. Additionally, distinguishing the
characteristic peaks of similar gases in mixed-gas FTIR spectra
is challenging. To address these issues, this study employed
ReaxFF-based reactive molecular dynamics simulations. These
simulations were used to characterize gas-generation behavior
under various factors at the atomic scale. Thermal decomposi-
tion was simulated by setting the system temperature to the
target decomposition level. Electrical breakdown was modeled
by applying an external electric field and using a reactive force
field that accounts for interatomic interactions, while raising
the system temperature to mimic the transient high-
temperature conditions during discharge.

3.3.1 Reactive MD simulations of gas evolution. Reactive
MD simulations using ReaxFF were performed to analyze the
decomposition mechanism of SiR at the atomic scale under
electrical breakdown conditions. As shown in Fig. 7(a), the
siloxane backbone was the primary site of bond cleavage. In the
early stage (25 ps), -CH; groups detached from the chains,
generating free radicals. As the reaction proceeded, by 325 ps
the Si-O-Si skeleton gradually degraded, oxygen-containing
groups detached, and free methyl radicals recombined to
form CH, and C,H,. This indicates partial reconstruction of the
carbon chains and agrees well with the experimentally observed
increases in CH, and C,H,. In the later stage (5625 ps), the
carbon chains underwent deep scission and became more
unsaturated, leading to further increases in CH, and C,H,
yields. Simultaneously, Si-H-containing species such as SiH,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were formed, consistent with the enhanced Si-H peaks
observed in the FTIR spectra. By the end of the simulation (25
000 ps), the SiR network was almost completely degraded,
resulting in the generation of large quantities of small-molecule
gases. The strong agreement between simulation and experi-
mental results further validated the accuracy of the molecular
dynamics approach. It should be noted that although 1500 K is
much higher than the actual decomposition temperature, this
condition is mainly employed to accelerate the reaction process
and to elucidate the decomposition mechanism and relative
trends, rather than to directly extrapolate absolute rates or
service lifetimes.*

Unlike electrical breakdown, the thermal decomposition of
SiR favored high-temperature rearrangement. The ReaxFF-
based MD simulations were further used to investigate this
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process. As shown in Fig. 7(b), at the early stage (25 ps), side
chains were cleaved first, producing free radicals that provided
the basis for subsequent high-temperature reactions. By 675 ps,
the main chain began to disintegrate, and some fragments
underwent rearrangement, producing H, and CH,. This obser-
vation agrees well with the CH, characteristic peaks detected in
the FTIR spectra. At 4175 ps, elevated temperature promoted
further scission and rearrangement of the siloxane backbone,
leading to the formation of cyclic siloxanes such as D4, which
are typical products of thermal decomposition, together with
a certain amount of CO. By 25 000 ps, the reaction approached
completion. The residual structure was dominated by Si-O-Si
linkages, with only trace amounts of CH, and CO present. This
result is consistent with the experimental observation of strong
Si-O-Si characteristic peaks and weak small-molecule peaks.

2500

[ sir-405°C-Ar
[ sir-450°C-Ar

(b)

[ )
=3
=3
S

7Y
<]
S
T
06
1568

=02
104

1000 f

Concentration (ppm)
3
(=)

156

05

oleg oo 2= o o

CO, CH, CH, CH, CH, CO H

L

W5

Gas types

[ SiR-300°C-0,
[ 1 SiR-350°C-0,
12000 b 1 SiR-370°C-0,
[C_ISiR-400°C-0,

12523

(@

10000 F

7171

8000 f

CO, CH, CHy CH, CH, CO
Gas types

Fig. 6 Gas chromatography results of SiR gas production at different temperatures in (a) argon 100-350 °C, (b) argon 405-450 °C, (c) oxygen

100-250 °C, and (d) oxygen 300-400 °C atmospheres.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 50337-50345 | 50341


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07405c

Open Access Article. Published on 15 December 2025. Downloaded on 4/1/2026 3:08:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

| CH; - 300 ps .32% ps
(a) ,—-\‘—o—.l’-\l e
i

0ps 1 25ps L@ ) ,—-.J\' '
—;‘ 1 6-G oe7
> | ey ae e
! {
1
1
)

©
50 ° 2308
LI [
r - 1 (’1 )
’\\_gb 's o -’ SiH,

..... 1
s 1T A RET = 1 0 © ' CR .
1 y ,
. WAl : iy, i e Y
P T ~“ 'l { o@% ta 1 b Sﬂ"{;\\ ! - $ &
f Soe N % e 1 Jav e o e e
I { V]S dee s A ! SR E N i “"“‘.‘@ ots
@  \ & A ° N i [ @ee™ ) ! ci g O
\, / N % 1 i Ihlg = N CH
‘w e’ |! “‘éy’ 8 ol 1 Ve Nag  / y e o ' e
O gt ! ATy 1 \ ¢ ! .
® Y3 4 ! (% 2 ! : ¥ 4
25 ps 325ps 5625 ps ! 23000 ps
T T' T \
1me v )
= T =
o TS 650 ps |, 675
(b)| Gi——&» g0 e
0 ps .. W IS) s ?‘
‘3—"‘7;“—",-\ A
| ,ﬂ) b | ‘::).},
' o w € II, °
o 1 3 L ! v
5 1 & B !
o, - 33 i |
o, 9 I 1 1 @ -
¢ RN - ! 1 ad .45 O
{ \ 1 N e e | (o
™ H 1 ' : ’g Q}{_}/Sié)-&
\ / i i o)
S e I " ! o8 W
B '(3" ! | : T ‘5..«' "Nl
5 ! ! 1 ’;3“ &®cC >
L% o g ! : ! e P
() : 1 : ¢ L
25ps ! 25000 ps
1 1

\ Time

Fig. 7 Snapshots of gas formed during simulation for SiR, (a) under electric field condition; (b) under thermal condition.

3.3.2 DFT-based construction of an infrared spectral
database for characteristic gases. To further analyze and iden-
tify the gaseous products generated during SiR decomposition,
an infrared spectral database of characteristic gases was
established using DFT calculations. The database was con-
structed from the vibrational spectra of individual molecules.
This allows the peak intensities to be normalized to a reference
concentration, enabling quantitative comparison across
different species. In addition, some characteristic gases may
exist in liquid or even solid form at room temperature, similar
to substances such as alcohols that are only partially volatile. By
establishing the infrared spectral library through DFT calcula-
tions, hazardous gas-phase experiments—where the gases may
be toxic or flammable—can be avoided, while still providing
a reliable reference for spectral analysis. Representative IR
spectra of selected gases are shown in Fig. 8. Characteristic
hydrocarbon peaks appear near 3000 cm™*, including those of
CH, and CH,O. The region near 1000 cm ' corresponds
primarily to Si-H and Si-O vibrations, including cyclic siloxanes
such as D3 and D4 as well as SiH,. The resulting spectral
database covers the major small-molecule and Si-containing
species relevant to failure diagnosis and thermal decomposi-
tion of SiR, providing a theoretical foundation for real-time gas
detection.

3.3.3 Incremental IR spectral calculations of gas compo-
nents. The stage-resolved formation characteristics of incre-
mental gases-defined as the gaseous species newly generated at
each stage relative to the preceding one-differed markedly in air

50342 | RSC Adv, 2025, 15, 50337-50345

and in argon, and between thermal and discharge conditions.
Statistical analysis of these incremental gases enables the
identification of stage-specific gas-evolution features. For
thermal decomposition, the stages were first divided according
to the characteristic temperatures obtained from the TG curve.
Additional subdivision was performed based on the tempera-
ture intervals where significant changes in FTIR spectra were
observed, and further refined using the product evolution
trends obtained from MD simulations. For electrical break-
down, the stages were defined primarily according to discharge
intensity and the corresponding product formation revealed by
MD simulations. By integrating results obtained in air and in
argon for both thermal and discharge scenarios, the
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Fig. 8 DFT calculation spectral library.
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composition and IR spectral characteristics of the evolved gases
were elucidated. These results provide important insights into
the stepwise decomposition mechanism of SiR.

3.3.3.1 Incremental gas characteristics under pure thermal
conditions. As shown in Fig. 9(a), under purely thermal condi-
tions SiR exhibits almost no pronounced decomposition at the
initial stage; only a small fraction of unstable end groups is
cleaved, releasing trace amounts of H,O and CO,. As the
temperature increases, SiR begins to undergo extensive chain
scission and releases larger amounts of volatile gaseous prod-
ucts, such as CO and CO,. In this stage, the siloxane backbone
undergoes high-temperature rearrangement to form cyclic
siloxanes (D3 and D4), while cleavage of terminal groups
generates CH,. The CH, is subsequently oxidized in the pres-
ence of oxygen to produce CH,0. As the temperature further
increases and the decomposition approaches completion, the
Si-O-Si bonds are almost completely broken, leaving a large
amount of solid residue composed mainly of SiO, and a partial
carbonaceous layer. These carbon-containing particulates and
the carbon layer react with oxygen to generate additional CO,
and CO. Overall, the thermal decomposition of SiR is domi-
nated by end-group scission and backbone rearrangement,
which give rise to various small-molecule gaseous products and
promote the formation of cyclic siloxanes. At the final stage, the
siloxane bonds are completely cleaved, and predominantly solid
SiO, and a residual carbon layer remain.

3.3.3.2 Incremental gas characteristics under combined
thermal and electric fields. High-energy discharge markedly
alters the degradation pathways of SiR, as shown in Fig. 9(b). At
the initial stage, the main gaseous products are CO and C,H,,
accompanied by detectable amounts of CO, and H,O.

Under the action of the electric field, the SiR molecular
chains undergo pronounced scission, and methyl side groups
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are detached from the backbone to form radicals, which
subsequently recombine to yield small molecules such as CH,
and C,H,. With increasing discharge intensity, chain scission
becomes more severe, and hydrogen radicals generated during
the discharge react with silicon to form Si-H-containing
species, such as SiH,.

In an oxygen-containing atmosphere, the synergistic effect of
discharge and oxygen further enhances chain scission and
radical generation, thereby promoting the formation of CH,
and Si-H-containing compounds. Meanwhile, the participation
of oxygen facilitates the cleavage or transformation of C=C
bonds, leading to a decreased yield of C,H,. In addition, owing
to the extremely short duration of breakdown, chain rear-
rangement is limited, so the conditions for the formation of
cyclic siloxanes are not fully met, resulting in a relatively low
yield of cyclic siloxanes. Overall, the decomposition of SiR
under an electric field is dominated by chain scission and
radical formation, which gives rise to multiple small-molecule
gaseous products, particularly CH, and C,H,, whereas the
formation of cyclic siloxanes is comparatively suppressed.

3.3.3.3 Comparative summary of results. Overall, gas evolu-
tion during thermal decomposition is primarily governed by
thermally induced chain scission and rearrangement reactions,
with relatively simple influencing factors. This process mainly
produces CO, and CO, accompanied by the formation of cyclic
siloxanes such as D3 and D4. By contrast, gas generation during
electrical decomposition is driven by electro-thermal coupling,
which gives rise to more complex reaction pathways. Under the
action of the electric field, the molecular chains experience
more intense scission and generate abundant radicals, leading
to the formation of a larger variety of small-molecule gases,
such as CH, and C,H,. In addition, during electrical decom-
position in air, the synergistic effect of the electric field and
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Fig. 9 Decomposition mechanisms of SiR under (a) thermal field and (b) electric field, illustrating incremental gas production under anaerobic

and aerobic environments.
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Table 1 Comparison of thermal and electrical decomposition of SiR
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Thermal decomposition

Electrical decomposition

Reaction mechanism
Reaction products
Influencing factors

CO,, CO, CH,, D3, D4
Temperature

oxygen promotes the cleavage of C=C bonds and the formation
of Si-H compounds. Compared with thermal decomposition,
electrical decomposition produces a more diverse range of
gaseous species and larger overall amounts of gas. These
differences in degradation mechanisms and products highlight
the intrinsic distinction between the chemical pathways of
electrical and thermal decomposition (Table 1).

4 Conclusions

In this work, the decomposition behavior of SiR under electric
field and thermal field was investigated, and its gas generation
characteristics were analyzed. By combining experiments with
molecular simulations, the mechanisms of gas generation
under different conditions were elucidated. The main conclu-
sions are as follows:

(1) Under pure thermal conditions, SiR primarily decom-
posed to produce CH,0, CH,, and Si-containing organics such
as D3 and D4, accompanied by a certain amount of oxidative
products such as CO,. Under electric field, the characteristic
gases were dominated by C,H,, CH,, and Si-containing
compounds such as SiH,, along with small amounts of CO
and other oxidizing molecules. This composition indicates
a discharge gas-evolution behavior characterized by low-
molecular-weight and highly reactive Si-containing species.

(2) Reactive MD simulations based on ReaxFF revealed the
microscopic decomposition mechanisms of SiR under thermal
and electric fields. Under thermal conditions, weak bonds such
as -CH; were cleaved first. Free radicals subsequently accu-
mulated and recombined, eventually causing the cleavage of the
Si-O-Si backbone and the formation of small cyclic siloxanes.
Under electric field, initial scission also occurred at weak
bonds. As the applied voltage increased, deeper chain cleavage
and unsaturation took place, leading to the generation of CH,
and SiH,. However, because the breakdown duration was
extremely short, chain rearrangement was insufficient and the
yield of cyclic siloxanes was limited. These simulation results
were highly consistent with the experimental trends, providing
molecular-level insight that is difficult to obtain directly from
experiments. Overall, electric field promoted chain scission,
whereas thermal field favored structural rearrangement.

(3) The presence of oxygen significantly promoted molecular
chain scission and radical reactions, whereas in an inert
atmosphere the decomposition proceeded mainly through
thermal pyrolysis.

A preliminary FTIR spectral library of characteristic gaseous
products from SiR decomposition was established, and an IR-
based diagnostic method was proposed. These results provide
a technical pathway for gas-phase IR spectroscopy in aging

50344 | RSC Adv, 2025, 15, 50337-50345

Thermally induced chain breakage/rearrangement

Electrothermal coupling chain breakage/free radical generation
CH,, C,H,, SiH,
Electric field and temperature

assessment and fault diagnosis of high-voltage cable acces-
sories. This approach is expected to play an important role in
early fault warning and diagnosis, thereby reducing the risks of
power outages and fire accidents.
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