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Abstract In high-frequency electrical energy systems, polyimide (Pl) composite insulation materials need to possess a low dielectric constant,
sufficient thermal conductivity, and robust interfacial adhesion to ensure reliable performance under elevated temperatures and pressures. These
aspects are crucial for preventing local overheating and electrical breakdown, thereby ensuring reliable equipment operation. Traditional Pl insu-
lation materials often exhibit high dielectric constants and pronounced dielectric losses, compromising their insulation efficiency. In this study,
molecular dynamics simulations were employed to incorporate polyhedral oligomeric silsesquioxanes (POSS) into Pl through physical blending
and chemical bonding to enhance dielectric properties. Key parameters of the PI/POSS composite system, including dielectric constant, thermal
conductivity, glass transition temperature, Young’s modulus, Poisson’s ratio, and interfacial adhesion energy, were systematically evaluated for
both doping methods. The degradation behavior of the Pl composites under high-temperature and electric field conditions was also simulated to
elucidate degradation pathways and product distributions, providing insights for designing low-dielectric insulation materials. Doping with POSS
significantly reduces the dielectric constant of Pl, thereby improving insulation performance, thermal stability, mechanical strength, and interfa-
cial adhesion. At an optimal POSS doping ratio, the thermal conductivity of Pl is enhanced. Compared with the physical blending system, the
chemical bonding system yields more substantial improvements across all evaluated properties. Under high-temperature and strong electric
field conditions, POSS doping enhances interfacial adhesion and thermal stability, effectively suppressing the cleavage of key chemical bonds, re-
ducing CO emissions, and increasing the formation of oxygen-containing intermediates and water molecules, which contributes to improved en-
vironmental sustainability.
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INTRODUCTION

Polyimide (PI), with its unique imide ring structure, exhibits ex-
cellent mechanical properties, a wide temperature applicability
range, outstanding insulation characteristics, and good chemi-
cal stability."! Owing to its exceptional physical and chemical
properties, Pl has considerable application potential in various
fields, such as electrical engineering, defense, electronic com-
munication, and aerospace, but the performance requirements
in these areas are becoming increasingly stringent.23!

For example, with the development of high-frequency
power transformers, insulation materials must withstand ex-
treme conditions such as high frequency and high tempera-
ture. However, due to its high dielectric constant and de-
creased thermal stability, traditional Pl struggles to meet the
insulation demands of the equipment, significantly impact-
ing the reliability and lifespan of the materials. Therefore, en-
hancing the thermal stability of PI to adapt to high-tempera-
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ture environments is essential. Additionally, strong mechani-
cal properties are crucial for the structural stability and dura-
bility of power transformers. Although PI possesses high ten-
sile strength, the mechanical performance of the material
may deteriorate under high pressure and strong electric
fields.

In light of these challenges, the trade-off among the dielec-
tric loss, thermal resistance, and mechanical strength is ex-
tremely important when the Pl performance is enhanced.
While reducing the dielectric constant helps to decrease di-
electric loss, this may alter the molecular structure of the ma-
terial and subsequently affect its thermal stability. Thus, both
aspects need to be considered during the optimization pro-
cess. Furthermore, increasing the mechanical strength may
lead to a decrease in the dielectric performance; research
shows that certain reinforcing agents can induce defects
while increasing the strength, thereby increasing the dielec-
tric loss. Therefore, achieving an optimal balance among the
dielectric performance, thermal properties, and mechanical
properties of the material is a key challenge in improving the
application of Pl in high-frequency power transformers.

In recent years, numerous studies have shown that meth-

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-025-3360-4
https://doi.org/10.1007/s10118-025-3360-4
https://doi.org/10.1007/s10118-025-3360-4
https://doi.org/10.1007/s10118-025-3360-4
https://doi.org/10.1007/s10118-025-3360-4
https://doi.org/10.1007/s10118-025-3360-4
https://doi.org/10.1007/s10118-025-3360-4
mailto:zhaotong@sdu.edu.cn
http://www.cjps.org
http://link.springer.com

1444 Wang, Z. Y. et al./ Chinese J. Polym. Sci. 2025, 43, 1443-1457

ods to reduce the dielectric constant of Pl mainly include the
introduction of the fluorine-containing groups, the incorpora-
tion of alicyclic structures, and the preparation of porous
P1.14-121 Regarding the introduction of the fluorine-containing
groups, C.D. Simone et al.l'3! synthesized a series of pendant
perfluorinated aromatic Pls (8F-Pls) that exhibited a lower di-
electric constant. In an approach involving alicyclic structures,
Ririka et al.'4l prepared seven types of Pl (ISS-PI) through the
reaction of isosorbide dianhydride (ISS-DA) with different di-
amines; these structures possessed dielectric constants in the
approximate range of 2.97 to 3.33. For the preparation of
porous Pl, Cui Xue et all'>! used a hard template method to
create hollow meso-porous SiO, nano-microspheres; these
nano-microspheres significantly enhanced the hydrophobici-
ty and dielectric performance of the PI films, and the mini-
mum dielectric constant was reduced to 2.80. To improve the
thermal conductivity of PI, Wu Zhigiang et al.l'® constructed
Pl/reduced graphene oxide and boron nitride nanosheet
composites with a core-shell structure, and these composites
significantly increased the out—of—plane thermal conductivi-
ty and effectively met the heat dissipation needs of advanced
electronic devices. Wang Ting et al.l'”] prepared boron nitride
nanosheets (BNNSs) using a melt-hydroxide-assisted liquid
exfoliation method and introduced them as fillers into the Pl
composite films; these films showed an increase in the in-
plane thermal conductivity of up to 1080% with respect to
that of pure PI.

In summary, although significant progress has been made
in previous studies to reduce the dielectric constant and en-
hance the thermal conductivity of the Pl-based composites, Pl
composite insulation materials still face considerable chal-
lenges in the application of high-frequency power transform-
ers. First, in addition to having a low dielectric constant, the
composites need to also possess appropriate thermal con-
ductivity and excellent interfacial adhesion energy to ensure
stable insulation performance under high-temperature and
high-pressure conditions; composites with these characteris-
tics can prevent local overheating and electrical breakdown
and ensure the reliable operation of the equipment. Second,
the glass transition temperature of the Pl composites is an im-
portant indicator for assessing their high-temperature resis-
tance, and Poisson’s ratio and Young’'s modulus are crucial
parameters for evaluating their mechanical properties. No-
tably, trade-off often exists between improving the dielectric
performance, thermal conductivity, and mechanical strength
of PI. Additionally, the degradation of Pl in high-temperature
and strong electric field environments can lead to material
failure; thus, an examination of the mechanisms and decom-
position pathways can aid in the development of new com-
posite materials that are more resistant to high temperatures
and strong electric fields.

Therefore, although some studies have improved the di-
electric or thermal properties of Pl insulation composites
through physical or chemical methods, there is still insuffi-
cient comprehensive evaluation and analysis of the trade-offs
among the dielectric constant, thermal conductivity, interfa-
cial adhesion energy, glass transition temperature, Poisson'’s
ratio, and Young's modulus of Pl composites, along with an
in-depth investigation of their degradation mechanisms un-

der high temperatures and strong electric fields. For this rea-
son, conducting a more systematic and in-depth study of Pl
composites is highly important.

Polyhedral oligomeric silsesquioxane (POSS) is an organic—
inorganic hybrid molecule with a nanocage structure; thus, it
is an ideal material for incorporation into Pl films. The unique
silicon-oxygen inorganic core of POSS is surrounded by or-
ganic groups to ensure good compatibility with polymers;
this effectively prevents agglomeration and ensures material
uniformity and stability. Moreover, due to its excellent oxida-
tive resistance and thermal stability, POSS can maintain poly-
mer performance at high temperatures. Additionally, its uni-
form nanoscale pores can effectively reduce the dielectric
constant of composite materials without compromising their
mechanical properties. Moreover, combining Pl with fillers
and introducing nanoporous or mesoporous structures is an
effective method for enhancing Pl performance.l'8-201 With
the advancement of nanotechnology, POSS-based PI/POSS
insulating composite materials have become popular in di-
electric material research.

The two main preparation methods for introducing POSS
into Pl are physical blending and chemical bonding. The
physical blending method involves directly mixing POSS with
Pl and is simple and quick to perform; however, a high dop-
ing ratio may lead to agglomeration, thereby affecting the
material’'s performance. The chemical bonding method con-
nects POSS with Pl macromolecules through covalent bonds;
this process allows the POSS molecules to integrate deeply in-
to the Pl molecular network and create more robust bonds.

In recent years, advancements in molecular dynamics simu-
lation technology have facilitated new opportunities for sci-
entific research and have led to revolutionary changes in vari-
ous fields, including chemical engineering, pharmaceuticals,
and new materials.[2-261 This technology enables the study of
system evolution and macroscopic properties at the atomic
level, can be used to predict the material properties, and sig-
nificantly reduces R&D costs and time. In this study, molecu-
lar dynamics simulation is utilized to overcome the limita-
tions of traditional experimental methods in terms of cost and
time, achieving a comprehensive investigation of the perfor-
mance of the PI/POSS composite system. This method is used
to examine the electrothermal aging mechanisms and degra-
dation pathways of the composite system in depth and can
be used to compare the material performance under two
preparation methods (physical blending and chemical bond-
ing) to assess the impact of the different doping methods on
the overall performance of the materials. This provides an im-
portant theoretical foundation and experimental guidance
for future material design and optimization.

In this study, molecular dynamics simulation is used to con-
struct a pure Pl system, and POSS is combined with different
mass fractions of Pl using both physical blending and chemi-
cal bonding to form PI/POSS composite systems. The impacts
of the two doping methods on the key properties of the com-
posite materials (dielectric constant, thermal conductivity, in-
terfacial adhesion energy, Poisson’s ratio, Young's modulus,
and glass transition temperature) are systematically com-
pared, and their microscopic structure and dynamic behavior
under various temperatures, pressures, and strain conditions
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are evaluated. Additionally, the degradation process of the
PI/POSS composite system under high-temperature and
strong electric fields is simulated, and the mechanisms of
electrothermal aging and microscopic degradation are re-
vealed. In this study, for the first time, a systematic compari-
son of the comprehensive performance of physical blending
and chemical bonding is presented, and the relationship be-
tween the structure and performance of composite materials
is examined to provide a theoretical basis and design guid-
ance for developing new PI/POSS composites that are resis-
tant to high temperatures and strong electric fields. It also
proposes new concepts for optimizing their design in harsh
application environments, such as high-frequency power
transformers.

METHODOLOGY FOR PERFORMANCE ANALYSIS
OF PI/POSS COMPOSITES AND STUDY OF
DEGRADATION MECHANISMS UNDER HIGH
TEMPERATURE AND ELECTRIC FIELDS BASED ON
MOLECULAR DYNAMICS

Molecular Dynamics Simulation Method

Molecular simulation is a method used to study the behavior of
molecular systems under different conditions. This method sim-
ulates the interactions between the atoms and molecules using
numerical calculations to predict their structures, dynamics, and
properties under specific conditions. Molecular simulation is
generally based on Newton'’s laws of motion and quantum me-
chanics and enables the investigation of the behavior of atoms
and molecules at various temperatures, pressures, and chemical
environments, thus providing important information on the
properties of the system. Molecular dynamics (MD) simulation is
a commonly used approach in molecular simulations that simu-
lates the dynamic behavior of a system by solving Newton's
equations of motion and is typically utilized to study the struc-
ture and dynamic behavior of the system. The following are sev-
eral key principles and formulas of molecular dynamics simula-
tion.

In molecular dynamics simulations, potential energy func-
tions are typically employed to calculate the interaction po-
tential energy between molecules.

Lennard-Jones Potential is defined as follows:

o =ad 2] -(2]]

where € is the depth of the potential well; o is the effective di-
ameter of the particles; and r is the distance between the parti-
cles.

Coulombic potential (for charged particles) is defined as
follows:

V(r):qu;qu @
where k is Coulomb’s constant and g, and g, are the charges of
the two charged particles.

In MD simulations, the forces acting on microparticles (such
as atomic nuclei) during their motion are determined by New-
ton’s equations, specifically the relationship between the
forces and their potential energy as well as their positions,
given by the following formula:

(©)

Fo -9, Uln) = au(n)z_{au. U, a_uk}

- on; a_Xi’ " a_yij " 9z;
where F;, U(n), and n; represent the force acting on the it
atomic nucleus, the induced potential energy, and the gradient
of the induced potential energy relative to the atomic positions,
respectively.

By repeatedly calculating the forces and updating the posi-
tions and velocities using Newton'’s second law and the above
formulas, the behavior and evolution of the molecular sys-
tem under specified conditions can be simulated. Molecular
dynamics simulations have been widely applied in various
fields, such as materials science, biophysics, and chemistry, to
predict and understand the interactions between molecules.
In this study, molecular dynamics simulation methods are
used in conjunction with the Amsterdam Modeling Suite,
LAMMPS, and Materials Studio software to conduct an in-
depth investigation of the PI/POSS composite system. By
leveraging the synergistic effect of these software tools in
conjunction with a series of calculations and analyses, the
structure, performance, and interactions of the composite
system are comprehensively analyzed, leading to a deeper
understanding of the characteristics of the PI/POSS compos-
ites and their behavior under different conditions, as illustrat-
ed in the simulation flowchart in Fig. 1.

Model Construction and Energy Optimization of the
P1/POSS Nanocomposites

In this study, three models for synthesizing Pl composite sys-
tems were initially constructed: the Pl repeating unit model,
phenyl monofunctional POSS, and aminopropyl-phenyl bifunc-
tional POSS. After performing geometric optimization on each
monomer model, the Pl molecular chain model and the PI
molecular chain model containing POSS were constructed, as
shown in Fig. 2. In the Pl composite system constructed using
the chemical bonding method, the amino hydrogen atoms at
both ends of the aminopropyl-phenyl POSS side chains were set
as terminal atoms and bonded to the hydrogen atoms at both
ends of the PI repeating units, forming a Pl molecular chain
model containing POSS. To avoid interference between the ter-
minal molecular chains, a simplified polymer structure with a
degree of polymerization of 4 was chosen to facilitate modeling
and simulation while also reducing computational costs and er-
rors.

The PMDA-ODA type polyimide was selected as the model
structure because it is widely used in high-frequency electri-
cal energy systems, such as power transformers, due to its ex-
cellent thermal stability and mechanical properties, aligning
with our focus on improving insulation performance under
high-temperature and high-pressure conditions. Further-
more, its well-characterized molecular architecture and exten-
sively validated force field parameters in the COMPASS force
field ensure the accuracy of our MD simulations. The PMDA-
ODA structure also serves as a representative benchmark, fre-
quently studied in similar applications.!"]

The constructed molecular chain models exhibited high
energy levels and instability; therefore, geometric optimiza-
tion needed to be performed on the polymer molecular
chains to achieve a stable state, followed by the construction
of periodic structures. In the chemical bonding system, the
mass fraction of POSS was controlled by varying the propor-
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Fig.1 Simulation flowchart.

Fig. 2 Model construction diagram: (a) structure of Pl repeating unit; (b) pure PI molecular chain; (c) structure of aminopropyl-phenyl
bifunctional POSS; (d) structure of phenyl monofunctional POSS; (e) Pl molecular chain containing aminopropyl-phenyl bifunctional POSS; (f)
periodic structure of pure Pl system; (g) periodic structure of chemical bonding system and (h) periodic structure of physical blending system.

tion of Pl-containing POSS; in the physical blending system,
the mass fraction was altered by adjusting the amount of
POSS while ensuring that the number of molecular chains in
both Pl composite systems was 12 to prevent end effects. The
initial densities for both composite systems were set at 1.35
g/cm3. Based on this, models of PI/POSS composite insulation
materials were established, as shown in Figs. 2(g) and 2(h),

where the POSS mass contents obtained through physical
blending are labeled WL-PI-POSS-5%, WL-PI-POSS-10%, WL-
PI-POSS-15%, and WL-PI-POSS-20%; correspondingly, the
chemical bonding systems are labeled HX-PI-POSS-5%, HX-PI-
POSS-10%, HX-PI-POSS-15%, and HX-PI-POSS-20%. The peri-
odic structure of pure Pl is shown in Fig. 2(f). During the con-
struction of the periodic structures, a cubic simulation box
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with dimensions of 40 nm X 40 nm x 40 nm (volume =
6.4x10* nm3) was set for all systems to ensure reliable molec-
ular dynamics (MD) simulations by minimizing periodic
boundary effects while balancing computational efficiency.
Following the construction, energy optimization and equili-
bration were performed under NVT and NPT ensembles (1
MPa), after which the box dimensions exhibited slight varia-
tions (less than 2%) depending on the specific system (e.g.,
pure Pl or PI/POSS with different POSS contents), while main-
taining the initial density across all systems. This box size was
chosen to be more than an order of magnitude larger than
the characteristic dimensions of the Pl chains (typically 2—
5 nm for a degree of polymerization of 4) and POSS molecules
(1-2 nm), as well as the typical cutoff radius for non-bonded
interactions (around 1.2 nm), ensuring minimal boundary ef-
fects and allowing for an accurate representation of bulk
properties such as density, glass transition temperature (T),
dielectric constant, and thermal conductivity.

The constructed models may have had issues such as con-
figurational distortion and inappropriate interatomic dis-
tances. Therefore, after model construction was completed,
energy optimization and equilibrium assessment of the PI
composite system under molecular dynamics simulation were
performed. During the molecular dynamics simulation pro-
cess, the following module parameters were selected: the
COMPASS force field was used, the NPT ensemble was em-
ployed, the electrostatic calculation method was Ewald, the
van der Waals forces were modeled based on the atoms, an
applied pressure of 1 MPa was set, the temperature control
method was Andersen, and the pressure control method was
Berendsen. A time step of 1 fs was chosen to ensure numeri-
cal stability, accommodating the high-frequency vibrations of
light atoms (e.g., hydrogen) in the Pl and POSS structures,
which is a standard practice in polymer MD simulations. The
equilibration process consisted of two steps: an initial energy
minimization using the steepest descent method to elimi-
nate unfavorable contacts, followed by a 100 ps NPT equili-
bration at 1 MPa and 300 K. The 100 ps duration was suffi-

cient, as the system’s density and total energy converged to
within 1% after approximately 80 ps, confirming that equilib-
rium was achieved. Subsequent production runs were con-
ducted for 500 ps to collect data for the analysis of dielectric,
thermal, mechanical, and degradation properties. Ultimately,
Fig. 3 illustrates the periodic structure diagrams of physical
blending and chemical bonding systems at various mass frac-
tions, with the temperature and energy of each periodic
structure model having reached equilibrium conditions.

Calculation of the Key Performance Parameters

Method for calculating the dielectric constant

To evaluate the dielectric properties of the composite materials,
molecular dynamics simulations were applied after the models
were constructed for each system to simulate the relaxation
process under an external electric field. In the simulation, the to-
tal dipole moment of the system was obtained by calculating
the dipole moment of each atomic block and averaging it over
time. Based on the statistical data of the dipole moment, the po-
larization intensity could be calculated as the ratio of the aver-
age dipole moment to the volume. By relating the polarization
intensity to the external electric field, the dielectric constant of
the composite system could be calculated. The calculation prin-
ciple is given by the following formula:

s (1= ) @
where M is the dipole moment obtained from each calculation;
[MZ] is the mean square of the one-step axial displacement av-
erage during the simulation process; [M]2 is the square of the
mean of the one-step axial displacement; V is the volume of the
simulation system; T, is the temperature of the simulation sys-
tem; & is the vacuum permittivity and is approximately equal to
8.854x107 "2 F/m; and kg is the Boltzmann constant and is ap-
proximately equal to 1.381x107>> J/K.

=1+

Method for calculating the thermal conductivity
The thermal conductivity is calculated via the Muller—Plathe
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Fig. 3  Periodic structure diagrams of pure Pl and PI/POSS composite systems with POSS mass fractions of 5 wt%-20 wt% via molecular
dynamics simulations: (a—d) periodic structures of physical blending PI/POSS systems: (a) 5 wt% POSS, (b) 10 wt% POSS, (c) 15 wt% POSS, (d) 20
wt% POSS; (e-h) periodic structures of chemical bonding PI/POSS systems: (e) 5 wt% POSS, (f) 10 wt% POSS, (g) 15 wt% POSS, and (h) 20 wt%

POSS.
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method, which is a technique used in molecular dynamics simu-
lations. This method introduces heat sources and cold sources
to create a significant temperature difference and quantifies the
heat flow using the temperature gradient to calculate the ther-
mal conductivity. Specifically, the system is divided into 20 re-
gions along the z-axis, with heat sources (350 K) applied at one
end and cold sources (250 K) at the other. Langevin dynamics is
used to control the temperature to maintain the temperatures
of the heat and cold sources, driving heat flow. During the simu-
lation, the vibrational information of the atoms in the material
(temperature, position, and velocity) is recorded, and the kinetic
energy of each atom is calculated to estimate the heat flow
based on the changes in kinetic energy. The temperature gradi-
ent is determined by performing block temperature calcula-
tions between the heat and cold sources. Finally, by conducting
block calculations and time averaging, the heat flux density and
temperature gradient of the system are obtained, from which
the thermal conductivity can be derived. The thermal conduc-
tivity (k) can be expressed using Fourier’s law, as follows:

-_4
k= vT )
where g is the heat flux density, and VT is the temperature gra-

dient.

Interfacial adhesion energy assessment method

First, the interfacial adhesion energy model is constructed as
shown in Fig. 4; here, the appropriate POSS monomers and pure
Pl were added on either side of the interface and labeled as
modules A and B for the simulation of the interfacial structure
under examination. The geometric shape and interactions of the
interface model were designed to be consistent with those of
the actual system. After the model was constructed, molecular
dynamics simulations were conducted under the NVT ensem-
ble. Based on the molecular dynamics simulations, the energies
of the stable structures of A and B before bonding, denoted as
E, and Eg, were obtained, as well as the energy of the stable
conformation of the system AB after bonding, denoted as Ep 5.
The interfacial adhesion energy could then be calculated using
the following formula:

a —— b

Eint = Eap —En—Ep (6)
where Ej g represents the total energy of the interface between
POSS and PI; E and Eg refer to the energies of their respective
stable structures; and E; is the interfacial adhesion energy,
which is the energy formed at the interface of the model.

Calculation methods for mechanical properties: Poisson’s
ratio and Young’s modulus

In molecular dynamics simulations, the stiffness coefficient C;
can be calculated by precisely controlling the strain and record-
ing the corresponding stress. The stiffness matrix is constructed
based on these stiffness coefficients, allowing Poisson’s ratio
and Young's modulus of the Pl composite system to be deter-
mined. For isotropic materials, their stress-strain behavior can be
described by only two independent coefficients: (1) the Lamé
parameter A and (2) the Lamé parameter p. In this case, the stiff-
ness matrix can be expressed as follows:

A+2u A A 000
A A+2u A 0 0 O
) A A+2u 0 0 O 7
0 0 0 u 0o
0 0 0 0 u O
0 0 0 00 pu

The PI composite system obtained from the molecular dy-
namics simulations closely resembles an isotropic material,
and the numerical characteristics of the stiffness matrix high-
ly overlaps with those of the isotropic stiffness matrix. There-
fore, the Lamé parameters can be determined based on the
relationships between the Lamé parameters and the matrix
coefficients. Young’s modulus E and Poisson’s ratio v of the
composite system can subsequently be calculated using the
Lamé parameters. The formulas used for these calculations
are as follows:

1 2
A= 3 (c1 + €2 + Co0) = 3 (Cas + C55 + Cep) (8)

1
H=3 (Caq + Cs5 + Ceg) 9)

Fig. 4 Interface binding energy and cleavage model diagram: (a) physical blending interface binding energy model; (b) chemical
bonding interface binding energy model; (c) pure Pl model and (d) physical blending PI/POSS composite system model.
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3A+2u
E-“(m) (10)

A

Ty an
where Cj; is the elastic constant of the material; A represents the
first Lamé parameter and describes the relationship between
the volumetric change in the material and the stress; u denotes
the shear modulus of the material (also known as the second
Lamé parameter) and reflecting the material’s ability to respond
to shear strain; E is Young's modulus of the material and charac-
terizes its strain capacity under axial stress; and v is Poisson's ra-
tio, which is the ratio of the lateral strain to the axial strain in the
material.

Method for determining the glass transition temperature
The glass transition temperature () refers to the temperature
at which a polymer transitions from a hard and brittle glassy
state to a soft rubbery state. In the molecular dynamics simula-
tions, the density of the Pl composite system is calculated at dif-
ferent temperatures to obtain the specific volume, allowing for
the construction of a curve that shows the variation in molar
volume with temperature. The glass transition temperature cor-
responds to the inflection point of this curve; this temperature
indicates a significant increase in the mobility of the polymer
chain segments and a change in the material properties. Using
this method, the glass transition temperature of a material can
be accurately determined.

Specifically, molecular dynamics simulations are conduct-
ed at 300 K under the NVT ensemble, with a simulation dura-
tion of 500 ps to relax the polymer chains and prepare for
subsequent stepwise cooling simulations. The equilibrated
conformations from the NVT molecular dynamics simulation
are then used as the starting point for the subsequent NPT
molecular dynamics simulations. The temperature starts at
300 K and is increased by 100 K at each step until it reaches
900 K, resulting in 8 stages. The above steps are repeated and
then gradually cooled from 900 K to 300 K; during this pro-
cess, molecular dynamics simulations are performed, and the
data are extracted from the cooling phases for the subse-
quent calculations of specific volume to ultimately determine
the glass transition temperature for each system.

Research Methods for the Fracture Mechanism under
High Temperature and Strong Electric Field Conditions
To investigate the fracture mechanism of the PI/POSS compos-
ites under high temperatures and strong electric fields, reactive
force field (ReaxFF) to simulate the processes of bond formation
and breaking during the chemical reactions; thus, a more accu-
rate description of the structure and properties of complex
molecular systems is provided.””! The ReaxFF force field is a spe-
cialized reactive force field that dynamically adjusts the interac-
tions between the atoms to handle the processes of bond
breakage and the formation of new bonds; hence, it is widely
applicable in computational simulations of material science and
chemical reactions. Its core concept is to decompose the total
energy of the system into a sum of various bond-level interac-
tion energies, including bond energies, lone pair electron ener-
gies, and van der Waals interaction energies.”®

Based on the research foundations in the relevant litera-
ture, molecular dynamics simulations were performed under
high-temperature and strong electric field conditions of 2000

K and 0.04 V/A, respectively.l22-331 At high temperatures, the
molecular kinetic energy increases, enhancing the thermal
motion and significantly increasing the rate of chemical reac-
tions. Thus, reactions occur more rapidly, enabling the obser-
vation of the phenomena such as bond breakage, recombina-
tion, and new bond formation within a shorter time frame.
However, high temperatures do not affect the ultimate out-
come of the reactions; the products still depend on the na-
ture of the reactants and the reaction mechanisms. Therefore,
selecting a high temperature of 2000 K not only accelerates
the reaction rate but also provides richer information for un-
derstanding the degradation mechanisms of PIl. The electric
field strength is set at 0.04 V/A and is calculated based on the
initial discharge voltage measured for the Kapton PI films in
local discharge experiments (approximately 1.3 kV).34

First, a cubic model of Pl and a cubic model of the PI/POSS
composite system formed through physical blending were
constructed, as shown in Figs. 4(c) and 4(d). The constructed
models have high energy and are in an unstable state; thus,
relaxation reactions on the models need to be performed to
minimize the system’s energy. Then, under the conditions of
2000 K and 0.04 V/A, molecular dynamics simulations of 500
ps were conducted on the Pl cubic model and the PI/POSS
composite system cubic model using the isothermal-iso-
choric NVT system. The 500 ps simulation time is sufficient to
capture the formation of primary degradation products and is
also sufficiently long to describe the dynamic pathways and
product distributions of the composite system under high-
temperature and strong electric field conditions to examine
the microscopic mechanisms of electrothermal aging of the
composite materials.

RESULTS ANALYSIS

Key Performance Parameters of the Pl Composite
Systems

Dielectric constant results from the Pl composite systems

To ensure the accuracy of the computational results, the dielec-
tric constant of each system model were calculated using five
simulations, and the average values were then calculated. The
dielectric constant of pure Pl was 3.6517+0.072, and the dielec-
tric constants for the other systems are shown in the following
linein Fig. 5(a).

With increasing mass fraction of POSS, the dielectric con-
stant of the composites tended to decrease; this phe-
nomenon was validated via both physical blending and
chemical bonding methods and indicated that the introduc-
tion of POSS significantly improved the dielectric perfor-
mance. At the same POSS mass fraction, the chemical bond-
ing system generally had a lower dielectric constant, demon-
strating its advantages in enhancing electrical performance.
For example, when the POSS content was 5%, the dielectric
constant of the chemical bonding system decreased from
3.652+0.072 to 2.927+0.081; however, a higher POSS content
could lead to a slower rate of decrease. When the POSS con-
tent was 20%, the dielectric constants of both systems de-
creased to approximately 2.6.

The variation in the dielectric constant was closely related
to the interactions between POSS and the Pl molecular
chains. The inorganic core of POSS increased the porosity and
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Fig.5 (a) Dielectric constants of Pl composite systems and (b) thermal conductivities of Pl composite systems.

flexibility of the polymer chains; this reduced the polarization
effects and decreased the interactions between the Pl seg-
ments, thereby lowering the overall polarization intensity. Ad-
ditionally, the uniform nanoscale pores of POSS introduced
air, further reducing the dielectric constant.

In chemical bonding, POSS was covalently bonded to the PI
chains, forming a stable molecular network that reduced the
incoherence of chain movement and prevented the agglom-
eration; this network could perform better in lowering the di-
electric constant than physical blending. In physical blending,
POSS particles could agglomerate, reducing contact with the
Pl chains and affecting the dielectric performance. In contrast,
in chemical bonding, as the POSS content increased, the
chemical network could restrict the movement of the Pl seg-
ments. Therefore, the rate of decrease in the dielectric con-
stant for both methods slowed at high POSS ratios.

Results from the thermal conductivity for the Pl composite
systems

The thermal conductivity data of the Pl composite system calcu-
lated using molecular dynamics simulation are shown in Fig. 5(b).
With increasing POSS content in P, the thermal conductivity of
the composite materials initially increases and then decreases.
In the case of physical blending, when Pl is doped with 5%
POSS, the thermal conductivity increases from 0.203+0.007
W/(m-K) to 0.258+0.015 W/(m:-K). However, as the proportion of
POSS increases to 10%, 15%, and 20%, the thermal conductivity
decreases to 0.153+£0.008, 0.132+0.010 and 0.123+0.012
W/(m-K), respectively. The trend of the change in thermal con-
ductivity under the chemical bonding method is similar, but the
variation is less pronounced.

At low POSS contents, the increase in thermal conductivity
occurs because POSS improves the microstructure of Pl, en-
hances the connectivity of the thermal conduction pathways,
increases interfacial interactions, and facilitates heat transfer.
The relatively low ratio of POSS also maintains the flexibility
of the polymer chains, further promoting heat flow. However,
when the POSS content is too high, the decrease in thermal
conductivity is caused by filler agglomeration, restricted
movement of the Pl segments, and increased porosity; all of
these factors impede heat conduction. In chemical bonding
systems, although agglomeration may occur, covalent bonds
enhance the fixed connection between POSS and PI, improv-
ing the thermal stability and reducing agglomeration phe-

nomena. Therefore, while the thermal conductivity of both
systems may decrease at high filler ratios, the chemical bond-
ing system tends to be more stable in maintaining the overall
thermal conductivity performance.

Overall, appropriate doping of POSS can significantly en-
hance the thermal conductivity of Pl, and key factors are good
dispersion and strong interfacial interactions. However, is-
sues such as agglomeration and restricted segment move-
ment at high doping ratios can lead to a decrease in thermal
conductivity; therefore, these results can provide theoretical
guidance for the optimized design of Pl composites.

Results from the interfacial adhesion energy for the P/
composite systems
The data shown in Table 1 were obtained from the molecular
dynamics simulations. Each column in the table represents rele-
vant energy terms, where E,_g signifies the total energy of the
interface between POSS and PI, while E, and Eg are the ener-
gies of their respective stable structures. The final column, E;, is
the interfacial adhesion energy calculated using the formula
and represents the energy formed at the interface of the model.
The data in the table indicate that the average interfacial adhe-
sion energy of the Pl physical blending system is approximately
—94.30 kcal/mol, whereas the interfacial adhesion energy of the
Pl chemical bonding system is approximately —83.610 kcal/mol.
As shown by the data in Table 1, the interfacial adhesion
energy fluctuates under different conformations but remains
relatively stable overall; these results indicate that both the
physical blending and chemical bonding systems form rela-
tively stable adhesion at the interface; this is beneficial to the
overall performance of the composites. The negative value of
the interfacial adhesion energy indicates that energy is re-
leased during the formation process at the interface, and a
certain degree of attractive force is present and enhances the
stability of the interface; additionally, the physical blending
system has a slight advantage. A higher interfacial adhesion
energy indicates stronger interfacial attraction, which helps
to resist electrothermal aging effects under high-tempera-
ture and strong electric field conditions, thus prolonging the
service life of the material.

Results from Poisson’s ratio and Young'’s modulus for the Pl
composite systems
In the molecular dynamics simulations, the corresponding stiff-
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Table 1 Interfacial adhesion energy data of the Pl system.
Physical blending system Chemical bonding system
Conformation
number Ers En Eg Eint Ens En Eg Eipt
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 —33594.310  -5304.840 -28195.310 -94.161 —-33573.010  -5298.531 —28190.860 —-83.615
2 —27225.220  -2434.851 —24696.170 -94.196 —26887.680  —-2247.230 —24556.830 —83.628
3 —26594.580 -2017.408 —24483.000 -94.168 —26712.650 —2281.288 —24347.760 —83.609
4 —27922.400  -2711.270 —-25116.960 —94.170 —-27769.280  -2839.068 —24846.620 —-83.594
5 —26829.880  —-2223.776 —24511.220 —94.880 —-26772.800  -2372.362 —24316.830 -83.611
6 —26631.150  -2164.522 —24372.410 —94.212 —-26860.100  —-2454.930 —24321.570 —83.601

ness coefficients C; can be obtained by precisely controlling the
strain and recording the corresponding stress. The stiffness ma-
trix is then constructed from the stiffness coefficients, enabling
Poisson’s ratio and Young's modulus of the Pl composite sys-
tem to be calculated. The stiffness matrix of the pure Pl system is
provided in Table 2.

As shown by the data in Table 2, the stiffness matrix closely
resembles the numerical characteristics of an isotropic stiff-
ness matrix; these results indicate that the Pl composite sys-
tem obtained from molecular dynamics simulations approxi-
mates isotropic materials. Thus, using the formulas, the Lamé
parameters for the pure Pl model were determined to be
A =4.828 GPa, u=1.193 GPa, E = 3.342 GPa, and v = 0.401.
Similarly, using the aforementioned methods, Young’s modu-
lus and Poisson’s ratio in various directions are plotted in
Figs. 6(a) and 6(b).

As shown in Fig. 6, Young’s modulus in the physical blend-
ing and chemical bonding systems initially increases and then
decreases but remains higher than that of pure PI. Notably, at
higher mass fractions of POSS, Young’s modulus of the chem-
ical bonding system is significantly greater than that of the

physical blending system. When the POSS doping content is
5% and 10%, Young'’s moduli of both systems increase to ap-
proximately 6.5 and 9.5 GPa, respectively. However, as the
mass fractions increase to 15% and 20%, Young’s moduli de-
crease for both systems, and a more pronounced decline is
observed with the physical blending method. The dispersion
of POSS, the interfacial strength between the filler and the
polymer matrix, and the motion of the polymer chain seg-
ments all affect the mechanical properties. An appropriate
amount of POSS enhances the interfacial adhesion, improv-
ing the overall rigidity. However, higher filler concentrations
may lead to agglomeration and interfacial inhomogeneity,
thus restricting the free movement of the polymer chain seg-
ments and resulting in a decrease in Young’s modulus.

As the mass fraction of POSS increases, Poisson’s ratio
tends to decrease. In the chemical bonding system, when the
POSS doping content reaches 20%, Poisson’s ratio slightly re-
bounds, which may be related to the increased interfacial
strength and reduced segment mobility; this leads to a more
stable structure of the polymer chains. In contrast, Poisson’s
ratio of the physical blending system decreases from

Table2 Elastic stiffness matrix of the pure Pl model.

C,-j j=1 (xx) j=2(yy) j=3(22) j=4(y2) j=5 (x2) j=6 (xy)
i=1(xx) 8.3569 5.4936 3.7999 03697 -0.3306 0.1819
i=2(yy) 5.4936 6.5261 5.3422 0.4285 -0.9547 -0.0101
i=3(z2) 3.7999 53422 6.7629 1.1418 -0.1164 0.1657
i=4(yz) 0.3697 0.4285 1.1418 1.0444 -0.4152 -0.2149
i=5(x2) -0.3306 -0.9547 -0.1164 -0.4152 1.1992 0.4855
i=6(xy) 0.1819 -0.0101 0.1657 -0.2149 0.4855 1.3371
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0.401+0.007 to 0.358+0.006, reflecting a decline in its struc-
tural load-bearing capacity. The decrease in Poisson’s ratio
mainly occurs because POSS doping enhances the interac-
tions between the filler and the Pl matrix; this increases the
rigidity of the material and reduces lateral deformation. In the
chemical bonding system, a higher POSS content strength-
ens the interfacial adhesion and helps the material to more
effectively resist the tensile stress. However, in a physically
blended system, the agglomeration of POSS can reduce the
effective interactions between the polymer chain segments,
thereby affecting the material’s load-bearing capacity. In
summary, the amount and dispersion of POSS significantly in-
fluence the changes in Poisson’s ratio, reflecting the impor-
tance of the material’'s microstructural stability and perfor-
mance optimization.

Results from the glass transition temperature for the Pl
composite systems

The glass transition temperature (Tg) of the Pl composite sys-
tems was determined by analyzing the specific volume (v =1/p,
in cm3/g) as a function of temperature, as described in the sec-
tion of 'Method for determining the glass transition tempera-
ture'. The plot of the specific volume versus temperature ob-

tained through molecular dynamics simulations reveals the sim-
ulated glass transition temperatures for each Pl composite sys-
tem, as shown in Fig. 7. Fig. 7(a) illustrates that T increases from
534 K for pristine Pl to 701 K at 20 wt% POSS in the physical
blending system (a rise of 167 K) and from 534 K to 739 K at 20
wt% POSS in the chemical bonding system (a rise of 205 K). To
validate the T, determination, Fig. 7(b) provides the specific vol-
ume versus temperature curves for the physical blending sys-
tems, including pure PI, WL-PI-POSS-5%, WL-PI-POSS-10%, WL-
PI-POSS-15%, and WL-PI-POSS-20%, while Fig. 7(c) shows the
specific volume versus temperature curves for the chemical
bonding systems, including pure Pl, HX-PI-POSS-5%, HX-PI-
POSS-10%, HX-PI-POSS-15%, and HX-PI-POSS-20%. The inflec-
tion points on these curves, corresponding to the transition
from glassy to rubbery states, confirm the T, values reported in
Fig. 7(a). In the Pl composite systems, different methods of POSS
doping (physical blending and chemical bonding) have a signif-
icant effect on the glass transition temperature (7). The ob-
served increase in Ty, with POSS doping, particularly pro-
nounced in the chemical bonding system due to strong cova-
lent crosslinking, aligns with enhanced intermolecular interac-
tions and reduced chain mobility.
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In the Pl composite systems, different methods of POSS
doping (physical blending and chemical bonding) have a sig-
nificant effect on the glass transition temperature (Ty). In the
physical blending system, as the POSS content increases, the
Ty linearly increases from approximately 608 K at 5% to ap-
proximately 701 K at 20%, although the overall increase is rel-
atively limited. In contrast, the increase in the glass transition
temperature in the chemical bonding system is more pro-
nounced, and T starts at 630 K at 5% POSS and reaches 739 K
at 20% POSS, demonstrating a more significant increase.

This difference stems from variations in molecular interac-
tions and material structures. In the chemical bonding mode,
strong chemical cross-linking occurs between POSS and PI,
significantly enhancing intermolecular interactions. This
cross-linking restricts the movement of polymer chains
through covalent bonds; this increases the material’s rigidity
and thermal stability and ultimately leads to a higher glass
transition temperature. Specifically, in the chemical bonding
system, polyhedral oligomeric silsesquioxane (POSS) is cova-
lently bonded to polyimide (Pl) chains via aminopropyl
groups, forming a robust crosslinked network. This covalent
integration restricts chain segment mobility through two pri-
mary mechanisms. First, the covalent bonds anchor PI chains
to the rigid, cage-like POSS structures, significantly limiting
the conformational dynamics of the polymer backbone. This
anchoring effect hinders the independent rotation and slid-
ing of chain segments, thereby increasing the energy re-
quired for the glass-to-rubber transition. Second, the incorpo-
ration of rigid POSS units introduces steric hindrance and en-
hances the local rigidity of the Pl matrix. This elevates the en-
ergy barrier for cooperative segmental motion—a key pro-
cess in the glass transition—necessitating higher thermal en-
ergy for chain relaxation. Consequently, T, increases substan-
tially from 534 K for pristine Pl to 739 K at 20 wt% POSS, a rise
of 205 K, underscoring the effectiveness of covalent crosslink-
ing in constraining chain dynamics.

In the physical blending system, POSS interacts with PI
through secondary bonds; here, the intermolecular connec-
tions are improved, but the interaction between POSS and PI
is relatively weak and does not effectively enhance the over-
all stability of the polymer. Although the Ty increases with in-
creasing POSS content, the effects are limited by the phase
separation and incomplete bonding. Additionally, the pres-
ence of secondary bonds does not effectively inhibit the
movement of molecular chains, further hindering the in-
crease in the T. In contrast, the physical blending system re-
lies on weaker van der Waals interactions between POSS and
Pl, resulting in a less pronounced restriction of chain mobility.
First, without covalent linkages, POSS acts as a dispersed filler
within the Pl matrix, providing only transient resistance to
chain motion through physical entanglements and increased
local density. The absence of permanent anchoring allows PI
chains to retain greater mobility compared to the chemical
bonding system. Second, POSS molecules in the physical
blending system are not fixed to the Pl chains and can mi-
grate within the matrix. At higher POSS contents (15 wt%-20
wt%), aggregation may occur, reducing the uniformity of
POSS-PI interactions and further diminishing the constraint
on chain dynamics. As a result, T, in the physical blending sys-

tem increases more modestly, from 608 K at 5 wt% POSS to
701 K at 20 wt% POSS—a total rise of 167 K, which is notably
lower than the 205 K increase observed in the chemical bond-
ing system, highlighting the limited efficacy of physical inter-
actions in restricting chain motion.

At 20 wt% POSS, the chemical bonding system achieves a
T4 of 739 K, exceeding the 701 K of the physical blending sys-
tem by 38 K. This 38 K difference underscores the superior
ability of covalent crosslinking to enhance thermal stability.
The enhanced restriction in the chemical bonding system
arises from the permanent anchoring of Pl chains to POSS, in
contrast to the transient and less effective interactions in the
physical blending system, where POSS mobility and potential
aggregation reduce its impact on chain dynamics. These find-
ings highlight the potential of covalent crosslinking strate-
gies for designing Pl composites tailored for high-tempera-
ture applications, such as electrical insulation materials,
where a higher T, ensures enhanced mechanical integrity and
thermal resistance at elevated temperatures, thus expanding
the practical utility of these materials.

In summary, the chemical bonding method markedly en-
hances the glass transition temperature of the Pl composites
through robust chemical cross-linking and enhanced interac-
tions, whereas the effects of physical blending are more limit-
ed due to structural inhomogeneity and weak interactions.
This comparative result provides valuable theoretical guid-
ance for optimizing the performance of Pl composites.

Research Results on the Fracture Mechanisms of the
PI/POSS Composites under High Temperature and
Strong Electric Field Conditions

Owing to the simplicity of the physical blending process, low
equipment requirements, and strong processing compatibility,
this method is more commonly used in industrial applications.
Furthermore, based on their calculated performance parame-
ters, the PI/POSS composites formed by physical blending sig-
nificantly reduce the dielectric constant when the mass fraction
of POSS is approximately 5%. Compared with the chemical
bonding method, physical blending also enhances the thermal
conductivity of the composites to a greater extent and results in
superior performance in the other parameters. Therefore, the
degradation behavior of pure Pl systems and PI/POSS compos-
ite systems formed by physical blending under high-tempera-
ture and strong electric field conditions are investigated. By
thoroughly examining the degradation dynamic pathways and
product distributions of these two systems, the aim is to reveal
the microscopic mechanisms of the composites during the elec-
trothermal aging process.

Analysis of the fracture simulation results of the Pl/POSS
composites under high temperature

From the structures of the Pl monomer and the POSS monomer,
nine types of chemical bonds are present in their molecular
structure: C—C,C=0,C—0O,C—N,C—H,C—Si,0—Si,C=C,
and the large 7 bonds in the benzene ring. Among these, the
C = O bond has the highest bond energy and requires more
energy to break, whereas the C—N bond has the lowest bond
energy at 305 kJ/mol and requires less energy to break. Fig. 8
shows the variation in the main degradation products of the
pure Pl system and the PI/POSS composite system formed by
physical blending over time at 2000 K.
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Fig. 8 reveals that the primary degradation products of the
pure Pl system and the PI/POSS composite system, formed by
physical blending at 2000 K, are CO and H,0, with their frac-
tions rising progressively over the 500 ps simulation. In the
pure Pl system, the average molecular number percentages
of CO and H,0 over the 500 ps reaction time are 31.66% and
1.44%, respectively, relative to the total number of degrada-
tion product molecules, whereas in the PI/POSS composite
system, these fractions are 25.63% for CO (representing a
19% relative decrease) and 3.21% for H,O (representing a
123% relative increase). This demonstrates that POSS effec-
tively suppresses CO production while enhancing H,0 forma-
tion. The decreased CO production results from POSS improv-
ing the structural stability of the composite, which inhibits
the cleavage of bonds (e.g., C—C and C—O) responsible for
CO formation, while promoting pathways favoring H,0 pro-
duction. However, CO levels in both systems continue to rise
due to the ongoing decomposition of unreacted intermedi-
ates, such as large molecular fragments (e.g., C43H;96N4040)
from PI chain cleavage, which undergo secondary reactions
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involving C—N and C—O bond cleavage to yield additional
CO. Despite this persistent CO increase, POSS sustains its sup-
pression effect by maintaining structural stability and redi-
recting reaction pathways, as shown in Fig. 9, where POSS fa-
cilitates the formation of oxygen-containing intermediates,
diverting a portion of the degradation pathway flux toward
H,0 and other non-CO products, thereby consistently reduc-
ing CO emissions even as intermediates continue to decom-
pose.

The degradation dynamic pathways of the pure Pl system
and the PI/POSS composite system formed by physical blend-
ing under high temperatures and strong electric fields are an-
alyzed; the results reveal that both systems exhibit similar dy-
namic pathways for the generation of CO and H,O under
high-temperature conditions. Pathways (a) = (b) = (c) in Fig.9
correspond to the pathway for producing CO at 2000 K. Un-
der the high-temperature condition of 2000 K, the N-C
bond between the carbon and nitrogen atoms in the PI
molecular chain is the first to break; this result aligns with the
observation that the N—C bond has the lowest bond energy
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Fig.8 Main degradation products of the composite system at 2000 K: (a) pure Pl system and (b) physical blending system.

Fig. 9

Schematic diagram of the pathway: (a) complete PI model; (b) breakage of the N—C bond; (c) breakage of the C—C bond;

(d) C—0O=0 double bond converging to the C—O single bond; OH combines with H to form a water molecule; (e) pathway 1 for the
generation of CO and C,H, and (f) pathway 2 for the generation of CO and C,H,.
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in the Pl molecular chain. After the N—C bond breaks, the
C—C bond of the carbon atom connected to the oxygen
atom also breaks, resulting in the formation of CO. This path-
way is the primary source of CO at 2000 K.

Pathway (d) corresponds to the breaking of the C—O bond
between the carbon and oxygen atoms in the Pl molecular
chain and the formation of water molecules. As shown in
Fig. 9, the C = O double bond is converted into a C—O sin-
gle bond because of the presence of incoming hydrogen
atoms. At the same time, the hydrogen atom forms an O—H
bond with the oxygen atom. The C—O bond subsequently
breaks, resulting in the combination of OH with H to form
water molecules.

According to the above data, the primary degradation
products of both the pure Pl system and the PI/POSS compos-
ite system formed by physical blending are CO and H,0, and
both have fundamentally similar degradation pathways. How-
ever, the amount of CO generated in the PI/POSS composite
system formed by physical blending is significantly lower
than that in the pure PI system, whereas the generation of
H,O is noticeably greater. This occurs because the incorpora-
tion of POSS improves the interfacial adhesion strength and
stability of Pl and inhibits the breaking of certain chemical
bonds, particularly the C—N or C—C bonds, thus reducing
CO production. Additionally, the doping of POSS leads to the
formation of more oxygen-containing intermediates; these
intermediates preferentially generate water through specific
reaction steps. This phenomenon indicates that the introduc-
tion of POSS provides a noticeable environmental advantage
in reducing harmful gas emissions via the physical blending
method.

Analysis of the fracture results of the PI/POSS composites
under strong electric field conditions

Fig. 10 shows the variation in the main degradation products of
the pure Pl system and the PI/POSS composite system formed
by physical blending over time under strong electric field condi-
tions.

As shown in Fig. 10, under strong electric field conditions,
the main degradation products formed by physical blending
are CO, HO, and C;H, for the pure PI system and CO, H,0,
and C,H, for the PI/POSS composite system. In the pure PI
system, the average molecular number percentages of CO,
HO, and C,H, over the 500 ps reaction time are 15.45%,
4.47%, and 3.55%, respectively, relative to the total number of
degradation product molecules. In the PI/POSS composite
system formed by physical blending, the average molecular
number percentages of CO, H,0, and C,H, over the 500 ps
reaction time are 10.25%, 5.97%, and 2.60%, respectively, rela-
tive to the total number of degradation product molecules.

Under the influence of a strong electric field, the reaction
pathways for the generation of CO and C,H, in both systems
also show similarities, as illustrated in Figs. 9(e) and 9(f). Ac-
cording to Fig. 9, the oxygen atom in the Pl molecular chain
can be in two different positions: in position one, the oxygen
atom is located between two benzene rings, and in position
two, the oxygen atom is connected to the carbon atom in the
C—N bond. Under strong electric field conditions, the PI
molecular chain breaks, producing many intermediates. Cer-
tain chemical bonds within the Pl molecular chain (such as
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Fig. 10  Main degradation products of the composite system

under strong electric field conditions: (a) pure Pl system and (b)
physical blending system.
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C—N or C—C bonds) begin to break when subjected to a
strong electric field, leading to disruption of the chain’s in-
tegrity and the gradual release of small molecules or other
products. The oxygen atoms in the two positions are particu-
larly conducive to forming the intermediates shown in Fig. 9.
For example, in Pathway 1, the cleavage of the C—0O and
C—C bonds results in the generation of CO and C,H,. In
Pathway 2, the cleavage of the C—C bond also produces CO
and C,H,. According to the product distribution graph, un-
der the cleavage conditions of a strong electric field, the
amount of CO generated in the Pl system doped with POSS is
notably lower, whereas the generation of H,O significantly in-
creases. Analysis of multiple reaction data clearly indicates
that this trend is also attributed to the incorporation of POSS.
POSS significantly enhances the interfacial adhesion strength
and stability of PI, effectively inhibiting the cleavage of criti-
cal chemical bonds, reducing the production of CO and pro-
moting the formation of water. These results further confirm
the positive role of POSS in improving material properties and
environmental characteristics.

In summary, the degradation behavior of the Pl system
doped with POSS under high-temperature and strong elec-
tric field conditions involves a more complex reaction mecha-
nism than that of pure Pl. Tour results aid in the understand-
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ing of the changes in the performance in practical applica-
tions and the reduction in the environmental impact. This
phenomenon has significant environmental implications; re-
ducing the generation of CO aids in lowering harmful gas
emissions and improving air quality. Additionally, the in-
creased production of water molecules indicates a cleaner re-
action process, which helps reduce toxicity and pollutant
generation and contributes to environmental protection and
sustainable development.

CONCLUSIONS

In this study, molecular dynamics simulation methods are inno-
vatively used to systematically investigate the properties of
PI/POSS composites and their degradation mechanisms under
high-temperature and strong electric field conditions, and their
application and optimization potential in harsh environments
such as high-frequency power transformers are highlighted. The
significant advantages of POSS doping in enhancing the perfor-
mance of Pl is demonstrated. Specifically, when the mass frac-
tion of POSS is approximately 5% to 10%, the composite materi-
als show notable improvements in their dielectric performances
while also enhancing their thermal conductivities and other
properties to some extent. Doping with POSS significantly low-
ers the dielectric constant of Pl, and the composite material’s di-
electric constant decreases to 2.6 at a POSS mass fraction of
20%. However, as the mass fraction increases, the rate of de-
crease in the dielectric constant slows due to agglomeration
and other factors. The thermal conductivity of the composite
system initially increases and then decreases with increasing
POSS content, and the physical blending system shows more
pronounced changes; the thermal conductivity reaches 0.258
W/(m-K) at 5% POSS doping.

In terms of mechanical properties, POSS doping effectively
enhances Young’s modulus; however, at higher mass frac-
tions (15%—-20%), Young’s modulus decreases, and Poisson’s
ratio generally decreases. Conversely, Poisson’s ratio for the
chemical bonding system slightly increases at 20% doping. In
the Pl composite systems, the chemical bonding method sig-
nificantly increases the glass transition temperature from 630
K at 5% to 740 K at 20%, primarily due to strong chemical
cross-linking and enhanced intermolecular interactions. While
the physical blending method also increases T, the overall in-
crease is relatively limited and reaches a maximum of only
700 K because of weaker interactions and potential phase
separation.

In addition, doping with POSS under high-temperature and
strong electric field conditions improves the interfacial ad-
hesion strength and stability of PI, suppresses the breakage
of key chemical bonds, reduces the generation of harmful
gases, and promotes the formation of water molecules. Due
to these environmentally friendly characteristics, the PI/POSS
composites can be applied more safely under high tempera-
tures and strong electric field conditions and contributes to
the trends of sustainable development and environmental
protection.

In summary, a solid theoretical foundation and practical
guidance for engineering applications of high-frequency
power systems is provided, and these composites have

tremendous value in enhancing material performance, envi-
ronmental advantages, design optimization, and extensive
application potential. By combining innovative methods of
physical blending and chemical bonding and considering the
trade-offs among the various performance parameters, this
research provides new concepts for future material design.
This approach enables precise adjustments of the doping ra-
tio and dispersion method of POSS based on the specific
needs, thereby increasing the suitability of engineering mate-
rials. The research findings not only apply to power trans-
formers but can also be extended to high-tech fields such as
the aerospace, electronics, and automotive industries. In par-
ticular, in high-temperature and strong electric field environ-
ments, PI/POSS composites are expected to become the pre-
ferred choice for a new generation of insulating materials.

To further enhance the performance of polymers and
broaden their applications, future research needs to focus on
the following directions. First, the doping ratio and disper-
sion method of POSS need to be optimized to avoid agglom-
eration, and the impact of uniform filler distribution on the
composite performance needs be explored. Second, investi-
gations of more high-quality fillers and assessments of their
potential in Pl-based composites are needed. Third, more de-
tailed studies on mass fractions, including lower doping ra-
tios, need to be conducted to gain a deeper understanding of
the effects of doping on the material properties. Finally, ex-
perimental validation and long-term performance investiga-
tions need to be promoted to confirm the reliability of the
simulation results, and research findings for the sustainable
development should be applied to provide environmentally
friendly material solutions. In summary, future research will
focus on these issues to address the shortcomings of the cur-
rent study.
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