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This work presents, for the first time, data on the possibility of synthesizing polyimide nanocomposite films based
on track nuclear membranes and organosiloxane (polyhedral oligomeric silsesquioxanes) POSS structures. The
synthesis of the nanocomposite films was carried out by filling the tracks of a polyimide membrane with POSS
structures under hydrothermal conditions in a high-pressure reactor. The surface and mechanical characteristics

of the developed nanocomposite films were studied, and the results of their resistance to the flow of oxygen
plasma are presented. It was found that the introduction of POSS structures significantly increased the resistance
of polyimide to the flow of oxygen plasma. The PI/POSS composite exhibited an insignificant change in weight,
the weight loss reached 0.92 + 0.05 mg/cm? in 24 h after the start of the experiment, which is almost two orders
of magnitude lower than that of the polyimide film.

1. Introduction

Polymer materials based on polyimide (PI) are widely used in the
design of modern spacecraft (SC). The combination of high strength,
retained even after exposure to space radiation, high and low temper-
ature stability, and UV irradiation makes it possible to consider PI as a
promising material for creating elements of space technology with
improved energy-mass characteristics [1,2]. Various thermoregulatory
coatings, elements of screen-vacuum thermal insulation, and sun pro-
tection devices, etc. are created from PI [3].

The disadvantage of products made of PI is their low resistance to
atomic oxygen, which is the main component of the Earth’s atmosphere
at altitudes of ~200-800 km [4-6]. Therefore, for low-orbit spacecraft
operating in the specified altitude range, an extremely urgent problem is
the protection of PI materials on the surface of the spacecraft from the
destructive effect of the flow of atomic oxygen (AO). Under the influence
of AO on PI, material is carried away from the surface and the formation
of a carpet-like surface morphology occurs [7-9].

There are several ways to protect PI from atomic oxygen. For
example, the introduction of various fillers in PI, such as AlyO3, TiOa,
WC, ZrO;, multiwalled carbon nanotubes, and detonation
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nanodiamonds [10-12]. Another method is the deposition of
oxygen-resistant coatings on the PI surface which create a kind of barrier
that prevents the penetration of oxygen atoms into the deep layers of the
polymer [13,14]. Chunbo et al. [15] found that silver plating of poly-
imide films, as well as their surface modification by poly (siloxane amic
acid) ammonium salts, leads to a several-fold decrease in weight loss
after treatment with atomic oxygen. In another work by Liu et al. [16], a
polysilazane synthesized by aminolysis of a dichloromethylviny coating
was used to protect the Kapton brand PI. It was found that the erosion
yield of the Kapton was decreased by about two orders of magnitude.
After exposure, the coated Kapton still had a smooth surface and its
optical properties were still at a high level. Mu et al. in their study [17]
showed the possibility of protecting PI from atomic oxygen by creating a
protective SiOy film on it.

Another promising method for protecting PI from the action of
atomic oxygen in space is the introduction of silicon-containing struc-
tures [18-21]. Many works have been devoted to the study of increasing
the stability of polymers, especially PI, by introducing polyhedral olig-
omeric silsesquioxanes (POSS-structures) into them, with the general
formula [RSiO; 5] n, where R is an organic radical, including those
carrying a reactive group, and n = 6, 8, 10 ... [22-24]. During exposure

Received 6 September 2020; Received in revised form 29 October 2020; Accepted 1 November 2020

Available online 4 November 2020
0032-3861/© 2020 Published by Elsevier Ltd.

Please cite this article as: N.I. Cherkashina, Polymer, https://doi.org/10.1016/j.polymer.2020.123192



mailto:cherkashina.ni@bstu.ru
www.sciencedirect.com/science/journal/00323861
https://http://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2020.123192
https://doi.org/10.1016/j.polymer.2020.123192
https://doi.org/10.1016/j.polymer.2020.123192

N.I. Cherkashina et al.

of POSS PI to atomic oxygen, the organic material is degraded and a
silica passivation layer is formed. This silica layer protects the under-
lying polymer from further degradation [25].

A sample containing 15 wt% POSS in PI only reached an erosion rate
of 68% of the erosion rate of pure PI [26]. PI-based nanocomposite films,
incorporating POSS and carbon nanotube (CNT) additives, were studied
in Ref. [27]. CNT - POSS - PI films with 15 wt% POSS content exhibited
an erosion yield of 4.8 x 1072 c¢m® O atom™! under a 2.3 x 10%° O
atoms cm ™2 AO fluence, roughly one order of magnitude lower than that
of pure PI films.

The main disadvantage of introducing POSS nanoparticles into PI is
the aggregation of particles into large conglomerates. In this case, an
uneven distribution of particles throughout the volume of PI occurred
which significantly reduced the protection against atomic oxygen [28].
To solve this problem, copolymerizing POSS monomers with the PI
precursor was used to obtain a hybrid nanocomposite [29,30]. Despite
this, it is not possible to completely protect against weight loss when
exposed to atomic oxygen. The XPS data of the hybrid nanocomposite
(PI/POSS) indicates that the carbon content of the near-surface region is
decreased from 63.6 to 19.3 at% after AO exposure [31].

We have proposed a technology for introducing POSS structures into
a PI by using PI track (nuclear) membranes as a PI matrix. Track
membranes are the thinnest films, 10-25 pm in size, in which there are
many through holes - tracks on the nanoscale. Earlier, we obtained data
on the possibility of synthesizing multilayer composites based on PI
track membranes filled with nano-dispersed fillers [32,33]. The intro-
duction of POSS structures into the pores of track membranes will allow
the filler to be uniformly distributed throughout the entire volume of the
PI matrix and prevent the formation of POSS conglomerates, which is
impossible with other methods of composite synthesis.

This paper presents the possibility of creating PI/POSS nano-
composite films based on PI track (nuclear) membranes and the results
of their resistance to the flow of oxygen plasma.

2. Materials and methods
2.1. Synthesis

A PI film of PM-1 brand (Institute of Plastics OJSC, Moscow, Russia)
was used as the PI sample. The film thickness was 25 pm. PI (nuclear)
track membranes, manufactured by Ion track technology for innovative
products (it4ip, Belgium), were used as a polymer matrix for the creation
of nanocomposite films. The pore diameter was 200 nm, the pore density
was 5 x 10% em ™, and the PI membrane was 25 pm thick. Fig. 1 shows
micrographs of the used PI track membrane at various magnifications.

The tracks of the PI membrane were filled with organosilicon
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structures — POSS particles. The tracks of the nuclear PI membrane
were filled with organosiloxane structures by synthesizing the filler in a
GSA-0.3 high-pressure reactor in the presence of PI membranes (auto-
claving temperature 250 °C, holding time 4 h).

Cyclohexyl trichlorosilane CgHp;SiCls (manufactured by PAO
Khimprom, Novocheboksarsk, Russia) and silicon tetrachloride SiCly4
(OO0 KHORST, Moscow, Russia) were used as reagents for the synthesis
of POSS. POSS was synthesized in a 99.75% purity acetone solution
(000 Komponent-Reaktiv, Moscow, Russia). The synthesis of organo-
siloxane structures (POSS) under hydrothermal conditions in a high-
pressure reactor is described in more detail in Ref. [34].

2.2. Atomic oxygen treatment

Simulation tests on the effect of the flow of atomic oxygen in space
were carried out on a setup generating a beam of oxygen atoms by means
of an electric discharge in a gas mixture containing oxygen, with further
effusion of oxygen atoms from the chamber. The samples were treated in
the positive column of a direct current discharge in oxygen. Using this
method allows one to obtain fluxes of oxygen atoms with an energy of
5-10 eV [35]. The discharge was excited in a glass reactor, 3 cm in
diameter, at a gas pressure of 0.1 Pa and a discharge current of 120 mA.
The attainable flux density of atomic oxygen O (3P) in the experiment
was 5 x 10'® atom « em™2 « 571,

Under orbital flight conditions, the static density of atomic oxygen at
an altitude of 300 km is of the order of p ~10° atom/cm?. At a spacecraft
speed of 8 km/s (E = 5 eV), this static density of oxygen atoms turns into
a powerful stream of neutral oxygen atoms, which reaches 10> atom/
(em?-5). The total fluence of the flow of atomic oxygen during a year of
orbital flight at an altitude of 300 km is F ~10%2 atom/cm?® [36].

Since the obtained simulation parameters of oxygen plasma differed
from real conditions in outer space, the concept of an equivalent
(effective) fluence was used as a quantitative measure of exposure.
Equivalent fluence is the fluence of an atomic oxygen flux with an en-
ergy of 5 eV, which provides the same mass loss of the witness sample. In
accordance with the US standard ASTM [37], PI of the KaptonH brand
was used as a reference material.

2.3. Research methods

Weighing of all samples before and after treatment in a flow of
atomic oxygen was conducted outside the chamber on a CAUW-220D
(CAS) analytical balance with an accuracy of 0.01 mg. Based on the
weighing results for each of the samples, the specific weight loss Am was
calculated:

Fig. 1. SEM images of the used PI track (nuclear) membrane.
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where m is the total weight loss of the sample, and S is the area of the
sample surface treated with oxygen plasma.

The equivalent fluence of atomic oxygen (Fp,) was determined from
the change in the mass (m) of the film of the witness sample (Kapton H
film), with the known values of the mass erosion coefficient:

F= Amk /Rk (2)

where Ry is the erosion coefficient of the Kapton H reference specimen.

For scanning electron microscopy, a TESCAN MIRA 3 LMU field
emission electron microscope (TESCAN, Czech Republic) was used.

Probe scanning microscopy was carried out on an Ntegra-Aura
scanning probe microscope. The studies were performed in continuous
or intermittent contact modes on an Ntegra-Aura instrument (NT-MDT
Company, Zelenograd, Russia) using commercial Si, or SiN cantilevers
(NSGO1, NT-MDT, Russia), under atmospheric conditions and low vac-
uum. Processing and construction of atomic force microscopy (AFM)
images was performed using the software NOVA (NT-MDT, Russia) and
ImageAnalysis (NT-MDT, Russia).

The quantitative assessment of the mechanical properties (micro-
hardness, elastic modulus) of the films was performed by the nano-
indentation method using a Berkovich nanoindentor model 750 Ubi
(Hysitron, United States), with a radius of curvature of 100 nm at a load
of 300 pN. Studies of mechanical properties was carried out on at 5
different points on the surface of samples. Quantitative data were
determined taking into account the Student parameter and standard
deviation. Topography and properties were determined from both sides
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of the test samples.
3. Results and discussion
3.1. SEM characteristic of PI/POSS composites

Fig. 2 shows microscopic data on the surface of a PI membrane after
joint exposure in a high-pressure reactor with a powder of polyhedral
oligosilsesquioxane, of a partially condensed structure, and silicon tet-
rachloride at a temperature of 250 °C. It can be seen that after 4 h of
exposure, the pores were almost completely filled (Fig. 2a, c).

To assess the filling of the membrane pores with POSS structures, a
cross-section SEM of the PI/POSS composite was performed. Fig. 3
shows the cross-section SEM of the PI/POSS composite synthesized with
4 h hydrothermal exposure. Analysis of the data in Fig. 3 showed that
exposure under hydrothermal conditions leads not only to surface
sedimentation of POS, but also to filling the internal pore space.

Using mathematical calculations on the number of filled pores per
unit area, it was calculated that according to the SEM data, 89% of the
pores were filled under the indicated hydrothermal conditions. With an
increase in the autoclaving time, a certain number of pores (11%)
remain unfilled (Fig. 2b, d), which may be due to mechanical contam-
ination of some pores, as a result of which they were not filled with POSS
structures. Moreover, in Fig. 2b and d, the growth process of organo-
siloxane structures through the membrane channels, and the beginning
of the formation of a continuous POSS coating on the PI membrane, is
observed. Thus, the optimal holding time of the membranes in a high-
pressure reactor at 250 °C is 4 h.

As a result of filling through holes in a membrane made of polyimide

Fig. 2. SEM images of track membrane surfaces after hydrothermal exposure with reagents for: a, c-4 h, b, d -5 h.
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Fig. 3. SEM image of the cross-section of the PI/POSS composite synthesized
with 4 h hydrothermal exposure.

(dielectric) with POSS (dielectric), friction occurs between them,
resulting in a triboelectric effect. The triboelectric effect is the process of
an electric charge flowing from one material to the surface of another
when they come into contact with each other. The result is a contact
potential difference and, as a consequence, the attraction of materials.
Since, in our case, the area of contact between the filler and the mem-
brane is large enough, the attraction force of the polyimide and the filler
is very high. That contributes to the far-sightedness of the developed
material.

3.2. Weight loss after exposure to AO

Fig. 4 shows the kinetics of weight loss for a film made of PI grade
PM-1, and a composite based on a PI tracked nuclear membrane filled
with POSS structures. Fig. 4 shows the average values of the weight loss
considering measurements at five identical samples, and also shows the
confidence interval of values considering the Student parameter and
standard deviation for PI. For PI/POSS the confidence interval is too
small and merges with the weight loss curve.

As shown in Fig. 4, the mass of the PI film decreased continuously
and reached a weight loss value of 18.1 & 0.9 mg/cm? in 24 h after the
start of the experiment. The data obtained on the weight loss of the PI
film at the indicated fluence agree with the known data presented in
Ref. [38]. The PI/POSS composite exhibited a negligible change in
weight, the weight loss reached 0.92 + 0.05 mg/cm? in 24 h after the
start of the experiment, which is almost two orders of magnitude lower
than that of the PI film.

Based on the data in Fig. 4, the erosion yields of the studied samples
were calculated from the weight loss using the following formula [29]:
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Fig. 4. Kinetics of mass loss after treatment with an oxygen plasma flow.
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Es = Am/(p-S-F) 3)

where, Es- erosion yield of the sample (cm®/atom), Am - mass loss of the
sample (g), S - surface area of the sample exposed to atomic oxygen
attack (cm?), p - density of the sample (g/cm®), and F = atomic oxygen
fluence (atoms/cm?).

The calculated value of erosion yield of PI was~ 3.05 x 1072% cm3/
atom which was consistent with the data from flight experiments abroad
[39]. The calculated value of erosion yield of PI/POSS was~0.15 x
10724 cm®/atom®.

3.3. Changes in PI surface structure after exposure to AO

Fig. 5 shows a SEM image of the surface of a PM-1 PI film before (a)
and after 24 h of treatment (b) in an oxygen plasma flow.

The initial surface of the PI film has a fairly smooth relief (Fig. 5a).
Despite the fact that the PI is amorphous-crystalline, individual grains in
the original film are indistinguishable. However, small bumps are
noticeable, which are most likely due to the inclusion of dust at the time
of the industrial production of the film. After treatment of the PI film
with an oxygen plasma flow, a strong change in the surface morphology
is noticeable; it acquires a pile-like morphology (Fig. 5b), which is
typical for most polymers irradiated with oxygen plasma [40-42]. The
appearance of a granular relief is noticeable, formed by depressions and
raised sections of a conical and acicular shape, oriented towards the flow
of the oxygen plasma (Fig. 5b).

Fig. 6 shows the topography of the surface of the PI film before (a, c)
and after 24-h treatment in a flow of oxygen plasma (b, d), obtained by
atomic force microscopy (AFM). The studies were carried out in areas of
10 x 10 pm.

Analysis of the 3D image shows (Fig. 6a) that the original surface is
smooth (the large protrusion in the image in the upper corner is most
likely associated with dust inclusions at the time of industrial production
of the film, which were also noticeable in the SEM image of the original
film (Fig. 5a)). After treatment with an oxygen plasma flow, the
topography of the film changes greatly (Fig. 6b) with noticeable deep
depressions, reaching depths of up to 120 nm. Based on the data of the
histogram of the distribution of protrusions (Fig. 6c and d), the rough-
ness parameters of the PI film, up to and after treatment with oxygen
plasma, showed a significant increase in the surface roughness of the PI
film after treatment with an oxygen plasma flow (Table 1).

3.4. Changes in the surface structure of PI/POSS after exposure to AO

Fig. 7 shows a SEM image of the surface of a PI/POSS nanocomposite
synthesized with 4 h hydrothermal exposure after 24-h treatment in an
oxygen plasma flow. Fig. 2 shows a SEM image of the surface of the same
sample of PI/POSS nanocomposite synthesized with 4 h hydrothermal
exposure before treatment in an oxygen plasma flow.

Analysis of the data obtained in Fig. 7 shows that after the treatment
of the PI/POSS nanocomposite film with an oxygen plasma flow, a sig-
nificant change in the surface occurs, compared to the initial nano-
composite film surface, shown in Fig. 2. In Fig. 7, the appearance of
many new particles covering the composite surface is clearly visible.
These particles are generally spherical or oval in shape, and range in size
from 300 nm to ~2.5 pm. According to the results of electron probe
microanalysis, it was found that the new formed particles consist of Si
and O atoms (the depth of electron scanning at the studied points at 7 kV
did not exceed 50 nm). The formation of these particles occurs due to the
process of coagulation of POSS particles which are released as a result of
the destruction of the PI component during treatment with the oxygen
plasma flow. Further interaction of the aggregates with the oxygen
plasma leads to the oxidative destruction of their organic fragments and
the formation of inorganic SiO, particles.

Thus, microanalysis of the surfaces of the nanocomposite film after
treatment with an oxygen plasma flow shows that the chemical
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Fig. 5. SEM images of the surface of the PM-1 film before (a) and after 24-h treatment in an oxygen plasma flow (b).
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Fig. 6. Topography of the surface of the PI film before (a, ¢) and after 24-h treatment in an oxygen plasma flow (b, d): a, b - three-dimensional image; c, d - histogram

of the distribution of protrusions.

Table 1
Values of the main statistical parameters of the surface roughness of the PI film
before and after treatment with an oxygen plasma flow.

No  Roughness parameter Value
name
Before oxygen plasma After oxygen plasma
treatment treatment
1. Sample size 65,536 65,536
2. Maximum, nm 56 219
3. Minimum, nm 0 0
4, Average roughness, S,, 4.35 25.94
nm
5. Root mean square 6.41 30.70

roughness, S,, nm
q:

interaction of the components of the PI/POSS nanocomposite film with
oxygen plasma particles leads to the formation of silicon dioxide parti-
cles (Fig. 7). It is known that POSS structures, due to their chemical
nature, are highly resistant to the flow of atomic oxygen because Si plays
a major role in creating stable protective structures on the surface, in the
form of non-volatile oxides or glass-like substances, when such materials
are found in an aggressive environment. The improved resistance of
these materials to the action of strong oxidants (including atomic oxy-
gen) is based on the mechanism of surface conversion, i.e. the formation
of a new dense oxide protective layer, which can be seen in Fig. 6.

Fig. 8 shows the topography of the surface of the PI/POSS nano-
composite film before (a, ¢) and after 24-h treatment in a flow of oxygen
plasma (b, d), obtained by atomic force microscopy (AFM). The studies
were carried out in areas of 60 x 60 pm.
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Fig. 7. SEM images of the surface of the PI/POSS nanocomposite synthesized with 4 h hydrothermal exposure after 24-h treatment in an oxygen plasma flow at

various magnifications.
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Fig. 8. Topography of the surface of the PI/POSS nanocomposite film before (a, c) and after 24-h treatment in an oxygen plasma flow (b, d): a, b - three-dimensional

image; c, d - histogram of the distribution of protrusions.

After treatment with an oxygen plasma flow, the topography of the
PI/POSS nanocomposite film changes (Fig. 8b). Based on the data of the
histogram of the distribution of protrusions (Fig. 8c and d), the rough-
ness parameters of the PI/POSS nanocomposite film, up to and after
treatment with oxygen plasma, showed a significant increase in the
surface roughness of the PI/POSS nanocomposite film after treatment
with an oxygen plasma flow (Table 2).

3.5. Changes in mechanical properties after exposure to AO

The nanoindentation (NI) method was used to study the change in
the mechanical behavior of the samples after exposure to an oxygen
plasma flow. The NI method consists in precise local loading of the
material surface with a specially certified probe, in this work a Berko-
vich diamond indenter, with simultaneous continuous recording of the
kinetics of its immersion. The P — h diagram obtained as a result of
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Table 2
Values of the main statistical parameters of the surface roughness of the PI/POSS
nanocomposite film before and after treatment with an oxygen plasma flow.

No  Roughness parameter Value
name
Before oxygen plasma After oxygen plasma
treatment treatment
1. Sample size 65,536 65,536
2. Maximum, nm 10,293 11,272
3. Minimum, nm 0 0
4, Average roughness, S,, 1274.8 1923.3
nm
5. Root mean square 1698.4 2186.1

roughness, S, nm
q:

measurements is similar in meaning to the ¢ — ¢ diagram; it allows one to
determine the main mechanical characteristics of the material, such as
hardness, yield stress, adhesion, local elastic modulus, and the propor-
tion of elastic and plastic deformation under the indenter with respect to
the total deformation, which determine the mechanical behavior and
near-surface properties of the material at the nanometer level. The
mechanical properties of the samples under study, before and after
treatment with an oxygen plasma flow and obtained using the NI
method, are presented in Table 3.

When using the nanoindentation method, by indenting the indenter
in the direction normal to the film surface, the values of the local elastic
modulus and microhardness on the surface of the initial PI film have
fairly close values on both sides of the sample (Table 3). The small dif-
ference in values lies within the confidence interval due to the error of
the instrument and the experiment. The close values of the local me-
chanical characteristics, determined on both surfaces of the film, shows
the uniformity of the mechanical properties of the entire sample of the PI
film and the uniformity of the phase composition over the whole
volume.

After treatment with the flow of oxygen plasma, the modulus of
elasticity and microhardness of the PI film decreased by 13% and 15%,
respectively, which is associated with the destruction of the surface
layer of the polymer and the destruction of its chemical bonds. It should
be noted that the mechanical indicators of the side of the oxygen plasma
not directed to the flow showed little change (E = 3.49 £ 0.17 GPa; H =
357 + 10 MPa). The slight deviation lies within the error of the exper-
iment. Thus, the penetration (destruction) depth of atomic oxygen is
insignificant in comparison with the film thickness (25 pm). It is known
that the flow of atomic oxygen only affects the surface properties

Table 3
Mechanical properties of the samples under study before and after treatment
with an oxygen plasma flow.

No Test sample Parameters
Elastic Microhardness
modulus (E), (H), MPa
GPa
1. Initial polyimide film 3.46 + 0.18 359 £ 15
Side 1 3.51 + 0.15 362+ 9
Side 2
2. Polyimide film after treatment with 3.01 +0.16 305 +7
oxygen plasma (24 h) 3.49 £ 0.17 357 £ 10
Side 1 (directed towards the oxygen
plasma flow)
Side 2
3. Initial PI/POSS nanocomposite film 4.21 +£0.15 215+ 11
Side 1 4.32 £0.19 223 +15
Side 2
4. PI/POSS nanocomposite film after 5.01 +0.16 302 £ 35
treatment with oxygen plasma (24h)  4.25 + 0.11 215 +18

Side 1 (directed towards the oxygen
plasma flow)
Side 2
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without affecting the deep layers of the polymer [43]. According to
flight experiments, the decrease in the surface layer in polymers is only a
few pm per year [44].

For the nanocomposite film containing the POSS structure, an in-
crease in the elastic modulus is observed on one side of the nano-
composite film, to E = 4.21 + 0.15 GPa, and on the other side to E =
4.32 4 0.19 GPa, as compared to the values of the PI film (Table 3). The
close values of the modulus of elasticity of both surfaces of the PI/POSS
nanocomposite film show the uniformity of the mechanical properties of
the entire nanocomposite due to the high uniformity of the distribution
of the filler throughout the sample volume. According to the literature
data, the size of individual POSS particles is 20 nm, but when they are
introduced into a polymer matrix in the traditional way, they coagulate,
which prevents a uniform distribution over the whole volume of the
composite [45]. In this case, the size of the aggregates increases with an
increase in the concentration of POSS in the PI. Therefore, the maximum
optimal amount of POSS into a polymer (PI) matrix is 15 wt%. With a
higher addition of the filler, the resistance of the composite to atomic
oxygen is significantly reduced [28]. Areas of increased erosion are
formed - areas of the most intense interaction of the oxygen plasma with
matter, or areas with an increased rate of chemical destruction and areas
without damage (areas of accumulation of POSS particles). In this work,
it was possible to achieve the introduction of more than 30 wt % POSS
without particle aggregation.

In addition, the work [46] was found that the introduction of 5 wt%
of POSS into a 3D-C/PI composite increases the Youngs’s modulus of
3D-C/PI. However, upon further introduction of 3D-C/PI composite
with 15 wt% of POSS has lower modulus than 3D-C/PI with 5 wt% POSS.

The superiority of this work is the use of the method of introducing
POSS particles by introducing a PI (nuclear) membrane into the tracks
prevents particle aggregation, which leads to the uniformity of the
surface and improving mechanical properties of the entire nano-
composite and, accordingly, to increased resistance to the flow of oxy-
gen plasma.

According to Table 3, it is noticeable that the effect of an oxygen
plasma flow on the PI/POSS nanocomposite film leads to an increase in
mechanical parameters compared to the initial values before processing,
the elastic modulus and microhardness increased by 19 and 40%,
respectively. Such a significant increase in the mechanical properties of
the nanocomposite film after treatment with oxygen plasma is associ-
ated with the formation of inorganic SiO» particles (Fig. 7), which have
an increased modulus of elasticity and microhardness as compared to
the PI and POSS particles.

4. Conclusions

The possibility of producing polymer nanocomposite PI/POSS films
based on PI track (nuclear) membranes by filling POSS tracks with
structures in a high-pressure reactor has been established. By keeping
the membranes at 250 °C for 4 h, the maximum achieved pore filling was
89%

The introduction of POSS particles significantly increases the resis-
tance of PI to oxygen plasma flow. The weight loss of the PI film reached
18.1 + 0.9 mg/cm? 24 h after the start of the experiment, while the PI/
POSS nanocomposite film showed a slight change in weight (0.92 +
0.05 mg/cm?). Chemical interaction of PI/POSS components with oxy-
gen plasma particles leads to the formation of silicon dioxide particles
with high protective properties, which prevents the deep penetration of
atomic oxygen into the nanocomposite films.

The impact of an oxygen plasma flow on the PI/POSS nanocomposite
film led to an increase in mechanical parameters compared to the initial
values before treatment: the value of the elastic modulus increased from
E =4.21 + 0.15 GPa to E = 5.01 & 0.16 GPa, and the microhardness
increased from H = 215 + 11 MPa to H = 302 + 35 MPa. The mechanical
parameters of the side not directed to the oxygen plasma flow did not
change.
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