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POLYMER COMPOSITE MATERIALS OF SPECIAL PURPOSE
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Introduction. The advancement of the aviation and space industry has not only led to the creation of modern
aircraft, rockets, and spacecraft but has also positively influenced related industries.

Problem Statement. A critical requirement for aviation and space industry products is a high level of reliabi-
lity and durability due to their continuous interaction with humans and the significant costs of production and
operation. This is particularly relevant for modern aircraft, rockets, and spacecraft, which operate at higher
speeds, temperatures, and loads than their predecessors. Therefore, enhancing the reliability and durability of
such products has become a pressing challenge.

Purpose. The purpose of this research is to increase the reliability and durability of key components in rocket
and space technology by replacing conventional materials with newly developed ones.

Materials and Methods. The research has focused on polymer composite materials (PCMs) based on fluoro-
polymers and aromatic polyamides, filled with dispersed materials derived from silicon dioxide and carbon.

Results. Formulations and processing technologies for PCMs based on fluoropolymers and aromatic polyami-
des have been developed. These materials have been shown to surpass most non-ferrous metals, their alloys, and
low-carbon steels in strength (up to 285 MPa) while maintaining a low density (up to 1400 kg/m?). In terms of
thermophysical properties, they have demonstrated exceptional heat resistance, with no thermal decomposition
observed up to +365 °C. Furthermore, parts manufactured from these materials have proven capable of operating
in friction nodes without lubrication under normal loads of up to 2.5 MPa.

Conclusions. The developed polymer composite materials based on fluoropolymers and aromatic polyamides
exhibit a high level of mechanical and thermal properties. Components made from these materials significantly
enhance the reliability and durability of modern aircraft, rockets, and spacecraft, representing a substantial ad-
vancement for the aerospace and rocket industry.
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Progress in the development of humanity is prac-
tically impossible without high-tech industries,
which serve as its primary driving force. Among
the most high-tech production sectors are the
aerospace and rocket industries. These industries
currently evolve along two main directions: struc-
tural modernization and the integration of advan-
ced materials into the key components of their
equipment [1, 2].

The first direction demonstrates high efficiency
in the long term but involves significant financial
and human resources. The second direction proves
more effective in the short and medium term and
requires fewer resources, making it more relevant.
This assertion aligns with the principles of the
European Commission’s Key Enabling Technolo-
gies (KETs), which highlight the development of
new materials as one of the main priorities.

It is known [3] that the key components of ma-
chines and mechanisms in the aerospace and
rocket industries operate under harsh conditions
(high levels of stress, temperatures, speeds, etc.).
These components are expected to ensure suffi-
cient reliability and durability of aircraft and ro-
ckets, often determined by the materials from
which they are made. Thus, the materials used for
the main parts and assemblies of machines and
mechanisms in these industries must exhibit high
levels of physical-mechanical, thermophysical, and
tribological properties [4].

Most parts of modern aircraft and rockets are
produced from a wide range of materials, including
metals and their alloys, polymers and polymer-ba-
sed composite materials, ceramics, and glass. Among
these, polymers and polymer composite materials
(PCMs) stand out as the most promising [5, 6].
For example, it is noted [7] that leading global
aerospace companies, Airbus Group and Boeing
Company, manufacture over 50% of their aircraft
components from these materials, and their share
continues to grow annually. Additionally, accor-
ding to the BBC Research Report Overview, Engi-
neering Resins, Polymer Alloys, and Blends: Glo-
bal Markets (April 2022), the global market for
structural polymers and their composites is pro-
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jected to grow from USD 70.7 billion in 2021 to
USD 94.0 billion by 2026. This data indicates
that polymers and PCMs are among the most
promising materials for manufacturing machine
components and mechanisms in the aerospace
and rocket industries.

The demand for components made of polymers
and polymer composite materials (PCMs) in the
aerospace and rocket industries is driven by their
unique set of properties. These materials feature a
low density (0.8—2.5 g/cm?) while providing suf-
ficient strength (150—250 MPa), which is par-
ticularly relevant for aircraft and rocket con-
struction. Their application enables not only a
substantial reduction in the weight of aircraft
and rockets but also allows their use in medium-
and high-load assemblies [8—10]. Polymers also
exhibit a high level of resistance to aggressive en-
vironments (acids, alkalis, bases, etc.) and can
function under alternating loads in structural as-
semblies. One of their key advantages is the abi-
lity to operate in friction units with minimal or
boundary lubrication [11]. Additionally, polymers
are relatively inexpensive materials with straight-
forward processing technologies for manufactu-
ring components [12, 13].

Given these advantages, it is clear that inte-
grating polymer-based components into the as-
semblies of aircraft and rockets can significantly
reduce costs, enhance operational performance,
and improve reliability and durability.

In modern aviation and space technology, ma-
terials such as fiberglass, organoplastics, and car-
bon plastics are widely employed. These materi-
als combine low densities (1.4—1.6 g/cm?) with
high mechanical properties, such as yield stress
and compressive modulus reaching up to 500 MPa
and 7 GPa, respectively. This combination of pro-
perties makes plastics and composites based on
them suitable for high-load assemblies in aero-
space vehicles. However, these materials have no-
table drawbacks. They are associated with high
production costs due to the use of expensive com-
ponents and complex manufacturing technolo-
gies. Furthermore, most polymers and polymer
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composites currently used in aerospace and ro-
cket engineering exhibit insufficient tribological
properties, which limits their application in fric-
tion units of aerospace vehicles.
The creation of polymer composite materials
(PCMs) that combine high physical-mechanical
properties, low production costs, and the ability
to function in aircraft and rockets not only as
structural materials but also as tribological mate-
rials is of significant interest.
To develop PCMs that exhibit superior physi-
cal-mechanical and tribological characteristics
while maintaining affordability, the following ap-
proaches are employed:
¢ Selection of high-strength and heat-resistant
polymer matrices and fillers that provide a
foundation for robust material properties.
¢ Choosing polymer matrices and fillers capa-
ble of interacting during processing, resul-
ting in materials with enhanced properties.

¢ Modernizing existing technologies or develo-
ping new methods for PCM processing, enab-
ling the improvement of material performance.

Each of these approaches has specific strengths
and limitations. While they enable the production
of PCMs with high-performance properties to va-
rying degrees, the most optimal and effective app-
roach for creating such materials has not yet been
identified. Consequently, the task of developing a
new and highly efficient approach remains pressing.

This work proposes a combined approach to the
creation of high-performance PCMs, integrating
the best elements from all the previously mentio-
ned strategies. This approach involves developing
PCMs based on strong and heat-resistant poly-
mer matrices and fillers that exhibit high compa-
tibility and interaction, while employing a novel,
resource-efficient processing technology to pro-
duce these materials.

Among the polymers with high-performance pro-
perties, fluoropolymers, aromatic polyamides and
polyimides, polyester- and polyarylether ketones,
and phenolic resins are noteworthy [14—17].

From these, fluoropolymers (due to their excel-
lent thermal stability and tribological properties)

ISSN 2409-9066. Sci. innov. 2025. 21(1)

and aromatic polyamides (for their high strength
and thermal resistance) were selected.

As fillers, fine-dispersed materials based on car-
bon and silicon dioxide were chosen [18—21]. These
materials were selected because of their low cost
(stemming from their abundant availability on
Earth) and their ability to physically and chemi-
cally interact with the chosen polymer matrices.
This interaction is facilitated by their well-deve-
loped surface area (up to 300 m?/g) and, in the
case of silicon dioxide, the presence of active si-
lanol groups on its surface.

Based on preliminary studies [22, 23], the filler
content in the polymer matrices ranged from 5%
to 40% by weight.

The developed PCMs were produced both by
the standard method (mechanically combining
the initial components of the compositions) and
through a novel resource-efficient technology. This
innovative approach involves in-situ combination
of the initial components of the polymer compo-
sitions [24—26].

One of the primary characteristics of materials
for machine parts and mechanisms is their physi-
cal-mechanical properties. These properties affect
the overall weight of parts, their strength, defor-
mation characteristics, and more. Therefore, the
development of materials with high physical-me-
chanical properties is a critical task.

The results of research on the physical-mecha-
nical properties of the developed PCMs based
on fluoropolymers and aromatic polyamides are
shown in Fig. 1.

According to the results of density studies (Fi-
gure 1, a, b), the density of the developed polymer
composite materials (PCMs) ranges from 1900 to
2200 kg/m? for fluoropolymer-based PCMs and
from 1900 to 2200 kg/m?® for aromatic polyamide-
based materials. These values are 2.5 to 5 times
lower than those of steels and non-ferrous metals.
Based on this, it can be asserted that the use of
components made from the developed PCMs in-
stead of their metal counterparts, which opera-
te under loads up to 280 MPa without experien-
cing significant deformations, would significantly
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reduce the weight of aircraft. This reduction
would, in turn, enhance the payload capacity of
the aircraft.

The results of studies on the yield stress (Figu-
re 1, ¢, d) and the modulus of elasticity under comp-
ression (Figure 1, ¢, f) of the developed PCMs ba-
sed on fluoropolymers and aromatic polyamides
indicate that these materials exhibit a fairly high
level of mechanical properties, both compared to
polymeric and metallic materials. Notably, the aro-
matic polyamide-based PCMs demonstrate excep-
tional performance, with a yield stress under comp-
ression reaching 285 MPa. This value exceeds that
of most non-ferrous metals and approaches that of
carbon steels. Additionally, the developed PCMs
display a modulus of elasticity as high as 3900 MPa,
surpassing the performance of most polymer-
based materials.

Based on the conducted physical and mechani-
cal studies, it can be concluded that the develo-
ped PCMs based on fluoropolymers and aromatic
polyamides outperform most known polymer-
and metal-based materials. They can be recom-
mended as structural materials for the produc-
tion of aircraft components, enabling significant
weight reduction while maintaining a high level
of strength properties.

It is known [27, 28] that most polymers exhibit
low values of thermal and heat resistance, which
limits their widespread use across various indust-
ries. Therefore, studies on the thermophysical pro-
perties of the developed polymer composite ma-

terials (PCMs) based on fluoropolymers and aro-
matic polyamides were conducted. The results
are presented in the table below.

The thermal resistance of the developed PCMs,
defined as the temperature at which the chemical
bonds in the polymer matrix begin to degrade un-
der heat, is determined by the onset temperature
of active thermal decomposition. According to the
obtained results, this temperature reaches 360 °C,
which significantly exceeds the corresponding pa-
rameter for most known polymer-based materials.
Based on this, the developed materials can operate
in machine and mechanism components without
thermal destruction at temperatures up to 360 °C.

The operational temperature limit of compo-
nents under load without significant changes in
geometric dimensions is determined by the Vicat
softening temperature. For the developed PCMs
based on fluoropolymers and aromatic polyami-
des, these values reach 290—300 °C. This con-
firms the feasibility of using components made
from the developed PCMs in machine and mecha-
nism parts at these temperatures, significantly
surpassing the performance of most known poly-
mer materials.

Notably, the developed PCMs exhibit relatively
low values of linear thermal expansion. The mini-
mum value is observed in PCMs based on aroma-
tic polyamides, measuring 300107 1 /°C, which
is considerably better than that of most polymers
[29]. This characteristic is particularly critical for
tribological components of machines and mecha-

Table. Thermophysical Properties of the Developed PCMs Based on Fluoropolymers and Aromatic Polyamides

Materials
Fluoropolymers Aromatic polyamides
No. Property with | With With | With
Original silicon carbon Original silicon carbon
dioxides | materials dioxides | materials
1 | Temperature of onset of active decomposition, °C | 335—350 | 340—350 | 340—345 | 350—355 | 360—365 | 350—355
2 | Vicat softening temperature T, , °C 160—180 | 220—280 | 190—210 | 275—290 | 295—305 | 292—295
3 | Linear thermal expansion coeflicient a,, X107 1/°C | 850—950 | 370—420 | 410—500 | 380—400 | 300—320 | 340—350
4 | Shrinkage, % — — 0.95 0.4—0.6 | 0.7—0.9
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nisms, which often consist of two dissimilar mate-
rials. Under thermal expansion, excessive chan-
ges in size can lead to the jamming of tribological
assemblies, a risk minimized by the low thermal
expansion of the developed PCMs.

According to the conducted studies of the ther-
mophysical properties of the developed PCMs
based on fluoropolymers and aromatic polyami-
des, it can be asserted that they are among the
most thermally resistant polymer-based materials.
Components made from these PCMs can operate
in machine and mechanism assemblies, including
tribological units, while maintaining their prop-
erties at a high level under loads and tempera-
tures up to 300 °C. Additionally, it is noteworthy
that the developed PCMs can withstand temper-
atures up to 360 °C without undergoing thermal
decomposition. This opens possibilities for their
application at these temperatures as coatings
or materials for components that are not sub-
ject to significant loads.

One of the critical assemblies influencing the
reliability and durability of mechanisms as a
whole is the tribological unit. The quality of these
units is predominantly affected by the materials
used to manufacture the interacting friction com-
ponents. Polymer-based materials, in particular,
stand out because they can operate in tribological
assemblies without lubrication. This significantly
simplifies the design by eliminating oil stations
and reduces the cost of machines, mechanisms, and
the products they produce.

Previous studies [30—35] identified the optimal
filler content in the developed PCMs in terms of
their tribological properties. They also demonst-
rated that composites filled with carbon-based ma-
terials exhibit the lowest friction coeflicients and
the highest wear resistance. Of interest is deter-
mining the maximum load values under which
components made from the developed PCMs can
operate normally while maintaining a high level
of reliability and durability. Figure 2 presents the
results of tribological studies on the developed
PCM:s based on aromatic polyamide and fluoro-
polymer filled with carbon materials.
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According to the conducted research, the de-
veloped materials exhibit some of the best tribo-
logical performance indicators compared to lea-
ding counterparts [36, 37]. Notably, materials ba-
sed on fluoropolymers demonstrate lower friction
coeflicients and superior wear resistance. The
observed dependencies of the friction coefficient
and linear wear intensity of the developed PCMs
on load during frictional interaction with steel
show similar trends. For aromatic polyamide-
based materials, the friction coefficient decreases
within the range of 0.5 to 1.5 MPa, followed by
stabilization and a sharp increase beyond 3 MPa.
In contrast, fluoropolymer-based materials exhibit
a friction coefficient reduction from 0.5 to 2.5 MPa,
with a subsequent sharp increase starting around
3.5 MPa. The reduction in the friction coefficient
with increasing load is characteristic of antifric-
tion materials [38], attributed to specific calcula-
tion features. The subsequent increase in this pa-
rameter correlates with intensive frictional hea-
ting of contact surfaces, potentially leading to sei-
zure in the tribological unit at high values.

The dependencies of linear wear intensity on
load for the tested materials indicate an increase
in wear with rising load. For aromatic polyamide-
based materials, the wear intensity increases
steadily within the range of 0.5 to 2.0 MPa. For
fluoropolymer composites, this steady increase
extends up to 2.5 MPa, after which a sharp rise is
observed. Steady wear growth with increasing
load is indicative of normal operation of the tribo-
logical unit, while abrupt increases signal a tran-
sition to an emergency operating mode. A clear
correlation is evident between the friction coeffi-
cients and linear wear intensities of the tested
materials as the load on the tribological unit chan-
ges. Therefore, the maximum loads under which
components made from the developed PCMs can
operate in normal mode are determined to be
2.0 MPa for aromatic polyamide-based materials
and 2.5 MPa for fluoropolymer-based materials.
Beyond these loads, emergency wear of the tested
materials occurs, accompanied by sharp increases
in both the friction coefficient and wear intensity.
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Fig. 2. Dependencies of the friction coefficient (f) and linear wear intensity (I,) of PCMs based on aromatic polyamide (7)
and fluoropolymer (2) with optimal carbon material content on load (P) during frictional interaction with steel

The developed PCM based on fluoropolymers
and aromatic polyamides, filled with materials ba-
sed on silicon dioxide and carbon, exhibit a high
level of physicomechanical properties, with some
indicators (o, = 285 MPa) exceeding those of most
non-ferrous metals and alloys, approaching low-
carbon steels. At the same time, they have a den-
sity 2—3 times lower (p = 2200 kg/m?). In terms
of thermophysical properties, they are among the
most thermally stable polymer materials, with an
active destruction temperature starting at around
365 °C, allowing the use of unloaded components
made from these PCMs at such temperatures. Un-
der load, the operating temperature of components
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MOJIIMEPHI KOMITO3UIITHI MATEPIAJIVI CIIEIIAJIBHOTO ITPY3HAYEHHS
JUTS ABIAIITMHOT TA KOCMIYHOT TPOMMCJ/IOBOCTI

Beryn. PossuTox aBiaiiiitHoi Ta KOCMidYHOI TIPOMICJIOBOCTI CIIPHUSIE HE TiJTbKW CTBOPEHHIO CyYaCHUX JIiTaKiB, pakeT Ta Koc-
MIYHUX amapaTis, a i MO3NTUBHO BIVIMBAE HA CYMIKHI Tary3i TPOMHUCIOBOCTI.

IIpo6GaemaTuka. OjHIE i3 OCHOBHUX BUMOT [0 IPOAYKIIT aBialiiiHol Ta KOCMIYHOT IPOMKCIOBOCTI € BUCOKUI PiBEHB i
HaAiHOCTI Ta JOBrOBIYHOCTI, 110 06YMOBJIEHO MOCTIHHOIO B3AEMOZIIEIO 13 JIOABMU Ta JOCUTH BHCOKOIO COOIBAPTICTIO BUrO-
TOBJIEHHS 1 excrryaTaitii. HailGiabin akTyaJbHIM e € [JIst CyYacHUX JiTaKiB, pakeT Ta KOCMIYHUX allapatiB, SKi eKCIIyaTy-
10ThCsI TIPH GLTBIITNX MIBUIKOCTSIX, TEMIIEPATYPax, HABAHTAKEHHSIX TOIIO, HiK monepeAHrKin. ToMy TiIBUIIEHHS HAIIHOCTI
il 1OBroBiYHOCTI y po6OTI NPOAYKIIT aBialiiiHOI Ta KOCMIYHOI IPOMUCIOBOCTI € aKTyaJIbHIM HAIIPSIMKOM.

Mera. [ligBummmT HailiHICTD Ta AOBTOBIYHICTh OCHOBHUX BY3JiB PAKETO-KOCMIUHOI TEXHIKM 3a PAaXyHOK 3aMiHU MaTe-
piasiB, 3 AKMX BOHM BUTOTOBJICHI, Ha BJIACHI IHHOBAIi#HI pO3POOKH.

Marepiam it Mmeroau. O6’ekramu JoCiKeHb OyJIu MoJiMepPHI KOMITO3UIiIHI MaTepiaiu Ha OCHOBI (DTOPIOIIMEDPIB Ta
apOMATUYHUX [TOJiaMi/[iB, SKi HATIOBHEH1 UCIIEPCHUMM MaTepiajlaMi Ha OCHOBI JIIOKCU/y KPEMHIIO Ta BYTJICILIO.

Pesyabratu. Po3po6iieHo cKiaj Ta TeXHOJIOrii iepepobKu y BUPOOU TTOTIMEPHUX KOMITO3UIIIHHIX MaTepiaiiB Ha OCHOBI
(droprosiMepis Ta apoMaTUIHUX MOJiaMifiB. BeTanosieno, 1o 3a piBaem MittrocTi (10 285 MITa) Bomu epeBUIyoTh Oi/b-
TICTh KOJTBOPOBUX METAJIB, THIX CTIJIABiB i HU3LKOBYTJIEIIEBUX CTAIEH, MAIOYN TIPH I[bOMY HU3LKY TycTuHy (10 1400 KT/M%).
3a rerio(i3MIHUMHU BJACTUBOCTSMU BOHU HAJIEKATD 10 HAUOIIBII TePMOCTIHKIX MaTepiajiB Ha OCHOBI MoJtiMepiB (He mi-
JISATAI0TH TEPMIYHOMY PO3KJafanHio 10 Temieparyp +365 °C). IlokaszaHo, 1o gerasi i3 po3pobiieHux MarepiaiiB MOKYTh
[PAIOBATH Y By3JaX TePTs 6e3 3MAIl[yBaHHs Y HOPMaJIbHOMY PekuMi poOOTH TIpY HaBaHTaxkeHHsIX 10 2,5 MIla.

BucnoBku. Po3pobiieno mosiMepHi KOMIO3UILiHI MaTepiaan Ha OCHOBI (PTOPIOIIMEPIB Ta apOMaTHYHKUX TOJIaMi/iB 3
BUICOKHMM PiBHEM BJIACTUBOCTEH, /IeTai 3 SKUX 3HAUHO ITOKPAIIYIOTh PiBeHb HA/IIHOCTI Ta JOBTOBIYHOCTI CyYaCHWX JIiTaKiB,
pakeT i KOCMIUYHUX amaparis.

Kmouoesi crosa: nosimMepHi KoMIIo3uIliiiai Mmarepianu, proprosiMepu, apoMaTudHi rmosiamiau, pisuko-mMexaniyHi BiIacTu-
BOCTI, TePTs1, 3HOITYBAHHS, aBiallillHa Ta KOCMiuYHA IIPOMICJIOBICTb.
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