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The development of hypersonic unmanned aerial vehicles (UAVs) for aerospace systems
presents ambitious challenges for scientists and engineers. Extreme flight conditions,
such as ultra-high speeds and significant aerodynamic heating, necessitate the creation
of new materials capable of withstanding such loads. One of the most promising materials
for constructing hypersonic UAVs is carbon fiber-reinforced polymer based on bisphenol
nitrile. This material exhibits high thermal resistance, chemical stability, and excellent
mechanical properties. Utilizing bisphenol nitrile combined with carbon fibers has enabled
the production of composite materials that can operate at temperatures exceeding 300°C,
far surpassing the capabilities of traditional polymer matrices. To assess the suitability of
the developed carbon fiber-reinforced plastic for hypersonic UAV applications,
comprehensive studies of its physical, mechanical, and thermal characteristics were
conducted across a wide temperature range from 20 to 300°C. The obtained results provided
a detailed characterization of the composite and allowed for comparisons with other
high-temperature composite materials. The developed carbon fibre-reinforced plastic
based on bisphenol nitrile binder shows great promise for constructing hypersonic UAVs.
Its high thermal resistance, combined with excellent mechanical properties, makes it
suitable for use in the extreme temperature conditions typical of hypersonic flight.
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Introduction protective materials traditional in rocket and space

For regular space flights, the use of aerospace
systems based on hypersonic unmanned aerial vehicles
and single-use space rockets is cost-effective. The
launch of payloads using hypersonic unmanned aerial
vehicles and a single-use space rocket involves an
aerial launch and landing on an acrodrome runway,
which significantly reduces the cost of operating the
system.

For a single-use space rocket, structural and heat-

technology are used. The creation of a reusable
hypersonic unmanned aerial vehicle requires the use
of new materials capable of repeatedly withstanding
extreme thermal loads.

Based on the analysis of the parameters of
thermal effects, it is established that the temperatures
on the surface of a hypersonic unmanned aerial vehicle
vary from 100 to 1350°C [1—3]. The elements of
structures according to their operating temperatures
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can be divided into several groups, which are shown
in Table 1.

Temperatures of 100°C are realized on fuel tanks
of hypersonic unmanned aerial vehicles. Carbon
plastics have the highest specific characteristics of all
known materials, so it is reasonable to manufacture
fuel tanks from this material. Materials, providing
requirements of operation of structures working for a
long time in other temperature ranges, require further
development [1—3].

The main parts of the airframe undergo
temperatures from 500 to 600°C, and it is these
structures that contribute significantly to the weight
parameters of the UAV. Therefore, the selection and
creation of materials with high values of specific
strength, operable in this temperature range is an
important scientific and technical task.

Thus, this study was aimed at selecting and
developing materials intended for using in UAV with
high specific strength at temperatures up to 600°C.

Since carbon fiber-reinforced plastics have the
highest specific strength characteristics, the weight of
structures made of them is significantly lower than
when using traditional metal alloys. Their main
disadvantage is low operating temperatures of
application, not exceeding 100°C. At temperatures up
to 600°C carbon plastics can be used only with external
heat protective coating.

Creation of new carbon composites with operating
temperatures of 300°C and more will reduce the
thickness of the thermal protective coating and
significantly reduce the weight of UAVs. Since the
heat resistance of carbon fiber-reinforced plastics is
determined by the operating temperatures of the binder,
it is necessary to develop a new heat-resistant binder.

The use of reinforced composites for modern
aerospace applications encourages the search for the
high-temperature binders that are easy to handle and
have high thermal and oxidative stability. Epoxy resins
show temperature limitations when operating above
200°C. The main problem with the polyimide system
is chemical activity due to the volatile components.

Other problems with both polyimides and epoxy resins
include their brittleness, tendency to absorb water,
and poor technical reliability.

Recently there has been a growing interest in
the creation of polymer composite materials based on
thermoplastic matrices. This is due to the appearance
of a new class of heat-resistant linear polymers —
polyether ketones. The main advantages of reinforced
thermoplastics in comparison with polymer composites
based on thermosetting binders are as follows: high
resistance to fracture, crack resistance and post-impact
strength; increased heat resistance (in comparison with
traditional epoxy resins); resistance to aggressive media;
unlimited long viability of prepregs; high speeds of
technological cycles; and possibility of secondary
processing and local elimination of defects.

Phthalonitrile resins are superior in
physicochemical properties to epoxy resins, polyimides
and other polymers as matrices for carbon composites.
The main advantage of phthalonitrile resins over other
polymers is their ability to withstand temperatures in
excess of 300°C for extended periods without damage
to coatings, plastics or composites made from them.
Resins with the presence of flexible bonds between
aromatic rings minimise or significantly reduce
brittleness and increase ductility. A number of
phthalonitrile materials have been developed by experts
in the USA [3—5]. The object of these inventions are
compositions and methods for the preparation of
phthalonitrile resins, which have high thermal and
oxidation resistance and have good mechanical
properties at temperatures above 300°C. However,
polymerization and synthesis of these monomers
generally require heating for several days at very high
temperatures.

Binders of this class are produced in the form of
powders, whose melts have low viscosity, which allows
the application of pressure impregnation technologies
(RTM, RFI, VARTM) for the manufacture of products
from polymer composites. Expansion of application
areas of phthalonitrile binders and polymer composite
materials based on them is possible due to their high

Table 1

Classification of structural elements by operating temperature

Maximum opera:)tlng Structural elements of the UAV
temperatures, "C
100 materials of fuel tank
500-600 wing trim, wing power components, mdder trim, rudder power components, nacelle trim,
nacelle power components, fuselage trim and power components.
600-1000 materials of cladding and power components of the fuselage conical section
1000-1200 force elements and air duct shell of the air intake duct of a direct-flow air-jet engine
1350 fuselage nose, fuselage leading edge, wing nose, air intake edges, nose of rudders and rudder
nose
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mechanical properties. Phthalonitrile binders are also
used together with other thermosetting components.
Bisphthalonitrile binders (BFB) represent a new
promising class of high-temperature binders for
polymer composite materials based on phthalonitrile
resins. BFB are non-combustible (the only class of
materials to meet the US Navy’s fire resistance
standard), have high strength properties and very low
moisture absorption. BFB is composed of oligomers
containing phthalonitrile end fragments (Fig. 1).
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R
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Fig. 1. Molecular structure of bisphthalonitrile

They are synthesized by nucleophilic substitution
reaction between potassium salts of bisphenols and
4-nitrophthalonitrile. Polymerization of initial
oligomers is carried out on nitrile groups with
formation of heat-resistant cyclic structures, according
to refs. [6,7].

The course of the BFB curing reaction depends
on the type of hardener. Aromatic amines, phenols,
metal complexes can serve as hardeners. The required
amount of hardener is small compared to other
2-component systems. The reaction can be stopped
by cooling the reaction mass. After that, it is started
by heating and the conversion is brought to 100%,
such polymer composite material can withstand peak
loads up to 550°C, according to ref. [8].

Based on the analysis of the world experience
[9,10] and possibilities of synthesis and acquisition of
initial components available in Ukraine, we developed
in this study a binder based on bisphthalonitrile. It
allows producing polymer composite material
withstanding working temperature of 300—400°C with
high physical and mechanical properties.

Experimental, results and discussion

Synthesis of bisphthalonitrile monomer

Synthesis of bisphthalonitrile monomer includes
the following steps [11]:

1. Preparation of 4-nitrophthalimide by nitration
of phthalimide:

(o] o

I
|
€~ nH

C— NH
/ HNO, /
d—o0o— 50N C= 0

2. Hydrolysis of nitrophthalimide in ammonia
water:

C—NH

—NH,
NH, /H,0
C—O—> O.N c— NH,

3. Preparation of 4-nitrophthalonitrile by
interaction of nitrophthalimide with thionyl chloride
in dimethyl sulfoxide solution:

o
C—NH.
CN
SOCI, / DMSO
O.N C—NH, —
o
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4. Synthesis of bisphthalonitrile monomer by
interaction of 4-nitrophthalonitrile with the sodium
salt of bisphenol:

O e

Production of a bisphthalonitrile binder

The production of bisphthalonitrile binder
involves the following operations:

— introduction of heat-resistant polyfunctional
novolac resin of DOW company (D.E.N.438). DOW’s
novolac epoxy resins have glass transition temperatures
in the range of 120 to 255°C, which should provide
high temperature resistance in cured bisphthalonitrile-
based compositions and high adhesion to various
substrates;

— use of hardener from the class of aromatic
diamines (4,4'-diaminodiphenylmethane) and
regulation of its content, which provides oligomer
formation, but does not lead to premature cross-linking
of the binder in the process of its preparation. The
ratio (by weight) was established as follows: 1 g of
hardener:(9.5+18) g of bisphthalonitrile monomer;

— selection of methyl ethyl ketone and methylene
chloride mixture as a solvent (we investigated solubility
in methylene chloride, acetone, methyl ethyl ketone,
dimethylformamide, etc.);

— use of Lewis acid-based complex catalyst;

— pretreatment of carbon fabric with an amine-
containing silane appetite.
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The use of a polyfunctional epoxy resin, a certain
amount of hardener and catalyst, and targeted
functionalization of the fabric surface with amino
groups, are designed to increase the crosslinking density
of the cured product (polymer matrix), adhesion
between components, higher glass transition
temperatures and protection against thermo-oxidative
degradation. Bisphthalonitrile and epoxy react with
each other during heat curing and both are cured
with amino groups, which also increases the
crosslinking density of the binder and its adhesion to
the fiber.

The technology for obtaining BFB includes the
following two stages:

1. Preparation of prepolymer

BFB is a melt or solution of the product of
incomplete polymerization (prepolymer, resin) of
bisphthalonitrile =~ monomer with 4,4'-
diaminodiphenylmethane (hardener).

The prepolymer is synthesized by adding the
hardener 4,4' diaminodiphenylmethane (melting point
of 156 to 158°C) to a melt of bisphthalonitrile
monomer (melting point 194 to 200°C) at a specified
ratio (by weight): 4,4’
diaminodiphenylmethane:bisphthalonitrile
monomer=1:(9.5+18):

’ ’
o~ RHN—= N N RHN N
N H CN
5 RN —=H
RNH) + — + —_—
2 n
R R’ . 154 %

(excess)

e N N
O
A e
CN
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The mixture is kept at 220°C with vigorous stirring
for 3 hours. Then the temperature is increased to
240—270°C and incubated for 2 to 4 hours, additionally
incubated for 4 to 6 hours at 270 to 300°C and 4 to
10 hours at 300 to 315°C.

The prepolymer obtained by cooling the melt
to room temperature can be stored at room temperature
indefinitely.

2. Preparation of the binder

To prepare the binder, the prepolymer is
suspended in an organic solvent (mixture of methyl
ethyl ketone and methylene chloride) to obtain a
solution of the required concentration of 10 to
60 wt.%.

The conditional viscosity of the binder based on
methyl ethyl ketone according to viscometer VZ 246
(nozzle diameter of 4 mm) at temperature 25+2°C is

as follows:

— 12 seconds at the prepolymer concentration
of 10 wt.% ;

— 17 seconds at the prepolymer concentration
of 60 wt.%.

The binder viability in a closed hermetic
container is at least 12 hours.

Thus, BFB is one-component and is a product
of incomplete polymerization (prepolymer) of
bisphthalonitrile monomer with a hardener, 4,4'-
diaminodiphenylmethane. To obtain the required
viscosity of the binder in the manufacture of polymer
composites, it is suspended in a mixture of methyl
ethyl ketone and methylene chloride and cured in
the temperature range of 220—300°C.

Experimental determination of binder heat
resistance

The cured BF binder was investigated by
thermogravimetric analysis on a derivatograph at a
temperature rise rate of 10°/min in air in the
temperature range from 20 to 1000°C (Fig. 2). Five
samples weighing 100 mg each were investigated.

The thermal characteristics of the cured binder
samples are given in Table 2. BFB samples were
obtained by curing bisphthalonitrile monomer with
hardener 4,4'-diaminodiphenylmethane with a set ratio
(by weight) of 10:1 by heating under the above regime
in the temperature range of 220—315°C.

Based on the analysis of thermal characteristics
of BFB binder, it was found that the weight loss of
BFB at temperatures up to 367°C is 5%. At temperature

‘Weight loss of the sample, %
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Fig. 2. Typical thermogravimetric curve of the developed BFB

Table 2
Thermal characteristics of cured binder samples

Weight loss temperature, "C
5% 10% 50%
367 431 715

Coke residue at 965°C, %
12.4

Carbon plastics for reusable hypersonic flight vehicles
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increases up to 430°C, it reaches 10%. This confirms
the high thermal stability of the developed binder
and ensures its performance up to temperatures of
about 350°C.

Manufacturing carbon plastics based on
bisphthalonitrile binder

BFB-based carbon fiber-reinforced plastics
products are manufactured by the lay-up method.
For the technological plate from carbon fiber-
reinforced plastic with BFB as a filler, we used carbon
fabric of 3606 mark (made by Porcher company).

Preparation of technological plates from carbon
fiber-reinforced plastic was carried out according to
the following scheme:

1. Preparation of the binder by suspending the
BPS prepolymer in an organic solvent (mixture of
methyl ethyl ketone and methylene chloride) to obtain
a solution with a concentration of 60 wt%.

2. Impregnation of carbon fabric with 60%
prepolymer solution in organic solvent (mixture of
methyl ethyl ketone and methylene chloride).

3. Cutting the impregnated fabric into blanks.

4. Laying out the package of the required
thickness, placing it in a vacuum cover.

5. Curing of carbon fiber-reinforced plastic
according to the following regime:

— heating the package to a temperature of 220°C;

— holding in vacuum at 220°C for 4 hours;

— creation of specific pressure of 3—4 kgf/cm?;

— switching off vacuum and heating up to 240°C;

— holding under pressure at 240°C for 4 hours;

— heating plates to 280°C;

— pressure holding at 280° C for 4 hours;

— heating to a temperature of 300°C;

— pressure holding at 300°C for 1 hour;

— switching off electric heating and natural
cooling under pressure to room temperature.

The quality of the finished plates was controlled
by visual inspection of the surface and determination
of their continuity. If non-destructive control does
not reveal unglued areas and other defects, then the
quality of the external surface of carbon fiber-reinforced
plastic is good.

Experimental determination of the strength
characteristics of carbon fiber-reinforced plastic on
the obtained plates made of five layers of 3606 and
BFB fabric was carried out at normal and elevated
temperatures. The samples were tested in the warp
direction.

Determinations of physical and mechanical
characteristics of the obtained specimens were carried
out on a universal high and low temperature testing
machine Instron 5582, which is equipped with a special
high-temperature chamber [12]. The results of tests

of carbon fiber-reinforced plastic based on BFB at 20
and 300°C are presented in Table 3.

At temperature of 20°C, the value of maximum
bending loading of the material is 837 MPa; maximum
loading at tension and at compression being 890 MPa
and 494 MPa, respectively. The obtained strength
values exceed the characteristics of epoxy-bonded
carbon fiber-reinforced plastic in bending by 20%
and in compression by 50%. In tensile strength of
carbon fiber-reinforced plastics based on both types
of binder, the values of breaking stress are close.

The maximum bending loading of BFB-based
carbon fiber-reinforced plastic at 300°C is 285 MPa,
which exceeds this characteristic for carbon fiber-
reinforced plastic based on epoxy binder more than
50 times. The maximum tensile loading at a
temperature of 300°C reaches 550 MPa, which is
20% higher than that of epoxy-bonded carbon fiber-
reinforced plastic. The maximum compressive loading
at 300°C is approximately 142 MPa, which is 20
times higher than that of epoxy carbon fiber-reinforced
plastic.

Thermophysical characteristics of carbon fiber-
reinforced plastic based on fabric 3606 and BFS binder
are given in Table 4. Thermal conductivity of carbon
fiber at temperatures of 20 and 300°C was determined
using the IT-1-400 thermal conductivity meter. The
specific heat capacity of the material under study at
temperatures of 20 and 300°C was measured using the
IT-S-400 device.

Measurements of thermophysical parameters of
carbon fiber-reinforced plastic based on BFB revealed
that at 20°C its heat capacity is 0.91 kJ/(kg-K) and
thermal conductivity is 0.23 W/(m-K), while at 300°C
these characteristics are equal to 1.90 kJ/(kg-K) and
0.49 W/(m-K), respectively. Thus by its
thermophysical characteristics, carbon fiber-reinforced
plastic based on BFB is superior to carbon fiber-
reinforced plastic with epoxy matrix.

Table 3
Results of bending tests of carbon fiber-reinforced plastics
at normal and elevated temperatures
(in the base direction)

Type of|[Maximum loading, MPa| Fall,

Typeoftest | yinger [ 20°C [ 300°C | %
bend 837 285 66
stretching BFB 890 550 38
compression 494 142 71
bend 690 5 99
stretching Epoxy 900 450 50
compression 230 5 98
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Table 4

Results of determination of thermophysical characteristics of carbon fiber-reinforced plastics

. Value
Type of test Type of binder 20°C 300°C
Specific heat capacity according to Martens, kJ/(kg-K) 0.91 1.90
- BFB

Thermal conductivity, W/(m-K) 0.23 0.49

Specific heat capacity according to Martens, kJ/(kg-K) Epox 0.40 1.65

Thermal conductivity, W/(m-K) POXy 0.39 0.65

Conclusions

We reported a substantial reduce of the weight
of hypersonic unmanned aerial vehicles by creating
structural carbon fiber-reinforced plastics with operating
temperatures of more than 300°C. The heat resistance
of carbon composites is determined by the properties
of the binder. Bisphthalonitrile binders represent a
new promising class of high-temperature binders for
polymer composites.

We developed a laboratory technology for
obtaining bisphthalonitrile binder for structural carbon
fiber-reinforced plastics. Based on the analysis of
thermal characteristics of the binder BFB, its high
temperature resistance and workability at temperatures
up to 375°C have been established.

The physical and mechanical characteristics of
the material at temperatures of 20°C and 300°C have
been determined experimentally. It is shown that the
maximum loading of the obtained heat-resistant carbon
fiber-reinforced plastic at various types of loading
exceeds the characteristics of epoxy carbon composites
by 20—50% and by 20—50 times at room temperatures
and at the temperature of 300°C, respectively.

By its thermophysical characteristics carbon fiber-
reinforced plastic based on BFB exceeds carbon fiber-
reinforced plastic with epoxy matrix.

The disadvantages of the heat-resistant binder
include high temperatures of prepolymer synthesis
and carbon fiber-reinforced plastic production
(up to 315°C), which causes the need for re-equipment
of production with special equipment.
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BYTJIEIIVIACTUK JJIS1 BATATOPA3OBUX
TIITEP3BYKOBUX JIITAJIBHUX AITAPATIB

M. Kaszaxeeuu, 1. I'ycaposa, B. Kazaxesuu, T. Manoko,
B. Xopowuaos, K. Kosic, I. Ocinosuii, I. Cyxa, O. 3aiiuyx

Po3pobka rinep3ByKoBUX O€3MiJIOTHUX JiTalbHUX
anapariB (BITJIA) mi1si aepoKOCMiYHUX CHCTEM CTaBUTb Mepen
HAYKOBLISIMM Ta iHXeHepaMM aMOiTHI 3aBaaHHs. EkcrpemanbHi
YMOBHU TIOJIbOTY, TaKi SIK HAABMCOKi IIBUAKOCTI Ta 3HAYHMIA
aepoJMHAMIYHMI HarpiB, BUMaraloThb po3poOKHM HOBUX MaTe-
piajiB, 3JaTHUX BUTPUMYBATU Taki HaBaHTaxkeHHs. OmHUM 3
HaWOUIbII TIEPCIIEKTUBHUX MaTtepiajliB JUIsl CTBOPEHHs Tirep-
3BykoBux BITJIA € apmoBaHUii ByrjeleBUM BOJOKHOM I10-
JiMep Ha ocHOBI OiccheHosHiTpwty. Lleit Marepian xapakrepu-
3YETHCSI BUCOKOIO TEPMOCTIMKICTIO, XiMiUHOIO CTilKiCTIO Ta
BUCOKHMMM MEXaHiYHUMU BJIACTUBOCTSIMU. BukopucraHHs Gicde-
HOJIHITPUJIY B TMOEAHAHHI 3 BYIJIELIEBUMHK BOJOKHAMM JI03BO-
JIMJIO OTPUMATH KOMITO3UTHI MaTepiajiu, 3[1aTHi NpaLioBaTh pu
temnepatypi nmoHax 300°C. Lle 3HAYHO TEPEBUIIYE MOXKJIM-
BOCTI TpaIMUiMHUX MOJIMEpHUX MaTpulb. JIIsl OLIHKU TIpU-
JIATHOCTI PO3pOOJIEHOTO BYIJIETUIACTUKY JUISI BUKOPUCTAHHS B
rimep3BykoBux bBIIJIA Oynu 3ailicHeHi KOMIIJIEKCHI
NOCJIIKeHHST 1oro (pizuKo-MexaHiYHMX 1 TerutoizuyHux xa-
PaKTEePUCTUK B IIMPOKOMY TeMIepaTypHOMy Adiara3oHi Bim 20
no 300°C. Orpumani pe3yjbTaTH JAO3BOJIMJIM JETAaJbHO OXa-
paKkTepu3yBaTH KOMITO3UT i IOPIBHSTU HOro 3 iHIIMMU Bigo-
MUMHU BUCOKOTEMIIEPATYPHUMU KOMITO3MLIIMHUMM MaTepiaia-
Mu. Po3pobiieHuii ByrieriacTuk Ha OCHOBI OicheHOJNHITPpUIIb-
HOTO 3B’SI3yI0YOT0 € IEepPCIEeKTUBHUM MartepiaJloM JUIsl CTBO-
PEHHSI TiMep3BYKOBMX O€3MiJIOTHUX JiTalbHUX arnapatiB. Bu-
COKa TePMOCTIMKICTb y MOEIHAHHI 3 XOPOLIMMU MEXaHIYHUMU
BJIACTUBOCTSIMU [TO3BOJISIE BUKOPMCTOBYBATH 1Ieii Marepial B
eKCTpeMaJbHUX TeMIepaTypHUX YMOBAX, XapakTepHUX sl
rinep3ByKOBOTO TOJLOTY.

Kumouosi ciioBa: aBialiiiiHa Ta pakeTHO-KOCMiuHa TeXHiKa,
MPOEKTHI TMapaMeTpu, TiMep3ByKOBUN O€3MiIOTHUI JIiTATbHUI
amapar, TepMOCTiliKi 3B’A3yl04i, BYIJIEIJIAaCTUK, TOJiMepHi
KOMITO3UMLIiHI MaTepiaiu, (i3uKo-MexaHiuHi Ta TerutodiznuHi
XapaKTePUCTUKU.
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The development of hypersonic unmanned aerial vehicles
(UAVs) for aerospace systems presents ambitious challenges for
scientists and engineers. Extreme flight conditions, such as ultra-
high speeds and significant aerodynamic heating, necessitate the
creation of new materials capable of withstanding such loads.
One of the most promising materials for constructing hypersonic
UAVs is carbon fiber-reinforced polymer based on bisphenol
nitrile. This material exhibits high thermal resistance, chemical
stability, and excellent mechanical properties. Utilizing bisphenol
nitrile combined with carbon fibers has enabled the production
of composite materials that can operate at temperatures exceeding
300°C, far surpassing the capabilities of traditional polymer
matrices. To assess the suitability of the developed carbon fiber-
reinforced plastic for hypersonic UAV applications, comprehensive
studies of its physical, mechanical, and thermal characteristics
were conducted across a wide temperature range from 20 to
300°C. The obtained results provided a detailed characterization
of the composite and allowed for comparisons with other high-
temperature composite materials. The developed carbon fiber-
reinforced plastic based on bisphenol nitrile binder shows great
promise for constructing hypersonic UAVs. Its high thermal
resistance, combined with excellent mechanical properties, makes
it suitable for use in the extreme temperature conditions typical
of hypersonic flight.

Keywords: aerospace and rocket technology; design
parameters; hypersonic unmanned aerial vehicle; heat-resistant
binders; carbon fiber-reinforced plastic; polymer composite
materials; physical, mechanical, and thermal characteristics.

REFERENCES

I. Gusarova IA, Potapov AM, Golubkov GM,
Kalinichenko DS. Basic criteria for the selection of heat-resistant
and heat-shielding structures of a high-altitude hypersonic aircraft.
Space Technology Rocketry. 2017; (1/113): 23-29.

2. Meyirbekov MN, Ismailov MB, Manko TA,
Kozis KV. Study of the influence of rubbers on strength
properties of carbon fiber. Space Sci Technol. 2022; (5):
67-74. doi: 10.15407/knit2022.05.067.

3. Manko T, Gusarova I, Kalinichenko D. Aerospace
transport system: the future of Ukraine. System Design and
Analysis of Aerospace Engineering Characteristics. 2022; (27):
84-89. (in Ukrainian). doi: 10.15421/471926.

4. Rimar M, Tretyakoff A, Sukhyy K, Yeromin O,
Kulikov A, Fedak M, et al. Rheological properties of polymer-
polymer mixtures on corn starch base. MM Sci J. 2022; (12):
6242-6245. doi: 10.17973/MMSJ.2022_12_2022147.

M. Kazakevich, I. Husarova, V. Kazakevich, T. Manko, V. Khoroshylov, K. Kozis, G. Osinovyy, 1. Sukha,

0. Zaichuk



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2024, No. 6, pp. 150-157

157

5. Tertyshna OV, Zamikula KO, Sukhyy KM,
Toropin MV, Burmistrov KS. Kinetics of dissolution of
asphalt-resin-paraffin deposits when adding dispersing agents.
Voprosy Khimii i Khimicheskoi Tekhnologii. 2022; (4): 84-
91. doi: 10.32434/0321-4095-2022-143-4-84-91.

6. Derradji M, Wang J, Liu WB. Phthalonitrile resins and
composites: properties and applications. New York: Elsevier; 2018.
391 p. doi: 10.1016/C2016-0-03991-8.

7. Sukhyy KM, Belyanovskaya EA. Polymer-inorganic
nanostructured composites based on amorphous silica, layered silicates,
and polyionenes. San Francisco: 1GI Global; 2023. 304 p.
doi: 10.4018/978-1-7998-9728-6.

8. Brunovska Z, Lyon R, Ishida H. Thermal properties of
phthalonitrile functional polybenzoxazines. Thermochim Acta. 2000;
357-358: 195-203. doi: 10.1016/S0040-6031(00)00388-9.

9. Keller TM. Synthesis and polymerization of multiple
aromatic ether phthalonitriles. Chem Mater. 1994; 6: 302-305.
doi: 10.1021/cm00039a009.

10. Guo H, Chen Z, Zhang J, Yang X, Zhao R, Liu X.
Self-promoted curing phthalonitrile with high glass transition
temperature for advanced composites. J Polym Res. 2012; 19:
9918. doi: 10.1007/s10965-012-9918-1.

11. Singh AS, Shukla SK, Pandey AK, Tripathi DN,
Prasad NE. Synthesis and evaluation of catalytic curing behavior
of novel nitrile-functionalized benzoxazine for phthalonitrile resins.
Polym Bull. 2018; 75: 3781-3800. doi: 10.1007/s00289-017-2235-4.

12. Keller TM. Strong organic acid cured phthalonitrile
resins for high temperature applications. Polym Prep. 1992; 33:
422-423.

Carbon plastics for reusable hypersonic flight vehicles



	150
	151
	152
	153
	154
	155
	156-157

