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This study analyzes the technology for creating polymer composite materials reinforced
with glass fiber. Particular attention is given to their applications in the aerospace industry,
where stringent requirements for strength, corrosion resistance, and specific strength
render these materials indispensable. The main components of composite materials and
their properties are examined. Phenol-formaldehyde resins, widely utilized as a matrix
for fiberglass plastics in rocket and space engineering, are studied in detail. The
thermomechanical resistance of composites, a critical factor determining their
performance under extreme conditions, is highlighted. A significant part of the study
focuses on the production and curing processes of composite materials. Various curing
methods are analyzed, with a focus on the effectiveness of infrared radiation. The findings
establish that infrared heating significantly enhances the physical and mechanical properties
of composites while reducing production time.
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Introduction

Polymer composite materials reinforced with
glass and carbon fibers are increasingly used in
aerospace and other industries due to their high specific
strength and corrosion resistance characteristics.

Fiber-reinforced polymer composite materials
are heterophase systems that consist of a continuous
phase of synthetic polymers (matrix) that absorbs
external loads and redistributes them to the reinforcing
phase, fibers. In rocket and space technology, epoxy
and phenol-formaldehyde resins are most often used
as a matrix.

Phenol-formaldehyde resins exhibit high
mechanical strength, electrical insulation properties,
corrosion resistance, and have a coke number of
55—70%. Due to their high coke number, they are
used as a binder for coking heat-shielding coatings
for rocket and space technology, the most common
of which are fiberglass.

The main characteristic that sets the level of
functional properties of such materials under conditions
of increased pressures and two-phase gas flows is
thermomechanical resistance [1]. This parameter is
determined by the density and strength of the
composite and at identical composition significantly
depends on the manufacturing process of the product.
Therefore, the creation of technologies providing high
and stable material properties in critical structures is
one of the main scientific and technical problems of
creating advanced products of rocket vehicles.

In the technological chain of composite products
manufacturing, thermal curing of the binder is an
important process, the mechanism of which determines
the physical and mechanical characteristics of the
matrix and the material as a whole.

Prolonged heating of large-sized products requires
large energy costs, so special attention is paid to
reducing the energy intensity of the process. A wide
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range of thermal heating technologies is used for curing
the binder in polymer composites. Heating
mechanisms can be divided into radiation, convective,
conductive, induction, ultrasonic, resistive and heating
based on thermal additives [2,3].

The analysis of methods for curing of products
from polymer-composite materials shows that an
effective technological means of increasing physical
and mechanical properties of composites with
significant intensification of curing processes is the
use of infrared irradiation [4—6]. A more complete
utilization of the advantages of infrared radiation at
curing of structures from polymer composites requires
the study of the processes occurring in the material.

The aim of this study was to investigate the
intensification of the curing process of phenol-
formaldehyde oligomers by using infrared heating.

Experimental, results and discussion

LBS-4 Bakelite varnish was subjected to infrared
treatment in parallel with convective heating to obtain
comparative data. Heating was carried out in the mode
of smooth temperature rise from 290 K to 430 K for
14.4-10° s and free cooling. Figures 1 and 2 show
infrared spectra of bakelite varnish cured by infrared
and convective heating. The spectrum of uncured
LBS-4 is shown in Fig. 2. Comparative analysis of
infrared transmission spectra of liquid binder, cured
binder by convective and infrared heating was carried
out by absorption bands characteristic of groups from
the composition of phenoloformaldehyde resins,
namely, absorption at the following frequencies:

8.3-10* m™!, characteristic of aromatic structures
with two and one neighboring unsubstituted hydrogen
atoms;

7.6-10* m™!, corresponding to rings with three,
four and five neighboring unsubstituted hydrogen
atoms;

14.80-10* m~! and 15.15-10* m™!, corresponding

A, 10°m

2.5 3 4 5 6 7 8 910 15 25
TR T T 1 R T T S B W W O B I

100ttt 11

80
60

40

%

Transmittance,

20

0
40 36 32 28 24 20 16 12 8 4

Frequency, 104m'1

Fig. 1. Infrared transmission spectrum of LBS-4 samples cured
using infrared heating

to vibrations of aromatic structures with different types
of substitution;

11.60-10* m™!, corresponding to the ether groups
of —CH,—O—CH,—;

10.10-10* m™', characteristic of the methylene
group of aromatic alcohols; and

14.50-10* m™! of the methylene group.

From the analysis of the above data, it follows
that the intensity of the 7.6-10* m™' absorption band
after curing using convective heating (Figs. 1 and 2)
slightly increased, while infrared heating had a more
significant effect, the intensity of the band increased
by 45% compared to the initial state. This indicates a
decrease in the number of aromatic structures with
three, four and five unsubstituted hydrogen atoms
under the influence of infrared heating. The intensity
of the 8.3-10* m™! bands decreased as a result of
convective and infrared irradiation. An increase in
the intensity of the 7.6-10* m~! absorption band and
a decrease in the intensity of the 8.3-10* m™" absorption
band indicate the substitution of an unsubstituted
hydrogen atom in the ring. The intensity of the
10.10-10* m™" band of the methylene group in the
cured samples decreased markedly as a result of both
convective and infrared heating. The greater intensity
of the 10.10-10* m™" absorption band in the spectrum
of the uncured oligomer indicates a greater number of
reactive methylene groups, and their change during
infrared heating confirms the development of synthesis
reactions proceeding with the formation of methylene
bridges. The 11.60-10* m~! absorption band
corresponding to the absorption of ether groups —
CH,—0O—CH,— is absent in the spectrum of the cured
oligomer. The intensity of the 14.8-10* m™' absorption
band after curing by convective curing slightly decreases,
and it increases after infrared heating. The intensity
of the absorption band at 15.15-10* m™', reflecting
the oscillations of aromatic structures with different
types of substitution, decreases after convective heating
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Fig. 2. Infrared spectrum of cured LBS-4 binder
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and increases after infrared heating. Based on the
above, it can be assumed that the curing of phenol-
formaldehyde oligomer LBS-4 at convective and
infrared heating develops by reaction of methyl group
of phenolic compound with ortho- or para-hydrogen
in the ring of another compound with water release
and formation of methylene bridge. The mechanism
of these processes is shown in Fig. 3.

The intensity of these processes was greater at
infrared heating in comparison with convective heating,
which allowed reducing the duration of the curing
cycle. It is not excluded the possibility of occurrence
of reactions of coupling of methyl group of phenolic
compound with free phenol by the mechanism given
in Fig. 4.

As a result of these reactions, a strong polymer
with a large number of methylene bridges is formed
with an activation energy of 57.3 J/kmol. Another
reaction for two methylene groups with water release
and formation of methyleneether bond is known from
literature data (Fig. 5).

However, the absence of an absorption band at

rules out the possibility that the methyl groups react
with each other.

To compare the structures of LBS-4 binder cured
by infrared and finite heating, the samples were
examined by X-ray diffraction method on a
DRON-1.5 diffractometer (Figs. 6 and 7, Table 1).

The analysis of the presented data shows the
following:

— the presence of one interference maximum
indicates the absence of crystalline structure of the
cured oligomer;

— the similar profiles of two X-ray patterns
imply identical processes;

— a sharper maximum of the X-ray patterns of
the sample cured under infrared heating indicates the
intensification of the cross-linking process of
macromolecules and an increase in their quantity;

— the large sizes of the ordering regions are also
caused by the intensification of the processes of
macromolecule interaction and cross-linking under
IR heating. Consequently, X-ray studies confirm the
fact of more intensive development of synthesis reaction

11.60-10* m™" in the spectrum of the approved oligomer during polymer binder curing under the influence of
OH H
CH->OH H.OH HO
+ —> + HO
CH 20

Fig. 3. Mechanism of reactions
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IR irradiation in comparison with convective heating,
proceeding without qualitative changes in the final
reaction products.

Influence of infrared heating on the curing of
fiberglass plastics based on LBS-4 binder

Manufacturing modes of fiberglass plastics based
on the most widely used LBS-4 resins were investigated.
Application of layer-by-layer forming of fiberglass
plastics with infrared heating with the help of tubular
electric heater (TEHSs) and halogen incandescent lamps
(GIN) allowed producing materials with physical-
mechanical and thermophysical properties and structure
similar to serial fiberglass plastics obtained by
convective heating, but with a significant reduction in
the duration of the curing process. The evaluating
factor in choosing the preferential curing mode was
the interlayer shear strength as the most fully
characterizing the adhesion between the filler and
binder composites.

Glass-reinforced plastics (KT-II-TOA+LBS-4)
were cured at temperatures 370, 390, 410, 430, 450 K
for t=1.8-10° s when exposed to infrared radiation
using halogen incandescent lamps (Table 2).

Analysis of the obtained data shows the followng:

— a temperature increase up to 430 K causes an

increase in the breaking forces;

— an increase in the Pp value is non-monotonic;
the breaking forces decrease with increasing the
temperature up to 450 K;

— the irradiation mode at 430 K seems to be
optimal.

The kinetics of the curing process at the optimum
heating temperature of 430 K was investigated
(Table 3).

The following conclusions can be drawn from
the analysis of the data:

— increasing the curing time first increases (up
to t=1.8-10° s) and then decreases the value of
interplanar bond strength;

— processing time t=1.8-10° s should be
considered optimal, it provides Pp=1540 N;

— breaking forces of samples cured by convective
heating are 1480—1520 N, curing time being 12-10°s.

Comparison of the values of tensile forces after
material treatment by infrared irradiation and convective
heating indicates a significant intensification of the
process: the time of IR treatment is reduced by
10—14 times, providing the strength of the material
by ~10% higher than the strength obtained by standard
technology. Thus, the following optimal mode of

Table 1
Experimental data of X-ray diffraction studies of LBS-4 oligomer samples cured by IR and convective heating”

Heating Parameters

method S-1072 H-102 | B-102 | B(rad) | 260, (degree) | L-107 (m)

infrared 78.4+54.8

heating 78+54.2 11.5 11.52 0.168 7.68 0.839

77.2+55

convective OLI+55.8

heating 90+55.4 11.6 12.25 0.178 8.17 0.789

89.7+55.2

Note: * — S is the area under the curve established by planimetry; h is the height of the interference maximum; B is the broadening
of the X-ray interference line; B is the broadening; 26 is the angle of scattering of X-rays; and L is the size of the ordering region.
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Fig. 6. XRD-pattern of LBS-4 binder samples cured by
infrared heating
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Fig. 7. XRD-pattern of LBS-4 binder samples cured by
convection heating
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curing at infrared heating is proposed: temperature of
430 K and time of 1.8-10° s. It provides obtaining the
maximum strength of the composite of 1540 N.

Table 2
Breaking forces of FRP samples after curing at different
temperatures (t=1.8-10° s)

Temperature, K | 370 | 390 | 410 | 430 450
Pp, N 320 | 610 | 1360 | 1540 | 1320
Table 3

Breaking forces of FRP samples after IR curing at 430 K
at different process duration

Curing
time 10°, s 0.6 1.2 1.8 2.4 3.6
Pp, N 1280 | 1370 | 1540 | 1310 | 820

The mechanism of the discovered phenomena
is as follows. At infrared irradiation, the processes of
heating and curing are combined, due to which the
time of molding is sharply reduced. In the case of
convective treatment, heating and curing processes
develop sequentially, one after the other. Since the
thermal conductivity of the composite is low, it is
heated sequentially from the surface to the center of
the workpiece, accordingly, after heating to a critical
temperature, the curing of the composite begins. The
resulting temperature gradient across the cross-section
of the workpiece gradually decreases, lengthening both
the through heating time and the duration of the
curing process. IR heating intensifies the curing process
due to the effect of the hn quanta energy on the
development of chemical reactions between
macromolecules, i.e. photochemical interaction
processes occur. If the second mechanism takes place,
it can be expected that the change of the hn value
during IR heating should influence the curing process.
To obtain confirmatory data, infrared processing was
carried out using halogen incandescent lamps (HIL),
tubular electric heaters (TEH), and infrared mirror
heaters (IMH). The studies were carried out on fiberglass
samples prepared by layer-by-layer molding. Curing
by infrared heating of preformed samples was carried
out on mandrels made of aluminum. Each layer was
irradiated for (6—9)-103 s, and the dwell time of the
last layer was (1.8—2.4)-103 s. Two-, four-, eight- and
twelve-layer specimens were fabricated in this way.
The fiberglass samples were tested for tensile strength
(Table 4).

The following conclusions can be drawn from
the given data:

— the most effective is curing at infrared heating
with the help of halogen incandescent lamps, as for

Table 4
Breaking forces of FRP samples after curing by infrared
heating
. Irradiation Breaking | Number
Transmitter

type mode - forces, of

T,K | 1107 s P,N samples
HIL 430 1.8 1540 9
HIL 430 1.2 1063 9
TEH 430 2.7 1365 11
TEH 430 2.4 1477 11
IMH 430 1.8 1080 11

less processing time (t=1.8-10° s) than at irradiation
with TEHs, the greatest value of breaking force of
samples of 1540 N was obtained;

— processing time plays a significant role, the
optimal time for HIL was t=1.8-10° s; while it was
t=2.4-10° s for TEH;

— the effect of IMH irradiation is the least
noticeable.

The experiments confirmed the feasibility of
the second mechanism: infrared irradiation causes
photochemical reactions between macromolecules,
accelerating their cross-linking.

To develop the technological process of fiberglass
plastic curing, the samples treated by different methods
were investigated by thermogravimetric and X-ray
diffraction methods. Mechanical tests were carried
out, and the density of the material was determined.
Thermograms (Fig. 8) of LBS-4 FRP with filler
KT-11-TOA after treatment by infrared heating and
convective curing are qualitatively similar, but
DTA-curves have quantitative changes, namely: the
temperature of the beginning of decomposition of
samples treated by infrared irradiation is 30 K higher
in relation to the temperature of the beginning of
decomposition of the thermally cured sample.

The mechanism of the process is as follows: less
energy is required for the destruction of thermally
cured samples than for those treated by IR heating,
since the latter have a noticeably larger number of
methylene «bridges» than cross-linked
macromolecules, which are more difficult to destroy
when heated. After convective heating, macromolecules
have a smaller number of «bridges», so less heat is
required for their destruction, destruction occurs at
lower temperatures.

The feasibility of the assumed mechanism is
confirmed by the second fact: the DTA-curve for the
thermally cured sample is lower than the DTA-curve
for the sample treated by infrared irradiation, i.e. the
area under the DTA-curve of the sample cured by
convective heating, proportional to the total energy
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consumption for its destruction, turned out to be
smaller. The appearance of a negative extremum, a
minimum on the DTA curve, for the sample after
infrared treatment, indicating energy absorption, is
also characteristic. It is caused by the expenditure of
energy coming from heating the sample to break the
«bridges» on the cross-linked macromolecules, i.e.
heating energy. Finally, the fourth fact: the loss of
mass during sample degradation occurred at lower
temperatures, because macromolecules had fewer cross-
links, while the destruction of Van der Waals bonds
in samples obtained by convective heating requires
much less energy.

X-ray studies (Fig. 9, Table 5) showed the
following. After IR heating (HIL), the ordering regions
increased by 11% compared to the samples obtained
by convective heating; TEH treatment was less effective
compared to HIL and the difference with control
samples was 9%. The results obtained confirmed the
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d

above-mentioned findings. Infrared treatment, being
not only a source of thermal energy, but also a way to
influence the substance through the development of
photoreactions, intensified cross-linking of
macromolecules and obtaining larger formations,
ordering regions.

The intensity of the interference maximum was
greater in the samples treated by convective heating.
During convective heating, the cross-linking process
occurred, as shown above, sequentially and less
intensively, resulting in a larger number of cross-
linked macromolecules of smaller sizes compared to
samples treated with infrared heating. Therefore,
X-rays reflecting from more micro-objects interfered
to produce a higher maximum.

The variation of the curve with a single intensity
maximum as a function of angle 20 indicates the
absence of crystallinity in the material structure. It is
close in its character to the intensity curve of liquids

DTG

DTA

b

Fig. 8. Thermograms of fiberglass LBS-4 KT-11-TO-A: (a) cured by infrared heating; and (b) cured by convective heating

Table 5
Experimental data of X-ray diffraction study of fiberglass plastic samples based on LBS-4 binder
Heating Parameters
method S-107 H-107 B-10 B (rad) 20,0 (degree) | L-107 (m)
Infrared
heating 55.4 4.3 12.88 0.187 20.8 1.506
HIL
Infrared
heating 92.0 7.0 13.15 0.191 20.5 1.477
TEH
C‘ane.‘mve 99.6 133 14.28 0.208 20.7 1.356
eating
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or amorphous bodies. As shown above, crystallinity
occurred during magnetic treatment, when cross-
linking of macromolecules occurred, lining up in
certain directions with the formation of long-range
order in the structure of the material.

During convective heating, thermal motion
prevented macromolecules from cross-linking into
massive chains. IR heating promoted some increase
in the size of macromolecules at cross-linking, but
not to such values that there was a long-range order
in the arrangement of molecules. This explains the
obtained shape of the intensity curve. Thus, the study
of the structure of the samples by X-ray diffraction
method confirmed the above results of IR spectroscopy
and derivatographic studies, as well as the proposed
on their basis mechanism of curing and cross-linking
of molecules.

The results of physical and mechanical studies

of the samples are presented in Table 6.

The data presented in Table 6 show that IR
heating provides higher strength of the samples after
curing. The density of the material was higher after
convective heating due to the formation of a larger
number of smaller macromolecules.

Thus, IR heating, significantly intensifying the
cross-linking of molecules due to the reported energy
and photochemical reactions, allows reducing the
duration of curing by 5—10 times in comparison with
convective heating and is the basis for the development
of progressive technology of glass-reinforced plastics
molding.

Conclusions

Based on the analysis of IR transmission spectra
of LBS-4 binder samples, it was found that curing by
IR heating produces a strong polymer with more
methylene bridges than convective heating. The
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Fig. 9. XRD-patterns of LBS-4+KT-11-TO A FRP cured by convective heating (a); TEH cured by IR heating (b);
and HIL cured by IR heating (c)
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Table 6
Results of physical and mechanical investigations of fiberglass plastic samples on LBS-4 binder
. Number of .
Piﬁgfﬁ(s;;g layers of glass p-107, kg/m’ | Degree of curing Tensﬂf/ls;;ength, N;:Elt;elz:f
fabric
2 1.34 99.1 20.09
Infrared heating 4 1.36 98.5 19.86 7
HIL 8 1.41 98.2 19.94
12 1.42 97.4 20.06
2 1.27 98.5 19.74
Infrared heating 4 1.31 98.3 19.78 7
TEH 8 1.37 97.9 19.89
12 1.41 97.5 19.52
2 1.52 98.3 19.21
Convective 4 1.54 98.2 19.65 7
heating 8 1.62 98.0 19.52
12 1.68 97.9 19.75
intensity of the curing process is higher at IR heating, REFERENCES

which allows reducing the duration of the curing cycle
according to the standard technology.

X-ray studies confirm the fact of more intensive
development of the synthesis reaction during curing
of polymer binders under the influence of IR irradiation
in comparison with convective heating.

The optimal time of binder curing under IR
heating has been experimentally established
(1.8-10° s), which provides the greatest value of breaking
force of samples (1540 N). The use of IR treatment
reduces the curing time of the composite by 6—7
times, providing the strength of the material by 10%
higher than that obtained by the standard technology.

Two mechanisms of the investigated phenomena
are established: heating and curing processes at IR
heating are combined, due to which the time of
molding is sharply reduced. IR heating intensifies the
curing process due to the effect of hn energy quanta
on the development of chemical reactions between
macromolecules.

Experimental results showed the expediency of
IR heating application at manufacturing of heat-
protective fiberglass plastics based on phenol-
formaldehyde binders, as it will allow reducing the
duration of the curing cycle, providing energy efficiency
of the process, and increasing the strength and heat
resistance of materials.
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BUT'OTOBJIEHHA CKIIOIIJIACTHUKIB I3
BUKOPUCTAHHAM IH®PAYEPBOHOI'O
HATPIBAHHS

T. Manvko, 1. I'ycaposa, K. Kosic, I. Cyxa, O. 3aiinyk,
K. Cyxui

JlaHe JoCITiIKeHHST TIPUCBSTYEHE aHaTi3y TEXHOJIOTIT CTBO-
PEHHSI TOJIMEPHUX KOMITO3UILIMHUX MaTepialliB, apMOBaHUX
CKJIOBOJIOKHOM. BHCOKi BUMOTH aepOKOCMIUHOI rajysi 10 ma-
TepialliB 3poOWJIM CKJIOIJIACTUKU 3aTpeOyBAaHUMM 3aBISIKU X
CTIMKOCTI A0 KOpoO3ii Ta ONTUMAaJbHOMY CITiBBiIHOIIEHHIO
MILIHOCTi i Baru. Y poOOTi pO3IJITHYTO OCHOBHI KOMITOHEHTU
KOMITO3ULIIMHUX MaTtepiajliB Ta iX BJIacTUBOCTI. [leTajbHO oxa-
pakTepu3oBaHO (eHospopMaNbIeTiIHI CMOJM, SKi IIHUPOKO
BUKOPUCTOBYIOTBCSI SIK MaTpULSl JUISI CKJIOTUIACTUKIB y pa-
KETHO-KOCMIiuHiil TexHini. OcobiuBy yBary MnpuaiJieHO
BUBYEHHIO T€pMOMEXaHiIUHiil CTIHKOCTI KOMITO3MTIiB, siKa
BU3HAUa€ iX Npaue3gaTHICTb B €KCTpeMaJbHUX YMOBax.
3Ha4YHY 4YaCTUHY AOCJHIJXEHHS TPUCBSIYEHO Ipolecam
Olep>KaHHS Ta TBEPAHEHHS KOMIO3ULIMHMUX MartepiaiiB. [1po-
aHaJIi30BaHO pPi3HI METOAM TBEPAHEHHS 3 aKLEHTOM Ha
e(heKTUBHICTb BUKOPUCTAHHS iH(PpauepBOHOTO BUITPOMiHIOBaH -
Hsl. BcTaHoBIeHO, 1110 3aCTOCYBaHHS iH(pauepBOHOrO HarpiBaH-
HSI JO3BOJISIE 3HAYHO MOKpAIIUTU (Di3UKO-MeXaHiuHi BJIacTH-
BOCTi KOMITO3UTIB i CKOPOTUTM Yac Ha iX BUPOOHMIUTBO.

Kumouosi cjioBa: aBialiiiiHa Ta pakeTHO-KOCMiuHa TeXHiKa,
NMPOEKTHI TMapaMeTpu, KOMMNO3UILIiHI MaTepiaau,
deHondopmanbaerigHi cmonau, (¢izuKo-mMexaHiuHi Ta
Terutohi3MUHI XapaKTepPUCTUKHU, iH(ppauepBOHEe HarpiBaHHSI.
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This study analyzes the technology for creating polymer
composite materials reinforced with glass fiber. Particular attention
is given to their applications in the aerospace industry, where
stringent requirements for strength, corrosion resistance, and
specific strength render these materials indispensable. The main
components of composite materials and their properties are
examined. Phenol-formaldehyde resins, widely utilized as a matrix
for fiberglass plastics in rocket and space engineering, are studied
in detail. The thermomechanical resistance of composites, a critical
factor determining their performance under extreme conditions,
is highlighted. A significant part of the study focuses on the
production and curing processes of composite materials. Various
curing methods are analyzed, with a focus on the effectiveness of
infrared radiation. The findings establish that infrared heating
significantly enhances the physical and mechanical properties of
composites while reducing production time.

Keywords: acrospace and rocket-space engineering; design
parameters; composite materials; phenol-formaldehyde resins;
physical-mechanical properties; thermophysical characteristics;
infrared heating.
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