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CTPYKTYPA MCBOWVCTBA
NMMEKOT SHAUHEHNE

COBPEMEHHBIE NOAXOAbl K TEM/I0OBOW 3AWUTE BECMNNOTHbLIX
NETATEJIbHbIX ATTTTAPATOB

STRUCTURE
AND PROPERTIES MATTER

MODERN APPROACHES TO THERMAL PROTECTION OF UNMANNED
AERIAL VEHICLES

MNasen NBAHULLWNH, HavyalbHMK HBYYHO-MCC/1e40BaTe/IbCKOro otaena
PMYMN «3aBof TOYHOW 3NEeKTPOMEXaHNKN>, KaHAnAAT TEXHUYECKNX HayK

Banepwuii MYTNH, BeagyLwmii HayuHbli COTPYAHUK
Hay4HoO-uccnegoBaTensckoro otgena PMYM «3asog TOYHOM’
3/1eKTPOMEXaHUKN», KaHANAAT XUMUYECKUX HayK

Enena AJIEMHVUKOBA, HayuHblli COTPYAHNK

Hay4Ho-uccnegosaTenbckoro otgena PMYM «3asof TOUHOM’
3N1EeKTPOMEXAaHUKM>», acNupaHT

Ycnosus akennyaTaunun 6ecnunoTHbIX NeTaTelbHbIX
annapaToB (BJ1A) co3galoT cepbe3Hble NpobemMbl pa3pa-
60TUMKaM B Bornpocax obecneveHns paboTocnoco6HOCT U
60pTOBOI annapaTypbl B 3KCTPeMasibHbIX YC/TOBUSAX ee
akcnnyaTaumn. OgHON U3 HUX SABMSETCS aspognHamMmumye-
CKWUIA HarpeB Hapy>KHbIX MOBEPXHOCT e, NPUBOASALLNIA K Ha-
rpeBy 60pT0BOl annapaTypbl BJ1A.

B faHHOW cTaTbepaccMOTPeHbI TPaAUNLMOHHBbIE MOAXO-
bl Kpa3paboTKe U Ha3eMHOI 3KCNepUMeH T a/lbHOM 0T pa-
60T Ke Hapy>KHOro Ten/i0BOro NOKPbITUSA BbICOKOCKOPOCT -
Horo BJ1A, KOTOopble MOryT 6bITb MPUMEHEHBI K LUMPOKOMY
Ksiaccy 6ecrnmnoTHUKOB CaMOJ1Ie THOM0 M pake THOro TUMoB.

AnA 3aWnTbl 3/71IEMEHTOB KOHCTPYKL WU, paboTatoLlwmx BycC-
NIOBUAX MOBbILWEHHbIX TemnepaTyp U BO34eNCTBUA BbICOKO-
TeMmnepaTypHbIX ra3oBbIX MOTOKOB, MPUMEHAIOTCA HaPY>XXHble
Tenno3awuTtHble nokpbiTua (T3M). OT nx achpPeKTUBHOCTU
3aBUCUT HAAEXXHOCTb U NPOAO/DKUTENBHOCTL aKCnayaTauumn
COOTBETCTBYHOWMX nsgenuii. MpumeHeHue T3MN cnocobHO He
TONIbKO Y/IYULIUTb OTAe/IbHble 3KCMyaTaynoHHble XapaKkTe-
PUCTUKN KOHCTPYKLUNNA (TEXHUKMN), HO U 3alUTUTL N3genmns
OT BOCM/1IaMeHEeHUS.

[eno B TOM, YTO TemnepaTypa Ha BHELUHUX NOBEPXHOCTAX
BJTA npu UX ABMXXEHUN Ha BbICOKUX CKOPOCTAX B MAOTHbIX
cnosix atmocdepbl 3a cHeT aspoAMHAMMYECKOro Harpesa f0-
CTUraeT HECKOJIbKNX COTEH, a MHOTrAa 1 TbiCAY rpagycoBs, 3Ha-
UNTENIbHO MpeBblllas He TONIbKO TeMnepaTypbl pas3/sioXXeHus
BCEX OPraHMYecKnx BeLecTB, HO U TeMNepaTypbl NU3MEeHeHNs
PN3NYECKOT0o COCTOSAHUA MHOTMX HEOPraHN4YeCcKnux orHeynop-
HbIX MaTepuanoB. JKcnayaTaumsa n3genuii asBnalnoHHom, pa-
KETHOMN 1 KOCMNYECKO TEXHMKN BO3MOXHA TO/IbKO 61arogaps
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The operating conditions of unmanned aerial vehicles
(UAVs) pose significant challengesfor designers in ensuring
thefunctionality ofon-board equipment in extreme environ-
ments. One such challenge is aerodynamic heating ofthe out-
ersurfaces, which leads to increased temperatures affecting
the on-board equipment of UAVs.

This article discusses traditional approaches to the devel-
opment and ground-based experimental testing o fexternal
thermal coatingsfor high-speed UAVs, applicable to a wide
range ofboth aircraft-type and rocket-type UAVs.

Externa! thermal protective coatings (TPCs) are essential
for safeguarding structural elements exposed to elevated
temperatures and high-temperature gas flows. The reliabil-
ity and service life of UAVs depend significantly on the effec-
tiveness of these coatings. By using TPCs, it is possible not
only to enhance specific performance characteristics of UAV
structures but also to protect them from ignition.

During high-speed flight in dense atmospheric layers, the
aerodynamic heating of UAVs' external surfaces can reach
several hundred to thousands of degrees Celsius, far exceed-
ing not only the decomposition temperatures of organic sub-
stances but also the temperatures at which many inorgan-
ic refractory materials undergo physical state changes. The
operation ofaircraft, rocket, and space technologies is there-
fore feasible only through the application of various protec-
tive methods, equipment, and materials, including TPCs.

The most effective way to manage the thermal load and
temperature gradient between the hot environment and UAV
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MCMOMb30BaHUIO Pa3/INYHbIX METOAO0B, 3aLllUTHbLIX CPEACTB U MaTepunasnos,
BTOM yucne v T3M.

Hanb6onee achpeKTUBHO TEN/IOBO U TeMNepaTypHbIA nepenag mexxay
ropsJyer cpefol U KOHCTPYKLUMEN fOCTUraeTcs 3a cyeT paspyluaroLmnxcsa
(abnAunOoHHBIX) MaTepuasnos. locne noraoweHns Tenna B HUX NpoxoaaT
MHOrO4YNCNIEHHbIE 3HEPTrOEeMKNE 3HAOTEPMMYECKME NnpeBpaLleHns. Bsanmo-
felicTBne BbICOKOCKOPOCTHOIO NOTOKA C ab/IALMOHHBIMW TeNA03aWnTHbI-
Mn matepuanamn (T3M) conpoBo>kaaeTcs YHOCOM ero mMaccel. lpoucxoant
norsoLlLeHne N paccemBaHme Ternaa c aBToMaTU4eCcKUM peryimposaHnem
TeMmnepaTtypbl abnaunn, 4To 3HaYUTEs/IbHO OrpaHnYnBaeT Tens10BOM NOTOK,
nocTynarmuwmni K sawuuiaemMor KOHCTPYKLNN.

M xoTs abnsiuMoHHas cuctema Ten103almnTbl B BECOBOM OTHOLIEHUN BECb-
Ma achpekTMBHA, 0O4HAKO OHa AB/iSeTca oaHOpPa30Boli. PaboToCcnoco6HOCTb
abnAaAunoHHbIX T3M ncuncnsieTca MMHyTamMu, a MHorga n cekyHgamu. MNpu-
yeM Npu ASINTENIbHOM BO3eNCTBUN TEMNN0BOro NoToka aeKTUBHOCTb T3M
CHMXKaeTcs, yBe/InunsasiCb C NOBbILLEHNEM TeMMnepaTypbl paboyei cpefbl.

Ceiivyac B KayeCcTBe OCHOBHbIX abNALMOHHbIX TENN03alUTHbLIX MaTepua-
JI0B UCNONb3YIOTCA KOMMO3ULMM HA OCHOBE NOJIMMEPOB, NpeacTasasoumne,
Kak NpaBnio, CNOXHble MHOTOKOMIMOHEHTHbIE cCUCTeMbl. He Bce hn3nko-
XnmMunyeckue npespaweHns B T3M 1 He BCe KOMMNOHEHTbI, BXOAsLLME B €ro
cocTaB, O4MHaKOBO B/AVSAIOT Ha CyMMapHble XapakTepucTuku npotecca
paspylleHns — CKOPOCTb paspyLlleHns nian temnepaTypy paspylwatouieii-
cA noBepxHocTU. Ona ob6ecneyeHnss HEO6XO0ANMOIA 3PO3NOHHOW CTOMKOCTN,
Tenso3awWuTHbIX CBONCTB, MEXaHUYECKON NPOYHOCTU N COXPAaHEHUSA 3TUX
CBOWCTB B Te4eHWe A/INTENIbHOIO Nepmoja BaXkKHY0 posib UrparoT HaMoHN-
Tesn, CNOCO6CTBYIOLLLNE U3MEHEHNIO (DU3NKO-MEXaHNYECKUX, Tenaopunan-
YEeCKUX N APYTUX CBONCTB KOMMNO3ULNOHHbLIX MaTepmnasnos.

B HacToAuwee BpeMAa 60/blIOe BHUMaHNe ygensetcsa paspaboTke T3M
CpaBHUTENIbHO HU3KOW NNOTHOCTM (<1000 kr/m3). 3Tn paboThbl BeAyTCs KakK
B cpepe noslyyeHns NeHUCTbIX MaTepuasioB ¢ NPUMMeHEeHUEM XUMNYECKNX
neHoo6pasosaTtesieid, TaKk 1 UCMOJb30BaHUA JIEFTKUX Hano/IHUTeNen, rnas-
HbIM 06pa3om dheHonopopmMmanbAernaHbiX, CTEKIAHHbIX, KpEMHE3EMHbIX
M ApYyrux MmkKpocdep, a Tak>ke nosibiX BOJIOKOH U NPOAYKTOB rnepepaboTKu
ApeBecuHbl. MaTepuarbl, cogep>kalne MMKpocepsl, NoayyYnsin HassaHue
«CUHTaKTHbIX NeH».

CnepyeT OTMETUTb, YTO NPOAYKTbI NEPBOro TUMNa 3HauYnTesIbHO ycTynaroT
CUHTaKTHbIM NeHaM Mo CNO0CO6HOCTM NPOTUBOCTOATL BbICOKOTEMMepaTyp-
HOMY asapoAnHamMmnyeckomy Harpesy. [Npo6siema CHUXeHNA NoTHocTM T3M
CTOUT O4YeHb OCTPO, TaK KakK C Hell cBA3aHa npobsiema yBesniMyeHus nosnes-
HOro rpysa aBnaLMOHHOro nusgenus. Ho peweHne, no3sonstoLlee co3gaTb
TennosaluTHOE NOKPbITUE HU3KOWM NAOTHOCTU, HaleHO.

Vicxopa ns tpebosaHunii, npeabasisieMblX K TEMN03alLUTHOMY MOKPbLITULO,
B KayecTBe NOJIMMEPHOro cBA3ytoLero ansa cosgaHmsa T3l 6bina BbibpaHa
3rnokKcmaHas cmosia — CMeCb CMOJIbl HA OCHOBE AUTIULUANNO0BOTO adupa
6ucdeHona A co cmonoin gnrnnunamnoeoro acpupa 6ucteHona F. B cmone
Ha OCHOBe AUTrAnUMANNoBOro adgmnpa 6uceHona Farombel pTopa 3ameLya-
10T aTOMbl Bogopoaa B 6eH30/1bHbIX KosibLax 6ucdeHona A. IMEHHO aToMbl
Topa nosbIWaT TeMNepaTypy CTEK/I0BaHUA, peaKLMOHHYI CNOCOBHOCTb
M aaresvto K matepmanam pas/iMvyHon XMMNYecKon Npnpoabl JaHHOro Bnaa
cMOnbl. [Nna oTBEpPXAeHUSA KOMMNO3ULMN UCMOoMb30BaNn oTBepAnTeNb Tuna
TIOTA (TpUaTunNeHTeTpamuH).

TennousonnpyroLwmMmMm N apMuUpyoLWmMMmm KOMMNoHeHTaMu1 415 co3jaHuns
BbICOKOTEMMNEPATYPHOIr0 KOMMO3NLMOHHOIO TEMNION30ALMOHHOIO MOKpPbI-
Tma (TUM) cTanm nonble cCTeKkAAHHbIe MUKpOcdepbl N yrnepoaHble BOMTOKHA,
ob6nagarome oT/IMHHON TEPMOCTOMKOCTbLIO M YCTONYMBOCTLIO K TEM/I0OBOMY
Hanps>KeHUto B MaTepuasax, nogsepraemMmbiX pe3skKumM M3MeHeHUsAM Temne-
patypbl. Takme MnKpocdepsl 4atoT BO3MOXHOCTb MPOM3BOACTBA MPOAYKTOB
C HU3KO NNIOTHOCTBLIO C Y/TyULLEHHbIMW CBOWNCTBaAMN U XapaKTepucTukamm,
MOCKOJIbKY 06/1a4at0T MIOTHOCTbLIO NPUGAN3NTENLHO 1/5 60/bLLUVMHCTBA Tep-
MOpeaKTUBHbIX CMO/. [pn paBHbIX 3HAYEHUAX MaccChl, NOJible MUKpOCcdepbl
3aHMMaloT NMoYTU B NATL pas 60siblle 06bema, YemM CMOS1a, MO3BOSIASA CHMXKATb
Maccy coefiJMHEHUS, KOJINYECTBO /1IeTyUnX OpraHnyeckKnx BeLLecTs U CTOU-
MocTb. OHU TakXKe obecneydmBaloT Apyrve rnosiesdHble CBONCTBA, TakKme Kak
noBblLlLeHHAas ygapHasi NPOYHOCTb, YNyUlleHHble Tern/1I0N30/IALNOHHbIE Xa-
paKTepuUcTUKM N Nlydllee CONPOTUBJIEHUE TEMJIOBOMY yaapy.

MpuHynn pa6oTbl T3, HANO/IHEHHOTO MNO/bIMM MWUKpocdepamun, 3a-
K/lloyaeTcs B CO3[4aHUM UMW TenJioBOro 6apbepa: Yem Bbllle MPoLeHTHOoe
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structures is through the use of degradable
(ablative) materials. These materials absorb heat
and undergo multiple energy-intensive, endo-
thermic transformations. The interaction of a
high-speed flow with ablative thermal protective
materials (TPMs) leads to the gradual removal
of the material's mass. This process absorbs and
dissipates heat while automatically regulating
the ablation temperature, which limits the heat
flow entering the protected structure.

Although ablative thermal protection systems
are highly effective in terms of weight, they are
single-use. The operational lifespan of abla-
tive TPMs is measured in minutes, and some-
times even seconds. Furthermore, with pro-
longed exposure to heat flux, the effectiveness
of TPMs decreases, and this decline accelerates
as the temperature of the working environment
increases.

Currently, polymer-based composites, typi-
cally complex multicomponent systems, serve as
the main ablative thermal protective materials.
However, not all physical and chemical transfor-
mations in these TPMs and not all components
of their composition have the same impact on
the destruction process, including destruction
rate and surface temperature. Fillers play a vital
role in ensuring erosion resistance, thermal pro-
tection, mechanical strength, and the retention
of these properties over extended periods. They
also contribute to alterations in the physical,
mechanical, thermal, and other properties of
composite materials.

Currently, considerable attention is focused
on developing low-density thermal protective
materials (<1,000 kg/m3). This research includes
efforts to produce foam materials using chemical
foaming agents and incorporating lightweight
fillers, such as phenol-formaldehyde, glass, silica
microspheres, hollow fibres, and wood by-prod-
ucts. Materials containing microspheres are
known as syntactic foams.

It is worth noting that conventional foam
materials are significantly inferior to syntactic
foams in their resistance to high-temperature
aerodynamic heating. Reducing the density of
TPMs is a critical challenge because it direct-
ly impacts the payload capacity of an aircraft.
However, recent developments have led to the
creation of low-density thermal protective coat-
ings that help address this issue effectively.

Based on the requirements for thermal pro-
tective coatings, an epoxy resin—a mixture of
resin based on diglycidyl ether of bisphenol A
and diglycidyl ether of bisphenol F—was chosen
as the polymer binder for the thermal protec-
tive coating. In the diglycidyl ether of bisphenol
F, fluorine atoms replace hydrogen atoms in the
benzene rings of bisphenol A. These fluorine
atoms increase the glass transition tempera-
ture, reactivity, and adhesion of this resin type
to materials of various chemical compositions.
The resin was cured using a triethylenetetramine
(TETA) hardener.

The thermal insulation and reinforcing com-
ponents used in creating a high-temperature
composite thermal insulation coating are hollow
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Puc. 1 3neKTpOHHO-MUKpPOCKONunye-
ckoe nsobpaxkeHue obpasuya Tennosa-
LMTHOro MaTepuasna Ha OCHOBE CMOJlbl
anrnvymnannosoro acvpa 6uceHona

A/F c oTBepguTenem TOTA

Fig. L Electron microscopic image of
a thermal protective material sample
based on bisphenol A/F diglycidyl
ether resin with TETA hardener.

HamnoJsIHeHMe NOJIbIMU CTEKASHHbIMU MUKpOcepamun, TeEM MeHbLLe 06beM-
HbIli BEC U MeHbLUEe 3Ha4YeHne rnaBHOro napameTpa Ten/0n3o0sIALUOHHOIO
NOKpPbITUA — KO3ppUymeHTa Tens1I0NPoOBOAHOCTHU.

BTOpoVi KOMNOHEHT HaMO/HUTENA — YrNepoHble BO/IOKHa — Mo cpaBHe-
HUIO C 0ObIYHBIMW KOHCTPYKLMOHHBIMW MaTepuanamu (Hanpumep antomMn-
HUEM UNK CTaNblo) 06/1a4al0T HEKOTOPbIMU BECbMa MNOJIE3HbIMU CBOMCTBaMMU.
OHUN UCKTIOUYNTESNIBHO TEPMOCTOMKN: B UHEPTHbLIX Cpefax Wuaun B BaKyyme 0
3000 °C, Ha Bo3gyxe A0 450 °C. [1o TepMOCTOWKOCTN YyrnepoaHble BO/IOKHA
NPeBOCXOAAT BCE U3BECTHbIE XXapOCTOlMKMe BONIOKHUCTble MaTepuasnbl. Kpo-
Me TOro, yrsiiepogHoe BOJIOKHO M KOMMNO3UTbl HA €r0 OCHOBE MMEIOT OYeHb
HU3KNIA, NPaKTUYeCKN Hy1eBoON KOOI MPULNEHT IMHENHOIO pacllMpeHus, 4To
nenaeT yrnepoAHbli KOMNOHEHT He3aMeHNMbIM B HEKOTOPbIX CrieynasibHbIX
o6nacTax NpuMeHeHUs.

Ona nccnepoBaHUa MUKPOCTPYKTYPbl 1 cOCTaBa BCEX 3/IEMEHTOB U3-
Aenvsa 6bi1 NPpYUMeHeH MeTo/ CKaHUPYOLen 3/1eKTPOHHOM MUKPOCKONUN
C 3/1eKTPOHHO-30HA0BbIM 3HEProANCNEPCNOHHbIM PEHTIeHOM/IyopecLeHT-
HbIM XMMN4Yecknm aHannsom (SEM+EDX). Mpu 3ToM nMcnonb3oBann CKaHu-
PYHOLWNI 3NEKTPOHHbI MMKpockon JSM-5610LV ¢ cucTeMOM XMMMNYECKOTro
aHanmnsa JED-2201, JEOL.

CTpyKTypa oNnTUMM3NPOBAHHOIO MO COCTaBy, BUAY U KO/IMYECTBY KOMIMO-
HEHTOB BbICOKOTEMMNEPATYPHOro KOMNo3nynoHHoro TUIM Ha ocHoBe ANUrAun-
umagnnosoro acpupa 6ucceHona A/F c oteBepgutenem TOTA npuBegeHa Ha
puc. 1 B kayecTBe TEN/IOU3O0MALUNOHHBIX N apMUPYIOLWLUX HanosnHuTenemi
6bIIN UCNONb30BaHbl CTeKNSAHHble MuKpocdepbl (K-20), matepunan yrne-
POAHbIN U3MenbyYeHHbIn (M).

AHaNIN3 MUKPOCTPYKTYPbI MOJTYYEHHOr0 3KCNepuMeHTasibHOro obpasua
T30 nokasblBaeT, YTO NOKPbITUE NpeAcTaBAsAeT CO60M MNOJIMMEPHYO OCHOBY,
HamnoJ/IHEHHYO NOJIbIMW MUKpOCdepamun ¢ NpenmyLLecTBEHHbIM AMamMeTpoM
20-100 MKM 1 apMNPOBaHHYIO Yr/1iepoAHbIMU BOSIOKHAMU C NPeUMYLLLECTBEH-
HbIM AnameTpoM 5-7 MKM. CnegyeT oTMeTUTb AOCTATOYHO O4HOPOAHOE pac-
npegeneHne HanosiHUTenel, 60AbLIONM NMPOLEHT LieNblX MobiX MUKpocdep
1 Xopollee nepensieTeHNe apMUPYOLWNX YIepoaHbIX BOJTOKOH.

OnpepgeneHve NAOTHOCTU AAaHHOrO BMAa KOMNo3numoHHoro T3l Beco-
BbIM METOA0M MoKa3sblBaeT, YTO NOKPbITUE MMeeT NNOoTHOCTbL 0,6-0,7 r/cm3

Copep>kaHve MUHepasibHbIX HanosiHUTenen, TemnepaTtypbl NaaBAeHNNA
Y TEPMUYECKOTO Pa3/IoXKeHNs Ten/103aTHOro NOKPbLITUA onpeaensnu me-
TOAOM TEpMOrpaBMMeTPNUYecKoro aHanmsa n gudepeHumanbHON CKaHu-
pytowein kanopmumeTtpum (TGA/DSC) (TepmoaHanuTnyeckasa cuctema TGA/
DSC-1/1600 HF, Mettler Toledo Instruments).

Pe3ynbTaTbl TepMOrpaBMMeTPUYECKOro aHanmsa n guddepeHunanbHon
CKaHupytoLwei KaslopuMeTpmnm nosly4eHHOro NOKpPbITUSA TUNa 2 npu Harpese
A0 100 °C npuBefeHbl Ha puc. 2.

glass microspheres and carbon fibres, chosen for
their excellent thermal stability and resistance

to thermal stress in materials subjected to rap-
id temperature changes. These microspheres

enable the production of low-density products

with enhanced properties, as their density is

approximately one-fifth that of most thermoset-
ting resins. At equal mass, hollow microspheres

occupy nearly five times the volume of res-
in, which reduces the weight of the compound,
the amount of volatile organic compounds, and

production costs. Additionally, they offer other
valuable properties, such as increased impact

strength, improved thermal insulation, and

enhanced resistance to thermal shock.

The principle of operation for a thermal pro-
tective coating filled with hollow microspheres
is based on the formation of a thermal barrier.
The higher the percentage of hollow glass micro-
spheres in the coating, the lower the bulk density
and thermal conductivity coefficient, which is a
critical parameter for heat insulation.

The second component of the filler—carbon
fibres—provides valuable properties compared
to conventional structural materials like alu-
minium or steel. Carbon fibres are highly ther-
mal resistant, withstanding temperatures up to
3,000 °Cin inert environments or vacuum, and
up to 450 °C in air. In terms of heat resistance,
carbon fibres surpass all known thermal resist-
ant fibrous materials. Additionally, carbon fibre
and its composites exhibit a very low, nearly zero
coefficient of linear expansion, making it indis-
pensable in specific applications.

The microstructure and elemental composi-
tion of all product components were examined
using scanning electron microscopy (SEM) com-
bined with energy-dispersive X-ray spectroscopy
(EDX). A JSM-5610LV scanning electron micro-
scope equipped with a JED-2201 energy-disper-
sive X-ray analysis system, both from JF.OL, was
used for this study.

The structure of the high-temperature com-
posite thermal insulation coating based on digly-
cidyl ether of bisphenol A/F with TETA harden-
er and optimised in terms of composition, type,
and quantity of components, is shown in Fig. 1
Glass microspheres (K-20) and ground carbon
material (M) were used as thermal insulation and
reinforcing fillers.

Microstructural analysis of the experimen-
tal thermal protective coating sample reveals a
polymer matrix filled with hollow microspheres
predominantly 20-100 pm in diameter and rein-
forced with carbon fibres predominantly 5-7 pm
in diameter. The fillers are distributed quite uni-
formly, with a high percentage of intact hollow
microspheres, and the reinforcing carbon fibres
are well-interwoven.

Density determination of this composite ther-
mal protective coating by the gravimetric method
indicates a density 0f0.6-0.7 g/cm3

Thermogravimetric analysis and differential
scanning calorimetry (TGA/DSC) were employed
to analyse the thermal protective coating, specif-
ically to determine the content of mineral fillers,
as well as the melting temperatures and thermal
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Pe3ynbTaTbl TepMOrpaBMMeTpUYeCcKOro aHainsa v gunddepeHumnanbHoh
cKaHupyouien kanopumeTpun T3l nokasbiBaloT, YTO TeEpMUYECKOE pasno-
>XeHne rnosIMMepHOr OCHOBbI TEMJ103aLUTHOIO MOKPbLITUSA, CONMPOBOXKAAal0-
uieeca noTepeil Mmaccbl, HaUMHaeTca Npy TemnepaTtype okono 165 “C. NoTteps
Macchbl ngeT 0CTaToO4YHO paBHOMEPHO A0 TemrnepaTtypbl okono 316 °C, npu
3TOM TepsieTcs Bcero 5,7% maccbl NOKPbITUA. 3aTeM HauynHaeTcs cTagns
c 60o/1ee MHTEHCMBHOW NOTepPei Maccbl C MaKCMMasibHOM CKOPOCTbIO Mpu
Temnepartype 356 °C. Mpu Harpese Ao 600°C Tepsietca Ao 73 % ot ucxogHoii
Maccbl NOKPbITUA.

M3yyeHne Tenodmmnsnyecknx xapakTepucTuk akcrnepmMmeHTanbHbIiX 06-
pasuoB TeN/ION30AALNOHHBIX NMOKPbLITUIA (ganee — nccnegoBaHusa THX)
oCyLecTBAANN MEeTOA0M fla3epHO BCMbILWKN C UCMOJIb30BaHnem npubopa
4N onpejesieHUs TENOMNPOBOAHOCTU U TeMnepaTyponpoBogHoOCTU LFA
457 MicroFlash. Anckn nomewann B pabouyto Kamepy npubopa, rae Hux-
HSS1 NOBEPXHOCTb 06pa3ua HarpeBasiaCb KOPOTKUM Jfla3epHbIM UMIMY/1bCOM.
MiameHeHue TemnepaTypbl Ha BeEpXHe NOBEPXHOCTU obpasua perucTpm-
poBanocb C NOMOLbLIO MHPpPaKpacHoOro getekropa. PesynbTatbl nccneno-
BaHN T®X npmuBeaeHbl Ha puc. 3.

B pe3ynbTaTe uccnegoBaHma TOX akcnepMeHTaslbHbIX 06pa3uoB Tens1o-
N30MALNOHHbIX NOKPbLITUA YCTAaHOB/IEHO, YTO KO MUNLMEHT TeMnepaTypo-
npoBoAHOCTK obpasua B MHTepBane Temnepartyp 50-250 “C He3HauNTeNbHO
n3meHsietTca B gnanasoHe 0,12-0,15 mm2/c (puc. 3). Npwu ganbHerwem yBe-
nnyeHun Temnepatypbl Ao 350 “C ykasaHHbI KO3(hPULMEHT yMeHbLIaeTcs
no 0,05 mm2/c.

AHanorn4yHblM 06pas3omM U3MeHsieTcsl KoahpuummeHT Ten10NpPoBoOAHOCTH,
3HayeHusa KoToporo coctaBnsaT 0,10-0,14 BT/M*K B nHTepBase Temnepa-
Typ 50-250 'C n pe3ko ymeHbluaeTca 4o 0,04 mm2/c.

Pe3koe ymeHbLleHNne KOIMPULMEHTOB TeMNepaTypornpoBOAHOCTU N Te-
N10NPOBOAHOCTU MOXET OblTb CBA3aHO C HAYa/loOM MHTEHCUBHOW TepMO-
AecTpykumm matepunana T3MM, npuBogsiein K paccioeHnto n o6pasoBaHuUio
BHYTPEHHNX MONOCTEN B maTepmnane, KoTopble o6nagatrT 605ee HU3KOM
TemMnepaTyponpoBOAHOCTbIO M TEMN/IONPOBOAHOCTbIO. [laHHble pe3ynbTa-
Tbl cOrnacyroTcs ¢ pe3y/sibTaTaMu KOMIMJ/IEKCHOrO TEPMUYECKOro aHanmsa
(puc. 2).
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decomposition temperatures of its components.
These analyses were conducted using a TGA/DSC-
1/1600 HF thermoanalytical system from Mettler
Toledo Instruments.

The thermogravimetric analysis and differen-
tial scanning calorimetry results for the obtained
Type 2 coating, heated to 100 °C, are shown in
Fig. 2.

The results of thermogravimetric analysis and
differential scanning calorimetry of the thermal
protective coating indicate that thermal decom-
position of the polymer base, accompanied by
mass loss, begins at approximately 165 °C. Mass
loss occurs relatively uniformly up to about
316 °C, with only 5.7 % of the coating mass lost.
Subsequently, a phase of more intense mass loss
begins, reaching its maximum rate at 356 °C. By
600 °C, up to 73 Y% of the initial coating mass is lost.

The thermal properties of experimental
thermal insulation coating samples were ana-
lysed using the laser flash method on the LFA
457 MicroFlash device, which measures ther-
mal conductivity and thermal difFusivity. Disk-
shaped samples were placed in the device's
chamber, where the lower surface of each sam-
ple was exposed to a brief laser pulse. An infra-
red detector recorded the temperature change
on the upper surface of the sample. The thermo-
physical properties obtained are shown in Fig. 3.

The study found that the thermal diffusivity
of the sample remains relatively stable within
the range 0f0.12-0.15 mm2/s between 50 °C and
250 °C (Fig. 3). As temperature increases further
to 350 °C, this coefficient decreases to 0.05 mm!/s.

Aexo D ER 3531 18.09.2018 13:13:17
Puc. 2. Pe3ynbTaTbl TEPMOrpaBMMEeTPNYECKOTO aHannsa Fig. 2. Results of thermogravimetric analysis and differential
n gnddepeHynanbLHoOM ckaHupytowen kanopumetpun T3 Ha ocHoBe scanning calorimetry of the thermal protective coating based on

cMONbI ANTrAMunaAnnoBoro acupa 6ucteHona A/F

bisphenol A/F diglycidyl ether resin.
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Puc. 3. I3meHeHne TeMnepaTyponpoBo/-

Te

HOCTM (KpacHas MMHUA) U TENIONPOBOA-
HOCTU (CUHARA NNHUA) NPU Harpese

MockonbKy, Kak nokasasu nposefeHHble MUCcCNefoBaHNs, akKTuBHasi
TepmogecTpyKumsa T3 Ha OCHOBE 3MOKCUAHbIX CMOT MPONCXOANT NpU TeM-
nepatypax 280-350 “C, TO € LeNbl AOCTUXKEHUA HEOBXOAUMbBIX KPpUTUYeE-
CKUX TemnepaTyp nsgenns n Ans nosbllleHnsa obueli TEepMOCTOMKOCTU Ha
NnoBepPXHOCTM OCHOBHOTrO csios T3I wenecoo6pas3Ho hopmMupoBaHue J0Mnon-
HUTEeNbHOro aHepronoraowatrLwero abnsyMOHHOIO NOKPbLITUA C BOJbLUEN

MnepaTypHOU CTOMKOCTbIO.

B kayecTBe NO/IMMEPHOrO CBA3YIOLEro A/ CO34aHNsA AOMO/THUTENbHOIO
Hapy>XHOro cfos ¢ 60blUuel TemnepaTypHOM CTOMKOCTbIO 6blna NCNONb30-
BaHa nonvmMmeTungeHnNCnI0KCaHOBas CMona, HanosIHeHHas alltoMUHMEBOM

nyapoin.

CTpYKTypa NoBEPXHOCTU AOMNONTHUTE/ILHOTO HAPY>XHOr0 Tena03awmnTHO-
ro c/1051 Ha CMIOKCAaHOBOM OCHOBE, HAMOJIHEHHOrO afltoMUHNEBO NyApPOA,

npueegeHa Ha puc. 4.

CTpyKTypa NoKpbITUA nNpeacrtaBaseT coboi NOIMMEPHYHO OCHOBY, Ha-
MNOSIHEHHYIO YacTuuamMn antoMUHUA YelwyndaToll CTPYKTYpPbl C Npenmy-
wecTBeHHbIMU pa3MmepaMn 5-50 MKM. Pe3ynbTaTbl aHanu3a oTpaXkeHbl

B Tabn. 1mn Ha puc. 5-6.

Puc. 4. CTpykTypa AOMNO/IHUTE/IbHOTO
Hapy>XHOro Tens103aWTHOro C/10s Ha

CU/IOKCAHOBOW OCHOBE, HANOJ/IHEHHOIO

52

antoMUHNEBOW Nyapoii

Fig. 3. Change in thermal diffusivity
(red line) and thermal conductivity (blue
line) with increasing temperature.

Fig. 4. Structure of an additional
external thermal protective siloxane-
based layer, filled with aluminium
powder.

The thermal conductivity coefficient follows
a similar trend, with values of 0.10-0.14 W/mK
between 50 °C and 250 °C, dropping sharply to
0.04 W/mK at higher temperatures.

This pronounced reduction in thermal diffu-
sivity and thermal conductivity may be attribut-
ed to the onset of intense thermal degradation of
the thermal protective coating material, leading
to delamination and the formation of internal
cavities, which have lower thermal conductiv-
ity and diffusivity. These results align with the
comprehensive thermal analysis findings (Fig. 2).

As the analysis indicates, active thermal deg-
radation of epoxy resin-based TPCs occurs at
temperatures between 280 "C and 350 "C. To
achieve the required critical temperatures and
improve the overall heat resistance, it is advisa-
ble to apply an additional ablative coating with
higher temperature resistance over the primary
layer of TPCs.

Tabn. L 3nemMeHTHbI cocTaB Hapy>XHOro
TennosawmTHOro cnos o6pasua T3M

Table 1 Elemental composition of the external
thermal protective layer of the sample coating.

9nemeHT/Element Macc. % / Mess %
C 38.03
(o] 13.04
Mg 1.63
Al 30.44
Si 13.02
K 1.68
Fe 1.76
Mpoune 0,4%
Total 100.00

A polymethylphenylsiloxane resin filled with
aluminium powder was selected as the polymer
binder for creating this additional external layer
with enhanced thermal resistance.

The surface structure of the additional exter-
nal thermal protective siloxane-based layer, filled
with aluminium powder, is shown in Fig. 4.

The coating structure consists of a polymer
matrix filled with aluminium particles exhibit-
ing a flaky structure, with predominant particle
sizes ranging from 5to 50 pm. Analytical results
are presented in Table 1and Figs. 5-6.

The results of thermogravimetric analysis and
differential scanning calorimetry of the ther-
mal protective coating indicate that the ther-
mal decomposition of the polymer base of the
coating, composed of polyorganosiloxane resin,
begins at approximately 230 °C. Mass loss occurs
relatively uniformly up to around 565 °C, with
only 19.1 %ofthe coating’s mass being lost. Inthe
temperature range of 565 °C to 645 °C, a phase
of mass gain is observed due to the oxidation of
aluminium, leading to the formation of refracto-
ry aluminium oxide. Between 653 °C and 660 °C,
an intense endothermic peak is observed, cor-
responding to the melting of aluminium, which
is accompanied by significant thermal energy
absorption.
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Pe3ynbTaTbl TEpMOrpaBMMeTpuUYecKoro aHannsa n gudgepeHumanbHom Due to their high thermal conductivity, the
ckaHupytouwenn kanopmmetpumn T3 nokasbiBalOT, YTO TEPMUYECKOE pasno- aluminium particles help dissipate heat from
>KeHVe NoSIMMeEpPHOI OCHOBbI TEN103aLlMTHOIO NOKPbITUSA HA OCHOBE NON- the coated substrate. Additionally, as the resin
OpraHoOCM/I0OKCaHOBOW CMOJIbl HAYNHaeTcA Npu TemnepaTtype okono 230 °C. oxidises, the aluminium particles fuse with it,
MoTepsa mMaccbl ngeT fOCTAaTOYHO paBHOMEPHO A0 TeMnepaTypbl OKOJ/10 forming a refractory ceramic layer with durable
565 °C, npu 3TOM TepsieTca Tosbko 19,1 macc. %0 NOKpbITMSA. 3aTeM B UHTEpP- metal-siloxane bonds.

Basne 565 °C — 645 °C HaunHaeTca cTagma yBesimyeHUs Maccbl NOKPbITUSA 3a Heat transfer studies of thermal protective

coatings were conducted by measuring the tem-
perature gradient across the thickness of the
thermal protective material applied to a metal
substrate. The surface layer of the coating was
heated using a burner flame at a temperature
approximating the maximum possible operation-
al temperature for the coating.

To simulate potential operational conditions,
samples of the thermal protective coating were
applied to metal disks made ofcarbon structural
steel, measuring 50+1 mm in diameter and 3 mm
2000 in thickness (Fig. 9). The coating was applied

at a thickness of 2.5 mm. For comparison, an
1600 - uncoated metal substrate was also tested, with
) the rate of temperature increase on its reverse
" side recorded (Fig. 8).
s 3 1 The efficiency of the thermal protective coat-
g* 12 ! ing is evaluated based on the time required to
reach a specific temperature or the maximum

2
400- - n1 I v temperature achieved on the inner surface with-
J I I I -I_I I 1 1 in a fixed period.
0.00 100 2.00 3.00 4

4000-

w

Graphs illustrating temperature rise on the

-00 5.00 $.00 7.00 8.00 3.00 10.00 reverse surface of metal disks are shown in Fig. 10.
M An analysis of the temperature rise graph
Puc. 5. Pe3ynbTaT 3/1€eKTPOHHO- Fig. 5. Results of electron probe shows that an uncoated metal disk heats up to
O H o, H
30HA0BOr0 XMMUYECKOT0 aHam3a Ha- chemical analysis of the external 270 °C in 60 seconds, 360 °C in 120 seconds, and
PY>KHOrO Tena03awmTHOro Cnos thermal protective layer. 420 °C in 180 seconds.
Jlexo Omanb (Kepam wap+cdep) 12.09.2018 09:58:19
Puc. 6. PesynbTaTbl TepMOrpaBUMMeTPUYECKOTO aHannsa Fig. 6. Results of thermogravimetric analysis and differential
n anddhepeHumanbHol ckaHmpytowein kanopumeTpum T3 Ha ocHOBe scanning calorimetry of the thermal protective coating based on
NoJINOPraHOCUTIOKCAHOBOW CMOJIbl, HAMO/IHEHHOM antoMUHNEBO NyApoi polyorganosiloxane resin filled with aluminium powder.
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TepmuHan
npucoejuHeHuns

Fig. 7. Schematic of the setup for measuring the thermal protection
properties of coatings.

Puc. 7. Cxema yCTaHOBKM MO U3MEPEHMUIO TEM/I03aLlNTHbIX CBOCTB
NOKPbLITUIA

A metal disk with an epoxy resin-based ther-
mal protective coating heats up to 105 °C in
60 seconds, 145 °C in 120 seconds, and 150 °C in
180 seconds.

A metal disk with an epoxy resin-based ther-
mal protective coating with an additional layer
based on polyorganosiloxane resin filled with alu-
minium powder heats up to 50 °C in 60 seconds,
75 °Cin 120 seconds, and 90 °Cin 180 seconds.

These findings indicate that the polyorgano-
siloxane layer, approximately 100 pm thick and
filled with aluminium powder, enhances ther-
mal protection and slows the degradation rate
of the main thermal protective layer. This addi-
tional protection is achieved due to the high heat
resistance of the polyorganosiloxane resin and
the extra heat absorption required for heating,
melting, and oxidising the aluminium particles.
Under high-speed operating conditions, the ther-
mal protective effectiveness of this layer increas-
es due to the ablation effect.

Using this type of 2.5 mm thick thermal pro-
tective coating can reduce surface and internal
temperatures of unmanned aerial vehicles by
300-800 °C compared to uncoated products.

cyeT OKMUCNEHNSA aNtoMNHUA, C o6pa3oBaHMeM TYronsaBkoro okcmga anto-
MUHMA. B o6nactn TemnepaTtyp 653-660 °C HabnofaeTca NHTEHCUBHbIN
3HAOTEePMUNYECKN MUK, COOTBETCTBYIOLW UK N1ABNEHNIO aSTIOMUHUA U CO-
nposo>kgatoLninca 60nbLINM NOFNOWEHVUEM TEMNSTOBON IHEPTUN.

Bnarogaps cBOei BbICOKOM TeN/1I0NPOBOAHOCTM YacTULbl a/TFOMUHUA OT-
BOASAT TeMN0 OT NOKPbITOro cy6cTpara. Kpome Toro, no Mmepe oKncreHns
CMO/Ibl YacTULbl aNIlOMUHNA 6yAYyT CNNaBNATLCA C Heto, o6pa3ys Tyronias-
KOe Kepammyeckoe NMOKpbITUE C MPOYHbIMU CBA3AMU - MeTasl/1-CU/TI0KCaH.

ViccnepoBaHua Tennonepegaym Tenno3awMTHbIX NOKPbITUM NMPON3BO-
AnAvcb NyTeM onpejesieHUs nepenaja remnepaTtyp Mexxay noBepXHOCTbIO
TennosawmnTHOro marepmasna, HaHeCEHHOro Ha MeTaNl/INYecKyo NoA/I0XK-
Ky, B HanpasJ/iIeHUWN ero TOJIWNHbI NPU pasorpese NOBEPXHOCTHOIO C/105
MOKPbITUA NJIAMEHEM ropesiku ¢ Temnepartypoi, 6/IN3KOM K MakcumasibHO
BO3MOXXHOV Mpu akcnayataunum noKpbITUS.

Onsa npoBefeHNA UcnbliTaHWi pa3paboTaHHbIX TEMON30AALMOHHbIX MO-
KPbITUA B YCNOBUAX, MPUBNNIKEHHBLIX K BO3MOXHbIM 3KCM/lyaTalWOHHbIM,
6bI/IN U3roTOB/IEHbI 06Pa3Lbl MOKPbLITUI, HAHECEHHbIE HA MeTaNIMYeCcKui
ONCK U3 YrNepoAucToin KOHCTPYKLUWOHHOW cTann gnameTpom 50+1 mm
M TonwmnHOm 3 mm (puc. 9). ToNnwmHa Tenno03awnTHOro NOKPbITUA coCTaB-
nana 2,5 mm. B KayecTBe 06bekTa CpaBHEHUS UCMNOIb30BaAn MeTannye-
CKYI0 NOA/I0XKKY 6€3 TEN/I0MN30/IALMOHHOIO NMOKPbITUA, HA 06paTHO cTo-
pPOHe KOTOPOW TakKXXe perncTtpuposasiv CKOpPoCcTb NogbemMa TeMmrneparypsbl
(puc. 8).

3(pPeKTNBHOCTb TEM103ALLUTHOIO MOKPLITUA ONpeAensieTcs No BpemMeHun
[OCTMXKEHUA onpegeneHHo TeMmnepaTypbl iIN60 N0 MaKCMMasibHOM TeMne-
paType BHYTPEeHHeW CTOPOHbI 3a (DUKCMPOBaAHHOE BPEMS.

M306paxeHne NOBEPXHOCTN MeTanNn4eckoro
AVcCKa C HaHeceHHbIM T3M o6pa3ya Ne 1(Bug
cBepxy)

Top-view Image of the surface of a metal disk
with thermal protective costing sample No. 1

Puc. 8. UcnbiTaHne T3M o6pa3ya Ne 1Ha OCHOBE CMO/IbI
puranuungunosoro acpupa 6ucceHona A/F c oteepgutenem TITA

M3o6paxeHne NOBEPXHOCTU MeTannnyeckoro
AVcKa ¢ HaHeceHHbIM T3M o6pa3ya Ne 1nocne
npoBejeHns ncnbiTaHuii (BUJ ceepxy)

Top-view image of the surface of a metal disk
with thermal protective coating sample No. 1
after testing.

M3o6paxeHne NOBEPXHOCTU METANNIUUYECKOTO
AVCKa C HaHeceHHbIM T3 o6pasya Ne 1nocne
nposejeHUn ucnoiTaHuii (Bug c6oKky)

Side-view image of the surface of a metal disk
with thermal protective coating sample No. 1
after testing.

Fig. 8. Testing of thermal protective coating sample No. 1, based on
bisphenol A/F diglycidyl ether resin cured with TETA hardener.
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M3o6paxeHne NOBEPXHOCTM MeTannu4yeckoro
AVCKa C HaHeCeHHbIM T3J/1 o6pas3ya N- 2 go
nposeAeHNs ucnoiTaHnii(Bupg ceepxy)

Top-view image of the surface ofa metal disk
with thermal protective coating sample No. 2

M3o06paxeHne NOBEPXHOCTU MeTannu4yeckoro
AVCKa c HaHeceHHbIM T3M o6pa3ua N82 nocne
npoBejeHUs ucnoiTaHnii(Bupg ceepxy)

Top-view image of the surface of a metal disk
with thermal protective coating sample No. 2

TexHonorun i Technologies

M3o06paxeHne NOBEPXHOCTU MeTannmu4yeckoro
AVcCKa ¢ HaHeceHHbIM T3M o6pa3ua Ne 2 nocne
nposejeHUs ucnoiTaHuii (Bua c60Ky)

Side-view Image of the surface of a metal disk
with thermal protective coating sample No. 2

before testing after testing. after testing.

Puc. 9. VcnbiTaHne T3M o6pas3ua Ne 2 Ha OCHOBE CMO/bl
avrnuumannosoro acupa 6ucceHona A/F c oteepanTenem
T3TA ¢ 4ONONHUTE NIbHBIM TEMJI03aLWNTHLIM CNOEM Ha OCHOBE
NnosIMOPraHOCUIOKCAHOBOW CMO/Ibl, HANMOJIHEHHOW anNtoMUHUEBOW NyApoii

Fig. 9. Testing of thermal protective coating sample No. 2, based
on bisphenol A/F diglycidyl ether resin with TETA hardener, with an
additional thermal protective layer made of polyorganosiloxane resin
filled with aluminium powder.

PucyHok 10. U3meHeHue
Temnepartypbl Ha
3a/Heli NOBEPXHOCTN
MeTasl/IN4ecKoro ancka
6e3 NokpbITUA (KpacHbI
LBeT) C HaHeceHHbIM T3M
Ha OCHOBEe 3NoKcuaHoMn
cmonbl (o6pasel, 1 cuHuii
LBeT) U C AONONHUTE IbHbIM
i cnoem Ha ocHoBe
noNMopraHocUI0KCaHOBOW
CMOJIbl,HANOJ/THEHHO
antomMUHNeBOW NyApoi
(o6pasel, 2, 3eneHbIN UBET)

q-

em T

Fig. 10. Temperature
variation on the back
surface of a metal disk:
uncoated (red), coated
with a thermal protective
coating based on

epoxy resin (Sample 1,
blue), and coated with
an additional layer of
polyorganosiloxane resin
filled with aluminium

Bpems, ¢ powder (Sample 2, green).

Fpadukn, nNNCTPUPYOLWMNeE CKOPOCTb Nogbema Temnepa-
Typbl Ha 3agHel NOBEPXHOCTN MeTan/In4eckKoro gmucka, Nnpu-
BeZleHbl Ha puc. 10.

AHanus rpadmka nogbema TemnepaTtypbl NokasbiBaeT, YTo
MeTannmyeckmin ouck 6e3 NokKpbITUA 3a 60 ceKyHA Harpesa-
eTcAa go 270 "C, 3a 120 cekyHa — fo 360 °C, a 3a 180 cekyHp —
o 420 °C.

MeTannnyeckuii AUCK ¢ TeNN03aWnNTHbIM NOKPbITUEM Ha
OCHOBE 3MNOKCUAHOM CMO/bl N0 ncTeyeHnn 60 ceKyHA Harpe-
BaeTcA A0 105 °C, 3a 120 cekyHg — a0 145 °C, a 3a 180 ceKyHp —
Ao 150 °C.

MeTannunyeckuii AUCK € TeNs03aWUTHBIM NOKPbITUEM Ha
OCHOBE 3NOKCUAHOW CMOJbI C ONONHNTENbHbLIM C/I0EM Ha OC-
HOBE MNOJIMOPraHOCU/IOKCaHOBOW CMOJIbl, HANOJ/THEHHOW anto-
MUHMEBON NyApoii, 3a 60 cekyHA HarpesaeTcs o 50 °C, 3a 120
ceKyHA — no 75 °C, a 3a 180 cekyHa — no 90 °C.

B pe3ynbTaTe npoBeAeHHbIX uUccnefoBaHWN ycTaHoOBMe-
HO, 4YTO cnowi (ToNwmHo okono 100 MKM) Ha OCHOBe NOu-
OopraHocuM/1I0KCaHOBOW CMO/bl, HANOJIHEHHOW anNtOMUHNEBOW
nyapown, BbiCTynaeT B PONN A0MNO/IHUTE/IbHOW Tenn03aunTbl
M YMeHbLlaeT CKOPOCTb AEeCTPYKLMN OCHOBHOIO Tenso3awmnT-
HOro cnos. [lononHnTelbHasa Tensio3awmnrta OCHOBHOIO C/los
ocyuiecTBnsAeTcs 3a cyeT 60s1ee BbICOKOW TEPMOCTOMKOCTUN
NnosIMOPraHoOCM/I0OKCaHOBO CMOJIbI, & Tak>Xe 3a cyeT Aonon-
HUTEeNbHbIX 3aTpaT TENM/IOBOro NOTOKA Ha Harpes, NnaBfieHne
N OKUCNEeHMe YacTul, aNtoMUHNA. B ycnoBmax ABUXKEHNA Ha
BbICOKMX CKOPOCTAX, TeN/03awWnTHble CBOWCTBA aHHOro cfos
6yayT BOo3pacTaTb 3a cyeT abnsaALMOHHOro achdekTa.

MpumeHeHVe faHHOTo TuUna Tenno03aWmnTHOro NOKpPbITUA
TOAWMHOK 2,5 MM NO3BONSET CHU3NTb TeMnepaTypy Ha no-
BEPXHOCTU M BHYTPU neTaTenbHbIX annapaTtoB 1 n3genunii Ha
300-800 °C no cpaBHeHUIO ¢ ob6pa3uamm 6e3 NOKPbITUSA.

04 12024 BOEHHO-MPOMbILW/AEHHbBIA KOMMJEKC. BEJIAPYCb | MILITARY-INDUSTRIAL COMPLEX. BELARUS 55



