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Ceknusa 1. MeToAbl NPpOEKTUPOBAHUA, pacyeTa
U ONTUMHU3ALUU KOHCTPYKUu us [IKM

Section 1. Advanced Technologies of Polymer Composite
Materials (PCM) Processing
for the Manufacture of Structures on Their Basis

HccnenoBanue BJIUSIHUS NOBPEKICHMI JTOKAIBHON 30HBI KPbLIa HA HECYLLYIO CIIOCOOHOCTH
NOJKPeIVICHHbIX KOMIIO3UTHBIX NaHe el
Bonbinx A.A., boposkos JI.K., YcrunoB B.E.
MAMU, r. Mocksa, Poccust

B pabore ommcaH Merox aBYX(a3HOro pacuyéra KOHCTPYKTHBHO-IOJOOHBIX OJIEMEHTOB,
OCHOBaHHBII Ha MEPEHOCE HANPKEHHO-IE(HOPMUPOBAHHOTO COCTOSHUS U3 INI00AIBHONW MOJEIH B
JIOKAJIbHYIO.

Jlns peanusanmu MeTona co3naércs JUCKPETHAsl CeTKa MCCIeqyeMoW 00IacTH U JIOKallbHas
MoJenb NoAKperui€HHOW o0mmBku. CyTh pa3pabOTaHHOTO MeToJa TO3BOJISIET HM3MEHHUTh
MPOCTPAHCTBO MOJECIUPOBAaHHsI C 000JIOYEYHOH TIT00aNbHOM Mozxenu Ha Oosee MOAPOGHYIO
TBEPJOTENBHYIO JIOKAIBHYIO MOJIETIb C UCIIOIBb30BAHIEM METOJIa KOT€3HOHHOTO CIIOSl M TOCIIOWHOTO
MOJIETIMPOBAHUS CIIOUCTOTO KOMITO3MLIMOHHOIO MaTepHaia.

Merop nByx(ha3HOro aHanu3a Hecynieil CIOCOOHOCTH MOIKPEINICHHBIX OOLIMBOK C HAHECEHHBIMU
yIapHBIMH Je()eKTaMH COCTOMT U3 ABYX JTamoB. [IepBblif 9Tam mpeAcTaBisieT co00H CTaTHISCKHI
pacyer TiI00aNbHOM 000JNIOYEYHOH MOJENM BCEH KOHCTPYKLMM TP KPUTHYECKOM DPEXUME
Harpyxenus. Ha BTopoM sTame nmoaroraBimBaeTcsi HOAPOOHas JIOKaJbHAsl TBEPIOTENIbHAS MOJETb
HCCIIEeyeMON 30HBI MOAKPEIUICHHONW OOLIMBKU M MPOBOIUTCS TMHAMUYECKHH aHAIU3 HA yAapHOE
Bo3zeiicTre. Jlanee mepeHocsTCs CKMMAIOIIHE CHIIOBBIC IIOTOKH HIIN NIEPEMEIICHHS U3 II100aIbHOM
MOJIEJIM Ha 3aMKHYTBIA KOHTYP JIOKQJILHOM 30HBI U IPOM3BOIUTCS PELICHUE B TUHAMUYECKOHN, THO0
B CTaTUYCCKOM ITOCTAHOBKE.

JlaHHass ~ craThsl  IpenCTaBisieT  pa3pabOTaHHYID  METOAMKY  IJI0OalbHO-JIOKAJIBHOTO
MOJICTIMPOBAHHS, II03BOJLIOIIYI0 IPOM3BECTH aHAIM3 HECYHIEH CIIOCOOHOCTH IIOJKPEIUICHHOW
OOIIMBKY MOCJIE YAAPHOTO BO3IEHCTBHS ¢ 00JIee MOAPOOHON CETKOI 0€3 TUCKPETH3aHH 3JIEMEHTOB
r700aIbHOI MOJIENH, YTO YCKOPSIT ¥ YTOYHSIET TOTyYeHHBII pacyéT

Investigation of the influence of the wing local area damage on the capacity of stiffened
composite panels
Bolshikh A.A., Borovkov D.K., Ustinov B.E.
MAI Moscow, Russia

The paper describes a method of two-phase calculation of structurally like elements based on the
transfer of the stress-strain state from the global model to the local one.

To implement the method, a discrete mesh of the studied area and a local model of the stiffened
skin panel are created. The essence of the developed method makes it possible to change the modeling
space from a shell global model to a more detailed solid-state local model using the cohesive layer
method and layer-by-layer modeling of a layered composite material.

The method of two-phase analysis of the bearing capacity of stiffened skins with applied impact
defects consists of two stages. The first stage is a static calculation of the global shell model of the
entire structure under critical loading conditions. On the second stage, a detailed local solid model of
the studied stiffened panel zone is prepared and a dynamic impact analysis is performed. Next,
compressive force flows or displacements from the global model are transferred to a closed loop of
the local zone and a calculation is perforemed in a dynamic or static formulation.

This article presents the developed methodology for global-local modeling, which makes it
possible to analyze the bearing capacity of the stiffened skin after impact with a more detailed mesh
without discretizing the elements of the global model, which speeds up and refines the resulting
calculation.
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MeToab! Hcc1e10BAHUS CTATHYECKOI IPOYHOCTH KOHCTPYKTHBHO-AHU30TPONHBIX HaHeJeil
JIA M3 KOMIO3MIMOHHBIX MATEPHAJIOB 10 YTOYHEHHOI Teopun
T'aBBa JI.M.
MAMN, r. Mocksa, Poccust

Db deKTUBHOCT, NPHMEHEHHsI KOMIIO3UIMOHHBIX MATepUaloB B HECYIIUX KOHCTPYKOMIX JIA
OIIpeJIeNIAETCs CTENEHBIO COBEPIIEHCTBA COMIACOBAHHBIX KOHLENIMI pacyéTa, METOJI0B pacuéra
TEXHOJIOTUM TpOoU3BOAcTBA u3aenusa. HoBble pacu€rHele MoOAenu B YTOYHEHHOW IOCTaHOBKE
COCTaBJISIIOT OCHOBY TIPOLIECCOB ONTHMHU3ALIHH.

PaccmaTpuBaroTes ctaTndeckue 3a1a4u I IUIOCKOHM MPSIMOYTOJbHOM MHOTOCTIONHOM MaHenu u3
TIOJIMMEPHBIX KOMIO3WLHOHHEIX MAaTepHalOB, OOIIMBKAa KOTOPOH OJKCIICHTPHYHO IMOAKpPEIUIeHa
IPOJOIBLHO-"HOMEPEUHbIM HA0OpOM, M U IUIOCKOH IPSIMOYrONbHOH TITaikod OOIIMBKH,
obnaaromell aHN30TPONUEN BCIISICTBHE HECHMMETPHH CBOWCTB CTPYKTYpPBI IaKeTa MO TONIIUHE.
[Tanenn HaxonsTCA MOJ ACHCTBUEM paclpeles€HHOIN MonepedyHol Harpy3ku B TEXHOJIOTHUECKOM
TEeMIIEPAaTypPHOM II0JIe. Y CIIOBHSI 3aKPEIUICHUS PAHHYHBIX KPOMOK IIPOM3BOJIBHEL.

Lenpio maHHON Pa®OTHI SABISIIOTCS MOCTAHOBKA 3a/ad CTATHUKH, MOJCIMPOBAHUE HANPSHKEHHO-
neOPMHUPOBAHHOTO COCTOSIHHSL W VCCICHOBAaHHE CTaTHYECKOH IPOYHOCTH KOHCTPYKTHUBHO-
AQHM30TPOIHBIX MaHeNed U3 KOMIO3HIMOHHBIX MAaTEPUaloB, a TAkoke Pa3pabOTKa aHAMTHIECKHX
MIOAXOJ0B K PEIICHHUIO C y4ETOM TEXHOJIOIMHM H3TOTOBJICHHUS ITaHENeH B paMKax pa3pelIaroliero
nuddepeHInanbHOro ypaBHeHUs: BOCBMOTro nopsiaka. KoaduuueHTsl ypaBHEHHST ONPEACISIOTCS
reoMeTpHei IIaHeu U YIPyruMHU XapaKTepUCTHKaMU MaTepuaia KOHCTPYKLIHH.

VYuutsiBaeTcsl BIMAHHE IIPOLIECCAa TEXHOJIOTHM WU3TOTOBICHHS KOMIIO3UTOB: OCTaTOYHBIE
TeMIIepaTypHble HANpPsHKEHUs, BO3HHKAIONIIME IIPH OXJIKIEGHHWH II0CJIe 3aBEpIUECHHs Ipolecca
OTBEPIKJICHHS, U MPEIBAPUTENILHOE HATSDKEHHE aPMUPYIOIIHX BOJIOKOH.

Paspemaroriee  ypaBHeHHE BOCBMOIO IOpsIKA IIOCTPOGHO C YTOYHCHHEM MOJCIH IIpH
3aKpy4YHUBaHHU HOAKPEIIAIONIEro JIeMEeHTa, HaXOIAIIErocs B yCIOBHAX OAHOCTOPOHHETO KOHTAKTa
¢ oOmmBKoW. PemieHme KpaeBbIX 3amad B 3aMKHYTOM BHJE BBIIOJHEHO B OJMHAPHBIX
TPUTOHOMETPUUECKUX PAAaxX ISl YACTHOTO CIIydas COIJIACOBAHHBIX TPAHUYHBIX YCIOBHII IO ABYM
IIPOTHBOIOJIOKHEIM KpoMKaM. KpaeBble yclIOBHS Ha TOpLAx COOTBETCTBYIOT JOCTATOYHO OOIIEH
TPaKTOBKE (PM3UIECKUX IPAHHUYHBIX YCIOBHH JIEMECHTOB KOHCTPYKLIHH.

Jlst OLICHKH TTOCIJIONHBIX SKBUBAJICHTHBIX HAIPSDKEHHH M 3aIlacoB NMPOYHOCTH KOHCTPYKTHBHO-
AHM30TPOITHON MaHe! UCToib3yercsa kputepuid ['onpaenbnara-Konnosa.

B omneparmonnoit cpene MATLAB pa3paboTan makeT MpUKIaaHbIX mporpamM. OeHUBaeTCs
BJIUSHUE IPEIBAPUTENBHOIO HATSHKEHUs apMHUPYIOIIMX BOJOKOH HA YPOBEHb JKBUBAIEHTHBIX
OCTATOYHBIX TEXHOJOTHYECKUX HANpPSHKEHWH B YIVICIUIACTHKOBHIX MaHensaX. Omnpenensercs
OINTUMAJIbHbIN YPOBEHb IPEIBAPUTEILHOIO HATSHKEHHSA B IPOLIEHTHOM OTHOLIEHUH OT JOITyCKaeMoH
nehopMaIy CiI0s JUIS Pa3INYHbIX CXeM YKIAAK| CI0€B B MakeTe. [IpoaHamM3upoBaHEI IIOCIOHHbIS
9KBHBAJICHTHbIE HATIPSHKEHUSI U 3aI1achl IIPOYHOCTHU B YTIIETUIACTHKOBBIX CTPUHI€PHBIX MAHEAX.

TTocraHoBKa 3a1a4 HCCIIENOBaHUS HAPSDKEHHO-E()OPMHPOBAHHOTO COCTOSIHUS ¥ IIpeJIaraeMble
HOJIXO/IbI K PELICHHIO SIBJIAIOTCS HOBBIMU Pa3pabOTKaMM H IPEICTABIISIIOT HHTEPEC C TOUKH 3PEHHs
MPaKTUKH IPOEKTHPOBAHUS MaHeNell M3 COBPEMEHHBIX KOMIIO3HIMOHHBIX MAaTepUaloB [
MEePCHEKTHBHBIX U3/eIUi aBUAlHOHHON TeXHUKH.

Pabora BrImonHeHa B pamkax ['3 MuHHCTepcTBa HayKH U BEICIIEro oOpasoBanms PD, tema Ne
FSFF-2020-0013.
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Investigation methods of static strength with refined theory of structurally-anisotropic
aircraft panels made from composite materials
Gavva L.M.
MAI, Moscow, Russia

New design problem — design to cost — can be solved by combining exact models with modern
computer technologies and test program decrease. The efficiency of composite materials for aircraft
bearing composite structures is defined as the account concept, account method and production
technology degree of perfection.

New mathematical models in refined statement are the optimization process base.

The static problems of flat rectangular composite panels with and without the eccentric
longitudinal-transverse stiffening set is discussed, with the panels subjected to transverse distributed
loading in technology temperature field. The boundary conditions at the ends of the panels are
generally assumed.

The aim of this study is the static problem statement, stress-strain state modeling and static strength
investigation of structurally-anisotropic composite panels. The aim of this study is also the analytic
approach design in view of panel production technology for the resolved eighth-order differential
equation. The equation constants depend on geometric and stiffness characteristics of the panel and
composite material.

One considers the technological factors occurring in the fabrication of composites, namely, the
residual thermal stresses arising during cooling after hardening and the preliminary tension of the
reinforcing fibers that is performed in order to increase the bearing strength of the structure.

The design model of a stringer under eccentric contact with the skin was developed. The solution
is designed by a single trigonometric series for the particular case of conformable boundary
conditions at two opposite sides. All possible combinations of the edge restrictions in relation to the
connecting plane and bending problems are examined.

Goldenblat-Kopnov,s criteria is used to estimate the layerwise equivalent stresses and strength
margins of structurally-anisotropic panels.

A computer MATLAB program package was performed and used for the computer multi-criteria
optimization of the design of Flying Aircrafts (FA) structurally-anisotropic composite panels.

The influence of the preliminary tension of the reinforcing fibers on the level of equivalent residual
technology stresses for carbon-plastic panels is estimated. The optimal level of the preliminary
tension is defined for the different package layouts. The layerwise equivalent stresses and strength
margins of carbon-plastic stringer panel have been analyzed.

The static strength and stress-strain state problem statement and proposed solution approaches are
novel. This is of interest for practical design of the panels made from modern composite materials
for the perspective aircraft structure elements.

Acknowledgements. The study was performed in the framework of the Ministry of Science and
Higher Education (Russia), the project Ne FSFF-2020-0013.
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PazpaGoTka u anpo6anusi MeTOAUKH MOJEJMPOBAHMS KOMIIO3HTHBIX NOAKPeIIeHHbIX
naseJeii ¢ yuyerom aedexros Tuna BVID
Knecapesa M.B., bonsmux A.A., Hazapos E.B., YctunoB B.E.
MAMU, r. MockBsa, Poccust

YCTOHYMBOCTS K yHApHBIM IOBPEXKICHHSIM MAaTepHaloB U3 YITEIUIACTUKA OCTACTCS BaKHOH
npoOieMoil NpH NPOSKTUPOBAHMM KOHCTPYKLMM. YIepOd OT yaapa, KOTOpPbIi B OCHOBHOM
XapaKTepU3yeTcsl pacTPeCKUBAaHUEM MATPHIBI, PACCIOCHHEM U Pa3phIBOM BOJOKOH, KaK IPaBUIIO,
pacmpocTpaHsieTcss JaleKo 3a Ipelensl TOYKM yhapa. Takue IOBPEXAEHUS B OCHOBHOM
IPUCYTCTBYIOT BHYTPH JIAMHHATA, U BU3yaJIbHO UX TPYAHO OOHAPYXKUTH CHapyxu. /laxe B ciydae
yaapa ¢ HH3KOW CKOPOCTBbIO/HU3KOH SHEpruell OcTaTouHas MPOYHOCTh HA CXKATHE MOXKET OBITh
3HAYHUTENHHO CHIDKCHA.
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Jlns  WccienoBaHMS HECYIIEH CHOCOOHOCTH TIPH CXKaTHU JIBYXCTPUHTEPHBIX THaHeneil c
HAHECCHHBIM Y[IAapHBIM IIOBPEXKICHHEM B MEKCTPHHICPHOH 30HE ObUT MpoBeneH 0030p
COBPEMCHHBIX paboT Mo paccMmaTpuBaeMoll Tematuke [l1-2] W copmupoBaH mepedeHb
KOHCTPYKTHBHO-IIOJOOHBIX ~ OHONPOJETHBIX IUIOCKMX IaHENeH, MPEACTAaBISIOMHX  COo0O0i
HPSIMOYTOJIBHYIO IIacCTHHY (OOLIMBKY), HOJAKPEIUICHHYIO B IPOAOIBHOM HAIpPaBICHUM JABYMS
cTpuHrepamu. IlepeMeHHBIMH TapamMeTpaMH B PacCMATPUBAEGMON 3ajade SIBISIOTCS TOJIIMHA U
nmpyHa oomBky. Ha nmepBom miare monenupyercs yaap sueprueii 140 [Dx. B kadecTBe rpaHUYHBIX
yCIIOBHiA IIpUHSTa aOCOMIOTHO YKECTKask 3a/iejIKa 110 BCeM CTOpoHaM maHenu. CkaTue Imocie yaapa
peanusyercst Co3qaHHeM )KECTKHX IIIACTUH, UMHTHUPYIOIUX OCHACTKY, IBI)KEHHE TPABEPCHI 3a1aHO
ocpescTBoM mnepemerteHusi. Kpome Toro, Ha ¢BOGOJHBIX Kpasix HPHUHSATHI YCIOBHS 00ECICUCHHS
YCTOWYHUBOCTH.

Paspyienne maHenel JOJDKHO IPOUCXOAUTH IO OCTAOICHHOMY YAApHBIM IIOBPEKICHHEM
CEYCHHMIO C pACCIIOCHHEM MaTepuana OOIMBKA ¥ CTPHHIEpOB. Pe3ynbTaThl pacyéros,
paspaborannbix KD Moneneli B COOTBETCTBMM € NHPAMHJIION PACUETHO-IKCIIEPUMEHTATIBHBIX
00pa3uoB, IO3BOJAIOT YTOYHHTH PAcUETHBIE XapaKTEPUCTHKY, MOJYYeHHbIE Ha OTame
MPOCKTUPOBAHMUS, C LEIbIO MOATBEpKIACHUs MyHKTOB All-25.571 u AIl-25.631 npu nanbHeiieit
cepTUdUKAIHN.

Jluteparypa:
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Composite Structures with Impact Damage / O. Mitrofanov, 1. Pavelko, S. Varickis, A. Vagele //
Mechanics of Composite Materials. —2018. — Vol. 54. —No 1. — P. 99-110. — DOI 10.1007/s11029-
018-9722-z.

2. Oco6EeHHOCTH METOOJIOT UM ITPOSKTUPOBAHUS HECYIIHX ITaHEeJIeH U3 KOMITO3UTHBIX MAaTEPHAIOB
MIPU CHKATUU C YYETOM NOBPEXKICHHH OT yaapHbIX Bo3zaeicTeuii / O. B. Murpodanos, 1. B. [Tasenxo,
B. A. Koncrantusos, A. B. Dcaynenko // EcrecTBenHble 1 TexHHYeckne Hayku. —2018. — Ne 1(115).
—C.109-112.

Development and validation of modeling technique for composite stiffened panels considering
BVID defects
Klesareva M.V., Bolshikh A.A., Nazarov E.V., Ustinov B.E.
MALI, Moscow, Russia

Impact resistance of CFRP materials remains an important issue in structural design. Impact
damage, which is mainly characterized by matrix cracking, delamination and fiber breakage, typically
extends well beyond the point of impact. Such damage is mainly present inside the laminate and is
difficult to visually detect from the outside. Even in the case of a low velocity / low energy impact,
the residual compressive strength can be significantly reduced.

To study the bearing capacity in compression of two-stringer panels with inflicted impact damage
in the interesting zone, a review of modern works on the topic under consideration was carried out
[1-2] and a list of structurally-similar single-span flat panels was formed, which is a rectangular plate
(skin), reinforced in the longitudinal direction two stringers. Variable parameters in the problem
under consideration are the thickness and width of the skin. At the first step, an impact with an energy
of 140 J is modeled. As the boundary conditions, an absolutely rigid restraint on all sides of the panel
is taken. Compression after impact is realized by creating rigid plates that simulate rigging, the
movement of the traverse is specified by means of movement. In addition, the conditions for ensuring
stability are adopted on the free edges.

The destruction of the panels should occur along the section weakened by impact damage with
delamination of the skin material and stringers. The results of calculations of the developed FE
models in accordance with the pyramid of design and experimental samples make it possible to clarify
the design characteristics obtained at the design stage in order to confirm points AP-25.571 and AP-
25.631 with further certification.
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2. Oco6EHHOCTH METO0JIOTHH NPOEKTHPOBAHHS HECYLIMX MaHeNeH U3 KOMIO3UTHBIX MaTEPHAIIOB
IIPH CXKATUH C YISTOM IIOBPEXKACHUH OT yrapHbIX Bo3aeiictuii / O. B. Mutpodanos, 1. B. [1aenxo,
B. A. Koncrantutos, A. B. Dcaynenko // EcrecTBenHble 1 TexHu4Yeckue Hayku. —2018. — Ne 1(115).
—C. 109-112.

OneHka NPOYHOCTH NOTHMEPHOr0 KOMIIO3HIIHOHHOI0 MaTepHaJa ¢ y4éToM
TEeXHOJIOTHYeCKHX Ae(eKTOB IPH NOMOLIH BEIYHCINTEbHOH MUKPOMEeXaHUKH
Kostynos C.C., Ytsa6aeBa A.P., I'pox 10.A., Typouun H.B.

MAMU, r. Mocksa, Poccus

B aspoxocMudeckoll NPOMBIIUICHHOCTH CYIIECTBYIOT CTpPOrHE TpeOOBaHUS K HaJeKHOCTH
KOHCTPYKIIMOHHBIX MaTepPHaIoB, 4TO OOBSCHIET OOIMpPHBIE HCIIBITAHHIS Ha 00pa3nax KOHCTPYKIUH
Pa3HOTO YpPOBHS CIOXKHOCTH. B pabote mpencTaBieH MUKpOMEXaHUYECKHI aHAIN3 apMUPOBAHHBIX
BOJIOKHAMH KOMITO3MTOB, BKJIFOYAOIHIT MCCIIEIOBAHNE PENPE3CHTATHBHOTO (IPEACTABUTEIFHOTO)
obbemuoro snementa (RVE). B kauyecTBe paccMaTpuBaeMoro Matepuania B3siTa SHOKCHIHAS
MaTpuIa, apMHPOBAHHAs  OJHOHAINPABICHHBIMH  CTeKIsAHHbIMM  BonmokHamu  (GFRP).
MuKpOMEeXaHUYECKHE MOZENIU 00pas3LoB CMOJEIMPOBAHbI IPH NMOMOIM MakeToB Simulia Abaqus,
Solid Works u Catia B Buje 3J1€MEHTapHBIX Sf4YEEK, BKIIOYAIOMIMX OCHOBHBIC COCTABIISOIIHE
peanbHOro KOMIIO3UTa, TAKHE KaK: BOJIOKHO, MaTPUIIA U TPAHHIA pa3jena Mexay Humu. HauansHbie
HaINpsDKeHUs. B MaTepHalie OTCYTCTBYIOT. BXOMHBIMH JaHHBIMH JUISL MOIENHPOBAHUS SIBIISIOTCS
YIPYrue U MPOYHOCTHBIE CBOIMCTBA KOMIIOHEHTOB, reomerpust u pasmep RVE. OrcnexuBaemsbiii
TEXHOJIOTHYECKHH JIePEeKT — KPHBOIMHEHHOCTD BOJIOKOH. BBISBIIEHO, HACKOIBKO JAHHBIA Je(eKT
BJIUSET Ha IIPOYHOCTh KOMIIO3HUTA.

C menmbl0  TIPOBEPKM  MHKPOMEXAHMYECKOH  MOJENH, HCIONb3yeMOW Juii  pacuera
TOMOTE€HU3HPOBAHHBIX CBOUCTB, IOIy4YeHa IPOYHOCTb IPU COBMECTHOM JEHCTBHU IMPOIOILHOTO
CKaTHsl M TIOTIEpEeYHOro pacTskeHus. [IpoBefieHO cpaBHEHHE pe3ylbTaToB pacdeTa O0pasioB C
IPSMOIMHEHHBIMU BOJIOKHAMH € 00pa3liaMH ¢ KPUBOIMHEHHBIMU BOIOKHAMU.

IMonmydyeHHble NaHHBIE MOTYT HCIIOJNB30BATECS NPH MOJATOTOBKE M IPOBEJCHUM HCIBITAHHI
KOMIIO3UIIMOHHBIX MaTepHANOB, NPOEKTUPOBAHUM DJIEMEHTOB KOHCTPYKLHUM, HaXOIAIIUXCA B
YCIIOBHSAX MHOTOOCHOTO HArpyXKeHHs, a TakKe NpH pa3paboTKe TEXHOIOTMYECKUX PEeKOMEH/aInii
[0 U3TOTOBICHUIO U KOHTPOMIO KOMIIO3UTHBIX A€Talel ¢ paHee HE NPUMEHSEMBIMU pa3MepaMu,

(hopMoii B CTPYKTYpO.

Estimation of a polymer composite material strengths, considering technological defects by
methods of computational micromechanics
Kovtunov S.S., Utiabaeva A.R., Grokh J.A., Turbin N.V.
MAI Moscow, Russia

In the aerospace industry, there are strict requirements for the reliability of structural materials,
which explains the extensive test programs on samples of structures of various levels of complexity.

The paper presents a micromechanical analysis of fiber-reinforced composites. A computational
micromechanics model based on representative volume element to predict the failure of
unidirectional (UD) glass fibers (GFRP) composites is used.

Micromechanical models of samples are modeled using Simulia Abaqus, Solid Works and Catia
packages in the form of elementary cells that include the main components of a real composite, such
as: fiber, matrix and the interface between them. There are no initial stresses in the material. The
input data for modeling are elasto-plastic and strength properties of the components, geometry and
size of the RVE. Considered fabrication defect — waviness of fibers. The influence of this defect on
the strength of the composite is revealed.

In order to test the micromechanical model used to calculate the homogenized properties, the
strength under the combined action of longitudinal compression and transverse tension is obtained.
The comparison of calculation results of samples with straight fibers and those with technological
defect is made.

The obtained data can be used in the preparation and realization of test program of composite
materials, in the design of the structural elements under multi-axial stresses, as well as in the
development of technological recommendations for manufacturing of composite parts with new
geometry.
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IIporsozupoBanue KpMBBIX Aerpajaliu ycTaaocTHol xectkocT FRP ¢ ncnoab3oBanuem
ANN
Jlynaues JI.K., Typoun H.B.
MAM, r. Mocksa, Poccust

ApmupoBanHbie BoJoKHOM monumeps! (FRP) mmpoko HCHOIB3yrOTCS B Ka4eCTBE OCHOBHOTO
MaTepHalla B TAKHX OTPACIAX IMPOMBIIUICHHOCTH, KaK a’POKOCMUYECKAss MPOMBILIICHHOCTh U
MaIIHHOCTPOCHHUE, OI1aroapst JISrkoMy BeCy, IIPEBOCXOIHBIM MEXaHHYECKUM CBOWCTBAM U BHICOKOM
KOPPO3HOHHOM CTOHKOCTH.

Kax marepuai, MCIONB3yeMblil B IEPBUYHBIX KOHCTPYKIMSIX, OH TpeOyeT OLEHKH JaHHBIX 00
YCTAJIOCTH, YTO TPEOYET MHOTOKPATHBIX JOPOTOCTOSIIMX SKCIEPHMEHTOB C Pa3INYHBIMH CIydasiMi
Harpy3KH, THIIAaMH 00pa3LiOB, THIAMH BOJOKOH/MATPHULIBI U YKJIaIKaMH.

Ilo cpaBHEHHIO C METalUIAMH KOMIIO3HTHBIC MaTepHallbl 00Ja/Jal0T OYEBHIHBIM CBOMCTBOM
YXY/LUICHUS )KECTKOCTH, KOTOPOE KH3HEHHO BA)KHO OTCICKHBAaTh. B TO ke Bpemsi, 3TO CBOHCTBO
MOJKET OBITh HCIIOJIB30BAaHO MPH PacyerTe YCTAIOCTHOM JOJITrOBEYHOCTH MK ISl Hepa3pyIIarolero
KOHTPOJISL KOHCTPYKIIUH.

V3-3a CJI0XHOCTH YCTaJOCTHOTO THIIA MOBPEKICHUH JOBOJIBHO CIOXHOW 3a/aveil sBISIETCS
[IPOTHO3MPOBAHUE KPHUBBIX YCTAIOCTH, OCOOCHHO I IPOTHO3MPOBAHMS KPUBBIX CHIDKCHUS
JKECTKOCTH B KOMITO3UTHBIX MaTepHaliaX, apMHPOBAHHBIX BOJIOKHOM.

Tekymas pabora npenocrasisier peuienue tuna ANN (MckyccTBeHHass HEMpPOHHAS CETh) IS
[IPOTHO3MPOBAHKSI KPUBBIX JETPaJalliil YCTAIOCTHOM KECTKOCTH. DTOT MOJXOJ] MOXET COKPATHTh
KOJIMYECTBO HEOOXOAMMBIX 9KCHEPHMEHTOB U IOMOYb CIIPOTHO3MPOBATH KPHUBYIO CHIKCHHS
)KECTKOCTH Ha OCHOBE IIPE/IBIIYIINX JaHHbIX.
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Prediction of the FRP fatigue stiffness degradation curve using ANN
Lupachev D.K., Turbin N.V.
MAI Moscow, Russia

Fiber reinforced polymers (FRP) getting widely used as primary material in such industries as
aerospace and machinery due to the light weight, superior mechanical properties and great corrosion
resistance.

As a material used in primary structures it requires evaluation of fatigue data which requires
multiple expensive experiments with different load cases, sample types, type of fibers/matrix and
lay-ups.

In comparison with metals, composite materials have evident stiffness degradation property, which
is vital to keep track of. At the same time, this property might be used in calculation of fatigue-life
or for non-destructive check of a structure.

Due to the sophistication of fatigue type of damage it’s quite challenging task to predict fatigue
curves especially to predict curves of stiffness degradation in fiber reinforced composite materials.
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Current work provides ANN (Artificial Neural Network) type of solution in prediction of fatigue
stiffness degradation curves. This approach may reduce amount of experiments required and help to
predict stiffness degradation curve based on previous data.
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YcoBepuieHCTBOBaHHSI KOHCTPYKIIMH FOJIOBHOTO 00TeKaTe sl paKeThl PH BO3POCIINX
Harpyskax
Mapkus O.B.
OHIIIT Texuomnorusi, r. O6HKUHCK, Poccus

Ob6rekarens coopublid (OC) — royioBHast 4acTh 00EBOr0 CHaPA/Ia, IKCILTYaTHPYEMOTO IIPH BBICOKHX
TeMIIepaTypPHBIX Harpy3Kax. YUHUTHIBas, YTO OOEBBIE CHAPSIBI IIOCTOSTHHO BOJIIOLHOHUPYIOT B CBS3H
C HEOOXOIMMOCTBIO YIYYIIEHUS HX TAKTHKO-TEXHMYECKHX XapaKTePUCTHK, 5TO HPHBOIUT K
YBEJINUCHUIO TeMIIePaTypHBIX Harpy30K Ha TOJIOBHYIO YacTh CHApsAa TO SKCTPEMabHbIX 3HAUCHHH.
Tak e 3HaYMMO BO3PACTAET YPOBEHb INEperpys3ok, Bo3zaeiictByromuii Ha OC. B cBs3u ¢ 3TuM,
BO3HHKaeT HEOOXOJUMOCTh YCOBEPIICHCTBOBAaHUS KOHCTPYKTHBHO-CHIIOBOH cxembl OC TakuMm
oOpa3zoM, 4ToObl obecrieunBaiicst He0OXoauMbIH 3amac npouyHocTd OC B ycloBHAX BO3pocUIEH
HarpysKH.

OoOtekarensb cOopHbiil (nanee OC) COCTOMT M3 KepaMH4YECKOW OOOJIOYKH, METAIMYECKOro U
KOMIIO3HIIHOHHOTO IIITaHrOyTOB. JlaHHAs KOHCTPYKIUS obOecnednBata HEOOXOIUMYIO IIPOYHOCTD
OC npwu sKcruTyatanuy 60€BOro CHapsiia, KOTOPbIA MMENl TAKTUKO-TEXHUYECKUE XapaKTEPUCTHKU
npenpLIyIero noxkoneHus. C yBennaeHneM TpeOoBaHmi K TAKTHKO-TEXHIIECKUM XapaKTepUCTHKAM
CHapsA/I0B CIEAYIOIIEro IOKOJCHMS YBEIUUUBAIOTCS U HArpy3KH, AEHCTBYIOIIME HA TOJIOBHON
oOTeKarenb CHapsija, B CBI3M ¢ 4eM KoHCTpykmust OC mpenbiaymero IOKOJEHHS yKe He
obecrieyrBaia HEOOXOMUMYIO TNpo4HOCTh. Ilepen aBropamMu jgaHHOW pPabOTHI cTOsIA 33jada
azanTupoBaTh KOHCTPYKIHI0 OC K BO3POCIINM Harpy3KkaM 10 JOCTIDKEHHSI HeOOXOIMMOTo 3araca
npouHoctd. Ilo pesymbratam JaHHOW pabOTBl €CTh OCHOBAHHMs IONaraTh, 4YTO TaKHe
YCOBEPILECHCTBOBAHHUS BO3MOXKHBI ITyTEM 3aMEHBI HEKOTOPBIX MeTa/ummdeckux siaementoB OC Ha
9JIEMEHTHI M3 KOMIIO3UIIHOHHOTO MaTepHana.

Jlureparypa:

1. PerakoB C.I1. MSC.visuaNASTRAN mnst Windows / Perakos C.I1. — M.: HT Ilpecc, 2004. —
552c.

2. HumkoBuu J.I". Pacuer xouctpykuunit B MSC/NASTRAN for Windows. — M.: JIMK, 2001. —
446c¢.

3. INucapenxko I'.C., SIkosneB A.Il., Marsee B.B. CripaBo4YHHK 110 CONPOTHBIECHUIO MaTEPUAJIOB.
— Kues: Hayk. rymka, 1988. — 736¢.

17



Improvements in the design of the rocket's head fairing under increased loads
Markin O.V.
OPRE Technologiya, Obninsk, Russia

The prefab fairing (PF) is the head part of a combat projectile operated at high temperature loads.
Considering that, combat shells are constantly evolving due to the need to improve their tactical and
technical characteristics, this leads to an increase in temperature loads on the head of the projectile
to extreme values. The level of overloads affecting the PF also significantly increases. In this regard,
there is a need to improve the structural and power scheme of the PF in such a way that the necessary
margin of safety of the PF is provided in conditions of increased load.

The prefabricated fairing (hereinafter referred to as PF) consists of a ceramic shell, metal and
composite frames. This design provided the necessary PF strength during the operation of a combat
projectile, which had the tactical and technical characteristics of the previous generation. With the
increase in the requirements for the tactical and technical characteristics of the next-generation
projectiles, the loads acting on the projectile head fairing are also increasing, and therefore the design
of the PF of the previous generation no longer provided the necessary strength. The authors of this
work were faced with the task of adapting the PF design to increased loads until the necessary margin
of safety was achieved. According to the results of this work, there is reason to believe that such
improvements are possible by replacing some metal elements of the PF with elements made of
composite material.
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Biiusinue oueHKH HAKOIJIEHUsI MOBPEXKIeHUI Ha MPOYHOCTh B METAJLJI0-KOMIIO3HTHOM CTBHIKe
Mackaiikuna A.A., [lynueHko A.A.
MAMU, r. MockBa, Poccust

Lespio maHHO# paboThI SBISIETCS OLCHKA BIMSHUS HAKOIUICHUS TTOBPEKACHUH HA MPOYHOCTHBIC
XapaKTePUCTUKHM METAJUIOKOMITO3UTHBIX Y3JI0B B aBHALMOHHBIX KOHCTPYKLHSX IIPH Pa3IMIHOM
HArpyKCHHH.

B 1aHHOM HCCIICIOBaHUU MCIIONB3YeTCS MUKPOMEXaHHYECKU TTOAXO0M, B KOTOPOM IapaMeTpbl
MOJIENH OMpPENeSIIOTCS  Yepe3 MHKPOMEXAaHHYECKHE MapaMeTphl, CBSI3aHHBIE C pa3MepoM
MHKPOCTPYKTYP, TO €CTh C [UIMHON M pa3MEepPOM MHKPOTPELINH. JTO MO3BOJISET H3MEPHTH YPOBEHb
MOBPEXKICHHS B KOMITO3UTE C YYETOM COOTBETCTBYIOLIETO HATPYIKCHHSI.

JUts TpOBEpKU PE3yNbTATOB TEOPETHYECKOTO HCCIICAOBAHHS HCIOJIB3YETCS. MaTeMaTHYECKast
MO/IeNb, CO3[aHHASI C TOMOIIIBIO METO/Ia KOHEYHBIX QIIEMEHTOB.

B pesysbTare JaHHOTO HCCIIEJOBAaHMUsI OBbLI IIOJTy4EH aJITOPUTM pacyeTa IIPUBEJCHHBIX KECTKOCTEH
CIIOMCTOTO KOMIIO3UTA C YIE€TOM HAKOIUICHHS MOBPEKACHHUI B OTACIBHBIX MOHOCIIONX, BIHSIONINX
Ha TPOYHOCTHBIEC XapaKTEPHCTHKU METAJUIO-KOMIIO3UTHBIX Y3JI0B B aBHALMOHHBIX KOHCTPYKIIHSIX.
JIaHHBIA ANTOPUTM YUYHTHIBACT BIMSHHE TEKYIIETO HAMPSHKEHHOTO COCTOSIHHS Ha TMPOLECC
Jerpajaiiil MEXaHHYEeCKUX CBOWCTB M, CJICAOBATEIBHO, Ha MPOLECC paspymieHns. PaccmorpeHa
3aBUCHMOCTh MEXKCIIOWHOIO pPacciaoeHHs OT TPElMH B ciioe. IIpoBeseH Takke aHaIUTHYECKHH
pacdeT METOZOM KOHEYHBIX 3JIEMCHTOB Ha INPHMEpEe y3ia KPEIUICHHS BEPTOJETHOW JIOMAacTH,
CpaBHEHHE PE3yJIbTATOB PACUCTOB MOKA3AJIO XOPOLIEe COBIMAACHHE.
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The effect of damage accumulation assessment on strength in a metal-composite joint
Maskaykina A.A., Dudchenko A.A.
MALI, Moscow, Russia

The purpose of this work is to assess the effect of damage accumulation on the strength
characteristics of metal composite components in aircraft structures under various loads.

In this study, a micromechanical approach is used, in which the model parameters are determined
through micromechanical parameters related to the size of microstructures, that is, with the length
and size of microcracks. This makes it possible to measure the level of damage in the composite,
taking into account the corresponding loading.

To verify the results of the theoretical study, a mathematical model created using the finite element
method is used.

As aresult of this study, an algorithm was obtained for calculating the reduced stiffness of a layered
composite, taking into account the accumulation of damage in individual monolayers that affect the
strength characteristics of metal-composite components in aircraft structures. This algorithm takes
into account the influence of the current stress state on the process of degradation of mechanical
properties and, consequently, on the process of destruction. The dependence of interlayer
stratification on cracks in the layer is considered. An analytical calculation by the finite element
method was also carried out on the example of a helicopter blade attachment unit, a comparison of
the calculation results showed a good match.
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Co6cTBeHHBIE HeTMHEHHbIE KOJe0aHNsl TOHKUX NPSMOYT0JIbHBIX KOMIIO3UTHBIX NaHeJeii
HECHMMETPHYHOH CTPYKTYPBI
Murpodanos O.B., I'asea JL.M., Ocman Mazen
MAMU, r. MockBsa, Poccust

Ianenn COBpEMEHHBIX KOHCTPYKIHI CaMOJIETOB MAallOif M CpeJHeH TIpy30IOJbEeMHOCTH B
COOTBETCTBUM C CYIICCTBYIOIIEH KiIacCH(HKALKMEH, KaK IMPaBHJIO, SBISIOTCS TOHKOCTCHHBIMH.
OCOOEHHOCTBIO OIICHKH HECYIeH CHOCOOHOCTH U COOCTBEHHBIX KOJICOAHUI SBISETCS HEOOXOIMMBII
y4eT TeOMETPUYECKH HEIMHEHHBIX COOTHOIIEHHH. OOBEKTaMU HCCIIEIOBAaHUN JTaHHOH paboThI
SIBIIIIOTCSL TOHKHE HPSIMOYTOJIbHBIE KOMIIO3UTHEIE TTaHEIN HECHMMETPUYHOH CTPYKTYpHI, KOTOpast
MOJKET SIBJIATBCS CIIEACTBUEM IPUMEHEHHUS] PEMOHTA OCHOBHBIX CHJIOBBIX WJIM BTOPHYHBIX 3JIEMEHTOB
KOHCTpYKIHU. [lenpio paGoOThI SBISETCS OLEHKa COOCTBEHHBIX HEMHEHHBIX KONCOAHMH TOHKHX
KOMITO3UTHBIX TIaHEeJNeH HECUMMETPUYHOW CTPYKTYpbl. VICXOAHBIE COOTHOLIEHUS KpOMe
TPaJAUIUOHHBIX MEMOPAHHBIX M HM3THOHBIX JXECTKOCTEH YYUTHIBAIOT CMEIIAHHBIE JKECTKOCTH.
3anMcaHHas UCXOJHAs CHCTEMa ypaBHEHMI CBelleHa K reOMeTpPUYECKH HeJIMHEHHBIM ypaBHEHUSIM
COBMeCTHOCTH AedopManuii u HelnuHeiiHOMy ypaBHeHuio tuma Kapmana [1]. IlpencraBmensr
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ypaBHEHMs, YYMTHIBAIOLIME BO3MOXKHYIO HadalpHyl0 1oruOb. B pabore paccMoTpeHs
MPSIMOYTOJIbHBIC MAHETH JUIS BapUAHTOB LIAPHUPHOTO M JKECTKOrO OmupaHus. Pemienue 3amay
npoBeneHo MeronoMm byOHoBa-I'anepkuna. CHavana M3 ypaBHEHHs COBMECTHOCTH Ae(opManuii
omnpezeneHbl (PyHKIUKM HANpPsDKEHUs, a 3aTeM TP UCIIOJIb30BaHUM ypaBHeHUs: KapmaHa 3amucaHo
HEJIMHEIHOEe YpaBHEHHWE, BKIIIOYAIOIIEE COOTBETCTBYIOLIME JWHAMMYECKUE HWIEHBl BTOpPOMH
MPOU3BOAHONW MO BpeMeHH. lIpum paccMOTpeHMM JMHEHHOW 3aJauyd TOJMY4YEHBI OIpeeTeHUs
COOCTBEHHBIX YacTOT KOMIO3UTHOW IAHENM NPH MaiblX KojebaHusx. Jlajsee nmpu paccMOTpeHUH
3a7a4d HEJIMHEWHBIX KOJECOaHWH Ul MaHeneil co CBOOOAHO CMEIIAOIIMMHUCS KPOMKAMH IIOCIIE
HHTETPUPOBAHMS TIOJIYYCHO YpaBHEHHE Ui ONpPEeNCHHs] COOCTBEHHBIX YAaCTOT TOHKUX IaHeNlel
HECHMMETPHYHOH CTPYKTYpbl. MTOrOBbIE aHAIUTUYECKHE COOTHOIICHUS MO3BOJSIOT MPOBOIUTH
OLICHKY ydYeTa reoMeTpuuecKoil HenuHeitHocTH. [IpakTHdeckol 3HAaYMMOCTBIO PabOTHI SIBIIETCS
BO3MOKHOCTh PAacCMOTPEHHUSI HEMMHEWHBIX KOJEOAHWH TOHKOCTEHHBIX 3JIEMEHTOB BTOPHYHBIX
KOHCTPYKIIMH C y4eTOM HECHMMETPHYHOH CTPYKTYphHl. B KadecTBe HpHMEpoOB MOTyT OBITH
PaccMOTPEHBI PEMOHTHBIC BAPHAHThI TaHENeH 00TeKaTeNneld pa3InyHOro Ha3HAYCHHS.
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Natural nonlinear oscillation of thin rectangular composite panels of non-symmetric
structure
Mitrofanov O.V., Gavva L.M., Osman Mazen
MALI Moscow, Russia

Modern light and midmarket aircraft structure panels according to classification are generally thin-
wall. Load-bearing capacity and natural oscillation estimation peculiarity is necessary consideration
of geometrically nonlinear correlations. Thin rectangular composite panels of non-symmetric
structure, which may be caused by PSE and secondary structural elements repair are inspected in this
paper.

Purpose of this paper is estimation of natural nonlinear oscillation of thin composite panels of non-
symmetric structure. Initial correlations except for traditional membrane and bending stiffness
consider combined stiffness. Initial equation system is reduced to geometrically nonlinear equations
of strain compatibility and nonlinear von Karman equation. Equations considering possible initial
deflection are shown in this paper. It examines hinge and rigidly supported rectangular panels. The
problem is solved using Bubnov-Galerkin method. At first, stress function is obtained based on
equation of strain compatibility, then nonlinear equation including corresponding dynamic terms of
second order derivative in time using von Karman equation [1]. When examining linear problem
composite panel natural oscillation definition is obtained for small oscillation. Further on when
examining problem of nonlinear oscillation of non-symmetric structure panel with free edges an
equation for thin panels natural oscillation definition is obtained after integration. Final analytical
correlations let us estimate consideration of geometric nonlinearity. This paper practical significance
lies in non-symmetric secondary structures thin-wall elements nonlinear natural oscillation
definition, for example, for panels of different fairings.
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IIpoekTHpoBaHUe KBAJPATHBIX MOKPEIJIEHHBIX KOMIIO3HTHBIX CTEHOK NPH CABHIE C Y4eTOM
o0ecneyeHns yCTOIYMBOCTH
Mutpodanos O.B., Ocmarn Ma3en, Kaiixos K.B.
MAMU, r. Mocksa, Poccust
JIst CTEHOK JIOHXKEPOHOB PETHOHATBHEBIX CaMOJIETOB HE JIOITYCKAeTCs IIOTePs. yCTOUNIUBOCTH IPH
pacueTHOM ypoBHe Harpyxenus [1-3]. OObekTamu HCCIEqOBaHHS AAHHOW pPabOTHI SIBISIOTCS
MOAKpPEIICHHBIC peOpaMu CTeHKH ¢ TabapUTHBIMH pa3MepaMH ONU3KHMH K KBaApaTHOH (opme H
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H3TOTOBJIEHHBIMH U3 KOMITO3UTHBIX MaTepHanoB. IIpu mocTaHOBKe 3a/1auM yYUTHIBAETCS, YTO CTEHKH
JIOHXKEPOHOB MOTYT OBITh HATPY)KCHBI KacaTeIbHBIMU IIOTOKAMH M BTOPHYHBIMU COKHMAIOIIUMU
YCHIIMSIMH, BO3HUKAIOIIUMH OT M3ri0a KpbuIa. Llenbro paboTsl sBIsIack pa3paboTka aHATUTHYECKOM
IIPUKIIAJHON METOUKH ONTHMAIBHOTO IIPOEKTUPOBAHHS, KOTOPask MOIJIa ObI OBITH HCIIOIb30BaHA Ha
JTalaX paHHEro IPOEKTUPOBAHHsA MJIs OLEHKM NPHBEIEHHBIX TOJIUUH CTEHOK HEPBIOp H
JIOHXEPOHOB. /111 ompeieIeHns ONTHMAIbHBIX 1apaMEeTPOB HOJKPEIUICHHBIX CTEHOK PacCMOTpPEHA
3a7aya ONTUMAJILHOTO IPOEKTHPOBAHUS C y4YETOM OIPaHMYEHHH IO MECTHOH YCTOMYMBOCTH
OOIIMBKY (KOTOpasi SBJISICTCSI MPSIMOYTOJIBHOM OPTOTPOIHOW MAaHENbi0) M OOl yCTOHYMBOCTH
CTEHKH C pebpamu (KOTOpas SIBJISIETCS KBaJpPaTHOW KOHCTPYKTHBHO-OPTOTPOITHOW HaHENbIo.
Meroonorus MPOSKTUPOBAHMS PABHOYCTOWYMBBIX MaHENEH mpencraBieHa B padore [4].
Ipenmonaraercs, YTO CTPYKTypa KOMIIO3UTHOH CTEHKH COCTOUT M3 OOIIMBKU M YacTHIX [-00pa3HBIX
MOAKpeIUTIomuX pedep. CooTHOMIEH S IS OLEHKH OOIIel yCTOMIMBOCTH IPU CXKATUH U CABUTE
COOTBETCTBYIOT KOHCTPYKTHBHO — OPTOTPOITHBIM IAHENSIM, JUISL KOTOPHIX HPHMEHMMa T'HIOTEe3a
OCPEIHEHHS KECTKOCTEH. YKa3aHHBIC BBIPQKEHMS YYUTBHIBAIOT OCOOCHHOCTH OOIIECH KBaapaTHOU
hopMBI CTeHKH. AHaJIMTHYECKas 3a/iada ONTHMU3AIMI CBEACHA K MUHUMU3AIUK (YHKINH OIHOM
MepeMEHHOH, KOTOPOH sBIIsIeTCA BBICOTa pedpa K mIary HoikperuieHus. IIpuBeaeHsl IpUKIagHbIe
METOIMKH OIPEIEICHUS] ONTHMAIBHBIX MapaMeTPOB NPU CXKATUH, CIBUTE U KOMOMHHPOBAHHOM
HarpykeHuu. TakKe paccMOTpeH BapHaHT roQpoBOro 3amojHUTENs TpyOuaToi CTpyKTypsl. Ha
OCHOBE IIOJy4EHHBIX COOTHOIICHUH MTPOBEICHBI NCCIICNOBAHMS PALMOHAIFHOTO apMUPOBAHUS +¢°
9JIEMEHTOB CTEHKH U JaHbl PEKOMEHJAIHU II0 COOTHOLICHMSIM CIIOEB IIPU CTAaHAAPTHOH yKIaJKe
0°/+45°/90° ucxos U3 paBEeHCTBa MEMOPAHHBIX JKECTKOCTEH.
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Stiffened composite quadratic walls design with shear providing stability
Mitrofanov O.V., Osman Mazen, Kaikov K.V.
MAI Moscow, Russia

For regional aircraft spar webs buckling is not acceptable with ultimate loading level [1-3]. This
paper research objects are composite rib-stiffened webs of dimensions close to square shape. Problem
statement considers that spar webs may be loaded with tangential flows and secondary compressive
forces due to the wing bending. This paper purpose is development of analytical applied method for
optimal design, which can be used at early design stage for estimation of ribs and spars web thickness.
In order to define optimal parameters of stiffened webs optimal design problem is examined
considering constraints in skin (rectangular orthotropic panel) local stability and global stability of
the web with ribs (square structurally orthotropic panel). The methodology of designing equidistant
panels is presented in [4]. It is assumed that composite web structure consists of the skin and frequent
I-shaped stiffening ribs. Correlations for global stability estimation in case of compression and shear
correspond to structurally orthotropic panels, for which stiffness averaging hypothesis is used.
Indicated expressions consider peculiarities of web general square shape. Optimization analytical
problem is reduced to minimization of function of one variable, which is correlation of rib height to
stiffening pitch. Applied methods for optimal parameters definition in case of compression, shear and
combined loading are shown. Besides variant of corrugated filler of tube structure is examined. Based
on obtained correlations rational web elements reinforcement +¢° was researched and correlations of
lays with standard layout 0°/+45°/90° are recommended based on membrane stiffness equality.
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OnrTuMabHOE IPOEKTHPOBAHUE CKATHIX TOHKUX KOMIO3UTHBIX NaHeJeil o
3aKPUTHYECKOMY COCTOSIHHIO € y4eTOM OrpaHHYeHHii 110 yCTaa10CTH
Murtpodanos O.B.

MAMU, r. MockBa, Poccus

IIpu mpOeKTUPOBAaHMM BEPXHHX TOHKHX KOMIIO3HTHBIX IIaHENEH KECCOHA KPbUIA M HIDKHHX
naHeneil (pro3ersbka caMolieTa MaJIoi aBHAllUK JIOIyCKaeTCs OTepsl yCTOWYNBOCTH OT COKMMAIOIIHX
YCWINH NP HArpy3Kax HUXKE HKCIUTyaTallMOHHOTO ypoBHs [ 1-2]. [Ipenmerom rccnenoBaHuid JaHHOM
paboTHI SBISIIOTCS IVIAJKHE OPTOTPOIHBIC NPSIMOYTrOJbHbIE NAHEIN NPU NIAPHUPHOM OIMPAHHH U
IPOIOIBHOM CKaTHH. [l ompeneneHUs ONTHMANbHBIX IapaMeTpOB IaHeNedl IpeicTaBlIeHa
METO/IMKA ONTHMAIBFHOIO IPOSKTHPOBAHMS, OCHOBAHHAs Ha YCIOBHH PACCMOTPEHHSI HECKOJIBKHX
pa3nMYHBIX YpOBHell HarpyxeHus. Ha mepBoM ypoBHE CTaTHUECKOrO HATPY)KEHHUS yUHTHIBAIOTCS
OrpaHHYeHHs] 0 ycroifumBocTH. OTMEYEHO, YTO HAarpy3KH IIEPBOTO YPOBHS HArpYXKEHHSI He
00s[3aTePHO COBNAJAeT C OKCIUTyaTAallMOHHBIMM Harpyskamu. Ha mocmemyrommx ypoBHSX
JIOITyCKaeTcsl 3aKpHTHYECKOe IOBEICHHE MaHeleil NpH HarpyXeHHH IPH HEKOTOPBIX IIOJeTax
KBa3HCIIy4aiHOH HMpOrpaMMBbl YCTaJIOCTHOIO HArpy:KeHHs, KOTOpas BKIIOUAeT HECKONbKO TUIIOB
IIOJICTOB C XapaKTEePHBIMH MOBTOPSIEMOCTSIMU M YPOBHSIMH aMIUIUTYIbI HarpyxeHus. s 3amadqu
OIITUMAJILHOTO IPOEKTHPOBAHHUS B 9TOM CIIydae B KaUeCTBE MIEPEMEHHBIX HCIIOIb3YIOTCS TONIHHA 1
muprHa naHenmu. lIpu paccMOTpeHHMH 3ajaddl ONpeNeNIeHHs HaIpsHKEHHO-Ie(hOpPMHUPOBAHHOTO
COCTOSHMS Ha BTOPOM YPOBHE HATPY)KEHHUs HCIIOJb30BaHbl TI'€OMETPHUYECKHM HeIUHEeHHbIe
COOTHOIIICHUS ¥ PacCMaTPHUBAeTCsl aHAIUTHYECKOE PelIeHHe 3a1auu MeTooM byOHoBa-I"anepkuna.
3agaua ONTUMAIbHOIO IPOSKTUPOBAHHUSI OPTOTPOIHOI NaHEeIH IPH OTPAHUYEHUSIX 110 yCTOUHUUBOCTH
1 YCTaJIOCTH IIPH 3aKPHTHIECKOM ITOBEJICHUHU CBEJICHA K PEIICHHIO CUCTEMBI IBYX ypaBHeHHid. [Ipu
3aIlUCH COOTHOLIEHUH AJI1 BTOPOrO YPOBHs HArpyXKEHUs! HNPEIJIOKEHO YTOYHEHHE METOIOJIOTHU
IIPOEKTUPOBAHUS IO 3aKPUTHYECKOMY COCTOSHHIO, BKIIOYAIONee YTOYHEHHE HAarpy3ok H
JIOIyCKaeMbIX HANPSDKEHUM, B TOM YHCIIE, TI0 YCTaJIOCTHOM NMpoyHocTH. IIpakTHyeckas: 3HaYMMOCTh
paboTHl 3aKiIIOYaeTcss B BO3MOXKHOCTH OINPENENCHHs ONTHUMAIBHBIX IApaMeTpOB IaHENeH U
BBIPA0OTKM PEKOMEHAALMII Ha PAHHMX STamnax MPOCKTUPOBAHHUS C YYETOM PA3NIMYHBIX YPOBHEH
Harpy>KeHHs.
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Compressed panels optimal design taking constraint of stability and fatigue in postbuckling
state into account
Mitrofanov O.V.
MAI Moscow, Russia

When designing light aircraft wing box thin upper composite panels buckling is acceptable due to
compressive force with loads below limit level [1-2]. This paper researches smooth orthotropic
rectangular hinge supported and longitudinally compressed panels. In order to define panels optimal
parameters optimal design method based on consideration of two different loading levels is shown.
At the first level of static loading stability constraints are considered. It is noted that first loading
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level loads do not have to coincide with limit loads. At the second loading level panels postbuckling
behavior is acceptable due to loading in some flights of fatigue loading quasi-random program
consisting of several flight types with typical loading amplitude and frequency of occurrence levels.
In this case panel thickness and width are used as variables for optimal design problem.
Geometrically nonlinear correlations are used at the second loading level when considering mode of
deformation definition problem, the problem is analytically solved using Bubnov-Galerkin method.
Orthotropic panel optimal design problem with stability and fatigue constraints in case of
postbuckling behavior is reduced to solution of two equations system. For correlations of the second
loading level design method by postbuckling state is improved, to be more exact, loads and fatigue
allowable stress are defined more precisely. This paper practical significance lies in panels optimal
parameters definition and recommendations at an early design stage.
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Omnpejesienne ONTHMAJIBHBIX IAPAMETPOB CKATHIX KOMIIO3HTHBIX NaHeJIeii IpU odecneyeHHH
YCTOIYHBOCTH M MPOYHOCTH NMPH 3aKPUTHYECKOM IOBEJEHHH C YIeTOM KeCTKOT0 ONMHPAHMSI
Murtpodanos O.B., Ocman Maszen
MAMU, r. Mocksa, Poccust

Jlnsi TOHKMX BEpXHHX OOLIMBOK KECCOHA KpbUIA JIETKOIO caMojieTa IOIYCKAaeTCsl IoTeps
YCTOHYMBOCTH IPH OEHCTBUH HArpy30K, OIM3KHX JKCILTyaTallMOHHOMY ypoBHIO. Llenbio paboTsl
SBIIIETCS OLPENEICHNE CXKATBIX ONTUMAJIBHBIX I1APaMETPOB IPSIMOYTOJBHBIX KOMIIO3HTHBIX
maHeneil NpU JXKECTKOM ONHUPAaHHU IO JIMHHBIM CTOpoHaM. IlepeMeHHBIMH IapameTpaMH B
paccMaTpuBaeMoil 3ajade ONTHMH3ALUH SBIBIIOTCS TONIIMHA W IIMPHHA OOIIMBKH, YTO MMEET
MPaKTUYECKYIO 3HAUYMMOCTh Ha PAHHUX JTalax MPOEKTHPOBAHUS IIPU MPOPAOOTKE KOHCTPYKTHBHO-
CHJIOBOH CXeMBbI KeccoHa Kpbuta. JIyisi paccMaTpHBaeMOW 3aJauyd MPHHSTHI JKECTKHE I'PAHHYHBIC
ycnoBus onupanus. OcoGEHHOCTU ITOCTAaHOBKY 337auH, KOTOPbIE 3aKII0YAI0TCs B cIepytonieM. Bo-
NIePBBIX, TIPU NPOEKTUPOBAHUH pPAacCMaTPUBACTCS IBA YPOBHS HarpyxeHus. Ha mepBom ypoBHe
Harpy»eHusi He JOMyCKaeTcs MOoTepsl yCTOWYMBOCTM TOHKUX maHeneil. Ha BTopoM ypoBHE
Harpy>XeHHs IPH JOIYCTHMOCTH 3aKPUTHYECKOTO MOBEACHUS JOJDKHO MPOUCXOIHUTH Pa3pylIeHUE
MaHEI! MO YCIOBUSAM MPOYHOCTH C y4ETOM I'eOMETPHUYECKH HeluHeHoro moseneHus. Bo-BTopbIx,
JUISL  OTIPEJENICHHs] ONTHMAJBHOTO BECa KOHCTPYKI[MH HWCIIONIb30BAHO YCIOBHE pPEaIn3aliy
MHHHMAJbHBIX 3aIlaCOB MO YCTOWYMBOCTH IPH IEPBOM YPOBHE HATPY)KEHMS U IO CTATHYCCKOH
NPOYHOCTH IPH IPOSKTUPOBAHUU II0 3aKPUTHYECKOMY COCTOSHHIO IIpH BTOPOM YpOBHE
HAarpy>keHHsa. 3amachl IO YCTOMYMBOCTH M IO IPOYHOCTH HAa COOTBETCTBYIOIIUX YPOBHAX
Harpy>XKeHHs JOJDKHBI OBITh PaBHBI equHHIE. Harpy3ku IpH yKa3aHHBIX YPOBHSIX HArpy)KCHUs He
00513aTeIbHO JIOJDKHBI COBNAJATh C DKCIUTyaTAllMOHHBIM M PACUETHBIM YPOBHSIMH HATpYy)KEHHUs H
JIOJDKHBI ONIPENEIATHCS pa3padOTINKOM BO3IAYIIHOTO CyAHA HCXOIS M3 CIIENUATBHBIX PACUeTHBIX
YCIIOBHH, COITIACOBAHHBIX C ABUAIMOHHBIMH BiacTAMH. OTMEYEHO, UYTO MPH OMNpPEIEIeHUU
OIITUMAJILHBIX aPaMeTPOB JIOJDKHBI OBITh HCIIOIb30BAHBI PEIIEHHS] T€OMETPUUSCKH HEeIMHEHHBIX
3a7a4 U METOJIOJIOTHSl NPOEKTUPOBAHHUS IO 3aKPUTHYECKOMY cocTostHMio [1-3]. Jlist TOHKHX
OOmMBOK B paboTe YYHUTHIBAIOTCS MeMOpaHHbIE HANpsDKEHHs, BO3HHUKAIONIME IIPH IIOTepe
ycroituuBoctu. Takum o00pa3oM, paccMaTpuBaeMasi aHaJIMTHYECKas 3ajJaya ONTUMAJIbHOTO
IIPOEKTUPOBAHMS CBEJICHA K PEIICHHIO IBYX YPAaBHEHHII OTHOCHUTEIBHO JIBYX HEH3BECTHBIX IIPH
00CCIIeUeHHH YCIIOBHI YCTOWYMBOCTH M TMPOYHOCTH Ha JBYX YPOBHSAX Harpyxenus. B pabore
MIOJTy9eHbl aHAIHTHIECKHE COOTHOIICHUS, B TOM 4YHCIe, HEIMHEIHOe ypaBHEHHE OTHOCHUTEIIBHO
TOJIIUHBI NaHEeIH, YKa3aHHBIX YPOBHEH cxuMarollell Harpy3kd U NpeAedbHBIX MO MPOYHOCTH
HAaIpsDKCHUH, JOCTUTAaeMBIX IIPH PAaCUETHBIX Harpy3Kax.

Jlureparypa:

1. Murpodanos O.B. IlpukiagHoe NpOeKTHPOBAHUE MMaHENeH KpbUla MUHHMAIBHOIO Beca U3
KOMIIO3UTHBIX MaTE€PHAJIOB C y4eTOM 3aKPHTHIECKOTO MoBefeHus oomusky // Bectank MAU. Tom
9.2002r. Nel. —-C.34-41.

23



2. Mitrofanov O. Post-Buckling State Estimation and Load-Bearing Composite Panels Design for
Compression and  Shear. AIP  Conference Proceedings 2125, 030059 (2019);
https://doi.org/10.1063/1.5117441.

3. Murpocdarnos O.B. IIpoekTupoBaHHe HECYIUX MaHeNell aBHAMOHHBIX KOHCTPYKIHH IO
3aKpUTHUYECKOMY cocTosHuI0. -M.: M3n-80 MAU, 2020. -160 c.

Compressed panels optimal parameters definition providing stability and strength with
postbuckling behavior taking rigid support into account
Mitrofanov O.V., Osman Mazen
MALI, Moscow, Russia

For light aircraft wing box thin upper skin, buckling is acceptable due to loads close to limit level.
This paper purpose is to define compressed rectangular composite panels optimal parameters for rigid
support by long sides. Variable parameters of the considered optimization problem are skin width
and thickness, which is of considerable practical importance at early design stage when developing
wing box structural layout. For the considered problem, rigid support boundary conditions are
assumed. Shown below are the problem statement peculiarities. At first, two loading levels are
considered in design. At the first loading level thin panels buckling is not acceptable. At the second
loading level with acceptable postbuckling behavior panel shall fail by strength conditions
considering geometrically nonlinear behavior. Secondly, in order to define optimal structure weight
minimal stability margin condition is used at the first loading level and minimal static strength margin
condition is used for the second loading level when designing by postbuckling state. Stability and
strength margins at corresponding loading levels shall equal one. Loads of the above mentioned
loading levels do not have to coincide with limit and ultimate loading levels and shall be defined by
the developer of the aircraft based on special design conditions agreed upon with aviation authorities.
It is noted that when defining optimal parameters one shall use geometrically nonlinear problem
solutions and method of design based on postbuckling state [1-3]. For thin skins membrane stress
due to buckling is taken into account in this paper. Thus considered analytical problem of optimal
design is reduced to solution of two equations in two unknown variables providing stability and
strength conditions at two loading levels. Analytical correlations including nonlinear equation in
panel thickness, above mentioned compressive load and critical stress achieved with ultimate loads
are obtained in this paper.
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YucieHHO-IKCIIePHMEHTAIBHBIN aHAIN3 HeJIHHEITHOr0 HANPsiKeHHO0-1e()OpMHPOBAHHOTO
COCTOSIHUSI KOMIIO3UTHBIX MPOYIIHH B HCIBITAHUSX HA PACTSIKeHHe
TTasnoBa C.A., Kumos E.A., Kypkun E.., ITapnosa C.A.
Camapckuil yauBepcurer, r. Camapa, Poccus

Ha cerogusmHuii eHb IpU aHAIN3e HANPSHKEHHO-Te(OPMUPOBAHHOTO COCTOSTHUS KOMIIO3HTHBIX
KOHCTPYKIMI Ha MPAKTHKE IIHPOKO IPHUMEHSIOTCS MOJEIN MaTepuaia, OMHUCHIBAIONINE JIHHEHHYIO
3aBHCHMOCTh  «HAmpspkeHue-nedopmanus». JlaHHble Monenn — 00NamaroT — OHpEIeNeHHOH
YyBCTBUTEIBHOCTBIO MPH AHAIH3E HAMPSHKCHHO-Ae(OPMUPOBAHHOTO COCTOSHHUS TAaKUX 30H
KOHCTPYKIIHH, B KOTOPBIX IIPe00IafaeT CyMecTBEHHOE HarpyKeHHe ITOIUMEpHOro cBssyromero. C
MPaKTHYECKOI TOYKH 3PEHMs OTO MPUBOAUT K HEOOXOMMMOCTH YCHJICHHS KOMIO3HTHBIX
KOHCTPYKIMI B MOJOOHBIX 30HaX M, KaK CICACTBUE, YBEIUUCHHIO MACChl KOHCTPYKIUH B IIEIOM.
J10OUTBCST CHIDKEHHST M30BITOYHOM 4yBCTBUTEIBHOCTH MOYKHO, €CIH IPHU MOJCTUPOBAHUH TaKOIO
poja  HampsDKEHHO-Ie(OPMHPOBAHHOTO — COCTOSHUS — yYMTHIBAaTh — HENIMHEHHBI  XapakTep
nehOpMHUPOBAHHMS KOMIIOHEHTOB KOMITO3ULIMOHHOTO MaTepHaa.

24



B paboTe mpoBOAMTCS YMCIEHHO-DKCIIEPHMMEHTANIBHBIN aHAIM3 BO3MOXHOCTH Y4éTa yHIpyro-
HETHUHEITHOTO MOBEICHNS MOIUMEPHOr0 KOMIIO3UIIMOHHOTO MaTepHana Ha IpHMepe KOMIIO3UTHBIX
NPOYIINH, HArpy)KeHHBIX pacTshkeHueM. PaccmarpuBamuch TpHM THIOpasMepa INpPOYLIMH,
BBIIOJIHEHHBIX U3 ABYX IOIMMEPHBIX KOMIO3HIIHOHHBIX MATCPHANIOB, KOTOPBIC OTIHYAIOTCS] THIIOM
1 TIOBEPXHOCTHOM IJIOTHOCTBIO apMUPYIOLIEro MaTepuaa. J{jis npoBeieHus S9KCIepUMEHTaIbHOTO
aHanmM3a ObUIO M3rOTOBJICHO U MCHBITaHO 3 mapTuu o 10 00pa3noB At KKJO0ro TUIAa MaTepuana.
3akperuieHue 00pa3LoB B MCIBITATENBHOH OCHACTKE OCYIIECTBIISUIOCH 10 TOPLEBOH KPOMKE, a
HArpy’keHHe — IyTeM IMHEHHOr0 MEepeMEICHHs NMIHHAPUYECKOTO HArpy)Kalollero 3JIeMEeHTa,
BCTaBJICHHOIO B NpoywuHy. Ilo pe3yiabrataM HCIBITAaHUH TONYYEHBI JHarpaMMbl «CHIIa-
HepeMeIeHrey Uil TpEX THIOPa3MepOoB HPOYIIMH Ka)KAOTO U3 PacCMATPHBAEMBIX MAaTEpHAIOB,
KOTOpbIE B JaJbHEHIIEM HCIOJIB30BAJINCH B KauyecTBE HCXOMHBIX [aHHBIX IPH YHCICHHOM
MOJICTTHPOBAHHH.

YnciaeHHOE MOJEITUPOBAHME KOMIIO3UTHBIX IIPOYLIMH OCYLIECTBIUIOCH C HCIOJIB30BAaHHEM
o0osnoueyHbIx KoHewyHbIX 3nemeHToB Tuma SHELL-181 B cpene CAE-cuctembr ANSYS. [lns
NPOTHO3MPOBAHMSL  HENMHEHHOTO  HAIPSDKEHHO-IEe(OPMUPOBAHHOIO  COCTOSHHS — NPOYIINH
HCTIOJIb30BANIaCh CIIEIHANIBHO pa3paboTanHas nporpamma NLComp, npeqnazHayeHHas ais pacuéra
KOMIIO3UTHBIX KOHCTPYKIHMH C Y4YETOM HENMHEHHOro MOBEICHHS MarepuaioB. B KkoHedHO-
9IIEMEHTHBIX MOJEIISX YCIOBUS 3aKPEIUICHUS U HATPY)KeHH 3a1aBalllCh HanOoee IpHOIKECHHBIC
K pEIbHBIM YCIIOBHAM dKcriepuMeHTa. OlieHKa TOYHOCTH KOHEYHO-3JIEMEHTHBIX MOJIENIeH POYIIHH
TpEX THUIOB OCYIIECTBINACH ITyTeM BBIUMCICHHS OTHOCHTENBHBIX OTKIOHEHHI YHCICHHBIX U
9KCIIEPHUMEHTANIbHBIX 3HAYCHHI peakluii B Olope Ha KaXJOM IIare HarpyxeHus. B pesynbprate
cpenHUE 3HAYEHMS OTKIOHEHHH cocTaBWiu: 16% — mma mpoymmH 1 tumopasmepa, 11% — mus
NPOYIIUH 2 THIIoOpasMepa 1 8% — Ui MpoymuH 3 TUIopasMepa.

[Nomy4ennsle pe3ynabTaThl YHUCIEHHO-)KCHEPUMEHTAIbHOTO HCCIENOBAHUA KOMIIO3UTHBIX
NPOYIINH IOKa3bIBAIOT 3((PEKTHBHOCTh pPa3pabOTaHHONH METOAMKH pacuéra KOMIO3HTHBIX
KOHCTPYKLUH ¢ y4ETOM HEJIMHEHHOTO MOBEJCHUSI MaTEPUaIOB.

Pa6ota BrInonHeHa pu (HHAHCOBOM Moepkke MUHHCTEPCTBA HAYKH M BBICIIIEr0 00pa30BaHUs
Poccwuiickoii ®enepanuu no npoekry FSSS-2020-0016.

Numerical and experimental analysis of nonlinear stress-strain state of composite attachment
lug in tension tests
Pavlov A.A., Kishov E.A., Kurkin E.I., Pavlova S.A.
Samara University, Samara, Russia

In advanced practice the stress-strain state analysis of composite structures widely uses models of
composite material models that describe the linear “stress-strain” correspondence. These models have
a certain sensitivity in the stress-strain state analysis of such structural areas, where the significant
loading of the polymer matrix prevails. In practice, this leads to the need to strengthen composite
structures in such areas and, as a consequence, to increase the mass of the structure as a whole. It is
possible to achieve a reduction in excess sensitivity if, when modeling such a stress-strain state, the
nonlinear nature of the deformation of the components of the composite material is taken into
account.

The paper presents a numerical-experimental analysis of the possibility of taking into account the
elastic-nonlinear behavior of a polymer composite material using the example of tensile-loaded
composite lugs. Three standard sizes of lugs made of two polymer composite materials, which differ
in the type and surface density of the reinforcing material, were considered. For the experimental
analysis, 3 batches of 10 samples for each type of material were manufactured and tested. The
specimens were fixed in the test fixture along the end edge, and the loading was carried out by linear
displacement of the cylindrical loading element inserted into the lug. According to the test results,
force-displacement diagrams were obtained for three standard sizes of lugs for each of the materials
under consideration, which were subsequently used as input data in numerical modeling.

Numerical modeling of composite lugs was carried out using shell finite elements of the SHELL-
181 type in the environment of the ANSYS CAE system. To predict the nonlinear stress-strain state
of the lugs, a specially developed NLComp program was used, designed to calculate composite
structures taking into account the nonlinear behavior of materials. In finite element models, the
conditions of fixation and loading were set as close as possible to the real conditions of the
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experiment. The assessment of the accuracy of the finite element models of the lugs of three types
was carried out by calculating the relative deviations of the numerical and experimental values of the
reactions in the support at each loading step. As a result, the average deviations were: 16% — for lugs
of 1 standard size, 11% — for lugs of 2 standard sizes and 8% — for lugs of 3 standard sizes.

The obtained results of a numerical-experimental study of composite lugs show the effectiveness
of the developed method for calculating composite structures taking into account the nonlinear
behavior of composite materials.

This work was financially supported by the Ministry of Science and Higher Education of the
Russian Federation under the project FSSS-2020-0016.

B03MO0KHOCTH HCHOIB30BAHHS YIVIEPOTHOT0 MaTEPHAIA B KOHCTPYKIIHH TeMJIOOTBOSIIIIHX
nanejeil XoJI0INILHUKA-H3IYYaTeNs] KOCMAYECKOTo anmapara
Pomaroa M.O.
MAMU, r. Mocksa, Poccust

OTBOA Telula OT KOCMHYECKOTrO ammapaTa B YCIOBHSAX KOCMOCA MOXKET OCYIIECTBIATHCS JIMIIb
n3rydeHueM. HasHauenne XomoAuIbHUKOB-H3IydaTesel IF000i cXeMbl CBOOUTCS K OTBOY TeIlIa
OT Pa3INYHBIX CHCTEM KOCMHYECKOr0 KOpaldIs (FHEPreTHIECKOH YCTAHOBKH, CHCTEM OXJIXKIICHHS H
JKH3HEOOCCTICUCHHSI) M PACCESHUIO JTOTO TEIIa B KOCMHYECKOM IIPOCTPAHCTBE MOCPEACTBOM
n3ydeHus. B 3aBUCHMOCTH OT Ha3HAUCHNS YKa3aHHBIX CHCTEM U BEJIMYNHBI OTBOAMMOIN MOLITHOCTH,
YpOBEHb pabOYUX TeMIepaTyp H3IydaTeledl U IUIONaib W3Iydaromeidl MOBEPXHOCTH MOTYT
KoneOaTbCsl B INMPOKMX Ipenenax. KOMIIO3WIMOHHBIE MaTepUalbl HMEIOT OIPEAeNIeHHOe
[IPEUMYIIECTBO 110 CPABHEHHIO C Hambolsiee MOAXOMSLIMMHU IO CBOMM (DM3HYECKUM CBOHCTBAM
MeTaJUIMIeCKUMH cIuTaBaMu. [Iporpecc B crcTeMax oXJaxJeHHs! KOCMUYECKUX allliapaToB SIBIIIETCS.
OUYCHb BOCTPEOOBAHHOW pa3pabOTKON B OTpacid KOCMHYECKOW 3Hepretuku. Ho mpu co3manun
JAHHBIX CHCTEM BO3HUKAIOT JOIOJHHUTENBHBIE MPOOJIEMbl, B YaCTHOCTH, CBSI3aHHBIE C
mpeoOpa3oBaHHEM TEILUIOBOI SHEPIMHU B 3IEKTPUUECKYIO: CO3[JaHHE XOJOJHIbHHKA-U3IIydaTels ¢
HEOOXOMMMOH HAIEKHOCTBI0O M MAaccOrabapUTHBIMM XapaKTEePHCTUKAMH M MaJjlorabapuTHOTO
TeNNIo00MEeHHHKa-PEKyepaTopa, 00eCIeUnBaIONIEro JOCTATOUHO BBLICOKHH TEpMOJHMHAMHYECKUI
KIIJ] ycranoBku. bompmas gacTb yrJIepomHBIX MaTepHaloB IaeT BO3MOXKHOCTh CHIDKCHHS Beca
n3genus Ha 10-50% B 3aBHCHMOCTH OT KOHCTPYKLHH H, COOTBETCTBEHHO, IIO3BOJSIET COKPATUThH
pacxon pabodero Ttema. MoruBampeil Kk paboTe IO HM3YyYEHHIO BO3MOXKHOCTH 3aMEILCHUS
METAUIMYECKUX H3TYyYalOUIMX MOBEPXHOCTEH (XONOMWIbHUKA-U3Iy4aTessi) Ha YIrIepoaHbIi
KOMIIO3MIIMOHHBII MaTepHasl SBISIETCSl I[IMPOKOE IPUMEHEHHE B KOCMUYECKOH TEXHUKE
KOMIIO3UIIMOHHBIX MaTepHaloB. B KOHCTPYKIIMOHHOM IITaHE MAHEIM M3/Ty4aTess BHIIONHSIIOTCS B
BUJIe KOMIUIEKCA TPyOYaThIX JJIEMEHTOB C IIENbI0 MHTCHCU(UKALMH JyIHCTOrO TEIUIOOOMEHa.
OpHON M3 OCHOBHBIX 3a7a4 ObLIO OOECIeYEeHHE KOHTAKTa MEXIy YIVIEPOJHBIM MaTepHaIOM U
TEIUIOBOH TpyOOH, BBIOJIHEHHOW, Kak IpaBWIO, M3 Hepkaseromieil cramu. Takoe coennHeHHe
JTOJDKHO OTBeYaTh TPEOOBAHHIO 0OECICUCHHST HAISKHON MEXaHHIECKOW CBSA3H MEXIY TPYOKOH U
YIJICPOAHBIM MAaTepHaOM BO BcCeM pabodeM [uama3oHe TeMIlepaTyp, HOpH 3TOM obJyazarth
MHHHMaJbHBIM TEPMHYECKHM COIIPOTHUBIIEHUEM. B pesynbTate, B cilydae HCIIOIb30BaHUS B KAUeCTBE
n3Tydaronmieil IOBEPXHOCTH YIVIEIUIACTUKA WM  YIIIEPOA-yIIepPOJHOTO  KOMIIO3HIHOHHOTO
MaTtepHaa MOKET UIMETh MECTO OTPLIB OT TEIJIOBOU TPYOBI U, KaK CIIE[ICTBUE, HapyIlIEHHE TEIJI0BOTO
KoHTakTa. ONHUM U3 IyTell PEIICHUs] ITOrO BOIPOCA MOXKET OBITh HCIIONB30BAaHUE B KAa4eCTBE
u3nydvaronieil MOBepXHOCTH yriaepogHol Tkanu. Takum obpasoM, B paGoTe OyAeT paccMOTPEHO
KOHCTPYKTHBHO-TEXHOJIOTHUECKOE pEIICHHe, O0EeCIeunBaloNiee COSIMHEHNE TEIUIONepPETatonIuX
YCTPOHCTB € YIICPOAHBIM MOJIOTHOM C HEOOXOAMMOM MPOYHOCTHIO U MUHUMAIBHBIMHU TEIUIOBBIMU
MOTEPSIMH.

Possibilities of using carbon material in the construction of heat-removing panels of the
refrigerator-radiator of the spacecraft
Romashova M.O.
MAI Moscow, Russia
Heat removal from the spacecraft in space conditions can only be carried out by radiation. The
purpose of radiator refrigerators of any scheme is to remove heat from various spacecraft systems
(power plant, cooling and life support systems) and dissipate this heat in outer space through
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radiation. Depending on the purpose of these systems and the amount of power output, the level of
operating temperatures of the emitters and the area of the radiating surface can vary widely.
Composite materials have a certain advantage in comparison with the most suitable metal alloys in
their physical properties. Progress in spacecraft cooling systems is a very popular development in the
space energy industry. But when creating these systems, additional problems arise, in particular,
related to the conversion of thermal energy into electrical energy: the creation of a radiator
refrigerator with the necessary reliability and mass-dimensional characteristics and a small heat
exchanger-recuperator that provides a sufficiently high thermodynamic efficiency of the installation.
Most of the carbon materials make it possible to reduce the weight of the product by 10-50%,
depending on the design and, accordingly, reduces the consumption of the working fluid. The
motivation for the work on the study of the possibility of replacing metal radiating surfaces
(refrigerator-radiator) with carbon composite material is the widespread use of composite materials
in space technology. Structurally, the radiator panels are made in the form of a complex of tubular
elements in order to intensify radiant heat exchange. One of the main tasks was to ensure contact
between the carbon material and the heat pipe, usually made of stainless steel. Such a connection
must meet the requirement of ensuring a reliable mechanical connection between the tube and the
carbon material over the entire operating temperature range, while having a minimum thermal
resistance. As a result, in the case of using carbon fiber or carbon-carbon composite material as a
radiating surface, there may be a separation from the heat pipe and, as a consequence, a violation of
thermal contact. One of the ways to solve this issue may be to use carbon fabric as a radiating surface.
Thus, the paper will consider a constructive and technological solution that ensures the connection
of heat transfer devices with a carbon web with the necessary strength and minimal heat losses.

PacuéTHo-9KcIIepHMEHTAIBLHASI METOANKA ONpeaeeHHsT KOMILIeKca TemIopu3nIecKHx
CBOWCTB MOJIMMEPHBIX KOMIO3UTHBIX MaTepPHAIOB
CanoxnukoB C.b., XKuxapes M.B., Onusenko H.A., Jlemikos E.B.
IOYpI'Y, r. Yensbunck, Poccust

JlanHas paGoTa nocBsiieHa pa3paboTke pacuETHO-3KCIEPUMEHTAILHOW METOIUKH OIPEICIICHUS
KOMIIIEKCa TeIUTO(H3NIECKIX CBOWCTB IOJMMEPHBIX KOMITIO3UTHBIX MAaTePHAIOB ISl JadbHEHIIHX
TepMorpadudecKux ucciaenoBanuii. HeobxoanMsIM ycoBreM sSBISETCS 3HAHHE KOMIIOHEHT TEH30pa
TEIUIONPOBOIHOCTH OPTOTPOITHOTO MaTepHala, TeIUIOEMKOCTH M Kod((HIMeHTa TEIUIOOTAaYn B
BO3/lyX OT IIOBEPXHOCTH KOMITO3HTA. DTH BEJIMYHHBI B CHPABOYHUKAX MPAKTHYECKH OTCYTCTBYIOT. B
paMKax JaHHOH pa0OTBl OBUIM OKCICPUMEHTANbHO OIPEAENICHBI HEKOTOphIe 3HAYCHUS
TCIUIONPOBOHOCTH B Pa3HBIX HATPABJICHHUSX U TEIDIOGMKOCTH TKAHEBBIX CTEKJIO- M YIJICIIIACTHKOB.
OnHako onpeneieHne TEIUIONPOBOJHOCTH KOMIIO3UTOB B IIOCKOCTH CTaHAAPTHBIMU IPHOOpaMH
HEBO3MOXKHO. Jlns sroro Obiia paspaboTaHa crenuanpHas JabopaTopHash YCTaHOBKa U
9KCIIEPHMEHTAIILHO OIPE/IeIIeHbI TEIUIOBBIC TI0JI B 00pas3iie IPH HarpeBe OT HCTOYHHUKA IOCTOSTHHOM
MOIIHOCTH, MOCTPOCHBI IPaUKM CKOPOCTH BBIXOAA HAa CTALMOHApHbI pexum. IloaydeHHble
9KCIIEPHMEHTAIIbHBIE JaHHBIE IIOCITYXKIIH OCHOBOM JUIS TOCTPOCHUSI YHUCICHHBIX MOJENeH B ITaKeTe
ANSYS Workbench u panpHeiimero pacuera Kod(GQUIHEHTa TEIIOOTAAYH BEPTHKAILHON
MIOBEPXHOCTH B BO3[yX, 3HAUCHHE KOTOPOrO B JIUTEPATYPHBIX HCTOYHUKAX HPHBOIMUTCSI CO
3HAYUTENBHBIM pa3dpocoM (kodbduimenTsl Bappupyotcs ot 5 no 15 Br/m2-pam). U3
TEPMUYECKOr0 pacdera peleHHs: 0OpaTHOH 3ajadun ObUIM HaliIeHBI 3HAYECHHS TeIUIONPOBOIHOCTH
yIJIEMIacTHKA, KOTOPhIC HE yAAJIOCh ONPEACINTh B SKCIIEPHMEHTE.

Computational and experimental methods for determining the complex of thermophysical
properties of polymer composite materials
Sapozhnikov S.B., Zhikharev M.V., Olivenko N.A., Leshkov E.V.
SUSU, Chelyabinsk, Russia

This work is devoted to the development of a computational and experimental technique for
determining the complex of thermophysical properties of polymer composite materials for further
thermographic studies. A prerequisite is knowing the thermal conductivity tensor components of
orthotropic material, the heat capacity and the heat transfer coefficient to air from the composite
surface. These values are practically absent in reference books. As part of this work, some values of
thermal conductivity in different directions and heat capacity of glass fiber and carbon fiber
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reinforced plastics were experimentally determined. However, it is impossible to determine the
thermal conductivity of composites in the plane using standard instruments. For this, a special
laboratory setup was developed and the thermal fields in the specimen were experimentally
determined when heated from a constant power source. Graphs of the rate of reaching the stationary
mode were plotted. The obtained experimental data served as the basis for constructing numerical
models in the ANSYS Workbench package and further calculation of the heat transfer coefficient of
the vertical surface into the air, the value of which in the literature is given with a significant scatter
(coefficients vary from 5 to 15 W/m2-deg). Thermal calculation of the inverse problem solution made
it possible to determine the values of the thermal conductivity of CFRP, which could not be
determined in the experiment.

Hcnoib30BaHKe reHeTHYECKOro aJIrOPUTMA B 32/1a4aX HIeHTH(PHKALUN NAPAMETPOB
HeJINHEHHBIX Mo/Ie/Iell KOPOKTOApPMHPOBAHHOT0 KOMIIO3HIIMOHHOI'0 MaTepuaia
Crnupuna M.O., Kypkun E.J.

Camapckuil yHusepcurer, r. Camapa, Poccus

KoMMo3uIMOHHbIE MaTepHallbl, apPMUPOBAHHBIC KOPOTKUMH BBICOKONPOYHBIMHM BOJOKHAMU —
NePCHEKTHBHBIA MaTepHall VISl CO3IaHUsI KOHCTPYKIUI a9pOKOCMUYECKOT0 Ha3HAYCHHMS CIIOKHOM
(hopMBI, TaKMX KaK KPOHIUTEHHOB HaBECKH, OKAHTOBOK MILUIFOMHHATODPOB, JIOMATOK BCHTHIATOPA
ra3oTypOuHHOro nBuraTeis. JKXecTkocTs M IpOYHOCTH KOPOTKOAPMUPOBAHHEIX KOMIIO3HTOB 3aBUCHT
OT OpUCHTALIMH aPMUPYIOIIUX BOJOKOH U MOKET OBITh OIIMCAHA B KAXIOH TOYKE KOHCTPYKLHHU C
IIOMOLIBI0 HEMHEHHOW MOJIENM MEXaHWYeCKHX XapaKTEepHCTHK aHM30TPOIHOro Marepuana. B
paboTe paccMaTpHBAeTCs BOIPOC MOCTPOCHHS TAKOH MOJEIN M MACHTU(UKALNK ee IapaMeTpoB B
cucreme Matlab Ha OCHOBE r€HETHYECKOTO alIrOpUTMA.

Mojenb aHH30TPONUM MEXAaHHYECKUX XapAaKTEPHCTHK KOPOTKOAPMHUPOBAHHOTO KOMIIO3UTA
ocHoBaHa Ha paborax Mopu-Tanka u Tannona, Benra, oGoOmiaromux ucciieqoBaHus DNIENON.
OCHOBHO# BKJIaJ B HEJIMHEHHOE MOBEJCHNE KOMIO3HUIMOHHOTO MaTepuajia MOXET OBITh ONHCaH
HETMHEITHOH MOZEIbIO CBsI3yroIero. /s omicanus HEMMHEHHOCTH MEXaHNIECKUX XapaKTePUCTHK
CBSI3YIOLICTO HCTIONB3YIOTCSI CTENCHHAS, SKCIIOHCHIIHANIbHAS 1 TMHCHHO-9KCIIOHECHIMAIbHAS MOZICITN
3aKOHOB yNpouHeHus. Mofyis ynpyrocti u kodddumment Ilyaccona cBa3yromero onpenensrores
Ha OCHOBE 3aBHCHMOCTeil mapameTpoB Jlame: MIaCTUYHOCT yYUTBHIBATHCS B M3MEHCHHU MOMYIIS
CZIBUTa, TOTa KaK 00BEMHBIH MOIY/b YIPYTOCTH OCTAeTCS HOCTOSHHBIM.

IMapamerpsl MOAeINM KOMIIO3MLIIMOHHOIO MaTepHalia ONPEACIAIOTCS IMyTeM MHHUMU3ALUH
OTKJIOHGHHI PacueTHBIX M JKCIICPUMEHTAIbHBIX IPaHKOB HArpyKeHHs 00pasloB MaTepHaia IIo
cranaapty ISO 527, Belpe3aHHbIX U3 IIaCTHHBI 0] yriamu 0°, 45° u 90° k HanpaBlIeHUIO JIUThS. B
KavyecTBe KPUTEPHsl ONTHMH3ALUK IIPH ONPEASNICHHN NapaMeTPOB SIBISETCS CPeIHEKBaApaTHIHOE
OTKJIOHCHHME MEXIY MOJensiMH M rpadukamu skcnepumenrta. I[lo ymom4aHHio BCE JIMHHM
Harpy>KeHHUs CUATAIOTCSI paBHO3HAYHBIMH, OHAKO, B CIIydae HEOOXOJUMOCTH, BO3MOXKHO 3a/laHHE
HPHOPUTETOB ITyTeM Ha3HAYEHUs BECOBBIX KOA(D(UIIHEHTOB.

TocTpoenne Mozienm MaTepyaia M ONpeEJIENIeHHe ee apaMeTpoB NPoBeeHo B cucteme Matlab.
Jlns uaeHTHUKAUMKM TapaMeTpoB MCIONb3YeTCs TCHETHYCCKHUM alrOPUTM, pPealH30BaHHBIM
¢yHKIHEN ga, C BO3MOXKHOCTBIO ITapa/lIeIn3aiy BEIYUCICHNH. B kauecTBe IpHMEpOB MOCTPOSHEI
MO/ICIH TTOJIMaMu/ia-6 apMUPOBAHHOTO YIIICPOAHBIMU M CTCKIISTHHBIMH BOJIOKHAMH.

TTocTpoeHHBIE MO MOTYT OBITH HCIIONB30BAHBI IIPH PEIICHHH 3afad pacdyera HalpsKEHHO-
Je(OPMUPOBAHHOTO  COCTOSIHMS M HPOCKTUPOBAHWS H3JENUH U3 KOPOTKOAPMUPOBAHHBIX
KOMIIO3HITHOHHBIX MaTePHAaJIOB.

HccnenoBanue BBIMOIHEHO MPU GHUHAHCOBOM moaepikke Poccuiickoro Hay4dHOro HoHIa, MPOSKT
Ne 19-79-10205.

Using the genetic algorithm in a short-reinforced composite material nonlinear models
parameters identification problem
Spirina M.O., Kurkin E.I.
Samara University, Samara, Russia
Composite materials reinforced with short high-strength fibers are advanced material for creating
complex-shaped aerospace structures, such as hinge brackets, window frames, and jet engine
compression blades. The stiffness and strength of short-reinforced composites depends on the
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orientation of the reinforcing fibers and can be described at each point of the structure using a
nonlinear model of the mechanical characteristics of an anisotropic material. The paper considers the
issue of building such a model and identifying its parameters in the Matlab system based on a genetic
algorithm.

The model of anisotropy of the mechanical characteristics of a short-reinforced composite is based
on the works of Mori-Tanka and Tandon, Weng which generalizes Eshelby's studies. The main
contribution to the nonlinear behavior of a composite material can be described by a nonlinear binder
model. To describe the nonlinearity of the mechanical characteristics of the binder power,
exponential, and linear-exponential models of the hardening laws are used. The elastic modulus and
Poisson's ratio of the binder are determined based on the dependences of the Lame parameters:
plasticity is taken into account in the change in the shear modulus, while the bulk modulus of
elasticity remains constant.

The parameters of the composite material model are determined by minimizing the deviations of
the calculated and experimental loading schedules of material samples according to the ISO 527
standard, cut from the plate at angles of 0°, 45° and 90° to the molding direction. The standard
deviation between the models and the experimental graphs is used as an optimization criterion for
determining the parameters. By default, all load lines are considered equal, but if necessary, it is
possible to set priorities by assigning weight coefficients.

The construction of the material model and the determination of its parameters was carried out in
the Matlab system. To identify the parameters, a genetic algorithm is used, implemented by the ga
function, with the possibility of parallelization of calculations. As examples, models of polyamide-6
reinforced with carbon and glass fibers are constructed.

The constructed models can be used in solving problems of calculating the stress-strain state and
designing products made of short-reinforced composite materials.

The research was carried out with the financial support of the Russian Science Foundation, project
No. 19-79-10205.

MexaHnKa pa3pylieHHs! MOJUMePHBIX KOMIO3HTOB NPU HAJIMYNH MHOKeCTBEHHBIX
pacciioeHHii pa3In4Hoii popMbl 0 AeficTBHEM JHHAMUYECKHX HATPY30K
"Xomuenko A.B., *Mensenckuit A.JI., 'Maptupocos M.H., 2lenosa JI.B.

'MAMU, *TTAO «Kopnopamus «ApkyT», . Mocksa, Poccus
SLIATH, . KykoBckuit, Poccus

Ilpu co3pmaHMM TEXHMKM B a3POKOCMUYECKOH OTpaciu OONBLIYID pOJb WIPacT BecoBas
3¢ HEeKTUBHOCTH CO31aBAEMOT0 JIeTaTeNIbHOTO anmaparta (JIA). s 1ocTikeHs OCTaBICHHOM ey
HEOOXOAMMO TOCTOSIHHO COBEPILICHCTBOBaTh HPHUMEHSEMbIE KOHCTPYKIIMOHHBIE MaTepHaIbl,
KOTOpBIE JODKHBI HMMETh XapaKTePUCTHKU HE HIDKE TPaAUNUOHHBIX. [IOmyaspHOCTH HOMydHIH
HOJIMMEPHBIE KOMITO3HIHOHHBIE MaTepHaibl ([TKM), 13 KOTOpBIX, B TOM YHCIIE, H3rOTABIMBAIOTCS
CHIIOBBIE DJIE€MEHTHl KOHCTpyKuui JIA (maHenu, JOHXXEPOHBI, HEPBIOPHI KECCOHOB KpbUIA H
onepenus, U T.4.). [Ipn co3aHUM U 3KCIUTyaTallMd TAKHX 3JIE€MEHTOB B HUX HEPEIKO BO3HHUKAIOT
MEXCIIOeBbIe Ie(eKThl TUMA PACCIOCHUH, KOTOPbIe HETAaTHBHO CKa3bIBAIOTCS HA NPOYHOCTHBIX U
KECTKOCTHBIX XapaKTEPHCTHKAX JJIEMEHTAa KOHCTPYKIMH. Yamie BCero mnpu MOJEIMPOBAHUH
MEXCIIOEBBIX 1e(EKTOB THIIA PACCIOCHHN MPHHUMAIOT, YTO AeeKT HMeeT (popMy ILIUICA, Kpyra
WM TIPSIMOYTOJIbHHKA, HO B O0IIEM ciiydae Ae(eKT HMeeT IPOH3BOIBHYIO (hOopMy.

B pabore mpoBoAMTCSA UHCICHHOE MHCCIENOBAaHUE BIUSHUSA PACCIOCHHH Ha MPOYHOCTh H
TIOBEJICHHE CJIOMCTHIX JIEMEHTOB KOHCTPYKIHUH M3 TIOJMMEPHBIX KOMIIO3UTOB (YIJIEIUIACTHKOB) IPH
JICCTBUM HECTALMOHAPHBIX BO3/CHCTBUH. B KadecTBe OOBEKTOB paccMaTpUBAIOTCS: TIAJKUE
MOAKPEIIEHHBIC IUIACTUHBI, IMIMHAPHYCCKUE INAHETH M OOONOYKH. DJIEMEHTHl KOHCTPYKLIUH
BBIMOJIHAIOTCS U3 YITICIIIACTUKOB Ha ocHOBe Tpenperos HexPly M21/34%/UD194/IMA (yrneneHra)
u HexPly M21/40%/285T2/AS4C (yrnerkaHs), npe{Ha3HAYEHHBIX [T MPOU3BOJCTBA M3IEIMIT 11O
aBTOKJIABHOM TE€XHOJOTHH.

IIpenmonaraercs, 4dYTO B pacCMaTpUBaeMBIX OJEMEHTaX KOHCTPYKIMH  PacIIONOKEHBI
MHOJKXECTBCHHbIE Je(EKTHl THIIA PACCIOCHUH Pa3iInIHOW (OPMBI (JUIUIIC, KPYT, IPOU3BOJIbHAS
dopma) u pasmepoB. B KkauecTBe BHEIIHMX BO3ICHCTBHI B HCCICIOBAHUM PACCMATPUBACTCSL:
JIeWCTBHE HECTAllMOHAPHBIX IIONell NaBJICHUH (AKyCTHYECKOH NPHPOIbI, B3pHIBHAs BOJHA OT
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TOYEYHOTO HCTOYHMKA), yAApbl PA3MYHBIMH AUCKPETHBIMH MCTOYHHKAMH ((pparMeHT portopa
JBUTATENs], (PArMEHT THEBMATHKA, KECTKUE MOITYCHEPUIECKUE UMITAKTOPEI).

3amauM pemIaroTCs YHCICHHO C IOMOIIBI0 METOAA KOHEYHBIX 3JEMEHTOB B HPOTPAMMHOM
xommuekce LS-DYNA (sBHas cxema wuHTerpupoBaHms). OIpenensioTcs HOIs IepeMelIeHHi,
HanpsHkeHUH U aedopManuii B CI0AX 3JIEMEHTOB KOHCTPYKIHUH B pa3MYHbIE MOMEHTBI BPEMEHH.
Onpenemsttorcst Ko3(GGUINEHTHI 3aaca IPOYHOCTHU C HOMOLIBIO Pa3IHYHBIX KPUTEPUEB Pa3pyILCHHS
i komno3utoB (Hashin, Chang-Chang, Puck, LaRC), a Taxxke pacnpeznencHue HaBICHHUs Ha
BHEIIHHUX [TOBEPXHOCTSX MPH ACHCTBUHU B3pHIBHOI BONHEL OLIEHUBACTCS BIUSHHE JE(EKTOB HA HX
JlajbHelIee pa3BUTHE IIPU JAHCTBUM HAIPY3KH, T.€. pa3pyIeHHe KOT€3MOHHOM MEXCIIOEBOI CBSI3H.

Fracture mechanics of polymer composites in the presence of multiple bundles of various
shapes under the influence of dynamic loads
'Khomchenko A.V., Medvedsky A.L., '"Martirosov M.L,, 2Dedova D.V.
'MALI, 2Irkut Corporation, Moscow, Russia
3TsAGI, Zhukovsky, Russia

When creating equipment in the aerospace industry, the weight efficiency of the aircraft being
created plays an important role. To achieve this goal, it is necessary to constantly improve the applied
structural materials, which must have characteris-tics not lower than traditional ones. Polymer
composite materials (PCM) have gained popularity, from which, among other things, power elements
of aircraft structures are made (panels, spars, ribs of wing and tail caissons, etc.). When creating and
operating such elements, interlayer defects of the type of bundles often occur in them, which
negatively affect the strength and stiffness characteristics of the structural element. Most often, when
modeling interlayer defects of the type of expansion, it is assumed that the defect has the shape of an
ellipse, circle or rectangle, but in general, the defect has an arbitrary shape.

The paper presents a numerical study of the effect of stratifications on the strength and behavior of
layered structural elements made of polymer composites (carbon fiber plastics) under the action of
nonstationary influences. The following objects are considered: smooth and reinforced plates,
cylindrical panels and shells. Structural elements are made of carbon fiber based on HexPly
M21/34%/UD194/IMA (carbon fiber) and HexPly M21/40%/285T2/AS4C (carbon fiber) prepregs
intended for the production of products using autoclave technology.

It is assumed that in the considered structural elements there are multiple defects of the type of
bundles of various shapes (ellipse, circle, arbitrary shape) and sizes. The following external
influences are considered in the study: the action of nonstationary pressure fields (of an acoustic
nature, an explosive wave from a point source), impacts from various discrete sources (a fragment of
the engine rotor, a fragment of pneumatics, rigid hemispherical impactors).

The problems are solved numerically using the finite element method in the LS-DYNA program
complex (explicit integration scheme). The fields of displacements, stresses and deformations in the
layers of structural elements at different time points are determined. The safety margin coefficients
are determined using various fracture criteria for composites (Hashin, Chang-Chang, Puck, LaRC),
as well as the pressure distribution on external surfaces under the action of an explosive wave. The
influence of defects on their further development under the action of a load, i.e. the destruction of the
cohesive interlayer bond, is estimated.

MeToaHKa TOMOJIOIrMYeCKOH ONTHMHU3ALHH FeOMEeTPHH NMOAKPEIUIAIOIIUX 371eMEHTOB MJI0CKUX
naHeJiei
Yo UK., 'Consies F0.0., 'Pabunckuit JI.H., 2Esctparos C.B.
'MAM, r. Mocksa; *PKK «neprus», r. Koponés Poccus

B pabore mpeanoxeHa METOJMKA TOMOJIOTMYECKON ONTHMH3ALUHA F€OMETPHU OAKPETUISIOIINX
3JIEMEHTOB JUIS IJIOCKMX IaHEeNeH, Harpy)XeHHbIX COCPENOTOYEHHBIMU Harpy3kamu. B ocHoBe
METOJUKH HCIIOJB3YETCSl YHCICHHOE peUIeHHe 3a7aud o AedopMalMsx HaHedd NepeMeHHON
TOJIMHBL. [lapamMerpoM ONTUMM3aLMK SBISETCS TOJNILIMHA [AHENW, KOTOpas 3ajlaHa 4Yepes
¢ukTHBHYIO (yHKUMIO TIOTHOCTH. lleneBoit MUHMMH3MpYEeMOW (QYHKUMEH SBISETCS IOJIHAS
9HEprust AeopMalny IIIOCKUE TAHEIIH.

B pesynbTate perieHus 3aady ONTHMH3ALMK OINPEACISETCS PacoIOKeHne pedep jKECTKOCTH,
00eCIeunBaIONIMX PH COOCTBEHHOH MHHMMAJIBHOH Macce MaKCHMAaJIbHOE YBEIHYCHHE JKECTKOCTH
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KOHCTpYKIMHU. IIpenmyinecTBaMH Ipe/ularaéMoro MeToJa IO CPAaBHEHHMIO CO CTaHIAPTHBIMH
MOAXOJAMH  TONOJOTHYECKOH  ONTHMH3AIUH  SIBILIIOTCS — IOHIDKGHHBIC  TpeOOBaHUS K
BBIYUCIIUTENBHBIM PECYPCAM M BO3MOXKHOCTH IOJNYYEHHUS] TEOMETPUH pedep KECTKOCTH, KOTOphIE
MOTyT OBITh H3rOTOBJICHBI, HAIpUMep, MeTomoM (pesepoBanus. B pabore wucciegoBana
5((HEKTUBHOCTD HCIIONIB3YEMOro TOAXO0AA B CPAaBHEHHH C BAPUAHTAMM PETYIISIPHOTO OpeOpeHus
maneneil. Ilpm »ToM mOKa3aHO, 4YTO I HEKOTOPHIX BAapPUAHTOB HATPYXKEHHS MaccoBas
5((EeKTUBHOCTE ONTHMU3MPOBAHHBIX KOHCTPYKIMII MoxeT Oonee yeM B 2-5 pa3 IpeBbINIATh
TaKOBYIO B CPABHEHHH C JTy4IINMH BaApUAHTAMHU PETYISIPHOrO opeOpeHus. PaccMOTpeHb! BapHaHThI
MPUMEHEHUS B YMCJICHHBIX PacyeTax Kak B KJIACCUYECKOH TEOpHM IUIACTHH, TaK U B YTOYHEHHOMH
TEOPHH C YYETOM IMOIEPEeYHOro CABUra. YCTaHOBJICHO, YTO B PAacCMAaTPHBAEMBIX 3a1adax
ONTHMHM3ALUHM C YCIOBHSAMHM MHHUMHU3AaLU{ IOJHOH OdHeprum nedopManyii NpUMEHEHHUE
KIIACCHYECKOI TeopuH sBIseTcst 6onee 3(h(hekTHBHBIM. MeToarKa TOMOIOTHIECKOH ONTHMH3AIINH
MOJKPEIJIEHHbIX MaHeNei, B KOTOpol Ui 3a7aHKs JIOKAJIbHOM TOJIIMHBI MAHENU HCIIONb3YETCS
¢uxTuBHAs (GYHKIHSA IIOTHOCTH. MeToguKa AaeT BO3MOXKHOCTb IONYYUTh ONTHMHU3HPOBAHHBIC
BapHaHTBl KOHCTPYKLIMH C HauOONbIIEH >XECTKOCThI0. ONTUMaNIbHBIE DPEIICHHS IIOIy4YeHBI ¢
HCTIONB30BaHUEM KJIACCHYECKOU TEOPUH ILUIACTHH, HO3BOJLIOMICH OIYIUTh IPUOIKCHHbIE OL[CHKH
JUIL  ONTHMAJbHOH TEeOMETPHH IOAKPEIUIIOMNX 3JeMeHTOB. [lokasaHa 3(deKTHBHOCTH
MIPEUIOKEHHON METOAMKM IO CPaBHEHHUIO C MapaMeTpU4ecKOdl ONTHMM3alueil M BO3MOXHOCTH
3HAYUTEIFHOTO IIPEBOCXOACTBA HAMIEHHBIX pEIICHHH C KPHBOJIMHEHHOH reomerpueil pebep
JKECTKOCTH 110 CPAaBHEHHUIO C MAHEAMH C PEry/SIPHBIM OpeOpeHHeM.

Method of topological optimization of the geometry of supporting elements of flat panels
'Kyaw Y.K., 'Solyaev Y.O., 'Rabinskiy L.N., Evstratov S.V.
'MALI, Moscow; 2RSC “Energia”, Korolev, Russia

The paper proposes a methodology for topological optimization of the geometry of supporting
elements for flat panels loaded with concentrated loads. The technique based on the numerical
solution of the problem on the deformations of a panel of variable thickness. The optimization
parameter is the panel thickness, which is specified through a dummy density function. The target
minimized function is the total energy of deformation of the flat panel.

As a result of solving the optimization problem, the location of the stiffening ribs that provide, at
their own minimum mass, the maximum increase in the stiffness of the structure is determined. The
advantages of the proposed method, as compared with the standard topological optimization
approaches, are the reduced requirements to the computing resources and the possibility to obtain the
geometry of stiffeners, which can be manufactured, for example, by milling. The paper investigates
the effectiveness of the approach used in comparison with variants of regular finning of panels. It is
shown that for some loading variants the mass efficiency of optimized structures may be more than
2-5 times higher than that for the best variants of regular ribbing. The variants of application in
numerical calculations both in the classical plate theory and in the refined theory taking into account
the transverse shear are considered. It is established that in considered optimization problems with
conditions of minimization of total energy of deformations, application of classical theory is more
effective. A technique for topological optimization of reinforced panels in which a dummy density
function is used to specify the local panel thickness. The technique makes it possible to obtain
optimized variants of structures with the highest stiffness. The optimal solutions are obtained using
classical plate theory, which makes it possible to obtain approximate estimates for the optimal
geometry of the reinforcing elements. The effectiveness of the proposed technique as compared to
parametric optimization and the possibility of significant superiority of the found solutions with
curvilinear geometry of stiffening ribs as compared to the panels with regular ribbing are shown.

HccienoBanne BIANSTHHS TOJINHHBI 3AIIHTHOTO CJIOS HA KECTKOCTh U MPOYHOCTH
KOMIIO3MTHOIi aHEeJIH ¢ CeTYATHIM NMOAKpPeNIeHneM
IllenkoB K.A., ConsieB 10.0.
MAMU, r. MockBsa, Poccust
B xoxe pabotbl Oblia paspaboTaHa KOHEYHO-dJIEMEHTHAsh MOJENb, HMPEICTaBIIONmas coOOi
MaHeNb, COCTOSIIYIO W3 KOMIIO3UTHOW OOIIMBKHM, CETYaTOro MOAKpEIJIeHHs B BUae peodep,
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BBITIOJTHEHHBIX M3 KOMIIO3UIIMOHHOTO MaTepHaia, 3alUTHOTO CJIOS M3 PE3NHOBOTO MaTepHalia U
9HEPTONMONIONIAONIETO CIIOSL.

C 1enbl0 ONpesieIeH!s 3aBUCUMOCTH JKECTKOCTH KOHCTPYKIMM OT TOJNIIMHBI 3aIJUTHOTO CIOS
[POBOJMIIICH CTATHYECKUE PACUETHI LIAPHUPHO OIEPTON MaHE! IO BO3ACHCTBUEM M3THOAIOIICH
HarpysKkH B BUZ€ pacrpe/ienéHHoro fasienus. TomyHa 3amuTHoro cios Bapbrposaiack ot 0% 1o
20% ot obmel TommuHBI HaHenu. B pesymbrare pacdeToB OBUIM IIOCTPOCHBI 3aBHCHMOCTH
MaKCHMAaJIbHOTO POruda MaHel! OT TOJIIIUHBI 3aIIUTHOTO CIIOS.

Jlanee mpoBoOAMIICS AMHAMMYECKHM pacueT B BUAE YAApHOM Harpy3kd. YJgap HaHOCHJICS B
nepekpecTbe pedep B LEHTpe NaHend, B pedpo M 30HY MEXAy peOpaMu. YmapHOW Harpysku
MOJBEPTANIMCH TMaHEIM C PAa3IMYHOW TONMIUHOK 3amutHOro cios (ot 0% mo 20% ot oOmieit
TommuHel). Ilo pesynbrataM aHamu3a OBUIM ONpEAENCHbl MHHHMMAJbHBIE JHEPTHH yaapa,
PHUBOSIINE K 00pa30BaHHIO NMOBPEXKACHHN B OOMIMBKE M peOpax, B 3aBUCUMOCTH OT TOJI[MHBI
3aIUTHOrO clIos. B KadecTBe KpUTEepHs pa3pylICHHs] KOMIIO3UTHBIX MaTepPHAJIOB MPUMEHSUICS
KPHUTEpHii IpeNeNbHBIX AedhopMaryii.

Ilo pe3ynpraTtaM CTaTHYECKOTO M JMHAMHYECKOTO aHain3a OblIa ONpeieNeHa ONTHMAalbHast
TONIIMHA 3alMTHOTO CJ0s pedep CeT4aToil KOHCTPYKLHH, OOecredMBaroas JOCTATOYHYIO
JKECTKOCTh THaHENI M II03BOJIONIAsl BBIACPKATh YAAPHYIO HArpy3ky Oe3 paspyiieHust pebep
CEeTYaTOro MOAKPEIIICHHS.
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Research on the influence of the thickness of the protective layer on the rigidity and strength
of a composite panel with lattice stiffener
Shelkov K.A., Solyaev Y.O.
MAI Moscow, Russia

In the course of the work, a finite element model was developed, representing a panel consisting
of composite skin, mesh reinforcement in the form of ribs made of composite material, a protective
layer made of rubber and an energy-absorbing layer.

In order to determine the dependence of the structural rigidity on the protective layer thickness,
static calculations of the hinged panel under bending in form of distributed pressure were carried out.
The thickness of the protective layer varied from 0% to 20% of the panel total thickness. As the
calculations result, panel maximum deflection of the on the protective layer thickness curves were
made.

Next, a dynamic calculation was carried out in the form of impact load. A series of impacts was
made: in the crosshair of the ribs in the center of the panel; directly in the rib and in the area between
the ribs. Panels with different thickness of the protective layer (from 0% to 20% of the total thickness)
were subject to impact load. Based on analysis results, the minimum penetration energies, which lead
to the formation of damage in the skin and rods, were determined, depending on the protective layer
thickness. The ultimate strain criterion was used as a composite material failure criterion.

As the results of static and dynamic analysis, the optimal thickness of the lattice structure ribs
protective layer was determined, providing sufficient rigidity of the panel and allowing it to withstand
the impact load without ribs failure.
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HcciienoBanne NPOYHOCTH H KeCTKOCTH JIONATKH CIPSMIISIIONIET0 ANNAPaTa U3 HOJTHMEPHBIX
KOMIIO3HIIMOHHBIX MATEPHAJIOB € PAa3JIMYHBIMH CXeMAMH aPMHPOBAHUS
Tumynos I'.C., bparycenko A.A.
TTHUITY, r. ITepms, Poccust

Cozganme nomatku copsmitromero ammapara (JICA) U3 mONMMMEpHOro KOMIO3HI[HOHHOTO
mareprana (IIKM) siBisieTcss KOMIUIEKCHON HayYHO-TEXHHYECKOW MPOOJIeMOil, peleHre KOTOpoi
HEBO3MOXKHO 0e3 pemeHHs LEeIoro psga 3ajad MeXaHHKH OeOopMUpPYeMOro TBEPAOro Tela.
CrpsMIISIOIINA anmapaTt HpeJICTaBisieT co00i KOJNbLeBOH HAOOp NpOGHMINPOBAHHBIX JIOMATOK,
PACIONOKEHHBIX 3a pabOduM KOJNECOM BEHTHIATOpAa U OOECHEUYMBAIOIINX BBIPABHUBAHHE
BO3/YLIHOTO MOTOKA C LEJbI0 YMEHBIICHHUs MOTEPh B HAapy)XHOM KOHType nsuratens. C ydeToMm
0OIBIIOrO KOIMYECTBA JONATOK Ha OJMH JBUTaTeNb CHIKEHHE Macchl oT mpuMenenus [IKM Bmecto
MeTajga MoXKeT JocTHraTe nopsiaka 8-10 kr. Ilpu mpoextuposanuu sonatku u3 ITKM 3amacer
CTaTHYECKOH IPOYHOCTH IPU OKCIUTyaTAal[MOHHBIX HArpy3kax IOIDKHBI ObITh He MeHee 2.0,
TIepeMEILeHYS TIPH 3TOM JIOJDKHBI OBITh HE BBIIIE, €M Y METAJULIMYECKOr0 aHayIora.

IIpu BeimonHeHu: paboThl cHOpPMyIHPOBaHA (GU3HIECKAs U MAaTeMaTHIeCKasl IIOCTAHOBKYU 3a1auK
pacuera HJIC JICA. JlonaTka Harpyxaercs ra30JMHaMUYECKUMHU CHJIaMM, PaclpeeleHHbIMU Ha
MOBEPXHOCTU IIepa, 3aKpEIICHHE OCYIIECTBIsIETCS B 000iiMe KOpIyca BEpPXHErO IO ILIOCKOCTH
BepXHeil ITOJIKK ¥ KOPITyca HIDKHErO 110 IIepHMETpPy HIDKHEH IOJKH. MaTteMaTHyeckasi HOCTaHOBKa
3a/1a4d COOTBETCTBOBAJIA TEOPUH YIIPYTOCTH AaHU30TPOIIHOTO Tea.

CpaBHeHHE TOJIYYSHHBIX B pe3yibTaTe pacyera NepeMeIleHHH, HOPMAJIbHBIX M KacaTelbHBIX
HANpPsDKEHUH B CNOSAX I PACCMOTPEHHBIX BAPUAHTOB apMUPOBAHUA JIONATKH IOKA3aJl0, 4TO
MHHHMAJIbHbIE TIEPEMEICHNS HaOJIFONar0TCs B CITy4ae MCIIONIb30BAHMS TEKCTHIIBHOTO YITIETUIACTHKA
(mpenperoBas TexHonorus). [Ipu ucrnons30BaHUK OAHOHATIPABICHHBIX MATEPHAIOB MAKCUMAIIbHBIE
HOpMaJIGHbIE HAIPSDKEHMs MOIEPeK apMHUPOBAHMS B IOBEPXHOCTHBIX CJIOSIX HAa KPOMKE JIOIATKH
MPEBBLIIAIOT Mpefel MNPOYHOCTU. I[IpuMeHeHHe TeKCTHIBHBIX pABHOIPOUYHBIX MaTepHaIoB
o0ecIieurBaeT BBIOIHEHHNE KPUTEPHS IIPOYHOCTH CO 3HAUUTETBEHBIM 3aIacoM.

AHanu3upys TNOIydeHHbIE pE3yIbTaThl, MOXKHO CHAEIaTh BBIBOA, YTO OIHOHAIPABJICHHBIC
MaTepHalibl He YI0BICTBOPSAIOT HEOOXOIMMBIM 3aIiacaM MPOYHOCTH, H HanOoIIee MOAXOAAIIAM IS
JJIBHEHILINX MCCIIEJOBAHUI SBIISAETCS TEKCTUIIBHBIN YIIIEIUIacTUK (npenperoBast TexHouorus) [3].

3akIo4eHue.

Ha ocHoBe aHanmM3a MEXaHMYECKMX CBOWCTB BBIOPaHBI COBPEMEHHbBIE MaTEpHAbL,
obecrednBaroIie BO3MOKHOCTD CO3IaHNUsI JIONATKH CIIPSAMIISIONIETO arapaTa, yJIOBIETBOPSIONIIE
3a7aHHbIM TpeOoBanusaM. ChopmynupoBana nocranoBka 3anaur MJITT u paspaboTana Mozens uist
pacuera HaNpsDKEHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUSI, OLECHKH IIPOYHOCTH M IKECTKOCTH
KOMIIO3UTHOH JONIAaTKU Ha MAKPOCKOIUUYECKOM U CTPYKTYPHOM YPOBHSX.

VYCTaHOBNGHBl ~ 3aBUCHMOCTH ~ MEXIY  CTPYKTYpOH  apMHPOBaHHUsS,  OCOOCHHOCTSIMH
neopMUPOBAHKS M 3alacaMH HPOYHOCTH JIOHMATKU IIPU SKCIUTyaTALMOHHBIX HArpyskax, BbIOpaH
HanOoJee palOHANBHBIA MaTepyual M CXeMa apMHPOBAHHMS U €€ W3TOTOBICHHS: TEKCTHILHBIA
yraertactuk [0°/45°] (mpenperoBasi TEXHOIOTUST).

BrnaromapHocTs.

PesynbraThl mosdyuyeHsl npu BbIMOMHEHMU TpaHTa [Ipesmpenra Poccuiickoit ®expeparmu s
rOCyIapCTBEHHOI IOIEPKKH MOJOIBIX POCCHIICKUX yUEHBIX - KaHAu1aToB Hayk MK-2076.2021.4.
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Study of strength and rigidity of an outlet guide vane made of carbon fiber reinforced plastic
with various reinforcement schemes
Shipunov G.S., Bratusenko A.A.
PNRPU, Perm, Russia

The creation of a straightening vane (LSA) made of a polymer composite material (PCM) is a
complex scientific and technical problem, the solution of which is impossible without solving a
number of problems in solid mechanics. The straightening device is an annular set of profiled blades
located behind the fan impeller and ensuring equalization of the air flow in order to reduce losses in
the external motor circuit. Taking into account the large number of blades per engine, the weight
reduction from the use of PCM instead of metal can reach about 8-10 kg. When designing blades
made of PCM, the reserves of static strength under operational loads should be at least 2.0, while the
displacements should not be higher than that of a metal analogue.

When performing the work, the physical and mathematical formulations of the problem of
calculating the SSS LSA were formulated. The blade is loaded by gas-dynamic forces distributed on
the surface of the airfoil, the fixing is carried out in the casing of the upper body along the plane of
the upper shelf and the lower body along the perimeter of the lower shelf. The mathematical
formulation of the problem corresponded to the theory of elasticity of an anisotropic body.

Comparison of the displacements, normal and tangential stresses in the layers obtained as a result
of the calculation for the considered options for reinforcing the blade showed that minimal
displacements are observed in the case of using textile carbon fiber (prepreg technology). When using
unidirectional materials, the maximum normal stresses across the reinforcement in the surface layers
at the blade edge exceed the ultimate strength. The use of textile materials of equal strength ensures
that the strength criterion is met with a significant margin.

Analyzing the results obtained, it can be concluded that unidirectional materials do not satisfy the
necessary safety margins, and the most suitable for further research is textile carbon fiber (prepreg
technology) [3].

Conclusion.

Based on the analysis of mechanical properties, modern materials have been selected that provide
the possibility of creating a straightening vane that meets the specified requirements. The statement
of the MDTT problem is formulated and a model is developed for calculating the stress-strain state,
assessing the strength and stiffness of a composite blade at the macroscopic and structural levels.

Dependences between the structure of reinforcement, features of deformation and safety margins
of a blade under operational loads are established, the most rational material and a reinforcement
scheme for its manufacture are selected: textile carbon fiber [0°/45°] (prepreg technology).
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CexknuA 2. [lepcieKTUBHbIE TEXHOJIOTMM IlepepadoOTKH
ITIKM fJ151 M3roTOB/JI€HUS KOHCTPYKIMI HA UX OCHOBE

Section 2. Advanced Technologies of Polymer Composite
Materials (PCM) Processing
for the Manufacture of Structures on Their Basis

DTaJOHUTPHIIbLHBIE CBSA3YIOIME B KaYeCTBe HCTOYHMKA YIiiepoJa 1JIsl yIlepoA-yTIiepoaHbIX
KOMIIO3MIIMOHHBIX MATEPHAJIOB
Anemkesnd B.B., Bynrakos b.A., Apanacsea E.C., ABnees B.B.
MI'Y, r. Mocksa, Poccust

TMocTosiHHO pa3BUBarOIIAsACs a3POKOCMUYECKAs IPOMBIILIICHHOCTh ONPEJIENiiIa HEOOXOAMMOCTb B
MPOYHBIX, JIETKHX M TEPMOCTAOMIBHBIX MaTepHalaX. YTJIEPOAHO-yIIEePOJHBIC KOMIIO3UTHBIC
marepuansl (YYKM) no3Boauiau ynoBieTBoputh 3ToT crpoc. M3 YYKM wusrorasinuBaroTcs
TOPMO3HBIE JHCKH CaMOJETOB M AaOIAIHOHHBIE INUTHL CIyCKaeMbIX ammaparoB. YYKM
IpeICTaBIsAeT Co00i yraepoJHOe BONOKHO B BHJEC TKAaHH, JICHTHl HIM DPYOJIEHHOTO BOJOKHA,
3aKIIOYEHHOT0 B YIVIEPOIHYI0 MaTpuily. Takas CTpyKTypa HE TOJBKO O0JNaJaeT BBICOKHMH
MEXaHHYIeCKUMHU XapaKTepPUCTHKAMU, HO H COXPaHAET XHMHUIECKYIO U TepMUUECKYIO CTA0OHILHOCTD
IIPU BBICOKHX TEMIEpaTypax.

Haubonee pacmpoctpaneHHbIM MeToaoM mnoiyudeHuss YYKM  sBasercs kapOoHM3aIms
TIOJIMMEPHBIX KOMITO3UIMOHHBIX MaTeprainos (IIKM). CaMbiMH pacnipocTpaHEHHBIMH CBS3YIOLIMMU
it ucxoxublx ITKM cramu ¢denondopManbieTHIHBIC CMONBI H3-32 UX HH3KOH CTOHMMOCTH U
BBICOKOH TeXHOJIIOTHYHOCTH. OHAKO HU3KHME 3HAUCHHUS OCTATKOB KOKCOBOI'O OCTAaTKA IPHBOIAT K
00pa30oBaHUI0 OOJBLIOr0 KOJMYECTBA MYCTOT B Marepuaiie mocie kapOoHuzauuu. [lostomy s
MIOJyYEHUs] MaTepHalla ¢ JKeJIaeMBbIMHA CBOWCTBAMH HEOOXOIMMO IPOBEACHUE OT IISITH O BOCHMH
LUKJIOB NPOMUTKH M KapOoHu3anuu. TakuMm oOpa3oM, IOIydeHHE TOTOBOTO MaTepHala MOXKET
3aHATh OT TPeX N0 HIeCTH MecsueB. (PTaJOHUTPHIBHBIC CBS3YIOIIUE IT03BOJSIIOT PEIIHTH 3Ty
npobieMy 3a cyer Oosiee BBICOKMX 3HAYEHHH KOKCOBOTO OCTaTka. B /omonHeHue K BBICOKOU
TEXHOJOTHYHOCTH JTO JeNaeT (PTATOHUTPWIBHBIE CBS3YIONIME HEPCIEKTHBHBIM HCTOYHUKOM
yriepona uist nmpousBoacTsa Y YKM.

B nannoii padore nonyaenue YYKM u3 ITIKM ¢ ¢pranoHnTpriibHON MaTpHIeil TpOBOJHIOCH B 1BA
nukna. OOpas3ipl cCHavana mojpepraiu kapoonusauuu npu temnepatype 1000°C no cnenyromemy
pexumy Harpesa: 20°C — 450°C, 2°C/vmn; 450°C — 700°C, 0.1°C/mun; 700°C — 1000°C,
1°C/mun; Beigepskka npu 1000°C, 14. IMocnenyromas rpadguTanust IpOBOJUIACH MO CIAECAYIOLIEMY
pexumy: HarpeB RT — 1800°C, 6°C/mun; Bbimepxkka mpu 1800°C, lu. IIMOTHOCTB TOTOBBIX
obpasuoB mocne cocraBmwia 1,73 r/cm3, mpouyHocTh mpu MexcioeBom casure — 14,1 Mlla,
MpoYHOCTH 1pu cxxatur — 139,8 MIla, koadduuuent tperus — 0,32-0,34.

Pabota BeinonHEHa B paMKax rocyJapCTBEHHOT 0 3a1aHusl XuMuueckoro dakynsrera MI'Y um. M.
B. JlomonocoBa. Homep cornamenus AAAA-A21-121011590086-0

HccnenoBanue BBHINONHEHO B paMkax I[Iporpammbl pa3BuTus MexIUCUMIUIMHAPHOW HAy4HO-
oOpa3oBaTensbHOM ImKOJIBI MOCKOBCKOTo yHHBepcutera «bBynymee mmaHeTsl W IoOalbHBIE
HU3MEHEHHUS! OKPYKAIOIEeH Cpebl».

Phthalonitrile resins as a carbon source for carbon-carbon composites
Aleshkevich V.V., Bulgakov B.A., Afanasyeva E.S., Avdeev V.V.
MSU, Moscow, Russia

The developing aerospace industry has necessitated materials that are strong, lightweight and
thermally stable. Carbon-carbon composite materials (C/Cs) satisfies this claim. Aircraft brake discs
and ablation shields for descent vehicles are made of C/Cs. C/C is a carbon fiber in the form of a
fiber, tape or chopped fiber, in a carbon matrix. This structure not only possesses high mechanical
characteristics, but also maintains chemical and thermal stability at high temperatures.

35



The most common method for manufacturing C/Cs is the carbonization of carbon fiber reinforced
polymers (CFRP). Phenol-formaldehyde resins have become the most common for initial CFRP due
to their low cost and high processability. However, low char yield leads to a large number of voids
in the material after carbonization. Therefore, to obtain a material with the desired properties, it is
necessary to carry out 5-8 cycles of impregnation and carbonization. Thus, it can take up to six
months to derive the final product. Phthalonitrile resins allow to solve this problem due to the higher
char yield. In addition to high processability, this makes phthalonitrile resins a promising carbon
source for C/Cs manufacturing.

In this work, the preparation of C/Cs from CFRP with a phthalonitrile matrix was carried out in
two cycles. The samples were first carbonized at a temperature of 1000°C according to the following
heating mode: 20°C — 450°C, 2°C / min; 450°C — 700°C, 0.1°C / min; 700°C — 1000°C, 1°C /
min; hold at 1000°C, 1 h. Subsequent graphitization was carried out according to the following mode:
heating RT — 1800°C, 6°C / min; hold at 1800°C, 1 h. The density of the samples after this was 1.73
g / cm3, the interlaminar shear strength — 14.1 MPa, the compressive strength — 139.8 MPa, and
the friction coefficient — 0.32-0.34.

This work was carried out in the framework of the state assignment of the Department of Chemistry
of the M. V. Lomonosov Moscow State University. Project No AAAA-A21-121011590086-0.

This research was performed according to the Development program of the Interdisciplinary
Scientific and Educational School of Lomonosov Moscow State University «The future of the planet
and global environmental change».

IosryyeHne KOMIO3HIIMOHHOTO MaTePHAJIA, APMHPOBAHHOI0 YACTHIAMHU
Tankun E.B., I'ankun B.W., [TantueBuy A.P.
MAMU, r. Mocksa, Poccust

B pabote paccMoTpeHa BO3MOXKHOCTB UCIIOJIB30BAHMS KPUTEPHAIBHON CUCTEMBI JUISI OTIPEASIICHHS
[IapaMeTPOB  TEXHOJIOTHYECKOTO MpOIecca M3rOTOBICHUS KOMIO3HIMOHHBIX MAaTepHalioB,
apPMHPOBAHHBIX YaCTHLAMHI METOJIOM MHOTOLMKIIOBOH IIPOKATKH.

B kauecTBe KOMMO3MIIMOHHOTO MaTepHaja MPUMEHSIETCS allOMUHHUI-MeNb, I7le allOMUHUN —
MaTpUYHAsI COCTAaBIIONIAs, a MeJb — APMUPYIOIIUH 3JIeMEHT. 3ar0TOBKAa COCTOHUT U3 TPEX CIIOEB,
BHEIIHNE — MAaTPUYHbBIC U BHYTPEHHUN — apMUPYIOLIUIL.

B paboTe npuMeHeH KpUTEPHAIBHBIA ITOXO.

Jli1s1 mporiecca MHOTOLIMKIIOBOH MPOKATKU CHOPMYITHPOBAHBI TPH KPUTCPHS:

1. TemnepatypHblii KpUTEPUIA.

IIpomecchl MPOKAaTKH U MEXKOINEPALMOHHOTO OTXKUra JOJDKHBI IPOXOJUTh B YCIOBUSIX Topsde
IUTaCTHYeCKOH JedopManuy Uil MaTpHYHOIO Marepuaja M B YCIOBHSX TCIUIOH MIIM XOJIOIHOW
nehopManyu Uil apMUPYIOLIEro MaTepuaa.

2. Kpurepuii popMupoBaHYS IPOYHOTO COSANHEHNS KOMIIOHEHTOB.

Ha nepBom mpoxojie nNpoKaTKu HEOOXOIUMO HOMYYUTh KOMIIO3UIIMIO C IIPOYHOH CBSA3BIO MEKIY
BCEMH CIIOSIMH, IIPY 9TOM BHYTPEHHHIA CJION MEJIH elle TOJDKEH COXPAHUTh CBOIO CIUIONIHOCTb.

3. Kpurepuii coxpaHeHHs1 CIUIOIIHOCTH MaTPUYHOTO KOMIIOHEHTA U pa3pyLICHUs apMHUPYIOIIEro
KOMIIOHEHTA.

B xoge LMKIOB HPOKAaTKH TpeOyercss OOECHeYHTh COXPAHHOCTh CIUIOIIHOCTH MAaTPUYHOrO
KOMIIOHEHTA H Pa3pOOUTh YIIPOUHSIIOMIHNIL.

Jns moATBepXkKIEHHS pe3yldbTaToB, IOTYydYEHHBIX B KPUTEpHAlIbHOM CHCTeMe, HpoBeleHa
IpOKaTKa, cocTosmmas U3 6 1ukioB. [IpoBeneHHBIH MUKPOCTPYKTYPHBIH aHANIM3 IOKa3al, 4To
MepBOHAYasbHasl CIOUCTas CTPYKTypa 3aroTOBKU COXPaHsla CIUIOLIHOCTh HA HPOTSKEHUH Tpex
IUKJIOB IPOKATKH, IPH 3TOM TOJIIMHA MEIHOH MPOCIOMKH OT IHKIA K IUKIY CYI[ECTBEHHO
yYMEHbIIAIAcCh.

Iporecc mpokaTky MOKa3al, 4TO Pa3fpoOIeHHe MEIHBIX CIOEB HaUMHAETCS IIOCIE YETBEPTOTO
LHKJa, 10 Mepe BO3pacTaHHs IMKJIA MPOKATKU CPeIHssd IUIOIALb CEYCHHSI apMHPYIOIIUX YacTHIL
CHIDKAeTCs [IOYTH B 2 pa3a Ha KaXKAOM HOCIEAYIOIIEeM.

Tlocne mectoro nMKiIa MPOKAaTKU CTPYKTypa IOJYYEHHOrO MaTepuana IpeicTaBisieT coOoit
MaTpHIly C PaBHOMEPHO PaCIpeieNIeHHbBIMH apMHUPYIOIUMHI JaCTHLIAMI MEAHU, IPH dTOM CPEIHSIS
IUIOLIA b ITUX YACTHIl COCTaBMIIA opsiaka 714 MKkM2.
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Manufacturing of composite materials reinforced by particles
Galkin E.V., Galkin V.1, Paltievich A.R.
MAI, Moscow, Russia

The paper considers the possibility of using the criterion system for determining parameters of the
technological process of producing composite materials reinforced with particles by multicycle
rolling.

Aluminum-copper is used as composite material, where aluminum is matrix component and copper
is reinforcing element. Billet consists of three layers, external layers are matrix ones and internal
layer is the reinforcing one.

Criterion approach has been applied in the work.

For the multi-cycle rolling process, the following three criteria have been formulated:

1. Temperature criterion.

The rolling and interoperative annealing processes shall take place under hot plastic deformation
conditions for the matrix material and under warm or cold deformation conditions for the reinforcing
material.

2. Criterion of strong connection of components.

At the first rolling pass, it is necessary to obtain a composition with a strong bond between all
layers, while the inner layer of copper must still maintain its continuity.

3. Criterion for maintaining the continuity of the matrix component and the destruction of the
reinforcing component.

During rolling cycles, it is necessary to ensure the continuity of the matrix component and crush
the reinforcing component.

To confirm the results obtained in the criterion system, rolling consisting of 6 cycles was carried
out. Microstructural analysis showed that the original laminate structure of the workpiece maintained
continuity over three rolling cycles, with the thickness of the copper layer being significantly reduced
from cycle to cycle.

The rolling process showed that the crushing of the copper layers begins after the fourth cycle, as
the rolling cycle increases, the average cross-sectional area of the reinforcing particles decreases by
almost 2 times at each subsequent stage.

After the sixth rolling cycle, the structure of the obtained material is a matrix with uniformly
distributed reinforcing copper particles, the average area of these particles being on the order of 714
pm2.

Pa3pa0oTka TeXHOJIOrMH JUCTOBBIX NoJydadpukaros TITKM
'Tuns A.B., 2Byxapos C.B., 'Jlebenes A.K.
'HWUrpadur, 2MAHU, r. Mocksa, Poccus

B Hacrosmee Bpems B npakThke npumeHeHus IIKM akTHBHO BHEIPSIOTCS MHOIOCIOHHBIE
KOHCTPYKIIMM Ha OCHOBE TEPMOIUIACTHYHBIX CBA3yIOIUX. Ilo CpaBHEHHIO C TpaJHIMOHHBIMH
CJIOMCTBIMH IUIACTHKAMH Ha OCHOBE TEPMOPEAKTHBHBIX CBA3YIOIHX OHH UMEIOT PsAJl IPEUMYILECTB,
TaKUX KaK MOBBIIICHHYIO TPEIIHHOCTONKOCTD, IIOHIKEHHBIE BJIAr0- U BOJAOIOIIIONICHHE, a TAKXKe
BBICOKYIO PEMOHTOIIPUTOHOCTb.

HeszaBucumo ot Merona nepepaOOTKH, OCHOBHOM mpoOiemoi ¢opmoBanus uzpenuit u3 KM ¢
TEPMOILIACTUYHON MaTpHUIIeH sBJIseTCs 0OecIiedeHre KauecTBa MOHOIMTH3AMI NCXOHOTO MaKeTa
noydadpukara. 13-3a BEICOKO#1 BA3KOCTH paciuiaBoB Tepmorutacto (200+10000 Ia-c), pebyercs
Oonblle BpPEMEHHM HA MPOIMTKY BOJOKHHCTOH CTPYKTYpbl. Jlpyroit mpo0Giemoil sBisercs
TepMOCTAOMIBHOCTH TEPMOILIACTOB IPH (popMoBaHuH. OCTATOYHAS TOPUCTOCTh MATPHUII B H3IEIHAX
n3 TIIKM sBisieTcs OCHOBHOM NPHYMHON HEMONHOM peanu3alu¥ MEXaHHYECKHX CBOICTB
apMHpYIOIIEel CHCTEMbI Ha OCHOBE BHICOKOMOYIEHBIX BOJIOKOH B MaTepuaie.

B pabote paccMaTpuBaeTCst OITyYEHNE 3aT0TOBOK METOJIOM LIIarOBOro ()OPMOBAHNSI, OCHOBAHHBIH
Ha TONYYEHWH JIHICTOBOM 3aroTOBKM IyTEM IIOCIENOBATENBHOTO 30HAIBHOIO BO3JCHCTBHSA Ha
pabouyro o6nacts. Takoil MeTOA MO3BONSET MOJNYYUTH BBICOKOE KAa4eCTBO 3arOTOBKH, 3a CUET
PaBHOMEPHOIO pAaclpesielieHHs] IMOPUCTOCTH. Takoi Tpomecc JIErk0 ONTHMH3UPYETCsS IO
mapaMeTpaM MeKBOJIOKOHHON U MEKHUTSHOH MIPOIMHUTKHY U II03BOJIIET YCTPAHSATH A(PEKThI, KOTOPHIE
00HApYXUBAIOTCSI, HEIIOCPEICTBEHHO, B Iporecce GpopmoBanust. [Iporiece HelpephIBHBIN H MOXET
OBITh aBTOMaTU3UPOBAH.
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COopka W3Jenus M3 3aroTOBOK, IONYYCHHBIX M3 JIMCTOBBIX TepMmoruiacTHyHbix KM moxer
OCYIIECTBIATHCS METOIAMU YIbTPa3ByKOBOU MM JTA3ePHOH CBAPKU.

1. TomoBkun I'.C. CoBMelleHHE BONOKHHCTBIX HAMONHMUTENEH ¢ TEpMOMIACTHYHBIMU
cs3yromumu (0630p) // Ilmactmacest. — Nel2. — C. 23—26.
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Mammnuckas I'\M. u np. / Ilox pen. ['onoskuna I'.C., CemenoBa B.1. — M.: MAU, 1997. — 404 e.

3. Bonokonnas texunosorus nepepadorku TKM / I'.C. T'onoBkuH,

B.A. I'onuapenko, B.I1. [Imutpenxo u ap.; [ox pen. I'.C. T'onoBkuna.— M.: MAH, 1993. — 232
c.
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Continuous thermoplastic composite sheet processing technology
'Ghile A.V., 2Bukharov S.V., 'Lebedev A.K.
'NIIGrafit, 2MAI, Moscow, Russia

Today multilayer structures based on thermoplastic binders are being actively introduced in the
practice of using PCM. Compared with traditional laminated plastics based on thermosetting binders,
they have a number of advantages, such as increased crack resistance, reduced moisture and water
absorption, as well as high maintainability.

Regardless of the processing method, the main problem of molding products from CM with a
thermoplastic matrix is to ensure the quality of monolithization of the initial package of semi-finished
products. Due to the high viscosity of thermoplastics melts (200+10000 Pa * s), it takes longer to
impregnate the fibrous structure. Another problem is the thermal stability of thermoplastics during
molding. The residual porosity of matrices in TPCM products is the main reason for the incomplete
realization of the mechanical properties of the reinforcing system based on high-modulus fibers in
the material.

The paper considers the production of blanks by the step molding method, based on the production
of a sheet billet by sequential zonal impact on the working area. This method allows you to get a high
quality of the workpiece, due to the uniform distribution of porosity. This process is easily optimized
according to the parameters of inter-fiber and inter-thread impregnation and allows you to eliminate
defects that are detected directly during the molding process. The process is continuous and can be
automated.

The assembly of the product from blanks obtained from sheet thermoplastic CM can be carried out
by ultrasonic or laser welding methods.

TexHO/10THsI peMOHTA COTOBBIX KOHCTPYKIMIi H3 KOMIO3HIIMOHHBIX MATEPHAIOB METO0M
TepMOKOMIPeCCHOHHOT0 GopMOBaHUS
Top6akons H.B., *Pe3nuuecnko B.U.
'MI'TY T'A, 2MAM, r. Mocksa, Poccust

PaccmotpuM 3aaqy 0 HEBO3MYIIEHHOM MOJKPEIUICHHH KOJIBIIOM KPYIJIOTO OTBEPCTHUS B IAHENH.
Pemienue 3agauu npoBezieM B TOYHOM IIOCTAHOBKE C YYETOM TOT'0, UTO KpeIleHne 6pyca IpoMCXOAUT
HE 110 HeUTpaIbHOW JIMHUHY, a Ha paccTosHuu H.

B pamkax rumoressl BepHyiud, mepeMelieHusl TOYeK HEWTpPaIbHOH JMHUM IOJKPEILIAIONIETO
CTEp KHS ¥ KOHTYPa CONPHKOCHOBEHHUS CTEPXKH C INIACTUHOHU CBSI3aHBI CUCTEMOH ypaBHEHHUIL.

Pemienne 3TuX ypaBHEHHMH B KOHEUHOM MTOT'E IIPUBOJUT K 0OPA30BAHMUIO JIBYX CHCTEM YPABHEHHH,
YIIOBJICTBOPSIONINX BCEM IPAHUYHBIM ycIoBHAM. OIHAKO B CHCTEME, HE YUHTHIBAIOIIECH MapaMeTp
H (H=0), Bokpyr OTBEpCTHs COXPaHSETCs BO3MYIIEHHOE HAIPSHKEHHOE COCTOSTHHE.

Taxum obpa3zoM, BBesieHHe mapameTpa H mo3Bomser moaHOCThI0 yOpaTh BO3MYIIEHHUS B IUIACTHHE
13-32 HAJIMYKS B Hel BbIpe3a. B momydyeHHBIX BBIKIAJKaX M BHIYHCIEHHAX YUYTEHO TOUHOE 3HAUEHUE
KPHBH3HBI Opyca, TO €CTh KOT/la HeHTpalbHask OCh HE COBIAIAET C OCEBOM JIMHUEH Opyca.

Jlanee mpemiararotcss CIELYIOIINE TEXHOJIOTMYECKHE ONEPAlMM IPH PEMOHTE OOJBIINX
IUIOIAHBIX ~ HOBPEXACHHH, B UYACTHOCTH, COTOBBIX KOHCTPYKIHMH M3  HOJHMEPHBIX
KOMITO3HIIMOHHBIX MAaTEpHalioB, KOTOPBIC BBINIIIAT CIEAyOmMM oOpasoM: 1) moaroroBka
MOBPEXKJICHHBIX YYaCTKOB K PEMOHTY BBIIONHACTCS AHAJOTHYHO TPAAUIUOHHOH TEXHOJIOTHH
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PEMOHTa, O/IHAKO JiajIee PEMOHT OONBINMX IUIOMAHBIX TOBPEKICHUIT 3HAYNTEIBHO OTINYACTCS OT
TPaJULHOHHOIO PEMOHTA!

2) mocie BBIPE3KH MOBPEKICHHOTO y4acTKa B (JOpMe OKPYKHOCTH, TIPOU3BOANTCS H3rOTOBJICHHE
KOpoG4aToro mojxperustoniero anementa u3 KM B hopme Kosnblia win 0Banonaa, B 3aBUCHMOCTH
oT (opMBI BbIpe3a B 30HE NMOBPEXKICHUS, NIPH 3TOM H3TOTOBJIEHUE IOAKPEIUICHHS TPOU3BOAUTCS
TEPMOKOMIIPECCHOHHBIM ~ CIIOCOOOM € IIOMOIIBIO  CIICLMATBHON CHJIMKOHOBOI ONpPaBKH C
BHYTPEHHHM JKI'yTOM M3 YIJIEBOJOKHA, MCHOJb3yeMOr0 B KaueCTBE HarpeBareisi; 3) TOPLBI COT
3aIOJHSIOTCS KIIEEBOM CMEChIO ¢ MUKpoc(hepamu; 4) yCTaHABIMBAETCS COTOBAs BCTaBKa B MOJIOCTh
arperaTa C y4eToM HAINpaBJICHHMs BBIKJIAJKH COT; 5) M3rOTABIMBACTCS KpBIIKA M3 MaTepHalia
QHAJIOTMYHOTO OOINIMBKE, NMPH (DOPMOBAHMH KPBIIKA MPUMEHSETCS METAUIMYecKas Iyjara u
TEPMOOJIESIIO JUIS CO3/IaHMs JIABJICHUS M TEMIIEPATypPhl IPU TOJMMEPHU3AIIHN CBS3YIOIINX TOPSYEro
OTBEPXKICHUS; 0) KpenuTCsS KpbIIKa K OOIIMBKE, COENMHSAS OOLIMBKY M KPBIILIKY C HWXHEH
OKAaHTOBKOM-IIOJIKPEIICHUEM BBITSDKHBIMH 3aKJICTIKAMH, BPOBEHb C IIOBEPXHOCTBIO IETANH, WIH
Oonramu; 7) Hanecenue JIKII u mpoBepka kayecTBa peMOHTA.
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The technology of repair of honeycomb structures made of composite materials by the
method of thermocompression molding
'Gorbakon N.V., 2Reznichenko V.1I.
'MSTU CA, >MAI, Moscow, Russia

Consider the problem of undisturbed reinforcement of a circular hole in a panel with a ring. We
will solve the problem in an exact formulation, taking into account the fact that the timber is fixed
not along the neutral line, but at a distance N.

According to Bernoulli's hypothesis, the displacements of the dots of the neutral line of the
reinforcing bar and the contour of contact of the bar with the plate are related by a system of
equations.

The solution of these equations ultimately leads to the formation of two systems of equations that
satisfy all boundary conditions. However, in a system that does not take into account the parameter
H (H = 0), a disturbed stress state remains around the hole.

Thus, the insertion of the parameter H makes it possible to completely remove the disturbances in
the plate due to the presence of a notch in it. The calculations considered the exact value of the
curvature of the bar, so when the neutral axis does not coincide with the centerline of the bar.

Further, the following technological operations are proposed for the repair of large area damages,
in particular, honeycomb structures made of polymer composite materials, which look as follows: 1)
preparation of damaged areas for repair is carried out similarly to the traditional repair technology,
however, further repair of large area damage significantly differs from traditional repair:

2) after cutting out the damaged area in the shape of a circle, a box-shaped reinforcing element is
made of CM in the form of a ring or an ovaloid, depending on the shape of the cutout in the damaged
area, while the reinforcement is made using a thermocompression method using a special silicone
mandrel with an inner harness made of carbon fiber, used as a heater; 3) the ends of the honeycomb
are filled with an adhesive mixture with microspheres; 4) a honeycomb insert is installed in the cavity
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of the unit, taking into account the direction of the honeycomb layout; 5) the lid is made of a material
similar to the casing; when molding the lid, a metal mold and a thermo blanket are used to create
pressure and temperature during the polymerization of hot-curing binders; 6) the cover is attached to
the casing, connecting the casing and the cover with the lower edging-reinforcement with blind rivets,
flush with the surface of the part, or with bolts; 7) applying paintwork and checking the quality of
the repair.
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DoTonoMMepu3yeMble KOMIO3HLHUH ISl MOTy4eHHs] HOIHII1eKTPOJIHTHBIX MeMOpaH
AJTUTHBHBIMH TEXHOJOTHSIMHA
'MBanuenko A.B., 'Heuaycos C.C., *Moposos O.C.
'MI'Y, 2MHYMuT, r. Mocksa, Poccust

VloHHBIE aKTyaTOPBI — 3TO KOMIO3UTHBIE 3JIEKTPOMEXaHUYECKUE IPE0Opa30BaTelIn, COCTOSIIHIE H3
MOJIMDNIEKTPOIUTHON MeMOpaHbI, IMOKPHITOH ¢ 00eHMX CTOPOH 3neKTpofamu. [Ipu mpunoxeHun
HAMNpPSDKEHU MEXIY 3JEKTPOJaMH NPOMCXOAUT MHIPALHs HMOHOB JJIEKTPOIUTA U OJHA M3 €ro
moBepxHOCcTeH HabyxaeT addexTrBHEE N3-3a OOJIBILIEro pagryca 1 Oosee ObICTpOi Auddy3un HOHOB
OJIHOTO THIIA; TaKas pa3HULA B Ae(OpMalUK IPHBOANT K U3THOY BCETO YCTPOICTBA.

TpaauuoHHBIE METOBI H3TOTOBICHHUS aKTYaTOPOB (Topsidee IPEecCOBaHME, IUTHE U3 PAcTBOPA,
J1a3epHasi pe3ka M T.JI.) MIMEIOT TaKMe HETOCTaTKH, KaK BO3MOJKHOE PACCIIOCHHE YCTPONCTB, HU3Kas
BOCIPOH3BOAMMOCT HPOM3BOJACTBA, OTPAaHUYCHHE B TONNIMHE U (opMe aKTyaTopoB H T.I.
Hcnonp3oBaHue CcTepeonnTorpaguu  IO3BOJMT pa3paboTaTh TOYHYIO M BOCIPOHM3BOIMMYIO
TEXHOJIOTHIO H3TOTOBIICHHUSI HOHHBIX aKTyaTOPOB CIOKHOU (OpPMBI.

lLenpro naHHOW paboTBl  sBIseTCA  CO3JaHME  (DOTOOTBEPHKIAEMOH  KOMITOZHIMH  JUIS
CTEepeOoNUTOrpaui aKTyaTOPOB HA OCHOBE HMOHHBIX IEKTPOAKTHBHBIX HOmHMepoB. s BbIOOpa
cocTaBa KOMITO3MIMH OBLIO TPOBEEHO HCCIIE0BAHNE CMEIINBAEMOCTH MOHHBIX xkuakocter (VK)
C TUNUYHBIMH (POTOHOMHMEPU3YIOIMMHCS MOHOMEPaMH M CIIMBAIOIMMH areHTamMu. bpiio
oOHapyXeHo, 4YTo pasmeneHus (a3 He npoucxomuT ¢ N-BunumuppomunonoM (HBII), 4-
akpuwiomopponunom, I[IOI'600JIMA u TIOIIMA. Tak kak JuTepaType LIMPOKO ONKCAHA
TepMUUecKas paaukansHas comnoimmepusanus HBIT ¢ TOI'JIMA, a Takke €cTh yJaayHble
HCCIIeI0BaHUA (POTOMOMHMEPU3ALUH, ObLIO PEIICHO MIPOJODKHTE PAOOTy C STUMU MOHOMEPAMH.

JUi1s ONTUMH3AINN COCTaBa KOMITO3HIIMH OBLT POBEICH P/ MCCIICIOBAHMI, BKITFOYATOIIHIA:

HccenenoBanue 3aBUCUMOCTU KHHETHKH (HOTOMONUMEPH3AIMH OT COAEPIKaHUS HOHHOH SKHIKOCTH
U COOTHOIIEHHs BEIOpaHHBIX paHee MOHOMepoB MetozoM Y D-JICK;

HccnenoBanue BIMSHUS TUIA HOHHOH JKHIKOCTH, €€ COAEPIKAHUSI U COOTHOILICHHS MOHOMEPOB Ha
MOHHYO IPOBOJIMMOCTH MOJy4E€HHBIX MEMOPaH METOJIOM CIIEKTPOCKOIINH MMIIE/IaHCa,;

HccenenoBanue BIMSHUS TEPMHYIECKOTO IOCTOTBEPKICHHS HA HOHHYIO IIPOBOJMMOCTS MEMOpPaH.

o naraeM Y@-/ICK 6BUIO yCTAaHOBIEHO, YTO MOTMMEPH3ALIHS IPOTEKACT B JIBE CTAIINH; CTEIICHb
KOHBEPCHM KOMITO3HIMIT yBennumMBaeTcs ¢ poctoM coxepxkanmns VDK, Beito mokasano, 4ro c
yBEIMYEHHEM JUTHHBI THApodoOHoro xBocta MK MOHHAS MPOBOAMMOCTH MEMOPAaH YMEHbBIIACTCS.
ITpn sToM ¢ poctom coxepxanus MK mpoBogumocTs MeMOpaH yBenmmunBaercs. beito ycranosneHo,
yro npu YO-0TBepKACHUH KOMIO3UIMI ¢ BBEAGHHBIM HHHLHATOPOM  PaAUKaIbHOH
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nonmumepusaimy (AUBH) dortononumepusanus nociaeaHero Ha AIMHE BOJIHBL, BBIOpaHHOH 1yt 3D
nedat (405 HM), He npomcxoauT. TepMHUYECKOE MOCTOTBEPXKACHHE, B IICJIOM, CHIKACT
HPOBOJIUMOCTh MEMOPaH.

Photocurable compositions for the production of polyelectrolyte membranes by additive
technologies
Tvanchenko A.V., 'Nechausov S.S., 2Morozov O.S.
'MSU, 2INUMiT, Moscow, Russia

Ionic actuators are composite electromechanical transducers consisting of a polyelectrolyte
membrane covered with electrodes on both sides. When applying a voltage between the electrodes,
ions move due to electric field. Therefore, the actuator bends toward the opposite side where ion
moves due to its volumetric change.

Conventional methods of actuators manufacturing (hot pressing, solution casting, laser cutting,
etc.) have several disadvantages such as possible device stratification, low production reproducibility,
limitation in thickness and shape of actuators, etc. Using stereolithography leads to development an
accurate and reproducible manufacturing technology for complex shape ionic actuators.

The purpose of this work is to create a photocurable composition for ionic actuators by
stereolithography. To select the composition formula, an ionic liquids (IL) miscibility with typical
photocurable monomers and crosslinkers was investigated. Phase separation was found not to occur
with N-vinypyrrolidone (NVP), 4-acrylomorpholine, PEG600DMA and TEGDMA. Since thermal
radical copolymerization of NVP with TEGDMA is widely described in the literature, and there are
also successful studies of photopolymerization, it was decided to work with these monomers.

To optimize the composition formula, several studies have been conducted, including:

investigation of kinetics dependence of photopolymerization on ILs content and ratio of previously
selected monomers by UV-DSC method;

study of the effect of IL type, its content and the ratio of monomers on the ionic conductivity of
the obtained membranes by impedance spectroscopy;

investigation of the effect of thermal post-curing on the ion conductivity of membranes.

According to UV-DSC data, polymerization proceeds in two stages; the conversion rate of the
compositions increases with the increase of IL content. Increasing of the length of the hydrophobic
IL tail decreases the ionic conductivity of the membranes. At the same time, the conductivity of the
membranes increases with IL content increasing. The thermal initiator (AIBN) did not undergo
photopolymerization at the wavelength used in this study (405 nm) for UV-curing. Thermal post-
curing generally decreases membrane conductivity.

OcodenHocTH 3aKkpenienus (popmoodpasyionleii NOBEPXHOCTH 0CHACTKH M3 NMOJUMEPHBIX
KOMIIO3MIIMOHHBIX MAaTEPHAJIOB HA ONIOPHOM KapKace
Upomnukos A.U., Cémkun B.H., Bacuna JI.H., be3pykos I'.T.
OHIIIT «Texuosorusy, r. O0HUHCK, Poccus

TexHonorust U3roToBICHUs OOJIBIIMHCTBA BBHICOKOTOUHBIX M Hambolsiee HArpy>KCHHBIX AeTalel
aBHAIIMOHHON U KOCMHYECKOH TEeXHUKH — BaKyyMHOE WJIM aBTOKJIAaBHOE (OPMOBaHHUE, COUETAET B
ceOe naBienue (Bakyymerpuueckoe 10 0.98 6ap u uzdsirounoe 1o 10 6ap), a Takxke Temneparypy 1o
200°C u Tpedyer CI0XKHOM MMOJrOTOBKU MPOMU3BOJICTBA, BKIIIOYAIOIIETO B ce0s MPOCKTHPOBAHUE U
u3rotoBieHne GopMooOpasyromeii OCHACTKH.

Pabouast MOBEpXHOCTH OCHACTKM JIOJDKHA COOTBETCTBOBATH MAaTEMAaTHYECKOH MOJENH
(opmyemoro uzzenus (€ciM He MOAPa3syMEBACTCs MHOTO) M rapaHTHPOBaTh (hOPMOCTAOMIBHOCTH
IpH [UKINYECKHX Harpy3kax (opMOBaHUS, a TakkKe O0JafaTb HEOOXOOUMBIM HaboOpOM
MEXaHHYECKHX XapakTepucTHK. Kpome TOro, BaHBIM (HaKTOPOM SBISACTCSA PasHULA MEXIY
kodpdunuenToMm Tepmmdeckoro mHeiiHoro pacmmpenus (KJITP) marepmama ocHacTkH H
(dopMyeMoii sieTany, TaKk KaK MMEHHO COCTOSIHME OCHACTKH B MOMEHT (DOPMOBAHHMS H3JICIHSA
olpesieNsieT KOHEUHYIO ero (hopMy.

Jlnst kxpynHOrabapuTHBIX JeTalei aBHAl[MOHHON M KOCMHYECKO# oTpacieil Hanboiee akTyanbHO
paccMaTpuBaTh (HOPMOBAHHE JieTaeil Ha KOMIIO3UTHBIX OCHACTKAX, MOIy4aeMbIX ITyTEM IIPOIHTKH
npeopMbl, BBUIOKCHHOH Ha MacTep-MOJCIM, METOJOM BaKyyMHOH HH(QY3HH CBS3YIOIIETO,
COYETAIONINX B ce0e Pa3syMHYI0 CTOMMOCTb IIPH BBICOKUX JKCILTyaTallHOHHBIX XapaKTEePHCTUKAX.
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B pamkax paOoThl NPOM3BEICH aHAIM3 KOHCTPYKTHBHBIX M TCXHOJOTMYECKHMX DELICHUH INpH
n3rotoBiaeHun (opmoodpasyromieii ocHactku u3 IIKM. Omucanbl pasianyHblC BHABI OMOPHBIX
KOHCTPYKIIMIT OCHACTKH, UX JOCTOMHCTBA U HEIOCTATKHU:

1) KJlaccuuecKuil MeTaJuIoKapKac; 2) KapKac U3 MOHOJIHMTHBIX pedep U3 yriemacTka; 3) Kapkac u3
TpEXCIOMHBIX Maneneil; 4) kapkac U3 yrieluiacTHKOBBIX Ppoduiieit.

OtzmenbHON 3aadeil sSBISIETCS BOIPOC COEAUMHEHHUs (opMooOpasyromel 000I0UKU U OHOPHOU
CTPYKTYpBI, PACCMOTPEHBI, TIPOAHATN3UPOBAHBI CIICYIOIHE BAPUAHTBI:

* )KECTKOE KJICEBOE COCNHCHHE;

* yIIpyroe KieeBoe COeIMHEHNE;

* IEPHMETPOBOE MEXAHUYECKOE 3aKPEILICHHE;

* MEXaHWYECKOE 3aKPEIICHNE C TOUSYHBIM OITHPAHUEM.

Iocne aHamm3a u OTPaOOTKM BBILICIEPEUHUCACHHBIX KOHCTPYKIHII B KaueCTBE OCHOBHOTO OBIT
BEIOpaH BapHaHT COBMECTHOTO HCIIOJIB30BAaHHS METaJUIOKapKaca ¢ KapKacoM M3 TPEXCIIOMHBIX
naHenei, NpuKiienBaeMoro K hopmooOpasyromieii 000I04Ke Ha HEYIPYT Uil KOMITAYH]I.
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Features of fixing the form-building surface of the polymer composite tools and the
framework
Iroshnikov A.I., Syomkin V.N., Vasina L.N., Bezrukov G.T.
ORPE “Technologiya”, Obninsk, Russia

Most of high-precision and most loaded details of aviation and space industries are made by method
of the vacuum or autoclave molding combining pressure (vacuum to 0.98 bars and excessive to 10
bars), and also temperature to 200 °C. That demands difficult preproduction including design and
production of the polymer composite tools.

Form building surface of composite tool has to be equal to mathematical model of the formed detail
(if other is not meant) and guarantee dimensional stability during cyclic loadings of moulding, and
also it has to possess necessary set of mechanical properties. Besides, important factor is the
difference between coefficient of thermal expansion (CTE) of material of the tool and the formed
detail, as the condition of the tool at the time of moulding defines its final form.

For large-size details of the aviation and space industries it is the most urgent to consider production
of details using tools made of carbon received by impregnation of the preform on master model, for
example — method of vacuum resin infusion, combining reasonable cost and high operational
characteristics in it.

Within the report, the analysis of design and technology solutions of production of the form-
building tools from PCM is made, in particular interaction of form-building surface of the tool and
supporting framework is described. Different types of frameworks of the tools, their merits and
demerits are shown:

1) classic steel framework; 2) framework made of carbon plates; 3) framework made of carbon
core panel; 4) framework made of carbon webs.

Separate task is the question of connection of form-building surface and the framework, the
following options are considered, analyzed:

« inelastic glue joint;

« elastic glue joint;

* perimeter mechanical fixing;

* point mechanical fixing;

After the analysis and working off above-mentioned designs, the option of sharing the Steel
framework with framework made of carbon core panel fixed to form-building surface by inelastic
glue has been chosen as basic.
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Bo3moskHOCTH NPHMEHEHHs HH(Y3HOHHBIX TEXHOIOTHIi B IPOU3BOACTBE U3eIHii
aBHALMOHHOIO HazHavyeHus u3 [IKM
Konromoxk B.B., Haconos ®.A.
MAM, r. Mocksa, Poccust

Texuomoruss BakyymHoi uH(y3un VARTM, sBisomascs NEpexomoM OT CIOXKHOTO U
Joporocrosiero nporecca RTM, 3akiiroyaercst B pacnpeielIeHHH CBS3YIOLIEro 10 TelTy rnpe-(GopMel
¢ IOMOIIBIO BaKyyMa, IJie BEPXHsS IIOJIOBUHA OOBIYHON (DOPMBI 3aMEHSETCS BAKyyMHBIM MEIIKOM
JUISL yCTPAHEHHs MPOOJIEM MPOSKTHPOBAHHMS ¢ OOJBIIMMH METAUTHYESCKUMH (GopMaMu.

CymecTByIOT HEKOTOPBIE OTpaHMYCHHS I IIepepadaThIBAGMbIX MAaTEpHalloB IMOCPEACTBOM
naHHOH TexHoyoruu. Tak, cBs3ylomee, KOTOpoe OyAeT MCIoNb30BaHO B TexHoiornu VARTM,
JIOJDKHO 00J1aJaTh Ba)KHOM PEOJIOTMYECKON XapaKTEPUCTUKOM: BSI3KOCTH CBSI3YIOIIETO HE JTOJDKHA
npesbimate 0,5 Ilasc mpu paGodueil Temmeparype mepepabOTKH, YTO TapaHTHPYET OoOecIeucHHe
MPUEMIEMOT0 yPOBHS IPOYHOCTHBIX U JIe(OPMALIOHHBIX CBOMCTB. /I perynupoBaHUs
PEOJIOTHYECKHX CBOMCTB CBS3YIOIIEr0 MPUMEHSIOT MOJH(HKATOPHI, KOTOPHIC CHIKAIOT BSI3KOCTh
xoMrno3unuu. CTOMT OTMETHTh, YTO HEKOTOpbIe pa30aBUTENM IIOMHMO CHIDKEGHHS BS3KOCTH,
CIOCOOHBI W3MEHATH (PU3MKO-XMMHYECKHE U (DH3MKO-MEXaHHYECKHE CBOWCTBA OTBEPIKACHHOM
MaTpunsl cBs3yromero. COOTBETCTBEHHO, BaXKHOH 3ajadeil IpU U3TOTOBICHHU CBS3YIOIIETO AT
VARTM TexHOIOrnH ABIAETCS MCTIONB30BaHKUE pa3baBUTEINCH, KOTOPBIE IIPU CTPOTOM COXPAHEHHUH
OIMCAHHBIX BBIIE CBOWCTB, CMOIYT YMEHBIIHTH BSI3KOCTh BELIECTBA. SIPKUM HNPHMEPOM SBIIAETCS
paspaboranHoe B PI'YII «BUAM» cpssylomee Ha OCHOBE DIOKCHIAHOH CMOJBI M aMHHHOIO
OTBEpIUTENS, a pa3baBuTeNeM cTall MOAU(UKATOP HA OCHOBE HEHACHIIIEHHON MO (GHPHOI CMOJIBI
1 MHULMATOpa paJMKaIbHON IoIMMepu3anuy. B naHHOM cirydae Onaromapsi IpUMEHEHHIO CHCTEM
BIIC npenocraBisioTCs IIMPOKHE BO3MOXKHOCTU JJIs TMOJy4YeHHUs] BbIcOKOnpouHbiX [TKM,
nepepadaThIBaEMbIX METOJIOM BaKyyMHOH HHQY3HH.

Hcnonp3oBaHue rHOKOro BaKyyMHOTO MEIIKa M BaKyyMHOro mpHBoja B TexHosormn VaRTM
JIeTAI0T Oo/Iady CBS3YIONIET0 K apMHUPYIOIeMy HaIlOJHHUTEIIO IIPHHIUITHAIBEHO JPYTHM B CPaBHEHHI
¢ RTM meTonoM, Ie CyIIecTBYIOT HOJNIOKUTEIbHOE NaBICHHE BIPBICKA U )KECTKHE TPEOOBAHHSA K
¢dopmam m3menmusi. Ho B TeXHONOIMM BaKyyMHOH HH(QY3HH CYIIECTBYET PHCK IOSBICHHS CyXHX
ISITEH W IyCTOT Ha U3JENUH — sBlIeHUue MOpUCTOocTU. CyIIecTByeT HECKOIbKO HMPHEMOB, UTOOBI
CBECTH K MHHHMYMY HaJlW4de HOPHCTOCTH HA OJTAle 3allOJHEHHs CBSA3YIONIMM HAIlOJTHHTENS:
IpUMEHEHHE BaKyyMa Ha dTane (pOpMHPOBAHHS CMOIBI; JErasalis CMOJBI B SKHIAKOH ¢aze mepen
HMHBEKIHEH, O3BOJISS CBS3YIOIEMY CBOOOJHO Teub IO (hopMe; IEpeHOC My3bIPHKOB BO3MyXa H
JIETy4uX BELIECTB 4Yepe3 BCHTHILILHOHHYIO CTOPOHY (OpPMBI, YIpaBICHHE TEMIIEpaTypoi
npeccopMbl B COUYETaHHH C PETYIHPYeMbIM JAaBlieHHeM o 3akoHy Jlapcu. [laHHas Moneib
cnocoOHa onTumuzupoBath npouecc VaRTM, ucnonb3yeMslid pu Gosiee HU3KUX TEMIIEpaTypax
¢dopmbl. Mcxonst M3 3TOr0 MOXKHO CJIielaTh BBIBOZA, YTO COBMECTHMOCTH MIaBJICHHUS IIOTOKA
CBSI3YIOIIEro M TePMHUYECKasl COCTABIIAIONIAs 3HAUUTENbHA, U HX HEOOXOIUMO YyUUTHIBATH BO BPEMs
MIPOEKTUPOBKHU [10TOKA M TEPMOPETYJIALMHU Juls pouecca VaRTM.
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Possibilities of using infusion technologies in the manufacturing of aircraft products from
PCM
Koniushok V.V., Nasonov F.A.
MAI, Moscow, Russia

The VARTM vacuum infusion technology, moving away from the complex and costly RTM
process, is to vacuum-dispense the binder throughout the preform body, where the top half of the
regular mold is replaced by a vacuum bag to eliminate design problems with large metal molds. There
are some restrictions on the materials recyclable through this technology. Thus, the binder that will
be used in the VARTM technology should have an important rheological characteristic: the viscosity
of the binder should not exceed 0.5 Pa « s at the processing operating temperature, which guarantees
an acceptable level of strength and deformation properties. To control the rheological properties of
the binder, modifiers are used that reduce the viscosity of the composition. It should be noted that
some diluents, in addition to reducing the viscosity, are able to change the physicochemical and
physicomechanical properties of the cured binder matrix. Accordingly, an important task in the
manufacture of a binder for VARTM technology is the use of diluents, which, while strictly
maintaining the properties described above, can reduce the viscosity of the substance. A striking
example is a binder developed at FSUE "VIAM" based on epoxy resin and amine hardener, and a
modifier based on unsaturated polyester resin and a radical polymerization initiator became the
diluent. Due to the modification by the type of interpenetrating polymer networks, it was possible to
achieve those characteristics that allow it to be used in VARTM technology without loss in other
properties. In this case, thanks to the use of VPS systems, ample opportunities are provided for
obtaining high-strength PCMs processed by the method of vacuum infusion. This is due to the fact
that when developing new binders, it is necessary to combine diametrically opposite characteristics
of the polymer matrix: rigidity, strength, plasticity, and heat resistance. The use of the UPU makes it
possible not only to obtain new materials, but also to cope with many emerging technical problems
and issues. It was previously noted that the use of a flexible vacuum bag and a vacuum drive in the
VaRTM technology makes the supply of the binder to the reinforcing filler fundamentally different
in comparison with the RTM method, where there is a positive injection pressure and stringent
requirements for product shapes. But in vacuum infusion technology there is a risk of dry spots and
voids on the product — the phenomenon of porosity. There are several techniques to minimize the
presence of porosity at the stage of filling the filler with a binder: applying a vacuum at the stage of
forming the resin; degassing the resin in the liquid phase prior to injection, allowing the binder to
flow freely over the mold; transfer of air bubbles and volatiles through the ventilation side of the
mold, temperature control of the mold in combination with adjustable pressure according to Darcy's
law. Also, due to the decrease in capillary pressure at higher temperatures and a lower pressure drop
between the inlet and outlet, it is possible to obtain a low porosity of the part and, accordingly, a high
fiber volume fraction. This model is able to optimize the VaRTM process used at lower mold
temperatures. Based on this, it can be concluded that the compatibility of binder flow pressure and
thermal component is significant and must be taken into account during flow design and
thermoregulation for the VaRTM process.

H3yuenne nponeccoB TEPMHYECKOT0 OKHCIEHHS (PTAJOHHTPHILHBIX MATPHI
!Jlo6anosa M.C., *bysrakos B.A., 2Kenman A.B.
'MI'Y, 2MHYMuT, r. Mocksa, Poccust
J1s  TpUMEHCHHs — HOJIMMEPHBIX — KOMIIO3ULIMOHHBIX ~ MAaTEPHAIOB C  HOBBIICHHBIMH
SKCILTyaTalMOHHBIMI XapaKTEPUCTUKAMU OIHOHW M3 BaXKHBIX 3aad SBJIACTCS OLEHKA BIMSHHS
TEPMHUYECKOr0 OKHCIICHUS Ha CBOICTBA MAaTepHalia PH MIOBBILICHHBIX TEMIIEPATypax U OlpeeIcHIe
MEXaHH3MOB JaHHOTO Tpouecca. IIpu 3ToM ciemyeT yuuThlBaTh, YTO MaTepual MaTpHULbl Oonee
[OJIBEPIKECH TEPMUUECKOMY OKHCIICHHIO YeM apMHUPYIOIIHil HAIOIHNATEIb.
Henpro  naHHOM  paboThl  SBISETCS HM3y4eHHE IIPOLECCOB  TEPMUYECKOTO  OKHCIICHHUS
(D TATOHUTPHITBHBIX MATPHULL, UCIIOIB3YIOIUXCS ULl H3TOTOBJICHHUS YIVICIIACTHKOB.
XapakTepuCTHKA TEPMHYECKOTO OKHCICHHS MOJMMEPHBIX  (DTAJOHUTPHIBHBIX  MAaTpHIL,
MOCTOTBEPXKAEHHBIX TIpH Temrepatypax 330-375°C, usyyanu B IMHAMHUYECKMX M CTaTHYECKHX
yeinoBusx. Jmsi ompeneseHHsT KMHETHYECKHX IapaMeTPOB TEPMOOKHCICHHS B JUHAMHUYECKHX
YCIOBUAX NPUMEHSIIH METO]] TEPMOTPAaBUMETPHH C pa3HbIMHU CKOpOCTsIMU Harpesa (2, 5, 10 u 20 °C).
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Jlns onpejieneHus napamMeTpoB TEPMOOKHUCIICHUS B CTATHYECKUX YCIOBUSIX 00pasLibl BBIACPKUBAITH
IIPH Tpex TeMmIeparypax B quanasone 280-350°C u perucTpupoBanty H3MEHEHHE TAKUX MOKa3aTenel
Kak Macca 00pas3IoB, TeMIIepaTypa CTCKJIOBAHUS ¥ IIPOYHOCTb MPH M3THOE.

Ha ocHOBaHMM IONYYeHHBIX OKCIICPHIMEHTAIBHBIX JAHHBIX OBUIM OHpe[eneHsl Haubonee
BEPOATHBIC KHHETHYECKHE MOJEIN IIPOLECCOB TEPMHYECKOrO OKHCIICHHS (TalOHUTPHIBHBIX
MaTpUIl M PACCUUTAHBl HX KHHETHYECKUE IIapaMeTphl (PHEpPrus AaKkTHBalUM M 3HAUYCHUE
HPEAIKCIIOHEHIMAIBHOT0 MHOKHTENS). IToCTpOSHBI 3aBUCHMOCTH M3MEHEHHS MacChl, IPOYHOCTH U
TeMIepaTyphl CTEKJIOBAHHS OT BPEMEHH BBIACP)KKH IPH IOBBIIICHHOH TeMIepaType. Y CTaHOBIICHO,
YTO TEMIIEpaTypa CTEKJIOBaHUs (TAIOHUTPHIGHBIX MATPHIL IPU BEICOKOTEMIIEPATYPHOH BBIICPIKKE
BO3PACTaeT, a IPOYHOCTD TIPU U3rH0Oe yMEHbIIAaeTCs B ~2 pa3a IPH yMEHbBIICHUH Macchl Ha 1,5-2%.

Pabora BeIIIONTHEHA B paMKax roCyJapcTBEHHOT0 3a1aHns XuMudeckoro ¢axynsrera MI'Y M. M.
B. JlomoHocoBa (cornamenne Ne AAAA-A21-121011590086-0).

HccnenoBanue BEINONHEHO B pamkax IIporpamMmbl pasBHTHS MeEXTUCIMIUIMHAPHON HaydHO-
oOpa3oBaTenbHON MIKOIBI MOCKOBCKOrO yHHBepcuTeTa "Byaymiee mnuiaHeTsl M r1oOajbHbIC
H3MEHEHHUs! OKpYyKalollel cpesb'.

Study of the processes of phthalonitrile matrices thermal oxidation
"Lobanova M.S., *Bulgakov B.A., 2Kepman A.V.
'MSU, 2INCMaT, Moscow, Russia

One of the problems of high-performance materials application is to assess the thermal oxidation
impact on material properties at elevated temperatures and to determine the mechanisms of the
process. Furthermore, it should be noted that matrix is more subjected to thermal oxidation than
reinforcement.

The aim of this work is to study the thermal oxidation processes of the phthalonitrile matrices used
for carbon fiber reinforced plastics manufacturing.

The thermal oxidation characteristics of the phthalonitrile matrices post-cured at temperatures 330-
375°C were studied under dynamic and static conditions. Thermogravimetric method with different
heating rates (2, 5, 10, and 20°C) was used to determine the thermal oxidation kinetic parameters
under dynamic conditions. To determine the thermal oxidation parameters under static conditions,
the samples were exposed at three different temperatures in the range of 280-350°C and the changes
of parameters (sample mass, glass transition temperature, flexural strength) were detected.

According to the experimental data obtained the most probable kinetic models of the phthalonitrile
matrices thermal oxidation processes were determined and the corresponding kinetic parameters (the
activation energy and the pre-exponential factor) were calculated.

Mass loss, strength and glass transition temperature versus exposure time at elevated temperature
were plotted. It was found that the glass transition temperature increases during elevated-temperature
exposure, and the flexural strength decreases by a factor of 2 at the mass loss 1.5-2%.

This work was carried out in the framework of the state assignment of the Department of Chemistry
of the M. V. Lomonosov Moscow State University. Project No AAAA-A21-121011590086-0.

This research was performed according to the Development program of the Interdisciplinary
Scientific and Educational School of Lomonosov Moscow State University «The future of the planet
and global environmental change».

ANINTHBHOE IIPOM3BOJICTBO ONITHMH3HPOBAHHBIX KOMIIO3UTHBIX CTPYKTYP HepeMeHHOil
JKECTKOCTH, APMUPOBAHHBIX KPHBOIMHEIHBIMY ¥ HelIPePLIBHBIMH BOJIOKHAMH
MarnaxoB A.B.

MMAII PAH, r. Mocksa, Poccust

brnarogapss BBICOKMM Y/CIbHBIM XapaKTEPUCTUKAM IOJMMEPHbIC KOMIIO3HTHBIC MaTepHalbl,
apMHUpPOBAHHBIC HENIPEPHIBHBIMU BOJIOKHAMH, ITOTYYHIN MIMPOKOE PACIPOCTPAHEHHE B PA3JIMUHBIX
OTpacisiX NpOMbIIUICHHOCTH. OIHAKO, MX YCICHIHOE NPHMEHEHHE PEalu3yercs TONBKO IpU
YCIIOBUH, KOT/Ia KacaTeJIbHbIE 1 ITOIIePeYHbIe HAIPSDKEHNS B KOMIO3UTHON CTPYKTYpE MUHUMAJIBHBI,
a OCHOBHAas Harpyska HepelaeTcs BIOJIb BOJIOKOH. B 3TOH CBSI3M BO3HMKAeT HOTPEOHOCTH B
pa3paboTKe HOBBIX METOJOB IIPOEKTHPOBAHUS M IPOM3BOICTBA KOMIIO3UTHBIX MaTepHAJOB, B
KOTOPBIX HarpysKa, IJIaBHbIM 00pa3oM, IepeaacTcs B HAIPABICHUH BOJIOKOH.
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Jlns pelieHns MOCTaBICHHBIX 3aja4 ObLI pa3paboTaH METOJ MOACIMPOBAHMS KOMIO3UTHBIX
CTPYKTYp, TA€ TPACKTOPUU BOJIOKOH YKIAIBIBAIOTCS B HANPABICHUH MaKCHMAIbHOTO ITIABHOTO
HampspkeHua. IIpn  HanuuuM KOHLEHTPALMM HANpsHKEHMH Takue TPaeKTOPUM  SBIISIOTCS
KPHUBOJIMHEHHBIMHI U Ha HX OCHOBE ()OPMUPYIOTCSI HEOTHOPOHBIC CBOMCTBA MaTepuaa, 3aBUCSIINE
OT PAacIONOKEHUs] MOJYYEHHBIX TpaeKTopuil BoMOKOH. IlocKombKy TpaeKTOpUH BOJOKOH
HEIPEPHIBHBI, TO CTAHOBHUTCS BO3MOXKHBIM HCIIOIb30BAaHUE AIJUTHBHOIO IIPOM3BOACTBA IS
U3TOTOBJICHUS! KOMIO3UTHBIX CTPYKTYP, B KOTOPBIX KPHBOJIMHEHHBIE BOJIOKHA HAMITYYIINM 00pa3oM
aIalITHPOBAHbI K HEOJHOPOJHOMY IOJIO HANIPSDKEHUH.

AJTUTHBHOE TPOM3BOJCTBO IO3BOJISIET M3rOTABJIMBATE KOMIIO3UTHBIC CTPYKTYPBI NMEPEMEHHON
KECTKOCTH €  KPUBOJIMHEWHBIM apMHPOBaHMEM, YTO JOCTHraercst 3a CuYéT KOHTPOJIS
MO3WIMOHUPOBAHUS COIUIA, TOCKOJIBKY OpHEHTAlUs BOJIOKOH BBIPABHHBACTCS BJIOJIb HATIPABIICHUS
nBwkeHus coma 3D npuntepa. Takoi npuHimn 3D neyaty ObLT UCIOJIB30BaH MPU W3TOTOBICHHH
KOMITO3UTHBIX IUTACTHH C PA3IMYHBIMU KOHIIEHTPATOPaMH1 HAIPSDKEHHH, a ITOTyYEeHHBIC PE3yIIbTaTh
UCTBITaHKH TOKa3aiH [ 1,2], 4To mepexo/1 OT OJHOHANPABICHHOTO apMUPOBAHUS K KPUBOJIMHEHHOMY
MPUBOJUT K CYLICCTBEHHOMY YIyYHICHHIO 3(()EKTHBHOCTH KOMIIO3UTHBIX CTPYKTYp. Takum
00pa3oM, aganTUpys CTPYKTypy MaTepHana K ACHCTBYIOIIMM IIOJIAM HAIPSIKCHUH, CTAHOBHTCS
BO3MOXKHBIM CO37IaBaTh emé Ooee MepCIeKTUBHBIE KOMITO3UTHBIE KOHCTPYKIIUH.
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Additive manufacturing of optimized variable stiffness composite structures reinforced
curved and continuous fibers
Malakhov A.V.
IMASH RAN, Moscow, Russia

Due to high specific characteristics, polymer composite materials reinforced with continuous fibers
are widely used in various industries. However, their successful application is realized only under the
condition when the shear and transverse stresses in a composite structure are minimal, and the main
load is transferred along the fibers. In this regard, there is a need to develop new methods for the
design and manufacture of composite materials, in which the load is mainly transferred in the
direction of the fibers.

To solve these problems, a method modeling of composite structures was developed, where the
fiber trajectories are aligned in the direction of the maximum principal stress. In the presence of stress
concentration, such trajectories are curvilinear and, on their basis, inhomogeneous material properties
are formed, depending on the location of the obtained fiber trajectories. Since the fiber trajectories
are continuous, it is possible to use additive manufacturing to make composite structures in which
curved fibers are best adapted to a non-uniform stress field.

Additive manufacturing allows to manufacture variable stiffness composite structures with curved
reinforcement, which is achieved by controlling the positioning of the nozzle, since the fiber
orientation is aligned along the direction of movement of the 3D printer nozzle. This principle of 3D
printing was used in the manufacture of composite plates with various stress concentrators, and the
obtained test results [1,2] showed that the transition from unidirectional reinforcement to curved
reinforcement leads to a significant improvement in the efficiency of composite structures. Thus, by
adapting the structure of the material to the acting stress fields, it becomes possible to create even
more promising composite structures.
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IlepcnieKTMBHAS TEXHOJIOIHsI MUKPOBOJIHOBOIO TePMOOTBEPKIEHUSI KOMIIO3UTHBIX
MaTepHaI0B
Marsees E.B., Mamontos A.B., I'aiinap A.1., Jlanmuzos b.A., CyBopuHoB A.B.
®I'BHY «HUU IIMT», r. MockBa, Poccust

PasBuTHe MHIYCTPUM KOMIIO3UTHBIX MAaTEpPHAJIOB IPENBSBISICT BBICOKHE TPEeOOBaHUS K
9HeprodpHeKTHBHOCTH, HAPABICHHOCTH ¥ CKOPOCTH MPOLIECCOB 00PabOTKH KOMITO3UTOB HA OCHOBE
SMOKCUJIHOTO CBSI3YIOIIEro. MOXKHO BBIICIHTH JIBa OCHOBHBIX METOJA BBICOKOTEMIIEPATypHOTO
OTBEPIKICHHSA — TPAJUIHOHHBIA METOJ (TePMHYECKHE IIEYH) M METOJ CBEPXBBICOKOYACTOTHOTO
(CBY) narpesa (CBY-meton).

IIpu TpaAUIHOHHOH TEXHONOTUH OTBEPIKACHHUS JIIOKCUIIONUMEPA B TepMOKaMepe (TepMHIECKUI
METOJ1) OCHOBHOM HarpeB IMPOHMCXOAUT 3a CYET TEIUIONPOBOIHOCTH MaTepHala OT IOBEPXHOCTHU B
ueHtp wmatepuana. Ilpu CBU-merome OTBEpKICHHS OJHEPTUS DICKTPOMArHUTHOTO — TIOJIS
OJHOBPEMEHHO BO3JEicTByeT Ha Bech 00BEM 00pasia, B pe3ylabTaTe 4Yero IPOMCXOAUT Oolee
OBICTpBII 1 PABHOMEPHBII Harpes.

B xome wuccnenoBaHMiT  yCTAaHOBIEHBI — CPaBHHUTENBHBIE — 3aBUCUMOCTH  NPOYHOCTHBIX,
({pakrorpaduueckux ¥ CIEKTPOCKONMYECKUX MapamMeTpoB OOpasLOB OT JUIMTEIBHOCTH H
HWHTCHCHBHOCTH PEKUMOB OTBEepiKIeHMs TepMmuueckiM n CBU meronmammu, a Takxke OIpeNeeHb
PEXUMBI, OOECIEYMBAIONINE MAKCUMAJbHYIO IPOYHOCTH 00pa3noB. OOpaslbl, HM3rOTOBJIECHHBIE
Pa3IMYHBIMU METOIaMH, HO HMEIOIIHE UICHTHYHBIC pa3Mephl, IIBET 10 HOZOMETPHUECKOIl MIKalle U
KapTHHBI H37I0MOB, TI0Ka3aJIH OJIM3KKE 3HAUCHHUs MAKCUMAJIbHOI IIPOYHOCTU U CXOIHbIE AUATPAMMBI
Jie(OpMUPOBAHHS.

IIpu KpaTKOBPEMEHHOM BBLICOKOMHTEHCUBHOM OTBEPXKICHHU OOOMMM MeTOJaMH HaOIIomancs
3HAYUTENBHBIH pa30poc MPOYHOCTHBIX NapaMeTpoB 00pa3unoB. boiee cTaOMIbHBIE pe3yabTaThl 110
MIPOYHOCTH JaET MHOTOCTyIIeHUaTas 00paboTKa ¢ OONBIIMMH BpeMeHaMU BBLICPKKH. B To jke Bpems
py ucnonab3oBanny CBY-MeTona MUHIMAIEHO TOITyCTHMAs (II0 CIIPAaBOYHBIM JaHHBIM) IIPOYHOCTD
53 MIla pocruraercsa Oonee ueM B JBa pa3a ObicTpee, ueM Ui 0OpaslOB, OTBEPXKAEHHBIX
TEPMUYECKAM METOJOM, YTO IIO3BOJISCT 3HAYHUTEIBHO CHU3UTh BPEMEHHBIE 3aTPaThl U MOBBICHTH
9HEPro3(p(HeKTUBHOCTH IPOU3BOACTBA IMOKCHIOINMEPHBIX MaTCPHAIIOB.

MertozmaMu pacTpoBOi IITEKTPOHHOH MUKPOCKOIIUH YCTaHOBIICHO, YTO UL 00pa3LOB ¢ OIN3KIMH
[IPOYHOCTHBIMH XapaKTePUCTUKAMH, HO OTBEP KAEHHBIX pasHbIMU MeTonamu, CBY-meTon npuBoauT
K YBEIMUCHHIO Pa3MepoB INI00YII U GOJIbIIeMY ITPOSBICHHUIO JIOKAJIbHOH IUIaCTHIECKON nedopManuy
B mpoluecce paspyuieHus. PaspyiieHune o0pasloB 4Yaiie NPOUCXOJUT M0 O0BEMY 3MOKCHUAHOTO
CBSI3YIOIIETO, a He B 00JIaCTH KOHTAKTA CBS3YIOLIETrO C BOJIOKHOM.

HUccnenosauus nposenensl B PI'BHY «HayuHo-uccienoBatenbCKuii MHCTUTYT MEPCHEKTHBHBIX
MaTepHaJIOB U TEXHOJIOTHI» B paMKax rocynapcrBeHHoro 3axanus 2020 roxa no npoekty FNER-
2020-0002.
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Advanced technology of microwave thermal curing of composite materials
Matveev E.V., Mamontov A.V., Gaidar A.I., Lapshinov B.A., Suvorinov A.V.
RIAMT, Moscow, Russia

The development of the composite materials industry places high demands on energy efficiency,
orientation and speed of processing of composites based on epoxy resin. There are two main methods
of high-temperature curing — the traditional method (thermal furnaces) and the method of ultrahigh
frequency (microwave) heating (microwave method).

With the traditional technology of curing an epoxypolymer in a thermal chamber (thermal method),
the main heating occurs due to the thermal conductivity of the material from the surface to the center
of the sample. With the microwave curing method, the energy of the electromagnetic field
simultaneously affects the entire volume of the sample, resulting in faster and more uniform heating.

The comparative dependences of the strength, fractographic and spectroscopic parameters of the
samples on the duration and intensity of the curing modes by thermal and microwave methods have
been established, and the modes providing maximum strength of the samples have been determined.
Samples made by different methods, but having identical dimensions, color according to the
iodometric scale and fracture patterns, showed similar values of maximum strength and similar
deformation diagrams.

With short-term high-intensity curing by both methods, a significant variation in the strength
parameters of the samples was observed. More stable strength results are obtained by multi-stage
processing with long exposure times. At the same time, when using the microwave method, the
minimum allowable (according to reference data) strength of 53 MPa is achieved more than twice as
fast as for samples cured by the thermal method, which significantly reduces time costs and increases
the energy efficiency of the production of epoxy polymer materials.

Scanning electron microscopy has established that for samples with similar strength characteristics,
but cured by different methods, the microwave method leads to an increase in the size of globules
and a greater manifestation of local plastic deformation in the process of destruction. The destruction
of samples occurs more often in the volume of the epoxy binder, and not in the area of contact of the
binder with the fiber.

The research was carried out at the Research Institute of Advanced Materials and Technologies in
the framework of the 2020 state assignment for the FNER-2020-0002 project.
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Oc00eHHOCTH TEXHOI0THH U3TOTOBJICHHS KPYNHOra0apUTHBIX CHJIOBBIX 000/104¢K
TPEXCJI0iHON KOHCTPYKIUHU
Ierpos B.O., CmupHOB A.A.
OHIIIT «Texuonorus», r. O6HuHCK, Poccus

Hcnonp3oBaHue CaMOHECYIIHX OOOJOYEK U3 IOMMMEPHBIX KOMIIO3HI[HOHHBIX MaTEpHAaIoB
(IIKM), co3naHHbIX Ha 0a3e TPEXCIOHHBIX KOHCTPYKLHMH, COCTOSIIMX H3 YIJIEIUIACTUKOBBIX
OOIIMBOK U COTOBOTO 3allONHHUTENS U3 AaMIOMHHHEBOH (ONBrH, IOIYYHIO IIHPOKOE
pacnpocTpaHeHHe B arperatax KOCMHMYECKOM TEXHHKH. DTH pPEIIeHHs BHEIPEHbl U YCIIEIIHO
NPUMEHSIOTCS B TOJOBHBIX OOTEKaTeNsX KOCMUYECKUX ammapatoB cemeiictBa «IIpoToH-My,
«AHrapay, «PoxkoT».

Tpexcnoitnble koHCTpyKuMU K3 ITKM oTiaMyaroTcs BBICOKOH 3KECTKOCTBIO, TE€XHOJIOTMYHBI B
U3TOTOBJICHMU M MMEIOT 3HAYMTeNbHbIA BBIMIpHIN B Macce (a0 50%) mo cpaBHeHHIO ¢
MeTaIM4ecKuMu aHanoraMu. OfHAKO I BEICOKOHATPYXKEHHBIX arperaTtoB 4alle HCIONb3YIOT
TPEXCIIOMHbIE COTOBbIE KOHCTPYKIIMH, ITOIKPENIEHHBIE )KECTKUM KapKacoM, 4TO CHUKAET MacCOBYIO
3 HEKTUBHOCTS 13-32 HEOOXOAUMOCTH YCHICHHS YIEMEHTOB B 30HE KpemHea.
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CrenylonyMm IaroM B MOBBIIICHNH 3((EKTHBHOCTH JeTaleil U arperaToB Ha 6a3e TPEXCIOWHBIX
KOHCTPYKIIMH SBISETCS MHTETPHPOBAaHHME B HHX CHIOBBIX OJIEMCHTOB Kapkaca. B pabote
paccMaTpUBAETCsl TEXHOJIOTUs] U3TOTOBJIEHHS KPYITHOrabapuTHON CHIIOBOH 00O0NOYKM 3aMKHYTOIO
TUNA C DJIEMEHTaMH IPOJOILHOTO YCHJIEHHS BHYTPEHHEH U HapyXxHOW oOmuBok. Ilpu sToM
YCHIJICHHE BHYTPEHHEH OOLIMBKY HAXOIHUTCS MEX/Ly OOLIMBKAMHU 1 HE HMEET KOHTAKTa C HAPYKHON
OOIIMBKOM, 8 YCHJICHHUE HapY)>KHON OOLIMBKM BBICTYNAET 338 CTPOUTEIBHYIO BBICOTY TPEXCIOWHOMN
KOHCTPYKIHH.

YuuThiBasg TONIIMHY YycuWieHHH (mopsaka 8 MM), TpeOOBaHUS 10 PAaBHOTOJIIUHHOCTH,
obecreueH st TOYHOCTH KOHTYPOB U POYHOCTH COCANHEHUsI C OOIINBKOIA, a Takke HE0OXOAUMOCTD
B COKpAILIEHUH JUTUTENBHOCTH PaboT ¢ mpenperom, ObUI0 pa3paboTaHo pelieHne B (HOPMUPOBAHUU
YCWIICHHS Ha OTHCIBHOH OCHACTKE C HCIIOJIb30BAaHMEM KOHTYPHOH paMKH, oOecrednBaronieit
TOYHOCTh IPOAONBHOTO ycuiaeHus. Bce pabGoTel mo ykIagke CIOEB M YIUIOTHEHHIO IMAKETOB
MIPOU3BOIMIINCH Ha JTAHHOW OCHACTKE, IIOCIIC Yero HEOTBEPIKICHHAsI 3aT0TOBKA YCHIICHHST BMECTE C
KOHTYPHOH pPaMKOH, HMMEBIIEH yCTaHOBOYHBIC OTBEpCTHA I (DUKCAIMM HAa OCHACTKE IS
H3rOTOBJICHHS 00O0JIOYKH, yCTaHABJIMBAJIACH HA BHYTPEHHIOK OOILIMBKY U OTBEPIKIAJIacCh.

Kontypnast pamka oOecnednmBaga HE TONBKO TOYHOCTh DPACIONOXKCHHS YCHUIICHHSA, HO H
¢hopmupoBana ero Topusl, 4To0bI BIIOCJISICTBHU 00ECIICYHTh KaueCTBEHHOE COCANHEHNE COTOBOTO
3aII0JIHUTEIIS C YCHIICHHEM 10 TOPLIEBBIM IOBEPXHOCTSIM.

B pe3synbraTe pa3paboTaHa TEXHOJOIHS IOMyYEHHs TPEXCIOHHON KOHCTPYKIHH 00O0I0YEYHOro
THUIA C NOAKPEIIEHHEM TOICTOCTEHHBIMU MOHOIUTHBIMY YCHUIHBAIOMIUMU 3JIEMEHTAMU C 3aJaHHOI
IpaHuLell KOHTYPOB M BBICOKOH TOYHOCTBIO DACHOJIOKEHUS B KOHCTPYKLUH OOOJOYKH. DTO
MO3BOJIMIO HCKIIOYHTh OIEPalldi0 MEXaHHYECKOH o00pabOTKM yCHIMBAIOMIUX OJIEMEHTOB,
BBINIOJIHAT HM3TOTOBJICHHE YCHJICHHH IapaJulelbHO OOLIMBKE M COKPATUTh LMK HM3TOTOBJICHHS
CHJIOBOH 000I04YKH He MeHee yeM Ha 15%.

Particular features of the manufacturing process for large-sized load-bearing shells of
sandwich structures
Petrov V.O., Smirnov A.A.
ORPE Technologiya, Obninsk, Russia

Self-supporting shells from polymeric composite materials (PCM) based on sandwich structures
consisting of CFRP skins and aluminum foil honeycomb core are widely used in space equipment
units. These solutions are implemented and successfully applied in nose cones of the Proton-M,
Angara and Rokot spacecraft.

The PCM sandwich structures are characterized by high rigidity, adaptability to manufacture, and
significant saving in weight (up to 50%) as compared to metallic analogues. However, for high-load
units, honeycomb sandwich structures stiffened with a rigid frame are more commonly used, which
reduces mass efficiency due to the necessity of reinforcing the elements in the fixing area.

The next step in increasing the efficiency of parts and units based on sandwich structures is
integration of the load-bearing frame elements into them. The paper discusses the manufacturing
process for a large-sized closed load-bearing shell with elements of longitudinal reinforcement of
inner and outer skin. In this case, the reinforcement of the inner skin is placed between the skins, and
does not contact the outer skin, whereas the reinforcement of the outer skin is projected beyond the
structural depth of the sandwich structure.

Taking into account the thickness of the reinforcements (approximately 8 mm), requirements for
thickness uniformity, providing the accuracy of outlines and strength of connection to the skin, as
well as the necessity of reducing the prepreg processing time, the solution of forming the
reinforcement on the separate tooling with an outline frame providing the accuracy of longitudinal
reinforcement was developed. All the lay-up and compaction operations were performed on this
tooling, after which the uncured reinforcement blank with the outline frame having mounting holes
to fix on the shell manufacturing tooling, was mounted on the inner skin and cured.

The outline frame provided not only the accuracy of the location of the reinforcement but also
formed its end surfaces in order to ensure that the honeycomb core is properly connected to the
reinforcement at the end surfaces.

This resulted in the development of the process for obtaining the shell-type sandwich structure
stiffened with the thick-walled solid elements with the specified outlines and high accuracy of
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location in the shell structure. This made it possible to avoid the machining of the reinforcing
elements, manufacture the reinforcements in parallel with the skin, and reduce the manufacturing
cycle for the load-bearing shell at least by 15%.

I'paden KM TexHOI0THH 1151 NOBbIIEHUS 3P (PEeKTUBHOCTH B NPOEKTHPOBAHMM THOPUAHBIX
COJTHEYHO JIeKTPHYECKMX KPHOIIAHOB U IMPHKA0Iei
Tonses JLII., Kynpuxos M.IO.
MAMU, r. Mocksa, Poccust

Pa3BuTHE POCCHICKOI MPOrPaMMBI 0 CO3aHHIO «TPAHCHOPTHBIX IUPOTHBIX 1 MEPHUANOHAIBHBIX
KOPHIOPOB JUISl Pa3BHTHS CBSI3aHHOCTH OOMIMPHBIX TeppuTopuit» Cubupu, JJansunero Boctoka u ¢
BBIXOJIOM Ha MexyHapouslii CeBepHblii Mopckoii myts (CMIT) u Apkrideckue TpaHcTonspHbIe
ABHAINHAHN HEMOCPEACTBEHHO OPHEHTHUPYETCS M 3aBUCHUT OT BHEAPEHHS MU HCIIOIb30BaHUS
HMHHOBAIIOHHBIX POEKTHBIX TEXHOJIOTHI X GOPTOBBIX CHCTEM, HOBBIX 9KOJIOTHYECKU YHCTHIX BHIOB
TOIUIMB M MOIIHBIX 3JIEKTPO JHEPreTUYECKUX CHUCTeM, J((PEKTHBHBIX MaTCPHAIOB-CIIABOB U
KOMIIO3UTOB, HHTCTPANbHBIX IHM(PPOBBIX ¥ POOOTOTEXHHYECKHX CHCTEM C HCKYCCTBEHHBIM
HHTEIIEKTOM.

HoBble aBHanMOHHBIE IPOrPaMMBI M IIPOCKTHBIE TEXHOJIOTHU CBS3aHBI C MOMCKOM (P PEKTHBHBIX
a3pOJIMHAMIYECKUX KOMIIOHOBOK CaMOJIETOB H JUPIDKaOIIeH, MO3BOMISIOMNX KOMIIAKTHO Pa3MECTUTD
6oi1ee 00bEMHBIE TOIUIMBHBIE €MKOCTH C TEIUIO3AIHTON IS HCTIONIb30BaHUS CXKIDKEHHOTO BOZIOPO/Ia
LH2 [1,2] , xak ToluMBa, M OJHOBPEMEHHO HHTETPUPOBAaTH €ro >ke B Ooyee Jerkue
TEPMOOXJIAAUTEIbHbIE KPHO-CHCTEMBI JULS HArPEBAONINXCS IIEKTPOIHEPTeTHYECKNX KOMIIOHEHTOB,
BKJIOYAsl OXJIAJKACHHE MOIIHBIX 3JI€KTPOMOTOPOB CHIIOBBIX YCTaHOBOK, 3JI€KTPOHAKONUTENICH-
T€HepaToOpoB ~ C  peKylepamueid, CHIIOBBIX  Kabeme  GOpPTOBOH  BIEKTPONPOBOAKH,
9NIEKTPOAKKYMYJIATOPOB U COTHEUHBIX OaTapeil.

2. IlpopeIBHBIE HANPABIICHUS IS COBPEMEHHOTO MPOEKTUPOBAHUS aBHAIMOHHOTO THOPHIHOTO
9NIEKTPOaBUATPAHCIIOPTa

OCHOBHBIMH TIPUOPHTETHBIMH HAIPABJICHUSIMH Pa3BUTHSI COBPEMEHHOI'O MPOSKTHPOBAHHS
THOPUAHO 3JIEKTPUIECKOr0 aBUATPAHCIIOPTA CTAHOBATCS, KaK HOBbIE OOPTOBBIE IIEKTPOCHCTEMBI C
UCTIONIb30BAaHNEM YHUKAIBHBIX CBOMCTB rpad)eHa, 001a/JaroIero BEICOKOH yIebHON MPOYHOCTBIO 1
JIETKOCTBIO, @ TAK)KE YIPYTOCTHIO H 2ACTHYHOCTBIO C BHICOKOH 3JIEKTPOIPOBOJTHOCTHIO U BBITOAHOI
Ta30HETIOHNIIAEMOCTRIO JUI Tenmus M Bojopozxa. CylmecTByroline Ha CETOJHSA IPOOIEMBI H
JIOPOrOBU3HA €TI0 MPOMBIIICHHOTO OTy4YeHHUs BIIOJNHE IPEOIOIMMBI B OmkaiieM OyaymieM, 4To
CBSI3aHO C HOBBIMH METOZIaMH IIIMPOKOTO H JIEIIEBOTO €ro MPOM3BO/ICTBA, a €ro OJIM3KHE BapUALNH C
IPOCTPAHCTBEHHBIMU CTPYKTYpaMH — IpaoHOM H 60po(heHOM — MO3BOJIAT IOIy4YaTh YHUKAIbLHBIE
HOBBIE HHTErPAIbHbIE KOMIIO3UTHBIC KOHCTPYKLIMH M HWHTErpaJbHbIE MHOTO(YHKIMOHAIbHBIE
KOMIIOHOBKH CaMOJICTOB W aupmkabneil ¢ rpadenoBeiMu Li-lon GatapesMu U ¢ HaHOIUICHKAMH
COJHEYHBIX OaTapell 1Mo MOBEPXHOCTU KPUOIUIAHOB M IEKTPUUYECKHX JICTATEIbHBIX allapaToB C
y4eTOM OCOOEHHOCTEH I0cie NPOJAXXKHOTO OOCIY)KMBAHUS M MX SKCIUIyaTalldd B CYPOBBIX
HHU3KOTEMIIEPATypHBIX YCIOBHSIX Ha DPETHOHANBHBIX M JaJbHEMArHCTPAlIbHBIX TreorpaduyecKu
BBITO/IHBIX TPAHCHOJSPHBIX MEXKOHTHHEHTAIBHBIX aBUAIMHUAX B Poccuu n 3a pyOeskoM.

HeoOxomuMo ydYUTHIBaTH, YTO pETHOHANBHBIE THOPHAHBIE OJIEKTPUUECKHE IacCaXUPCKUE
CaMOJIeThl ¢ HU3KUM yPOBHEM TOKCHYHOCTH M IIymMa OyAyT UMeTh Ooliee BHICOKHII KOMMEpYeCKuid
CIpOC IIpH 00ECHEYEHNH YIYYIICHHEIX JICTHO-TEXHUYECKUX U 3KOHOMUYECKHX XapaKTePHUCTHKAX
MIPU HYKHOM KOPOTKOM (MJIM BEPTHKAJIBHOM, KaK y JpOHa-aBHaTakcu) B3nere U nocajake eSTOL.
ITpu 5TOM U MarucTPaiIbHBIX THOPHIHBIX JJIEKTPHYECKUX ITACCAKUPCKHX CaMOJICTOB NaHHBIC
TpeOGOBaHUS HE CTABATCS TaK OCTPO, HO BBIOOP HHTErPajIbHBIX A3POANHAMUYECCKUX KOMIIOHOBOK THII
«uHTerpanbHoi cxeMsl BodyCryoPlaney, mian kak KpbUTO ¢ HECYIINM (IO3EISDKEM, JIerde PerIaroTCs
HpOOJIEMbl C BHYTPEHHHM pa3MelleHHeM Oonee OOBEMHBIX TOIUIMBHBIX €MKOCTEH € JKMAKUM
BogopoxoM LH2, a Taroke ¢ GOMIBIION MIIOMAIbI0 BEPXHEH OMBIBAEMOH IOBEPXHOCTBIO CaMoJeTa
WM JIUCK-IUPYKA0Is MOJ] HOKPHITUE TOHKUMH THOKMMH rpad)eH-HAHOIUICHOYHBIMH COTHEUHBIMU
Oarapesmu.
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Graphene CM technology for design efficiency of the solar hybrid electrical cryoplane and
airships
Ponyaev L.P., Kuprikov M.Yu.
MALI, Moscow, Russia

The development of the Russian program to create "transport latitudinal and meridional corridors
for the development of connectivity of vast territories" of Siberia, the Far East and with access to the
International Polar Route (IPR) for transnational cross Arctic Transpolar Airlines (TPA) is directly
oriented and depends on the introduction and use of innovative design technologies and onboard
systems, new environmentally friendly fuels and powerful electric power systems, efficient
materials-alloys and composites, integrated digital and robotic systems with artificial intelligence.

New aviation programs and design technologies are associated with the search for effective
aerodynamic layouts of aircraft and airships, allowing to compactly place larger fuel tanks with
thermal protection for the use of liquefied hydrogen LH2 [1,2] as fuel, and at the same time integrate
it into lighter thermal cooling cryo-systems for heating electric power components, including cooling
of powerful electric motors of power plants, electric storage generators with recovery, power cables
of onboard wiring, electric batteries and solar panels.

2. Breakthrough directions for modern design of aviation hybrid electric air transport

The main priority directions of the development of modern design of hybrid electric air transport
are becoming, as new on-board electrical systems using the unique properties of graphene, which has
high specific strength and lightness, as well as elasticity and elasticity with high electrical
conductivity and favorable gas permeability for helium and hydrogen. The problems existing today
and the high cost of its industrial production are quite surmountable in the near future, which is due
to new methods of its wide and cheap production, and its close variations with spatial structures -
graphone and borophene. It will be allow to obtain unique new integrated composite structures and
integrated multifunctional layouts of aircraft and airships with graphene Li-ion batteries and with
nanofilms of solar batteries on the surface of cryoplanes and electric aircraft, taking into account the
features of after-sales service and their operation in harsh low-temperature conditions on regional
and long-haul geographically advantageous transpolar intercontinental airlines in Russia and abroad.

It should be taken into account that regional hybrid electric passenger aircraft with a low level of
toxicity and noise will have a higher commercial demand while providing improved flight
performance and economic characteristics with the necessary short (or vertical, like an air taxi drone)
take-off and landing eSTOL. At the same time, for mainline hybrid electric passenger aircraft, these
requirements are not so acute, but the choice of integrated aerodynamic layouts such as the
"BodyCryoPlane integrated circuit", or as a wing with a supporting fuselage, it is easier to solve
problems with the internal placement of more voluminous fuel tanks with liquid hydrogen LH2, as
well as with a large area of the upper washed surface of the aircraft or a disk-airship under the coating
of thin flexible graphene-nanofilm solar panels.

PenukauHr cTeKI0apMHPYIOIIHX HATIOJHUTENEH H3 MOJHMEepPHbIX KOMIIO3UTOB HA OCHOBE
3MOKCHBHHII(HPHOIO CBA3YIOIEr0
IIpouenko A.E., [lerpos B.B., Mansmuesa JI.I1.
KuAT'Y, r. Komcomornsck-Ha-Amype, Poccust

B coorBeTcTBHM C LIENSAMH COBPEMEHHOro OOIIECTBA MEPEHTH K MPOU3BOACTBAM 3aMKHYTOTO
muKIa — 6e30TxoxHOoMy. OCTpPO CTOHT BOIPOC B PEHUKIMHTE HMOMHMEpHBIX kKommo3uTos (ITKM),
KOTOpBIE OTCIYKHIIM CBOH CPOK M O0TOpakoBaHbl. JlaHHAS 3a/1a4a CYMTAETCS IOCTATOYHO CIIOXKHOM,
TaK Kak OOJbIIas YacTh KOHCTPYKIMOHHBIX KOMITO3UIMOHHBIX MAaTEpPHATOB H3TOTaBIHBACTCS Ha
OCHOBE TepPMOPEAKTUBHBIX IJ1ACTMACC.

Ha cerogusimHuii OeHb CyIIECTBYeT HECKOIBKO OCHOBHBEIX CIIOCO00B mepepaborku ITKM:
MeXaHHYeCKuil, Gpusndeckuii 1 xumudeckuit. Hanbonee mepcreKTHBHBIM Kak MOKa3ana MpaKTHKa
SIBIACTCST XUMUUecKUiH. OCHOBHBIC HANpaBIEHHS B DTOM HAIpPABICHHM BEAYTCS B HAIlpaBICHUU
noa0opa cpelibl U YCIOBHH, 00€CIIeUNBAIOLIUX JETIOIMMEPH3ALIUI0 OPraHUYECKON MAaTPHILIbI WIIH €€
JIECTPYKIUH. B pe3ynbraTe momydaercs Chpbe IS XUMHYECKOH IPOMBIIUIEHHOCTU H apMUPYIOIINIT
HAIOJHHUTENb.
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B nanHo#t paore mpeacTaBiIeHbl pe3ysbTaThl PELMKIMHTA AeBsitucioiinoro ITKM Ha npumepe
CHCTEMBI IOKCHBHHIID(UpPHAS MaTpHIa / CTEKJIOBOJIOKHO. JIaHHEIN MaTepHand HMMeeT IIHPOKOe
HPUMEHEHHE B KOHCTPYKIMOHHBIX H3/EIHAX PA3IMYHOTO Ha3HAUCHHUS.

Ipouecc conpBOMM3a NMPOBOMMICS HPH HOPMAIbHOM MOABJICHHHM B PEAKIHOHHOM COCYAE C
OOpaTHBIM ~ XOJOJWJIBHHUKOM IIPH TIOCTOSIHHOM IMepeMeIlMBaHMU. B kadecTBe coOlbBEHTA
HCIOJIB30BAJICS METHIUAITAHOIAMUH. B 1aHHO# paboTe BBIMOIHEH KCIIEPUMEHT 110 COJIbBOJIH3Y B
YHUCTOM aMHUHOCIIMPTE U B NPHCYTCTBUH KaTanu3aTtopa. B kauecTBe KaranuszaTopa HCIIOJIb30BANICS
NaOH (5 macc. 4.).

ITo naHHBIM 3KCHEPUMEHTAIBHOIO MCCIIEJOBaHUS B CpeJie aMMHOCTIUpTa pH TeMneparype 180°C
B TeueHNH 90 MUHYT IPOUCXOIUT He3HAUHUTENbHOE HabyxaHue obpasma, KoTopoe coctaBuio 3,8 %.
JlenamuHanuy He Habroaercs. IIpu npoBeieHNH CONBBOIN3a B IPUCYTCTBHHU KaTaln3aTopa yepes
3 yaca OTCIAaMBAIOTCS BHEIIHHE CIIOM, 4epe3 6 4acoB oOpasel MONHOCThIO pacciomics. Ilocie
IIPOMBIBKH TKaHb YHCTasl, Oenasi, 6e3 BUIUMBIX BKIIOUCHUH MaTPHUIIBL.

IIpo4HOCTH BOJIOKOH B pe3yibTaTe PElUKINHTA CHIDKaeTcsa Ha 8 %. IIpu 3ToM mcmonb3oBaHue
TEPMUYECKUX METOJOB pPELHUKINHIA II03BOJSIET IIONy4aTh BOJOKHAa C HPOYHOCTHIO, HE
npessimatoneid 80 % 0T UCXOTHOM.

HccenenoBanue BEIIONHEHO 3a cueT rpanTa Poccuiickoro HaygHoro ¢onma Ne 21-79-00246.

Recycling of fiberglass fillers from polymer composites based on epoxy vinyl ester binder
Protsenko A.E., Petrov V.V., Malysheva D.P.
KnASTU, Komsomolsk-on-Amur, Russia

Closed-cycle production without wastes is the main aim in accordance with the goals of modern
society. There is an acute issue in the recycling of polymer composites (PCM), which have served
their life and are rejected. This task is considered quite difficult since most of the structural composite
materials are made of thermosetting plastics.

Today, there are several main ways of processing PCM: mechanical, physical and chemical. The
most promising, as practice has shown, is chemical. The main directions in this direction are in the
direction of the selection of the environment and conditions that ensure the depolymerization of the
organic matrix or its destruction. The result is a raw material for the chemical industry and a
reinforcing filler.

This paper presents the results of recycling a nine-layer PCM using the epoxy vinyl ester matrix /
fiberglass system as an example. This material is widely used in structural products for various
purposes.

The solvolysis process was carried out at normal pressure in a reaction vessel with a reflux
condenser with constant stirring. Methyl diethanolamine was used as a solvent. In this work
performed an experiment on solvolysis in pure amino alcohol and in the presence of a catalyst. NaOH
(5 mass parts) was used as a catalyst.

According to the data of an experimental study, in an amino alcohol at a temperature of 180 ° C
for 90 minutes, a slight swelling of the sample occurs, which amounted to 3.8%. Delamination is not
observed. When solvolysis is carried out in the presence of a catalyst, the outer layers exfoliate after
3 hours; after 6 hours, the sample is completely exfoliated. After washing, the fabric is clean, white,
without visible matrix inclusions.

As a result of recycling, the strength of the fibers is reduced by 8%. At the same time, the use of
thermal recycling methods makes it possible to obtain fibers with a strength not exceeding 80% of
the original.

The study was supported by a grant from the Russian Science Foundation No. 21-79-00246.

HccaenoBanue BJIHSHUS TEXHOJONMYeCKHX NapaMeTPOB NPeCCOBAHUS HA CBOMCTBA
JIMCTOBBIX 32ar0TOBOK M3 OPraHOKOMIIO3HTA C TePMOIIACTHYHON MaTpHIleli, IPHIOAHBIX JJIs
IITAMIOBKH 3J1¢MEHTOB KOHCTPYKIUI CJ10:kHOi popmbl JIA
Camenxo H.B., UepssikoB A.A.

MAMU, r. Mocksa, Poccust

OmHEM W3 TPEeHMYIIECTB INPUMEHEHUS IIOIMMEPHBIX KOMIIO3HUIHOHHBIX MAaTepHalIoB C
TepMmorutactuyHoi Marpuueid (TKM) npu M3roToBIEHUH M3 HUX 3JIEMEHTOB KOHCTPYKLMH, B TOM
qIICIIe JIeTaTeNbHBIX armnapatoB (JIA), Io cpaBHEHHUIO ¢ TpaJUIIMOHHEIME TepMopeakTHBHEIME [TKM,

52



SIBJISICTCSl TIPUMCHEHHE BBICOKONPOM3BOAUTENBHBIX METOIOB (popMoBaHUs u3feanid. OgHUM U3
TaKUX HauOolee MPOM3BOJUTENBHBIX M DKOHOMUYHEIX METOJOB SIBIIETCS IITAMIIOBKA JIHCTOBBIX
TEPMOIIIACTOB B 00BEMHBIC H3EIHS CIIOKHOIH (POPMBI.

Iponecc mrammoBky ua3genuii u3 mUcToBEIX TKM, apMHPOBaHHBIX HENPEPHIBHBIMU BOJIOKHAMH,
CYILIECTBEHHO OTJIMYAaeTCs OT Ipolecca MITAMIOBKM H3/eIMH U3 JIUMCTOBBIX HEHANOJHEHHBIX
TEpMOILIACTOB. 3aJaHHYI0 CTENICHb BBITSDKKHM 3alOTOBOK H  HEOOXOAUMYIO peaaH3aluio
MEXaHHYECKUX CBOICTB B M3/IEIUSX CIOXKHON (HOPMBI MOXKHO OOecHeduTh, MO0 NPUMEHEHHEM
apMHpPYIOIIUX HHTEH BHICOKOH He(OPMATUBHOCTH, IHOO BBHIIPIMICHHEM U HaTsDKCHHEM
NpeIBapUTENILHO U3BUTHIX 3apaHee B noiydadpukare apMupyromux Hureil. [l tammnyror n3nenus us
MOHOIMTHBIX IPECCOBAHHBIX 3arOTOBOK IIPH TEMIEPAType BBINIC TEMIIEPATYpPhl ILIABICHUS
TEPMOIUIACTHYHOTO CBS3YIOLIEro, M3 3aroTOBOK Y)KE€ NPOLICAIINX TPH HEOOXOMMMBIE CTaIHu
H3TOTOBIICHHS JIIOOOTO KOMIIO3HTA: 1) COBMEIIEHHE CBSI3YIOLIETO C apMHUPYIOIIUM HAIOIHUTEIEM,
2) popmupoBaHue(cOOPKH) MaKeTa U 3) NPECCOBAHUE TTAKeTa B JIUCTOBYIO 3aTOTOBKY).

Bericokast TOPUCTOCTH IPECCOBAHHOM 3aTOTOBKU HAIPSIMYIO OyA€T BIMATH HAa CBOHCTBA KOHEYHOT'O
IITAMIIOBAaHHOTO M31eNus. J[J11 W3roTOBIEHHS MOHOJMTHBIX HPECCOBAHHBIX 3arOTOBOK Hambolee
3G GEKTUBHO MCTIONB30BATh MOITY(HaOpPHUKATHI, MOTYYCHHBIE 110 BOJIOKOHHOI TEXHOJIOTMU Ha OCHOBE
TKaHEeH WK MaTOB, COCTOSIIINX M3 IUIABKUX MaTPHYHBIX M HEIUIABKUX apMHPYIOIIUX BOJIOKOH. [Ipn
MOCIEAYIOIEeM MepeBOAe MAaTPUYHOIO TEpMOIUIACTa B COCTOSHHE pacllaBa B Ipolecce
NIPECCOBAHMsS 3aroTOBKH IPOTSDKEHHOCTh TEYEHHsl paciUlaBa MHHHMAalbHAs, 4YTO II03BOJISIET
IOJTy4aTh 3aTOTOBKYU C BEICOKMM KaueCTBOM IPOIHUTKH, MUHUMAIbHOH IOPHCTOCTHIO.

HccnenoBaHbsl 3aBHCHMOCTH IIOPHCTOCTH JIMCTOBOTO OPraHOKOMIIO3HTa HA OCHOBE TKAHOI'O
nonydadpukara TOITAT (TKaHUM OPUEHTHPOBAHHBIC MOJMAMHJHbBIC, aPMUPOBAHHBIE BOJIOKHAMHU
TEPJIOH, ¢ conepxkanueM 51%) oT Temmepatypsl U JaBiIeHus npeccoBanus. [TakeTsr coOupaincey u3
21 cnos nonydadpukara co cxemont ykmaaku [0-90]20-0.

HawnGorblee CHIKEHNE TIOPHCTOCTH JIUCTOBOM 3aroToBkH Ha ocHOBe TOITAT 10 MHHMMAIBHOTO
3HaueHus 2,8% HaOmoaeTcs npu MOBBILIECHUH JAaBieHus 1o 2 MIla u temnepatypsl 1o 250°C.
3aBUCHMOCTH MEXaHHYECKUX CBOMCTB INPECCOBAHHBIX IIPH PA3IUYHBIX PEXHMaxX 3arOTOBOK OT
MOPUCTOCTH TI0Ka3aad OONBIIYI0 UYBCTBHTEIBHOCTh K HAIMYUIO IIOP: NPOYHOCTh U MOAYIH
YIPYrOCTH MPU PACTSKEHUH, CHUKaroTCs Ha 28% u 17%, COOTBETCTBEHHO.

Research of technological parameters influence on the properties of blanks made from
organocomposite with a thermoplastic matrix, suitable for stamping structural elements of
complex shapes for aircraft
Salienko N.V., Chervyakov A.A.

MALI, Moscow, Russia

One of the advantages using polymer composite materials with a thermoplastic matrix (TCM) in
the manufacture of structural elements from them including aircraft in comparison with traditional
thermosetting PCMs is the use of high-performance methods of molding products. One of these most
productive and economical methods are stamping of thermoplastic sheets into parts of complex
shape.

The process of stamping parts from sheets TCM reinforced with continuous fibers differs from the
process of thermoforming products for sheet blanks unfilled thermoplastics. The predetermined
elongation degree of the laminated sheet and the necessary realization of mechanical properties in
complex shape parts can be achieved either by using reinforcing threads of high deformability or by
straightening and tensioning reinforcing threads previously crimped in a semi-finished product.

Parts are stamping from monolithic pressed laminated sheet at a temperature above the melting
temperature of the thermoplastic binder that have already passed the three necessary stages of
manufacturing any composite: 1) combining the binder with a reinforcing filler, 2) forming a package
(lay-up build), and 3) compression molding the package into a laminated sheet).

The high porosity of the pressed laminated sheet will directly influent on the properties of the final
stamped parts. For the manufacture of monolithic pressed laminated sheets, it is most effective to use
semi-finished products obtained by fiber technology based on fabrics or mats, consisting of fusible
matrix and non-fusible reinforcing fibers. During the subsequent transfer of the matrix thermoplastic
to the state of the melt in the process of pressing the billet, the length of the melt flow is minimal,
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which makes it possible to obtain laminated sheet with a high quality of impregnation and minimal
porosity.

The dependences of the porosity for a sheet polymer-fiber-reinforced plastic based on a woven
semi-finished product TOPAT (oriented polyamide fabrics reinforced with Terlon fibers, with a
content of 51%) on the temperature and pressing pressure have been investigated. Lay-up was
completed from 21 layers of semi-finished product with a reinforcement scheme [0-90]20-0.

The significant decrease in the porosity of laminated sheet based on TOPAT to a minimum value
of 2.8% is observed with an increase of pressure up to 2 MPa and temperature up to 250°C. The
dependences of the mechanical properties for the blanks pressed at different modes on porosity
showed a significant sensitivity to the presence of pores: the strength and modulus of elasticity in
tension decrease by 28% and 17%, respectively.

K Bompocy 006 aKTyaJIbHOCTH CO3JaHHSI M COBEPIIEHCTBOBAHMS METOUK MPOEKTHPOBAHUSI
KOMIO3MTHBIX KOHCTPYKIHIA 29POKOCMHYECKOr0 Ha3HAYEH NI, H3rOTABIMBAEMBIX C
NpUMeHEHHEM A/UIMTHBHBIX TeXHOJIOTHi
'Tpy6uukos [1.M., *Haconos ®.A.

TIAO «n», "MAM, r. Mocksa, Poccust

IIpuMeHeHNE TOIMMEPHBIX KOMMO3MIHOHHBIX MarepuanoB (ITKM) mo3Bomser cos3gaBath
BBICOKOO(D()EKTUBHBIE ~KOHCTPYKLMH a’POKOCMUYECKOro HasHaueHHs. OuepesHbIM BHTKOM
Pa3BUTHS TEPMOILTACTHYHBIX MATEPHAIIOB U CYyHEPKOHCTPYKIIMOHHBIX TEPMOILIACTOB U KOMIIO3UTOB
Ha UX ocHoBe [1-3], BO3HMKaeT MOTPEOHOCTh B CO31aHMU METOJMK IPOEKTHPOBAHHS KOHCTPYKIIUH
AIPOKOCMHUYECKOT0 HA3HAYCHHS U3 yKa3aHHBIX MaTCPUAIOB.

ITo cpaBHEHHIO C TEPMOPEAKTUBHBIMM MaTepHAaNaMM, MaTe€pHasbl HA OCHOBE TEPMOILIACTHYHBIX
MaTpUIl HMEIOT pPsAA [PEHMYIIECTB, HANPHMEpP, MHOBBILCHHBIC CBOMCTBA YIapOCTOMKOCTH,
BO3MOXHOCTh ITIPUMCHEHHSI B Ka4yecTBe COOPOYHBIX OIEpalyii CBapOYHBIX METOJOB B3aMeH
TOYEYHBIX KPEHEKHBIX 3JIEMCHTOB, BO3MOXHOCTH MPOBEACHHSI PEMOHTA 0OJiee TEXHOJIOTHYHBIMH
METOJIaMH H TIp.

B ocHOBE afANTHBHOrO MPOM3BOACTBA [4] JIGKUT HPUHIMII CO3JaHMS TOTOBOTO H3ACIMS H3
TEPMOIUTIACTHYHOIH MATPHUIIBI TyTeM 100aBJICHHS TEPMOIUIACTA B €0 XKHUAKOHU (ha3e U IOCIIeIYIONero
OXJTJKJICHUS Ha TIOBEPXHOCTHU M3/enus. JlaHHBII METOA TO3BOJISIET TIOTy4aTh FOTOBOE U3/CIHUS IIPU
MCHOJIb30BAHUH MHUHHMAJIBHOIO KOJHMYECTBA OCHACTKH. [l0 aHAOTMM C TepMOpPEaKTHBHBIMU
KOMITO3HUIMOHHBIMKE MaTepualaMi Mbl MOXKEM IIPEIIIONOXHTh, YTO KAaueCTBA TEPMOILIACTHYHON
MAaTpHULB! ¢ JOOABICHHBIM HAIOJIHUTEIEM B BUJE YIIIEPOAHOTO BOJIOKHA BHITOJHO OTJIMYAIOTCS OT
KayecTB ogHO(azHoro Tepmoriacta. OJJHaKO 0COOEHHOCTH KOHCTPYKLUH HAHOCSIIETO TEPMOILIACT
YCTPOMCTBA HE ITO3BOJISIIOT BOCIIONIB30BATHCS TAKUM YIOOHBIM THIIOM HAIIOJIHUTEIS, KaK TKaHb, HO
[O3BOJISIFOT MCIIOJIB30BATh HAIIOJHUTENb B BHIE HUTH Wik MUKpocdepsl. [Ipu 3TOM mojpava HUTH
OCYILECTBIISCTCS. BMECTE C MAaTPHIIEH B BUAE HOPOXKKH, YTO MO3BOJSIET YIPABIATH HANPABICHHEM
BOJIOKOH B MaTpHIle, YTO B CBOIO OYepelb JaeT BO3MOXKHOCTb 3a][aBaTh IIPOYHOCTHBIC CBOHCTBA
MaTepHaia M0 JMHUAM JCHCTBUS Harpy3ok. Ilo mpu4mMHE TOro, 4TO HCIOJB3YEeTCs MMEHHO
TEpMOIUIACT, TOTOBasi KOHCTPYKIHMs 00JIaJaeT BBICOKOW PEMOHTONPHUTOAHOCTBIO B IOJIEBBIX
YCIIOBHSX. AKTyaJIbHOH SIBIsieTCS 3ajada BHIPAOOTKH aJEeKBATHOH METOMHKH IPOCKTUPOBAHMUS
KOMITO3UTHBIX H3/ICNIH a9pOKOCMIYECKOTO Ha3HAUCHUS B YBSI3KE C BO3MOXKHOCTSIMH COBPEMEHHOTO
U HEPCIICKTUBHOTO 000PYI0BAHHUS M YHETOM CBONHCTB KOHCTPYKIIHOHHBIX MaTCPHAIIOB.

Jlureparypa:

1. beiinep D2.4., IlerpoBa I'.H. TepmomymacTuuHble CBA3yIOLIME U MOJIUMEPHBIX
KOMITO3HIIMOHHEIX MaTepuanos// Tpyxst BUAM. 2015. Ne 11. C. 5.

2. Gibson I D. W. Rosen 1 B. Stucker Additive Manufacturing Technologies Rapid Prototyping to
Direct Digital Manufacturing 2010

3. W. Zhuang*, Q. Liu, R. Djugum and K. Sharp Aerospace Division, DST Group Additive
Manufacturing for Aircraft Component Repair 2016

4. AntoHoB ®.A. AJJMTHBHBIE TEXHOJOTHM JUIS KOMIIO3UTHBIX MAaTepHajoB. AIIUTUBHBIC
Texuosoruu 2019, Ne 3, C. 18-23
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On the relevance of the creation and improvement of design techniques for aerospace
composite structures manufactured using additive technologies
'Trubnikov P.M., Nasonov F.A.
1JSC “Ilyushin Aviation Complex”, 2MAI, Moscow, Russia

The use of polymer composite materials (PCM) makes it possible to create highly efficient
aerospace structures. With the next round of development of thermoplastic materials and
superconstructive thermoplastics and composites based on them [1-3], there is a need to create
methods for designing aerospace structures from these materials.

Compared with thermosetting materials, materials based on thermoplastic matrices have a number
of advantages, for example, increased impact resistance properties, the possibility of using welding
methods as assembly operations instead of point fasteners, the possibility of repair by more
technological methods, etc.

Additive manufacturing is based [4] on the principle of creating a finished product from a thermo-
plastic matrix by adding thermoplastics in its liquid phase and then cooling on the surface of the
product. This method allows you to get a finished product using a minimum amount of tooling. By
analogy with thermosetting composite materials, we can assume that the qualities of a thermoplastic
matrix with an added filler in the form of carbon fiber differ favorably from the qualities of a single-
phase thermoplastic. However, the design features of the thermoplastic-applying device do not allow
using such a convenient type of filler as fabric, but allow using a filler in the form of a thread or
microsphere. In this case, the thread is fed together with the matrix in the form of a track, which
allows you to control the direction of the fibers in the matrix, which in turn makes it possible to set
the strength properties of the material along the lines of action of loads. Due to the fact that
thermoplastics are used, the finished design has high main-tainability in the field. An urgent task is
to develop an adequate methodology for designing composite aer-ospace products in conjunction
with the capabilities of modern and promising equipment and taking into account the properties of
structural materials.

1. Beider E.Ya., Petrova G.N. Termoplastichny'e svyazuyushhie dlya polimerny'x
kompozicionny'x mate-rialov// Trudy’ VIAM.2015 Ne 11. P.5

2. Gibson 1 D. W. Rosen 1 B. Stucker Additive Manufacturing Technologies Rapid Prototyping to
Direct Digital Manufacturing 2010.

3. W. Zhuang, Q. Liu, R. Djugum and K. Sharp Aerospace Division, DST Group Additive
Manufacturing for Aircraft Component Repair 2016.

4. Antonov F.A. Additivny'e texnologii dlya kompozitny'x materialov. Additivny'e texnologii
2019, Ne 3, P. 18-23.

IoJsry4eHne oTBepCTHii B MaTepHaJie BHINOTHEHHBIX H3 KOMIIO3UIHOHHBIX MATEPHAJIOB HA
O0CHOBe 0OPOBOJIOKHA
Tpynosa E.A., Hlepsiues A.E., Ypmanues C.I1I.
MAMU, r. Mocksa, Poccust

B noxmaze paccMaTpuBAaIOTCS BOIIPOCH! HOMYYCHHUSI OTBEPCTHH B KOMITO3UIIMOHHBIX MaTepranax
Ha OCHOBE OO0poBOJOKHA. OOCYXKIAIOTCS BONPOCHI — KAaK MEXaHWYECKOH 00paboTKu, Tak u
9HEPIreTUYECKOTr0 JIy4eBOr0 BO3AEHCTBHMSA Ha Marepuan. IIpoBomuTcs aHamM3 NPHUMEHHMOCTH
MEXaHHYECKUX M SHEPIeTHYECKUX METO/I0B, 00paboTku. OTMEUa0TCs IPEUMYIIECTBA H HEAOCTaTKH
IIPH  TEXHOJIOTMYECKOM IOJY9eHHH CKBO3HBIX OTBEPCTHH B KOMIIO3UIMOHHBIX MaTepHaIax.
IpuBoautest rpadMk MO YHOCY MAcChl KOMIO3HI[HOHHOTO Matepuana. [IpuBenensl dortorpaduu
KOMIIO3HIIHOHHEIX 00pa3moB ¢ (hakTopamu JIy4eBoro BoszeiictBus. PaccmaTpuBaercs nanbHeiiiiee
IPHUMEHEHHE HOBBIX TEXHOJIOTHIl, KaK ¢ BO3MOXHOCTBIO MEXaHHYECKOTO U JTy4eBOr0 IIPUMEHEHHUS B
KOMIIO3HITHHU YTUX METONOB 00pabOTKH.

OtMmeuaercs, 4TO TPAOWI[HOHHBIC CIIOCOOBI MEXaHMYECKOH 00paboTKM 007amaoT ObICTPHIM
HU3HOCOM PEXYIIEr0 MHCTPYMEHTA, NPHBOASIIETO K HEBO3MOXHOCTH 3()(EKTHBHO HCIONIB30BATH
9TOT MeTo[ 00padoTkH. OcoOeHHO 3TOT IP(HEKT MPOSIBIAETCSI HA OTBEPCTHAX AUAMETPOM OIH3KHX
K IMaMeTPy BOJOKOH KOMIIO3HIIOHHOTO MaTeprana. [Ipi 3ToM sHepreTHIeckre METOIbI 00JIa1aloT
CJIO’KHOCTBIO MOJTyH4CHHUSI POBHBIX KPAeB IPU CO3JaHUHU LIWIHHIPHIECKOH MOBEPXHOCTH, KPOME TOTO
9TOT METOJ IIPUBOJNT K Je)eKTaM BBI3BIBAIOIINMH PAcCIOCHUE, O0YTINBAaHNE, OIyIeHHE PBAHBIX
MOBEPXHOCTEH KaK C BHEIIHEW, TaK M C BHYTPEHHEH CTOPOH IOBEPXHOCTH KOMIIO3MLMOHHOI'O
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Matepuana. B mpuMeHeHue 3TOro Meroja 3aTpyIHEHO B CBS3M M3-3a yBEIMYEHUS KOHIIEHTPALUM
HAMpsDKCHUH U yMEHBIICHNS IPOYHOCTHBIX XapaKTEePHCTHK, KaK MaTepHana, TaKk ¥ BCETO M3/IeIHs
nenukoM. [ToaToMy nanbHeiimas pa3paboTka MEXaHMYECKOTO H JIy4EBOTO MM KOMOHMHHPOBAHHOTO
METOZIOB SIBIISIETCS aKTyalbHBIM U TpeOyeT maibHeHInedl mpopabOTKHM 3TOTO BOIPOCA CO3IAHUS
LUJIMHIPHYECKHX OTBEPCTHI B KOMIIO3HLIMOHHBIX MaTepuasax.

Obtaining holes in the material made of composite materials based on borofiber
Trunova E.A., Sheryshev A.E., Urmantsev S.Sh.
MAI, Moscow, Russia

The report discusses the issues of obtaining holes in composite materials based on borofiber. The
issues of both mechanical processing and energy radiation effects on the material are discussed. The
analysis of the applicability of mechanical and energy methods, processing is carried out. Advantages
and disadvantages of technological production of through holes in composite materials are noted. A
graph is given for the entrainment of the mass of the composite material. Photos of composite samples
with radiation exposure factors are given. The further application of new technologies is considered,
both with the possibility of mechanical and radiation application in the composition of these
processing methods.

It is noted that traditional methods of mechanical processing have rapid wear of the cutting tool,
leading to the inability to effectively use this method of processing. This effect is especially evident
on holes with a diameter close to the diameter of the fibers of the composite material. At the same
time, energy methods have the difficulty of obtaining smooth edges when creating a cylindrical
surface, in addition, this method leads to defects causing delamination, charring, obtaining torn
surfaces from both the outer and inner sides of the surface of the composite material. The application
of this method is difficult due to an increase in stress concentration and a decrease in strength
characteristics of both the material and the entire product. Therefore, further development of
mechanical and beam or combined methods is relevant and requires further study of this issue of
creating cylindrical holes in composite materials.

TMonumepHbIii 3aIMBOYHBINH KOMIAYH/L VIS MHOTOCTIOHHBIX CTEKJI0KOHCTPYKIMIA B aBHALIUU
VYceroxannesa H.A., Mypox A.®., Xamuaynosa 3.C., Iupmun K.B.
AO «HUU nonumeposy, r. J{3epxuHck, Poccus

B mocnenuue romsl B Poccum Bce Oonblie BHUMaHUS yHENsieTcs IpoOJIeMaM CO3JaHHS
oMU YHKIMOHATEHOTO OCTEKJIEHUS aBHAIMOHHOI TEXHHUKH. Oo0ecnieueHune
NOMU(YHKIMOHATFHOCTH OCTEKJICHHUS BO3MOYKHO IIPH IIPUMEHEHUH MHOTOCIIOHHBIX KOHCTPYKIHIL, B
KOTOpOH KaXAbIH M3 SJIEMEHTOB BBINOJNHAET OINpEAEieHHYI0 posb. LlemocTHocTh UM
pPabOTOCIIOCOOHOCTP  MHOTOCIIOMHOTO OCTEKJISHHS BO MHOTOM OIpeiesieTcss CBOWCTBaMH
BHYTPECHHHX CKJICHBAIOLIMX CJI0EB, POPMUPYEMBIX, KaK aBTOKJIABHBIM METOAOM C MCIIOJIb30BAHHEM
MOJIUMEPHBIX IUIEHOK, TaK U C IIPUMEHEHNEM OTBEPIKIAEMBIX 3aJIMBOYHBIX KOMIO3HIHH.

B AO «HNU nonumepo» pa3paboTaH MOJIMMEPHBINH 3aJIMBOYHBIN KOMIAYH]I, TEXHOJIOTHH €ro
IIPUTOTOBIIECHHUS U 3aJIMBKY. B KauecTBe CKJICHBAIOINX MaTePUaIOB IIPUMEHSIIICE OJIIypPEeTaHOBEIE
3]1aCTOMEPbI, 00JIafatoIIe HAWIYYIINM, O CPaBHEHHIO C JIPYTMMHU IMOJMMEPaMH, KOMILIEKCOM
nehOpMaIOHHO-IIPOYHOCTHEIX CBOMCTB. IIpemaraemMble TEXHOIOTHH IPHIOTOBICHUSI U 3aJIMBKU
HOJIMYPETAHOBBIX KOMITO3HIHI IPeyCMaTPHBAIOT MUHUMAJIBHBIA KOHTAKT YEJI0BEKA C BPECAHBIMU
BeIecTBaMU. Bce mporecchl aBTOMAaTH3HPOBAaHBI M HE TPEOYIOT BMEIIATENLCTBA OIIEpaTopa.
Hckirovaercs BIUsIHHE MAclITaOHOro (hakTopa Ha JKH3HECIIOCOOHOCTh YPETAHOBOM KOMIO3HLIHH,
IIPOLIECC MOXKET OBITh HENPEPHIBHBIM.

CTEKJIOKOHCTPYKIIMM, ~M3TOTOBJICHHBIC M3 IIOJUMEPHBIX CTEKOJ, B TOM 4HCIEC M3
MONUMETHIMETAaKpUIaTa, IMONUKapOOHaTa M HMX KOMOMHAIMH C CHJIMKATHBIM CTEKJIOM, H
HOJIMYPETAHOBOT'O CKJIEHBAIOILETO CJIOS, HPOLIIY BCECTOPOHHUE UCIIBITAHUS U NPEAHA3HAYCHBI IS
H3TOTOBIICHHSI MHOTOCIIOHHBIX KOHCTPYKIHI B aBUAIHH.

1. Ka6nos, E.H., CemeHoga, JI.B., boraros, B.A., Mekanuna, V.B., Kpsiaun, A.I'., AlizaTynuHa,
M.K. HoBoe snektpooborpeBaeMoe U NTHIECTOHKOE IOJMMEPHOE OCTEKJICHHE JIeTaTeIbHBIX
ammapatoB. /ITlmact. maccer. 2017. Ne 5-6. C.48-52.

2. Pat. US8524839. Curable resin composition, transparent laminate, and process for producing
transparent laminate / Kadowaki Yoshinobu, Niiyama Satoshi, Aoki Naoko // Publ. 17.05.2012.
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Polymer potting compound for multi-layer glass structures in aviation
Ustyuzhanceva N.A., Murokh A.F., Khamidulova Z.S., Shirshin K.V.
NII Polymerov, Dzerzhinsk, Russia

In recent years in Russia more and more attention has been paid to the problems of creating
multifunctional glazing for aviation equipment. Ensuring the polyfunctionality of glazing is possible
when using multilayer structures in which each of the elements plays a specific role. The integrity
and performance of multilayer glazing is largely determined by the properties of the internal adhesive
layers, formed both by the autoclave method using polymer films and using curable potting
compositions.

V.A. Kargin Polymer Research Institute has developed a polymer potting compound, technologies
for its preparation and pouring. Polyurethane elastomers were used as gluing materials, which have
the best in comparison with other polymers, complex of deformation and strength properties. The
proposed technologies for the preparation and pouring of polyurethane compositions provide for
minimal human contact with harmful substances. All processes are automated and do not require
operator intervention. The influence of the scale factor on the viability of the urethane composition
is excluded, the process can be continuous.

Glass structures made of polymer glasses, including polymethyl methacrylate, polycarbonate and
their combinations with silicate glass, and a polyurethane adhesive layer passed extensive tests and
are intended for the manufacture of multilayer structures in aviation.

1. Kablov, E.N., Semenova, L.V., Bogatov, V.A., Mekalina, I.V., Krynin, A.G., Aizatulina, M.K.
New electrically heated and bird-resistant polymer glazing for aircraft. / Plast. masses. 2017. No. 5-
6. S.48-52.

2. Pat. US8524839. Curable resin composition, transparent laminate, and process for producing
transparent laminate / Kadowaki Yoshinobu, Niiyama Satoshi, Aoki Naoko // Publ. 17.05.2012.

TpexmMepHOe apMHPOBaHHeE MOJHMEPHBIX TKAHEBBIX KOMIIO3UTOB C MOMOLILIO (heJITHHTA JJIST
YHpaBJIeHUs] MeKCI0HHOI TPEIMHOCTOHKOCTBIO
®openrans I'.A., bycnaesa O.C., Canoxuukos C.b.
IOVYpI'Y, r. Yensabunck, Poccus

TpaauiuoHHbIE CIOMCThIE HOMTHMEPHBIE KOMIO3HTBI, apMHPOBAHHBIC BOTOKHAMYU, HUMEIOT HH3KYIO
MEXCIJIOHHYIO TPEIIMHOCTOHKOCTD, U, KaK CIIEICTBHE, BEICOKYIO UYBCTBHTEIBHOCTE K JIOKAIBHBIM
yaapam. TpexmepHOoe apMHPOBaHUE MO3BOJACT YMEHBIIHTh UyBCTBHUTEIBHOCTh K PACCIOCHUIO U
MIOBBICHTH KPUTUYECKYIO DHEPTHIO, HEOOXOIUMYIO Ul POCTa TPEIIMHBL. ABTOpaMH IIPemIokKeHa
CIeLHAlIbHAs TEXHOJIOrUsI — (PENITHHT, KOTOPast 3aKJII04aeTcs B IPOOKMBKE CyXOro TKaHEBOrO MaKeTa
TpeXTpaHHOI MIIoH ¢ 3a3yOpuHamu. Takas WIa pa3pblBaeT M BBITATHBAET BOJOKHA, CO3/aBas
TPEXMEPHYIO CTPYKTYPY apMHPOBAHHSL.

B pabore mpoBemeHbl 3KCIEPUMEHTANbHbIE MCCIENOBAHUS IO ONpPENEeNCHHI0 KPHUTHYECKHX
sHepruii paszsutHs TpenuH otpsiBa Glc u casura Gllc mo moxam I u II (tecter DCB u ENF). ITaxer
U3 JIByX CyXHX CTEKJIOTKaHEil MOJOTHIHOTO IepeIlIeTeH s TPOOUBAIIM HA MAIIMHE JUIs (heNTHUHTA C
mwiorHocTso =10...90 ynapos Ha 1 cM%, 3aTeM IIPONUTHIBATM KOMIIAYHIOM U3 STIOKCHIHON CMOJIBI
ETAL370 c orBepautenem ETALA4S 1 ¢ ABYX CTOPOH MPHUKIEHBAIH ITACTHHBI H3 CTEKIOTEKCTOIUTA
TomuuHol 2 MM. OGHapyXeHO cyliecTBeHHOe BiusHue ¢entunra Ha Benmuunsl Gle u Gllc. Ha
[pUMepe CEPUU M3 TIATH UCTILITAHHBIX 06pasios ¢ pentunrom f=10 cM? nomyyeHo yBenuueHue
3nayenus Glc B cpennem Ha 40%, a Gllc — Ha 30% no cpaBHeHUIO ¢ 0Opasiamu 6e3 penTuHra.

TocTpoensr TpéxmepHBIe MoAenH 00pasios ¢ TpemuHaMu B Tectax DCB u ENF paccmoTpennoro
nonuMepHoro kommosuta. C momompro MKD B paMkax HeNOKaJbHOHl TEOpHHM HPOYHOCTH
paccUUTaHbl KPUTUYECKUE HAIPSDKEHNUS, BO3HUKAIONINE B BEPIINHE TPEIIUH PA3IUIHON JUTHHBI IPU
paspyweHun npu HarpyxeHuu mo moxam [ um II. OGHapyxkeHo, yro HopmaieHble (DCB) u
kacatensHble (ENF) kpuTuueckue HanpspKeHHST MOXKHO CUUTATh HE3aBUCSIIMIMHE OT ITIHHEI TPEIUHEL
¢ morpemHocThio He Oonee 10%. PentuHr ¢ miotHocThlo ymapoB f=10 cM2 yBenuuuBaer 3TH
HanpspkeHus Ha 20 1 15% coOTBETCTBEHHO, Jenasi KOMIIO3UT 0oJee CTOMKHIM K Pa3BUTHIO TPEIINH.

Tlony4eHHble BEIMYMHBI KPHUTHYECKHX HANPSHKEHUH MOXKHO HCIIOJB30BaTh Jajee HPH OLCHKE
PaCCIOCHHH CIIOUCTBIX KOMIIO3UTOB B YCIOBHAX HU3KOCKOPOCTHOTO yaapa.

HccnenoBanue BBINONHEHO NMpH (puHAHCOBOI Nogaepxke PODU B pamMkax HaydHOTO mpoekTa Ne
19-29-13007.
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3D reinforcement by felting for polymer fabric composites to control interlaminar fracture
toughness
Forental G.A., Buslaeva O.S., Sapozhnikov S.B.
SUSU, Chelyabinsk, Russia

Traditional fibre-reinforced laminated polymer composites have low interlaminar crack resistance
and, as a result, high sensitivity to local impacts. Three-dimensional reinforcement can reduce the
sensitivity to delamination and increase the critical energy required for crack growth. The authors
proposed a particular technology — felting, which consists in punching a dry fabric with a triangular
barbed needle. The needle pierces the threads of the dry fabric, the barbs cling to the fibres and pull
them to the other side of the material, creating a three-dimensional reinforcement structure.

In this work, experimental studies have been carried out to determine the interlaminar critical
energy release rates Glc and GlIc by modes I and II (DCB and ENF tests). The pack of two layers of
dry glass fabric with a plain weave structure was punched on a felting machine with the density of f
= 10 ... 90 punctures per cm? then impregnated with an ETAL370 epoxy resin compound and
ETALAS hardener, and 2 mm thick GFRP were glued on both sides. A significant effect of felting on
the Glc and Gllc values was found. On the example of a series of five tested specimens with felting
f=10 cm?, an increase in the value of Glc by an average of 40% and Gllc by 30% compared to the
specimens without felting was obtained.

Three-dimensional models of specimens with cracks in the DCB and ENF tests of the considered
polymer composite are constructed. Using the FEM, within the framework of the nonlocal theory of
strength, the critical stresses arising at the tip of cracks of various lengths during fracture under
loading according to modes I and II are calculated. It was found that normal (DCB) and shear (ENF)
critical stresses can be considered independent of the crack length with an error of no more than 10%.
Felting with an impact density f = 10 cm-2 increases these stresses by 20 and 15%, respectively,
making the composite more resistant to cracking.

The obtained values of critical stresses can be used further in evaluating the delamination of
laminated composites under conditions of low-velocity impact.

Acknowledgments: The reported study was funded by RFBR, project number 19-29-13007.

Onpepesienne pyHkuuii unQpoBoii TEXHOJOTHH ABTOMATH3HPOBAHHOI'O NOA00Pa COCTABA U
NMPOTHO3MPOBAHHUS CBOMCTB /IJIsI MOTYNPOBOASIIINX ITOJUMEPHBIX KOMIO3HIHOHHBIX
MaTepHAI0B
Yykos H.A.

MI'TY um. H. 3. baymana, r. Mocksa, Poccust

TIpsimMoii snekTpudeckuid 000rpeB caMblil paclpOCTPaHEHHBIN C10co0 000rpeBa MPOMBIILICHHBIX
U MHAYCTPHAIBHBIX OOBEKTOB B APKTHYECKHX ycIoBUsX. HanOompiel sHeprodsd@ekTHBHOCTHIO
0051aJal0T caMOperyaupyeMble HarpeBarouye Kabenu OCHOBHBIM DIEMEHTOM KOTOPBIX SBIISCTCS
MaTpuLa K3 IOIYNPOBOJHUKOBOTO ITOIUMEPHOro Kommo3uta. OCOOEHHOCTBIO TaKUX KOMIIO3UTOB
SIBTIACTCSL CIIOCOOHOCTb M3MEHATh CBOIO DJIEKTPUYECKYIO IPOBOAUMOCTh B 3aBHCHMOCTH OT
TeMuepaTypsl. Pa3paboTka HOMMMEPHBIX KOMIIO3UTOB JUISL MATPUL] CAMOPETYJIHPYEMBIX I'PEIOIIIX
kaOenell CBsi3aHa C pSAJIOM  B3aHUMOCBSI3aHHBIX 1poOiem. OCHOBHBIM —TpeOOBaHHMEM  JUIs
MIOJYIPOBOMSIIMX KOMIIO3UTOB U CaMOPETyJIMPYMbIX Tpelolux Kabeneil sBisiercs d¢dext
MOJIO)KUTEIBHOTO TEPMUYECKOIO CONMPOTHBIECHUS, KOTOPBI MOXHO IOIYYUTh TOJNBKO BONH3H
mopora INpoTeKaHWsi (KOHLEHTPAlWH IIEPKOJLILMU  DJIEKTPOIPOBOJHOIO  HANOJNHHTENS B
JIMDNIEKTPUIECKOl monuMepHoi Matpure). [lopor mepKomsiiuM AOCTUraeTcs, KaK MpaBUIIO, NPU
BBICOKHX CTCNEHSX HANONHEHMs, 4YTO CO3[aeT cepbe3Hble MpOOIeMbl B  OTHOIICHHH
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epepabaThIBAEMOCTH 3JICKTPONPOBOASLINX TTOTUMEPHBIX KOMIIO3HTOB, UX (PH3UKO-MEXaHHUECKHX
cBoifctB u T.1. CyImecTBeHHO YHNPOCTUTh HPOCKTHPOBAHHE IOMHMEPHBIX KOMIIO3HIIHOHHBIX
MaTepHalloB [T MaTPHI] CAMOPETYJIHPYIOIIUXCS Kabeleil MoXeT co3iaHne n(pOoBOil TEXHONIOTHN
ABTOMATH3UPOBAHHOTO 0A00pa COCTaBa M MPOrHO3MPOBAHMS CBOMCTB MOJIYIIPOBOSIIINX MATPHLL.

Iudpoast TeXHOIOTHU I MPOSKTUPOBAHUS MATPHI] CAMOPETYIMPYEMbIX TIPEIOIIUX KaOerei
JIOJDKHA BBIMOJIHATH CICAYIOIINE QYHKIMH:

* OnpenensTh HEOOXOAMMOE COOTHOIICHHE 3JIEKTPOIPOBOIAIIEIO HAIIOTHUTEIS B ITOJIMMEPHON
Matpuiie. JJaHHBIH HTaIl SIBJISETCS OCHOBHBIM M JIOJDKCH ITOKa3aTh BO3MOXKHOCTb MOIydeHust d(dexTa
TIOJIOXKUTEIIBHOTO TeMIlepaTypHoro kodduienta (a 3HauuT 1 dhexra caMoperysiiii MaTPULIBI
rperorero Kabesst) 1 3aBUCHMOCTb JICKTPHYECKHX CBOICTB KOMITO3HUTA OT TEMIIEPATyPHI.

* [IporHosupoBanue aeGpopMannOHHO-IIPOYHOCTHEIX CBOMCTB ITOJMMEPHOTO KOMIIO3HI[HOHHOTO
Mmatepuana. Ha 3TOM 3Tame HOMKeH OBITh MONYYeH OTBET COOTBETCTBYIOT JM MPOYHOCTHBIC
XapaKTEePUCTHKH IONMMEPHOTO KOMIIO3HTa TPeOOBaHUWSM, HPEIBIBIIEMBIM K KaOelnbHOH
MPOYKIIHH.

» OmpezienieHHe TEXHOJOTHMYECKHX XapaKTePHCTUK M WX KOJMYECTBEHHOE OIpE/eIICHHE
MOJIMMEPHBIX KOMIIO3UTOB, BBIPA0OTKA PEKOMEHIALINH 10 PAHNYHBIM YCIOBHUSIM TEXHOJIOTHYECKOTO
mporiecca.

* [IporHO3UpOBaHKE BIMSHUS ~TEXHOJOTMYECKHX (DAKTOPOB  IEPEpabOTKH  HOIMMEPHOTO
KOMITO3HTa B MAaTPHUIly Ha SKCILTyaTallIOHHBIE CBOHCTBA CAMOPETYJIPYIONIETr0Cs IPEIOLIETo KaOes.
Ilpu 5TOM IOJKHO OBITH yAEICHO BHHMAHHE MOCTOOPAOOTKE MAaTPHUIIBI, TAKOH KaK paaHalliOHHOE
CIIVBAHUE M TEPMHICCKUH OTIKHUT.

Co3panue onuchBacMOi [U(POBOIT TEXHOIOTHH ITO3BOJIMUT CHU3UTh BPEMEHHBIC U (DHHAHCOBbIC
3aTpaThl IpH pa3paboTKe OOOTPEBAIOIIMX CHCTEM HAa OCHOBE CAMOPETYIHPYEMBIX TIPEONINX
kabeneil. [IporHo3MpoBaHue JKCILUTYaTALMOHHBIX M TEXHOJIOTHYCCKHX XapaKTEPHCTHK MO3BOJHUT
HCIIONB30BaTh B KAauyecTBE CHIPbS MECTHBIE PECypChl, YTO OCOOEHHO BaXHO JUIT APKTHYECKOTO
peruoHa. PaGoTa BEIIIOIHEHA IPK MOUIEPKKE HAYYHO-00Pa30BATEIBHOTO [IEHTPa MHPOBOTO YPOBHS
«Poccniickast ApKTHKa: HOBBIE MATEPHAIIBI, TEXHOJIIOTHH H METOIbI HCCIICIOBAHIS.

Determination of digital technology functions for composition automated selection and
prediction of parameters for semiconducting polymer composite materials
Chukov N.A.

Bauman MSTU, Moscow, Russia

Direct electrical heating is the most common method of heating industrial objects in the Arctic.
Self-regulating heating cables based on semiconductor polymer composite matrix have the highest
energy efficiency. A feature of such composites is the ability to change their electrical conductivity
depending on temperature. The development of polymer composites for self-regulating heating cable
matrixes is associated with a number of interrelated problems. The main requirement is the effect of
positive thermal resistance, which can be obtained only near the percolation threshold (the
percolation concentration of the conductive filler in the dielectric polymer matrix). The percolation
threshold is usually reached at high degrees of filling, which leads to serious problems regarding to
the processability of electrically conductive polymer composites, their physical and mechanical
parameters, etc. The creation of a digital technology for the automated composition selection and
predicting the parameters of semiconducting matrixes can significantly simplify the design of
polymer composite materials for self-regulating cables matrixes.

Digital technology for the design of self-regulating heating cable matrixes should perform the
following functions:

* Determine the required ratio of the electrically conductive filler in the polymer matrix. This stage
is the main and should show the possibility of obtaining the effect of a positive temperature
coefticient (hence the effect of self-regulation of the heating cable matrix) and the dependence of the
electrical parameters of the composite on temperature.

* Prediction of the deformation and strength parameters of a polymer composite material. At this
stage it becomes clear whether the strength characteristics of the polymer composite meet the
requirements for cable products.

* Determination of technological characteristics and their quantitative determination of polymer
composites, recommendations output on the boundary conditions of the technological process.
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* Predicting the influence of technological factors of processing polymer composite into a matrix
on the performance properties of a self-regulating heating cable. Special attention should be paid to
matrix post-processing, such as radiation crosslinking and thermal annealing.

Creation of the described digital technology will reduce time and financial costs in the development
of heating systems based on self-regulating heating cables. Prediction of operational and
technological characteristics will allow using local resources as raw materials, which is important for
the Arctic highly.

This work was made with the support by the world-class scientific and educational center «Russian
Arctic: new materials, technologies and research methods».
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Cexnus 3. [lo1MMepHbIe KOMNO3MIMOHHbIE MaTepHUaJibl
(ITKM) aJ151 aBMaCTpPO€EHUs, CTPOUTE/IbCTBA U JHEPreTHKH,
MeTOo/ bl UcCIeA0BaHuA U ucnbiTanuii [IKM

Section 3. Polymer Composite Materials (PCM) for Aircraft
Design, Power Engineering and Construction,
Methods of Research and Testing of PCM

IKcNepuMeHTaJbHOE HCCIe0BAHNe 0CTATOYHBIX Hanpskennii B IIKM ¢ ncnoan3oBannemM
KOMOHHHPOBAHHBIX METO10B 30HIHPYIOIUX 0TBEPCTHI H KOppeasuHu HHPPOBLIX
H300pakeHMit
Bao6aiinies A.B., Haconos ®.A., Conses 10.0.

MAMU, r. Mocksa, Poccust

OJIHO# M3 OCHOBHBIX MPOOJIEM IIPU H3rOTOBJIEHUE MOJIMMEPHBIX KOMIIO3HIIMOHHBIX MaTepHajIoB
(ITIKM), B 0COOCHHOCTM NpPH HE CUMMETPHYHOH YKIIAIKH, MPEACTABISIOT COOOW OCTaTOYHBIC
HanpsbkeHus. OHM 00pa3ylOTCsl BCIIECTBUE TPAJUEHT TEMIIEPATYPHBIX M CHIIOBBIX BO3ICHCTBUH.

HccenenoBanach BO3MOXKHOCTb ¥ TOYHOCTh HPHMEHEHHS KOPPEISIIUY HH(POBBIX H300paXKeHHIT B
METO/1¢ 30HIUPYIOLINX OTBEPCTHIT IS ONPEICIICHUs] OCTATOYHBIX HAIIPSDKEHHH B KOMITO3UIIMOHHBIX
Matepuanax. Mcnbeltanus npoBomwioch Ha oOpasmax [IKM ¢ HecUMMETpHYHOH YKIIaAKOH, B
KOTOPBIX ONPEASISUIHCH Ae(opManiy, HOSIBUBLIHMECS [IOCIIE TPOCBEPIIMBAHKS OTBEPCTHS B 0Opase.
Oukcarus gedopMarmii IPOBOAUIACH IO (HOTOCHUMKAM, € HCTIONB30BAHUEM METOJa KOPpPEeIsIUH
n300pakeHUH. JIJ1s TOBBIEHHS TOYHOCTH (pHUKCcAIHy TedopManiy Ha 00pa3ibl HAHOCHIICS MATTEPH.
[Momy4eHHble YKCIEPHMEHTANbHbIE Te(OPMAIUH CPABHUBATIUCH C YHCICHHBIM PAcueTOM METOIOM
KOHEYHBIX JJIeMEHTOB. PenreHne oOpaTHOH 3amaddl TEOPHH YHPYTOCTH JUI HACHTH(HKALUH
OCTAaTOYHBIX HANpsDKEHWI mpoBoamnock B cucTeMe Comsol ¢ HCHONB30BaHHEM YHCICHHOTO
KOHEYHO-3JIEMEHTHOI'0 MOieupoBanus, Meroa Monte-Kapio u Henbepa-Muna. Meron Monte-
Kapno mpuMeHnsics 11l moucka riao0adbHOr0 MHHEMyMa (GYHKIHM HEBs30K, a Meron Hemmepa-
Muga Uil YTOYHEHUs JIOKQIbHOTO MHHUMyMa. DYHKIUS HEBSA30K  pacuyeTHBIX H
9KCIIEPHMEHTAIIBHBIX JaHHBIX BEIYHUCILUIACH B CPEIHEKBAAPATHIHOM IPHOIKEHUH. J[J1s1 yToUHeHNS
cpeanero nois aedopmanuii B 9KCHEPHMEHTE M MTHOPUPOBAHUS HEYCTPAHUMBIX IIOTPELIHOCTEH,
CBSI3aHHBIC C HETOYHOCTBIO 9KCIIEPHMEHTAIBHBIX JaHHBIX, BBOJMINCH MaJble 3HAUCHUS ITOIPABKH.
B pesympraTe mccnenoBaHus ObUIO MONYYEHO XOPOIIHE KOIMYECTBEHHBIE pe3ylbTaThl. B xome
HCTIBITAaHMIT OBLIO IOJTydeHa ITOTHAsI KapTHHBI JUIS BCeX KOMITOHEHT Je(hopMalyi, 4To peICTaBIsIeT
co0oif 3HAYMTENBHOE MPEHUMYIIECTBO IO CPAaBHEHUIO C OCTAIBHBIMH METOJAMH OIpeelcHHs
OCTAaTOYHBIX Ae(opMaruii.

Pa6ora BbInoaHEHA P PUHAHCOBO# MOCPKKE MUHUCTEPCTBA HAYKHU U BBICIIIErO 00pa30BaHuUs
Poccuniickoit @eneparnuu (xox npoekra FSFF-2020-0017)

Experimental study of residual stresses in PCM using combined probing hole and digital
image correlation methods
Babaytsev A.V., Nasonov F.A., Solyaev Y.O.
MALI, Moscow, Russia

One of the main problems in the manufacture of polymer composites (PCM), especially in non-
symmetrical layups, are residual stresses. They are formed due to gradient temperature and force
influences.

The feasibility and accuracy of using digital image correlation in the probing hole method to
determine residual stresses in composite materials was investigated. Tests were carried out on PCM
specimens with asymmetric stacking, in which deformations appeared after drilling a hole in the
specimen were determined. Fixation of the deformations was carried out using photographic images,
using the method of image correlation. To improve the accuracy of strain fixation, a pattern was
applied to the specimens. The obtained experimental strains were compared with numerical
calculations using the finite-element method. The inverse problem of elasticity theory for residual
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stress identification was solved in the Comsol system using numerical finite-element modeling,
Monte Carlo method, and Nelder-Meade method. The Monte Carlo method was used to find the
global minimum of the residual stress function, and the Nelder-Meade method to refine the local
minimum. The function of deviations of the calculated and experimental data was calculated in the
root-mean-square approximation. Small correction values were introduced to refine the mean strain
field in the experiment and to ignore the unrecoverable errors associated with the inaccuracy of the
experimental data. Good quantitative results were obtained as a result of the study. The tests yielded
a complete picture for all strain components, which represents a significant advantage over the rest
of the methods for determining residual strain.

This work was financially supported by the Ministry of Science and Higher Education of the
Russian Federation (project code FSFF-2020-0017).

W3yyenne BIUSTHASI MO (PUKALNY MAJTeHMHIHBIX CBSI3YIOIINX (hTATOHUTPHILHBIMHA
(pparMeHTaMH Ha TepMUYEeCKHE H MeXaHHYeCKHE CBOMCTBA OTBEPKIEHHBIX CMOJT
! Anekcanosa A.A., 2Heuaycos C.C., >Bynrakos B.A.
MI'Y, 2A0 «MTHYMuT», . Mocksa, Poccus

B HacTosee BpeMs OJJHUM U3 HanOonee NepCreKTHBHBIX HAIPABICHNH PA3BUTUS aBHALIHOHHOTO
MaTepHANIOBECHHS SBIICTCS Pa3pabOTKa KOHCTPYKIHOHHBIX IONUMEPHBIX KOMIIO3HIIHOHHBIX
matepuanioB (ITKM), npeaHazHaueHHbIX U1 AJIMTEIbHON SKCIUTyaTalluu B YCIOBHAX BO3JEHCTBUS
BBICOKHMX Temneparyp. HauOonee mpuMEHHMMBIMHU SIBISIIOTCS OucMmaneumuanbsie cMonbl (BMU),
MOCKOJIBKY SIBJIIOTCSI CPABHMTENBHO OOJee TEPMOCTOMKHMH, YEM JIOKCUJHbIE CBS3YIOILUE, IPH
9TOM COXPAHSETCS YPOBEHb TEXHOJIOIMYHOCTH. [lOCKONBKY TpeOOBaHUS IO TEILIO-, TEPMO- H
OrHECTOMKOCTH, MEXaHHYECKMM XapaKTePUCTHKAM U TEXHOJOTMYHOCTU HEYKJIOHHO PAacTyT, 3TO
MOIpa3yMeBaeT CO3JaHHE HOBBIX BHIOB TEPMOYCTOMUYHMBELIX MONMUMEPHBIX CBS3YIOINX. B manHOM
paboTe OCyIIECTBIISIETCs] 3aMELIEHNE OJJHON MaJISMMUIHOM IPYIIbI Ha QTAIOHUTPHIGHYIO B CMECH
oucmanenmugoaupenunmeran (BMI) — pmammun Ouchenoma A (JJABA) s mnoBbleHHs
TEPMOCTOUKOCTH OTBEPIKIICHHON CMOJIBI.

Jlns momydeHWs TaKOro COCTaBa OBLT OCYIIECTBICH TPEXCTAAMIHBIN CHHTE3 MaleHMUJ-
(TanoHUTPUIBHBIX MOHOMepOB PNB, npruem ObLIN MONTyYeHbI U CPaBHEHBI CBOHCTBA OPTO-, METa-
u napa- uzomepoB. Merogom JICK Obuti ompeneneHsl ux TemaoBble QQEKThl, TIe MeTa-u30Mep
obnajgan HamMeHbIled Temmeparypoil mianenus (107°C), 4yro ompenenwio ero paubHelInee
IIPUMEHECHHE.

Jns dopmosanns ITKM BaHOWH TEXHOJIOTHYECKOH XapaKTEPUCTHKOW CBA3YOIIETO SBISETCS
npoduns Bs3kocTH. IlockonbKy IpH HEBBICOKHMX TeMIEpaTypax Bs3KocTh ompenenser JIABA,
KPHBBIE COBIAJIAIOT. YIIHPEHUE TEXHOJIIOTNYECKOro OKHa rorydeHHoi cmec PNB-JIABA (160°C)
CBSI3aHO C HOSIBICHHEM ()TaNTOHUTPHIBHBIX IPYIMII, TpeOyromux Ooiee BHICOKHX TEMIIEpaTyp A
OTBEPIK/JECHUS, YTO TaKxkKe OTpakeHo Ha KpuBbix JJCK.

U3 skcnepumentoB JIMA u TI'A BUIHO, 4TO TEIUIOBBIE XapaKTEPUCTUKH OTBEPIKICHHOU cMecu
PNB-/IABA 3HauntensHO npeBbimatoT odmenpuuaTyto cucremy BMI-JIABA. TIpu otBepxaeHnn
280°C Ter mns PNB-JJABA coctasaser 358°C, B To Bpems kak mig BMI-JTABA — 290°C. T5%
TaKXkKe 3HAYUTENbHO oTimdarotcs — 456 u 407°C coorBercTBeHHO. TakuM 00pa3oMm, MONYYEHHBIH
cocTaB o0lagaeT TepMO H TEIUIOCTOMKOCTBIO C COXPAHEHHEM BS3KOCTHBIX XapaKTEePHCTHK, YTO
JlelaeT TaKoi MaTepual HEpCHEeKTHBHBIM B KadecTBe cMon mit IIKM meromamm BakyyMHOM
UHOY3UH U HHKCEKIHH B HopMy.

Study of the effect of modification of maleinimide binders by phthalonitrile fragments on the

thermal and mechanical properties of cured resins

!Aleksanova A.A., *Nechausov S.S., Bulgakov B.A.

'MSU, 2INCMaT, Moscow, Russia

Currently, one of the most promising areas is the development of structural carbon fiber reinforced
materials (CFRM) designed for aircraft materials with long-term operation under high temperature
conditions. Bismaleimide resins (BMI) are the most applicable, since they are relatively more heat-
resistant than epoxy binders, while maintaining the level of processability. Since the requirements
for heat, thermal and fire resistance, mechanical characteristics and manufacturability are steadily
increasing, this implies the creation of new types of heat-resistant polymer binders. In this work, one
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maleimide group is replaced by a phthalonitrile group in a mixture of bismaleimidodiphenylmethane
(BMI) — diallyl bisphenol A (DABA) to increase the heat resistance of the cured resin.

To obtain such composition, a three-stage synthesis of maleimide-phthalonitrile PNB monomers
was carried out, and the properties of ortho-, meta- and para-isomers were obtained and compared.
Their thermal effects were determined by the DSC method, where the meta-isomer had the lowest
melting point (107°C), which determined its further application.

An important technological property of the composite binder is viscosity-temperature profile. Since
the viscosity is determined by DABA at low temperatures, the curves coincide. The broadening of
the technological window of the resulting PNB-DUB mixture (160°C) is associated with the
appearance of phthalonitrile groups requiring higher temperatures for curing, which is also reflected
in the DSC curves.

From the experiments of DMA and TGA, it can be seen that the thermal characteristics of the cured
PNB-DABA mixture significantly exceed the generally accepted BMI-DABA system. When curing
280°C, the Tg for PNB-DABA is 358°C, while for BMI-DABA it is 290°C. T5% also differ
significantly — 456 and 407°C, respectively. Thus, the resulting composition has thermo and heat
resistance while maintaining viscosity-temperature characteristics, which makes such a material
promising as resins for CFRM by vacuum infusion and injection into the mold.

HccnenoBanne B3anMo/ieiicTBHs 371eMeHTAPHBIX siYeeK B MeTaMaTepHalie
AxwmermuH JLP.
Tr'Y, r. Tomck, Poccus

Meramatepuainbsl — 3TO HCKYCCTBEHHO CO3JaHHbIE MaTepHAaibl, CBOMCTBA KOTOPBIX 3aBUCAT HE OT
XMMHYECKOTO COCTaBa, a OT CTPYKTYpPHL. 3allaHHasi CTPYKTYpa IO3BOJISET JOCTUTATh YHUKAIBHBIX
CBOICTB, HE BCTPEUAIOIINXCS B IPUPOJIE.

Kakmoe BemecTBo B IPHPOJE COCTOUT U3 JJIEMEHTAPHBIX sUeeK. B 0OBIMHOM MaTepHale Takue
srYefKH 00pa3yloTCs U3 CTPOTOro PacHoNIOKEHH aTOMOB, B MeTaMaTepHaaX pa3sMepsbl s’eeK MHOTO
GosbIire aToMapHOTro pasMepa. J[pyrumu ciioBamy, dJIeMEHTapHast siaeiika MeTaMaTepualia CTPOUTCS
HCKYCCTBEHHO Ha Me3omaciiTabe. CTpyKkTypa B 9TOM Cllydae SIBISETCS IPOrpaMMHDPYEMOil U ee
9JIEMEHTHI MOTYT Je()OPMHPOBATECS 10 HEOOXOANMBEIM MEXaHH3MaM, K IPHMepy, II0BOPAYNBATHCS,
nsrubarbess M TaKk ganee. OcoOylo aKTyaJbHOCTb pa3pabOTKE H3AEIMH M3 MEXaHMYECKHX
MeTaMaTepHaloB PUIAIOT YCIIEXH B Pa3BUTHU COBPEMEHHBIX TeXHooruid 3D mevatn.

Lenp qaHHOM PabOTHI 3aK/II0YAIACH B YHCICHHOM UCCIIEOBAHHU B3aUMOJCHCTBHS IIEMEHTAPHBIX
sT9eeK TeTPaXUpaIbHOTO MeTaMaTepHaa Ipy OXHOOCHOM Harpy>KeHHN.

I'eomeTprueckast MOZIEIb JIEMEHTAPHOI siueiiki MeTamMaTeprana nMeet Gpopmy kyba. I'parn kyda
MIOJTy4eHBl ITyTEM COCOHHEHHs TeTPaXHPalIbHBIX CTPYKTYp B JEKApPTOBOH CHCTEME KOOPIMHAT.
TerpaxupanbHas CTpyKTypa COCTOUT U3 KoJblia U 4 CBSI30K (pebep), COCMHEHHBIX ¢ KOJIBLIOM IO
KacaTeIbHOU M B3aNMOACHCTBYIOIIHNX C IPYTHMH sTYCHKaMH.

B paborte paccMOTpeHO B3aMMOJEHCTBUE [BYX JJIEMEHTapHBIX sueek. Haubonee BaXKHBIM
SIBIIIETCSI MECTO COEIMHEHHS dJIeMEHTApHBIX sueek. CiexyeT pa3innyaTs MeTonsl coequHeHus: (1)
MIPUCOETMHEHUE, KOT/a JIBE SYEHKH B 00JACTH KOHTAaKTa 0Opa3ylOT JBOWHYIO TOJILIMHY CMEXHOMN
TpaHy U (2) BHaXJIECT, KOT/Ia ABE TICHKN UMEIOT OJ[HY OOIIyI0 CTOPOHY.

Marematudyeckoe MOJEIMPOBAaHUE IMPOBOAMIOCH METOAOM KOHEUHBIX 3J1eMeHTOB. Pemanachk
KBa3UCTAaTHYECKas 3a/lada MEXaHWKM JeopMUpyeMOoro TBepsoro Tena. PaccMoTpeHo omHOOCHOE
HAarpy’keHHe CHCTeMbl [BYX OJJIEMEHTapHBIX s4eeK MeramaTepHana. I'paHMUHBIE YCIIOBHsA
MPUKIAIBIBAIICH K JBYM TpaHSIM CHCTEMBL: CHH3y — JKECTKas 3ajelka M CBepXy — 3aJaHHoe
nepeMeIieHue.

B pesymbraTe MaTeMaTHYECKOTO MOJEIMPOBAHUS BBIICHHIOCH, UTO PACIIONOXKEHHE SUEeK B
MeTamaTtepuaie CiocoooM «IPUCOSTMHEHNEY MOKET IPUBECTH K Pa3HOHAIIPABICHHOMY BPAIEHUIO
KOJIeIl DJIeMEHTApHBIX s4eeKk MeTaMarepuana. [IpudeM pa3HOHANPABIEHHOCTh BpAIEHUS OyneT
MPOUCXOJUT B OJHON IIIOCKOCTH, YTO OTPULIATENILHO CKa3bIBACTCS HAa CKPYUYMBAHUHU BCEH CHCTEMBI
syeek. B ciydae coenuHeHHs sMeek «BHAXJIECT» HE BO3HUKAET Pa3HOHANPABICHHOCTU BpPAICHHS,
HO3TOMY CO3JaHHE 00pa3lia MeTaMaTepHala 3TUM METOJOM I03BOJUT JOCTHYb 0O0Jee BBICOKHX
3HAa4YEHHI CKPYIUBaHUSI 00pasIa.
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Investigation of unit cells interaction in a metamaterial
Akhmetshin L.R.
TSU, Tomsk, Russia

Metamaterials are artificially created materials, which properties more depend on their
macrostructure and less depend on their chemical composition. Creating the structure makes it
possible to achieve unique properties, which cannot be found in nature.

Every substance in nature consists of unit cells. In nature materials, the cells are formed from a
strict arrangement of atoms; in metamaterials, the size of the cells is much larger than the atomic size.
In other words, the unit cell of a metamaterial is constructed artificially on the mesoscale. The
structure in this case is programmable and its elements can be deformed according to necessary
mechanisms, for example, they can rotate, bend, etc. Advances in the development of modern 3D
printing technologies give special relevance to the development of products from mechanical
metamaterials.

The goal of this work was to numerically model the interaction of unit cells of a tetrachiral
metamaterial under uniaxial loading.

The geometric model of the unit cell of the metamaterial has the shape of a cube. The faces of the
cube are obtained by piece together tetrachiral structures in the Cartesian coordinate system.
Tetrachiral structure consists of a ring and four ligaments connected to the ring tangentially and
interacting with other cells.

In the paper, the interaction of two unit cells is considered. The most important point in this case
is the connection of unit cells. A distinction should be made between two methods of connecting: (1)
joining, where two cells in the contact area form a double thickness of an adjacent edge, and (2)
overlapping, where two cells share a common edge.

Mathematical modeling was performed by means of the finite element method. The quasi-static
problem of solid mechanics was solved. The system of two unit cells of the metamaterial was
subjected to uniaxial loading. The following boundary conditions were applied at two faces of the
system: a bottom was rigidly fixed and a given displacement was applied at the top.

As aresult of mathematical modeling, it was found that the arrangement of cells in the metamaterial
by "joining" method can lead to multidirectional rotation of the rings of the metamaterial’s unit cells.
Moreover, the multidirectional rotation will occur in one plane, which will have a negative effect for
the whole system of cells. In the "overlapping" method, there is no differently directed rotation, so
the creation of a sample of metamaterial by this method will allow achieving higher values of the
sample twist.

Pa3pa6oTka U NpuMeHeHHe 0600IeHHbIX Mo/IeJIeii 10JIr0BeYHOCTH /15l IPOrHO3HPOBAHUS
ONpe/IeISIOIHX XaPAKTEePHCTHK KOMIIO3HTOB
'Bakymun B.H., I'yces E.JI., 2Uepnbix B.JI.
'MAW, r. Mocksa; *CB®V, r. SIkytck, Poccus

B pa6oTe paccMOTPEHBI EPCIIEKTHBHEIEC MOJIENH IIPOrHO3UPOBAHKS JONTOBEYHOCTH IIOMHMEPHBIX
KOMIIO3UTOB TIPU BO3CHCTBUM SKCTpEMANbHBIX (AKTOPOB BEITHEH Cpebl M SKCILTyaTallHOHHBIX
Harpy3ok. IIpoBeleHO HCCIENOBaHHE BO3MOXHOCTeH d((EKTHBHOTO  HPOTHO3MPOBAHMS
ONpeJIeNIAOIMX XapaKTEPUCTHK (OCTATOYHOIO pecypea, MPOYHOCTH, HAJIEKHOCTH, 10JIrOBEYHOCTH)
Ha OCHOBe MH(pOPMALMHM, TIOTYYCHHOI B IEpBbIE TOABI SKCIUTyaTallMM. B OCHOBY pa3paboTku
0600IIEHHBIX MOJIE/Iell J0ATOBEYHOCTH KOMIIO3UTOB B DKCTPEMAJBHBIX YCJOBHAX ITOJOKEHBI
OCHOBHBIE MOJIOXKEHHS COBPEMEHHON MOJIEKYNIAPHOKHHETHYECKON TEOPHH. ITO 06YCIOBIEHO TEM,
YTO XMMHYECKHE NPEBPAILEHUs B KOMIIO3UTAX MOTYT IIPOMCXOUTh KaK Ha MEKMOJEKYISAPHBIX, TaK
. Ha BHYTPUMOJIEKYJIAPHBIX YPOBHSAX.

Ha ocHOBE COBpEMEHHBIX MOJIOKEHHI MONEKYIAPHO-KMHETHYECKOH Teopuu OBbUT HMCCIeIoBaH
BOIPOC O COTTACOBAHMM OMpPEACIAIONINX MapaMETPOB MATEMATHUECKHUX MOJENeH, BHIUHCICHHBIX B
pesyJbTaTe pelleHMs 3aad IPOTHO3UPOBAHMS B pPaMKaX CQOPMYIHMPOBAHHBIX YTOYHEHHBIX
BAPUALMOHHBIX ITIOCTAHOBOK, YYHTHIBAIOIIMX PE3yIbTAaThl SKCICPHMEHTANBHBIX H3MEPCHHH Ha
MaKpOYpPOBHE, C COOTBETCTBYIOLIIMMH OMNpEC/ISIONMMA MapaMeTpamMi (U3HUECKHX MOJIeNe,
ONUCHIBAIONINX MOJICKY/IAPHBIC B3aUMOICHCTBHA HA MUKPOYPOBHE.

Bbul BBelEH psAJ OCHOBOMONArAIONMX MPHHIMIOB M MOHATUH, MO3BONSIONIUX MPOBECTH
ONTHMANEHOE COITACOBAHHE ONpPEICIAIONINX MAPAMETPOB, BHIYUCICHHBIX Ha OCHOBE IOCTPOCHHBIX
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MaATEMATUYCCKUX MOI[CJICﬁ, Ha MAaKpOYpPOBHE C ONPEACHAOLIIMMA MapaMeTpaMu q)umqecxnx
MOJeTIeH, OIMUCHIBAIOIINME MOJICKYJISIPHBIC B3aUMOJICHCTBUS Ha MHUKPOYPOBHE. HpI/IBeHeHLI
PE3yabTaThl BBIYUCIMTEIbHBIX SKCIIEPUMEHTOB.

Development and application of generalized durability models for predicting the defining
characteristics of composites
'Bakulin V.N., *Gusev E.L., *Chernykh V.D.
'MAI, Moscow; 2NEFU, Yakutsk, Russia, Russia

The paper investigates the issue of promising ways to predict the durability of polymer composites
un-der the influence of extreme factors of the external environment and operational loads. The study
of the possibilities of effective forecasting of defining characteristics (residual life, strength,
reliability, durability) is carried out based on information received in the first years of operation. The
development of generalized models of durability of composites under extreme conditions is based on
the main pro-visions of the modern molecular kinetic theory. This is due to the fact that chemical
transformations in composites can occur both at intermolecular and intramolecular levels.

On the basis of the modern provisions of molecular kinetic theory, the issue of matching the
defining parameters of mathematical models calculated as a result of solving forecasting problems
within the framework of formulated refined variational statements taking into account the results of
experimental measurements at the macro level with the corresponding defining parameters of
physical models describing molecular interactions at the micro level was investigated.

A number of fundamental principles and concepts were introduced that allow for optimal matching
of the defining parameters calculated on the basis of the constructed mathematical models at the
macro level with the defining parameters of physical models describing molecular interactions at the
micro level. The results of computational experiments are presented.

KoMmo3HThI B rpalueHTHO TenIoMeTPHH
'Bapabanosa O.A., 'Ha6atuukos C.B., “[1aBnoB A.B., *Cepomranos B.B.
'MAMU, r. Mocksa; *CII6ITY, r. Caukr-IleTepOypr, Poccus

I'pasyieHTHAsT TEIUIOMETPUs SIBISCTCS OAHUM M3 JIyYIIHX CIOCOOOB ONPEACICHHUS TEILUIOBBIX
MIOTOKOB: OHA MTO3BOJISICT (PUKCHPOBATh, 0OPA0ATHIBATH M AHAIH3UPOBATH MYJIECALINH UX INIOTHOCTH,
9TO 1a€T YHUKAIBHBIC BOSMOKHOCTH B Ta30JMHAMHUKE, CII0)KHOM TEIIIOOOMEHE U T.1.

Oco00 Ba)kHO, 4TO TpajveHTHbIe AaTyuky TeruioBoro noroka (IATII) obGnanaroT mocTosHHON
Bpemenu B 10-8...10-9 ¢, uro Ha 3...5 NOPSAKOB MEHBLIE, YEM Y JYUIINX MUPOBBIX aHAJIOTOB.

IMepcriekTHBBI TAKMX MCCIIENOBAHUI B a9POKOCMUYECKOH 0OJIACTH BEJIUKH, HO MPAKTHYECKH HE
HCIOJIb30BaHBbI.

TITIT co3narorcst HA OCHOBE MaTepHalioB C aHU30TPOINMEH TEIIo-, JIEKTPONPOBOJHOCTH U
xoa¢pdunnenta repmod/IC. KonnuecTBo NpUpOAHBIX aHU30TPOITHBIX METAJLIOB HEBEIIMKO, U BIIHATH
Ha MX CBOMCTBa, BKJIIOYas TEPMOCTOMKOCTb, HEBO3MOXHO. I[l0aTOMy HHTEpec K CIOUCTHIM
KOMIIO3UIIMOHHEIM MatepuanaM (CKM) ¢ mpoYHBIM COeANHEHNEM KOMIIOHEHTOB OUYCBHICH.

Juddysnonnas cBapka oOecreyMBaeT TapaHTHPOBAHHBIA PABHOMEPHBIA  IJIOCKOCTHOM
¢du3MYeCKUil KOHTAKT M HETNMyOOKMH IO 3aJIeTaHHIO OT IIOBEPXHOCTH (POHT 0OBEMHOro
B3aMMOJICHCTBHS, MHMHHMAJbHOC H3MCHCHHE CBOMCTB CBapHUBAaGMBIX MAaTEPHANIOB, a TaKKe
npuemiemyro npoudocts CKM n focTaTouHo BEICOKMH ypoBeHb ero TepmMod/IC.

Ha ocrose CKM cranp 12X18H9T + Hukens, cranp 65X13 + Hukenb, XpoMesb + aloMenb U
kKeye3o + KOHCTAaHTaH, M3TOTOBJICHHBIX MeTomoM An(Qy3MOHHOH CBapkH, CO3JaHBI H
anpo6upoBansl I'JITTI, pabotocriocobnsie 1o temneparypsl 10000 C. TepMOCTOHKOCTD AaTYUKOB
MOXXHO HOBBICUTH IIPH HCHOJIb30BAaHWHM TYTOIUIABKMX MaTepualoB (THTaHa, HUOOMS W np.). B
KauecTBE CJIOEB yIAJIOCh HCIOJIB30BAaTh HE TOJIBKO MOHOJUTHBIC, HO U IIPOHMIIAEMbIC MaTCPUAIIbI:
BOJIOKHHCTBIE, CETYaThIe, C Pery/sIpHON Nepdoparueil u 1. 1.

Oco0blit MHTEpeC BBI3BIBAIOT KOMIIO3MIMM MOIYHPOBOJAHHK + TPOBOJHHK, IOCKOJIBKY
xodpdunnentsr TepMoD/IC y NMOITYNPOBOIHMKOB HA IOPSIOK W OoJiee NPEBHINIAIOT YPOBEHb,
XapakTepHBIil 111 MetasioB. Hanbonee nepcrnekTHBHBI KOMITO3HIIMM Ha OCHOBE KPEMHHS C - U p-
IIPOBOINMOCTEIO.

B nmuddysnonHoit cBapke MOHOKPHUCTALIMYECKOTO KPEMHHS C BBICOKOTEILUIONPOBOAHBIMH
Mmeramwiamu (Al, Cu) chenansl numb nepBble mard. HemuneltHocTs ¢usmdeckux cBoiicts CKM
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TpeOyeT ONTUMHU3MPOBATh HX CTPYKTYpy IO OSKCHEPHMEHTAJIbHBIM J@HHBIM, COYeTas
nuddy3HnoHHYIO CBapKy 3aroToBoK ¢ rpaayupoBkoid I'/ITIT Ha aTTecTOBaHHBIX CTEHAAX.

IIpu ynOBIETBOPUTENBHBIX pe3yJbTaTaX Hayka M HPAKTHKA IIOMy4yaT HOBBIH HHCTPYMEHT
HCCIIeIOBAHHSA, He MMEIOIII Ha CETOJHAIIHNUIT IeHb aHAJIOTOB.

Composites in gradient thermometry
'Barabanova O.A., 'Nabatchikov S.V., *Pavlov A.V., 2Seroshtanov V.V.
'MALI, Moscow, Russia; >SPbPU, Saint-Petersburg, Russia

Gradient heat metering is one of the best ways to determine heat fluxes: it allows you to record,
process and analyze pulsations of their density, which provides unique opportunities in gas dynamics,
complex heat transfer, etc.

It is especially important that gradient heat flux sensors (GHFC) have a time constant of 10-8 ...
10-9 s, which is 3 ... 5 orders of magnitude less than that of the best world analogues.

The prospects for such research in the aerospace field are great, but practically not used.

GHTP are created on the basis of materials with anisotropy of thermal and electrical conductivity
and Seebeck coefficient. The amount of natural anisotropic metals is small, and it is impossible to
influence their properties, including heat resistance. Therefore, the interest in laminated composites
(SCM) with strong bonding of components is obvious.

Diffusion welding provides a guaranteed uniform planar physical contact and a shallow front of
volumetric interaction from the surface, a minimum change in the properties of the materials being
welded, as well as an acceptable strength of the SCM and a sufficiently high level of its thermoEMF.

On the basis of SCM steel 12X18HIT + nickel, steel 65X13 + nickel, chromel + alumel and iron
+ constantan, manufactured by diffusion welding, GDTPs have been created and tested, operating up
to a temperature of 10,000 C. The temperature resistance of sensors can be increased using refractory
materials (titanium, niobium, etc. etc.). As layers, it was possible to use not only monolithic, but also
permeable materials: fibrous, mesh, with regular perforation, etc.

Of particular interest are the semiconductor + conductor compositions, since the thermoEMF
coefficients of semiconductors are an order of magnitude or higher than the level characteristic of
metals. Compositions based on silicon with n- and p-conductivity are the most promising.

Only the first steps have been taken in diffusion welding of monocrystalline silicon with highly
heat-conducting metals (Al, Cu). The nonlinearity of the physical properties of SCM requires
optimizing their structure according to experimental data, combining diffusion welding of
workpieces with the calibration of the GDTP on certified stands.

With satisfactory results, science and practice will receive a new research tool that has no analogues
today.

PacyéTHble H 3KCIEPHMEHTAJIbHBIC HCCIICA0BAHNS TOHKHX C/KAThIX MaHeJel ¢ y4éTom
BTOPHMYHOI1 OMpypKaLHH NIPU 3AKPUTHYECKOM NOBEJCHUH
'Boposxkos JI.K., 'Typ6un H.B., 2Aradonos WU.1.
'MAM, r. Mocksa, Poccus;

*Pusxckuii Texunueckuil yansepeuret (PTY), r. Pura, Jlateus
OOBEeKTaMH HCCIICNOBAaHUS JAHHOW paOOoThl SIBISFOTCS TOHKHE IIPSMOYTOJbHBIC OOIIMBKH
HECyLIMX NaHesell KecCoHa Kpblla caMojieTa MaJloi aBHAlMH, AJIsI KOTOPBIX JOMYCKAeTCs MoTeps
MpU  CKHUMAIOLIMX  HAarpy3Kax  HIKE  OKCIUIyaTalMOHHOr0  ypoBHA.  OCOOEHHOCTBIO
paccMaTpuBaeMoro ciyvas sBJsS€TCS JOCTATOYHO OOJBLION 3Tal 3aKpUTHYECKOTO IHOBEJIEHUS U
BO3MOKHOCTh BTOPUYHON Ou(ypkaimu (YBEIHMYESHUs YUCIA TTOIYBOJIH MOTEPSIBIIEH YCTOHYMBOCTh
MIaHeNH) PH TeOMETPUIECKU HEJMHEIHOM MOBEJCHUU TOHKOH 0OMBKY. L{enbio paboThl SBISUIOCH
MIPOBEJICHUE PACUYETHBIX U HKCIECPUMEHTAIBHBIX HCCICIOBAHUI MPOYHOCTH IMPHU JOMYCTUMOCTH
3aKPUTHUYECKOrO TOBEJCHUS TOHKUX MaHeNed U3 MeTaNIMYECKUX U KOMIIO3UTHBIX MaTepuaios. B
MPEACTAaBICHHOH pabOTe METOJOM KOHEYHBIX 93JEMEHTOB IIPOBEJICH YHCIICHHBIH aHAIU3
3aKPUTHUYECKOTO MTOBE/ICHNS METAJUIMUECKUX M OPTOTPOIHBIX NPSIMOYTOJIBHBIX MAHENEeH pH cxKaTHN
C YYeToM OJTaloB BTOPUYHOH Ou(ypkauuu. PerieHus NpOBENEHBI MpPU  HCHOJIB30BaHUU
0COOEHHOCTEH KBa3WCTATHYCCKOW W IMHAMHUYECKONW IOCTAHOBKH T'COMETPUYECKH HEHMHEHHOH
3amaun. Takke MpPEICTaBICHO AHAIUTHUYECKOE PEIICHHE TI'eOMETPUYECKM HEIMHEHHOM 3agauu
MeToJOM PHTHa ¢ ydyeroM BO3MOMKHOIO YBEIMYEHHs 4YKCIa MONYBOJH IPH HArpy>KeHUH.
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IIpencraBiaeHbl HEKOTOPBIE PE3YNbTAaThl JKCIIEPHMEHTAIBHBIX HCCIIEOBAHMN TOHKHMX MaHenei,
MOJy4EHHBIX IIPH C)KAaTUH B IPHCIOCOOICHNH, KOTOPOE COOTBETCTBYeT cTangapTy ASTM D 7137.
B paccmaTtpuBaeMoM citydae NpH HPOBEICHUM HCIIBITAHHI TOHKHE OOLIMBKH PacCMaTpPHUBAINCh B
Ka4ecTBe KOHCTPYKTHUBHO — MOA0OHBIX 00pa3noB. [IpakTideckas 3HAYMMOCTb pabOTHI 3aKII0YACTCS
B 00OCHOBaHMH BO3MOXHOCTH Ooliee INMPOKOr0 HPUMEHEHHs METOOJNOTHH IPOEKTHPOBAHHS
TOHKHUX IaHeNeH 10 3aKpUTHIECKOMY cOCTOSHHUIO [ 1] ¢ yueTom a¢ddexToB BropuuHoii Oudypranmu.
IToydeHHble pe3ynbTaThl MOTYT ObITh MCIIOJIb30BaHBI JUIsl YTOYHEHHUsS METOMUK IIPOEKTUPOBAHHS
TOHKMX OOIIMBOK HECYIIMX IIaHeNeH @O 3aKPUTHYECKOMY COCTOSHHIO IIPH HAarpyXeHHH
CKUMAIOIIUMU YCUITUSAMH.

Analytical and experimental investigation of thin panels loaded in compression including
secondary path in post-buckling state
'Borovkov D.K., 'Turbin N.V., 2Agafonov LI
'MAI, Moscow, Russia;
“Riga Technical University (RTU), Riga, Latvia

The objects of the present investigation are thin rectangular load-bearing panels of the wing-box
structure of the light aircrafts, for which entering the buckling state is permitted under the loads before
limit level. The characteristic of the considered case is relatively prolonged post-buckling period with
possible secondary path (increasing of the half-waves in the structure after buckling load is exceeded)
and non-linear performance of the thin skin. The goal of this work is to conduct experimental and
analytical studies on the bearing capacity of the thin structural panels made of metallic and composite
materials with permitted post-buckling state. The study includes the finite element analysis of post-
buckling state of metallic and orthotropic rectangular panels before and beyond the bifurcation point.
Solution is obtained using non-linear quasi-static and dynamic formulation. Also, analytical variant
of solution based on Ritz method is performed, which considers half-waves number increase as well.
Some results of thin panels compression testing under ASTM D 7137 standard are given. In the
considered case, thin panels are treated as structural elements. Practical significance of the work may
be seen in justification of the wider applicability of the design procedures targeted post-buckling state
[1] of thin panels with secondary path. Obtained results might be utilized for refinement of the design
methodology for thin panels with allowable post-buckling state.

Pa3padorka KOMIO3UIMOHHBIX MATEPUAJIOB C OJMMEPHOI MaTpuIIeii, apMHUPOBAHHOI
MPOBOJIOKOIl U3 HHKeIHIa THTAHA
Bypaun 1.B., Bunorpaznos P.E., Cmuprosa E.A.
MAMU, r. Mocksa, Poccust

Kommnosunmonnsie marepuansl (KM) — MHOrOCOCTaBHbIE MaTepualibl, OOBIYHO COCTOSIIHME U3
IUIACTHYHOI MaTpUYHOW OCHOBBI, C PAacIpelelIeHHBIMH B Hell apMHUPYIOIIUMHU BOJIOKHAMH WIIH
IUCHEPCHBIMH YaCTULAMHU; IIPU 3TOM BBIFOAHO HCHONIB3YIOT HHIMBHIyalbHbIE CBOWMCTBA
KOMIIOHEHTOB cocTaBa. CodueTaHue pa3HOOOPA3HBIX BEHIECTB IPHBOJUT K CO3IaHHIO HOBOT'O
MaTepuana, 4bH CBOICTBA 3aMETHO OTJIMYAIOTCA OT CBOMCTB KaXKIOTO H3 €ro KOMIIOHEHTOB.
HInpoxuii cHekTp MaTepHanoB ¢ TpeOyeMbIM HaOOPOM CBOWCTB IIONYHYarOT, BAPbHpPYS COCTaB,
KOJIMYECTBEHHBII COCTAB H OPUECHTAIUIO apMUPYIOLINX IEMEHTOB U MATPHIIBL.

B manHoif pabGoTe mpoBommnch MexaHndeckue ucnbitaHue KM ¢ monmMepHol Matpunei w3
MOJNUYTUICHA HU3KOTO U BHICOKOTO JIaBICHMS, apMHPOBaHHbIE IpoBookaMu u3 criasa TH1 (55,7%
Ni) nuamerpom 2,48 Mm. McnbiTaHus IPOBOJHIINCE 110 CXEME TPEXTOUETHOTO U3rHoOa, rie o0pasibl
MOZIBEPTaIUCh HATPY)KCHUIO — DPa3TPYKEHUIO C YBEIHYCHHEM IPOruda B Ka)KAOM CIEIyIOIIeM
IUKJIE.

Bouna paspaborana texHonorus coznanus KM ¢ MaTpuieil U3 mOJM3THIIEHA BBICOKOTO U HU3KOTO
JIaBJIEHHS, apMUPOBAHHOH NPOBOJIOKON M3 HHKENHMIAa THTaHA. [IpeulokeHBl CIIoco0 M OTambl
TEXHOJIOTHYECKHX  OIepaluii  CO3JaHUs  KOMIO3HULHUOHHBIX  MAaTEpUalioB: Y CTaHOBIEHBI
TeMuepaTypHo-BpeMeHHble pexkumbl it [TH/T — 170 0C, s mex — 130 0C, cBapka HOMHITHIICHA
IOPOBOAMTCSL IOJ IAaBICHHEM MACCHBHBIM TPY30M, HPEIBAPUTEIBHO PACIOJOKHB II0J HEro
MIpOCIauBaOLIMI MaTepuall.
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HN3ydeno mexannueckoe noseaeHne KM, apmupoBanHoro asyms (oobemuas noist 2,8%) u Tpems
(00wéMHast monst 4,1%) mpoBoIOKaMK M3 HUKEIHAA TUTATaHA C MMOJIMATUICHOM BBICOKOTO U HU3KOTO
JIaBJICHUSL.

Ha ocHOBaHWMHM TMOIYYEHHBIX PE3yIBTATOB MOXKHO CIETaTh BBIBOJ O TOM, YTO TIPH apMHUPOBAHUH
MOJIMATHIICHA BBICOKOTO JABJICHHS MPOBOJOKAMH M3 HHKEJHJAa THTaHA CBOWCTBA IOJUITHJICHA B
pasbl YIydIIaloTCs, OH CTAHOBUTCSI OOJiee YIPYTHM U CIIOCOOEH ympyro nehOpMHPOBATHCS MIPU
CTaTHYECKUX HAarpy3Kax.

Ipu apMHPOBaHUH MOJUITHICHA HU3KOTO JABJICHUS IPOBOJIOKAMY U3 HUKEIH/IA THTAHA, B Pasbl
BO3PACTAET KECTKOCTh U3/ICIHs, €ro YIpyrocThb, 1eGOpMaLiOHHAs! CTOHKOCTb.

Brarogapsi MOBBINIEHAIO JKECTKOCTH W TPOSIBICHUIO HEOONBIIOH MO BEIUYHHE CBEPXYMPYron
nedopmanyn B KM ¢ MaTpuueil W3 NMOJIMATHICHAa HU3KOTO JABJICHHS, apMHPOBAHHOIO TPEMsI
MPOBOJIOKAMH W3 HUKEJIH/IA THTaHA, BO3MOXHO €r0 MPHMCHEHHE B OPTOIEAWH, B YACTHOCTH, B
H3rOTOBJICHUN JAUHAMUYECKUX TYTOPOB Ul XOABOBI. IIp¥ BEIMOMHEHNH paboTh OBUT H3rOTOBIICH
OIBITHBIIT 00pa3ell U3/IeusL.

Development of composite materials with a polymer matrix reinforced with titanium
nickelide wire
Burdin D.V., Vinogradov R.E., Smirnova E.A.
MAI, Moscow, Russia

Composite materials (CM) are multi-composite materials, usually consisting of a plastic matrix
base, with reinforcing fibers or dispersed particles distributed in it; at the same time, individual
properties of the components of the composition are advantageously used. The combination of
various substances leads to the creation of a new material whose properties are markedly different
from the properties of each of its components. A wide range of materials with the required set of
properties is obtained by varying the composition, quantitative composition and orientation of
reinforcing elements and matrices.

In this work, mechanical testing of CM with a polymer matrix of low- and high-pressure
polyethylene reinforced with wires made of alloy TN1 (55.7% Ni) with a diameter of 2.48 mm was
carried out. The tests were carried out according to the three-point bending scheme, where the
samples were subjected to loading and unloading with an increase in deflection in each subsequent
cycle.

A technology has been developed to create a CM with a matrix of high and low pressure
polyethylene reinforced with titanium nickelide wire. The method and stages of technological
operations for the creation of composite materials are proposed: temperature and time regimes are
established for HDPE — 170°C, for LDPE — 130°C, polyethylene welding is carried out under
pressure with a massive load, having previously placed the interlayer material under it.

The mechanical behavior of CM reinforced with two (volume fraction 2.8%) and three (volume
fraction 4.1%) wires made of titanium nickelide with high and low-pressure polyethylene was
studied.

Based on the results obtained, it can be concluded that when high-pressure polyethylene is
reinforced with titanium nickelide wires, the properties of polyethylene improve significantly, it
becomes more elastic and is able to deform elastically under static loads.

When reinforcing low-pressure polyethylene with titanium nickelide wires, the rigidity of the
product, its elasticity, and deformation resistance increase significantly.

Due to the increased rigidity and the manifestation of a small superelastic deformation in CM with
a matrix of low-pressure polyethylene reinforced with three wires of titanium nickelide, it is possible
to use it in orthopedics, in particular, in the manufacture of dynamic walking splints. During the
execution of the work, a prototype of the product was made.
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TepMomiacTHYHBIE HOIHMEPHbIE KOMIO3HIIHOHHBIE MATEPHAJIbI, ADMHPOBAHHbIE
BOJIOKHAMH H3 CBEPXBbICOKOMOJIEKYJISIPHOTO ITOJIMITHIEHA /ISl KOCMUYeCKHX
KOHCTPYKIMI{eCKHX KOT
Byxapos C.B., Beroxun 1.C.

MAMU, r. Mocksa, Poccust

B Hacrosiee BpeMs B OTKPBITOM KOCMOCE HCIOJb3YIOTCS 3JIEMEHThl OPOMTAIbHBIX CTAHIHIA,
METEOpOJIOTHYECKUE, HABUTAMOHHBIC, TEOAE3MYECKHe CIYTHHKOBBIE AHTEHHBI  CIIOXKHOM
KOHOQUIypaluy, pa3BOPAYMBAIOIINECS KOCMHYECKHE PAIMOTENECKONbl OONBLIIMX pPa3MepoB,
SHEPreTUYEeCKUe YCTAHOBKH, COOHpaeMble Ha OpOHTE NPOCTPAHCTBEHHBIC CTEP)KHEBBIC CHCTEMBI
COJTHEYHBIX OaTapeil M 2JIeKTPOCTaHIMIl, TAHEI! IS PETPAHCIALHOHHBIX CTAHINH, TIIaTGOPMBI IIsT
MIPUYATUBAHHS TPAHCIOPTHBIX KOCMHYIECKHX KOpaOiel U Apyrue KOHCTPYKIUH, pa3Mephl KOTOPBIX
MOTYT IOCTHIaTh HECKOJBKUX JIECSTKOB METPOB. /IS OTAENBHBIX AeTayell MOJOOHBIX KOHCTPYKINH
1[e71ecO00pa3HO HCIONB30BATh YITEKOMIIO3UTHI HAa TEPMOPEAKTUBHOM MaTpulle, 0O0JIaJaloliux
OTHOCUTENBHO HH3KOW IUIOTHOCTBIO M BBICOKMMHM IIOKA3aTEISIMU YACNbHBIX 3HAUCHHH (H3UKO-
MEXaHUYECKUX CBOUCTB.

Opnaxo B wuHTepBaje KocMudeckux Temmeparyp (-150..+150°C) rtakue KOMIO3HMIOHHEIC
MaTepHabl 3HAYUTENbHO H3MEHSIIOT MEXaHUIECKHE CBOUCTBA.

Pa3paboTka NPUHIMITHAIEHO HOBBIX KOHCTPYKLMH KOCMHUYECKHX alllapaToB TpeOyeT co3naHue
MaTepHaloB C HHU3KOH IUIOTHOCTBIO, BBICOKMMHU MOKa3aTeIsIMH U CTAOMIBHOCTBIO (HH3UKO-
MEXaHHYECKHX CBOMCTB B IIpoIiecce KOCMUYECKOH SKCINTyaTalluy TIpU HU3KUX Temieparypax. s
9TUX LeNel Haubollee MepCIeKTUBHBIMU SBIIOTCS KOHCTPYKIHY U3 KOMIIO3UTHBIX MaTepHAIOB Ha
TEpMOIUIACTHYHOM MaTpuiie. MaTepruaaoBeI4eCKUM H TEXHOJIOTHYECKUM HayYHBIM 3aJEJIOM 3TOTrO
HAMpaBJICHUS HCCICIOBAHUN MOTYT SIBIISITBCA PE3yNbTAaThl PabOT MO CO3JAHUIO AHAIOTMYHOH
MIPUPOJIBI MATEPHAIIOB JUISI apKTUUECKHX Ha3eMHBIX YCIOBHH 9KCILTyaTallluH.

B namHoil paboTe mpHBeIeHBI Pe3ylbTaThl HCCICIOBAHMSA TEPMOILIACTUYHOIO IMOIMMEPHOTO
KOMIIO3HTa, apMHUPOBAHHOI'O BOJIOKHAMH Ha OCHOBE CBEPXBBHICOKOMOJICKYISIPHOTO ITOJMATHIICHA
(CBMIID) B Buzae TKaHU CapKEBOTO IUIeTeHUs. V3-3a HU3KOM IMOBEPXHOCTHOH SHEPTHH BOJIOKOH
BO3HHKAIOT NMPOOJIEMBI HX CMAYMBAHHS W a[re3UH C MOJIMMEPHBIMH MaTpHIAMH, NMPUBOSIINX K
MOJy4EHUIO KOMIIO3UTOB C HU3KUMHU MOKA3aTeIsIMU MEXaHUUECKUX CBOHMCTB. [loaToMy B KadecTBe
CBSI3YIOIIETO BEIOPAH COIOJIMMEp MONMITHICHA U BHHIIaeTaTa (COBA), obnanaronuii BEICOKIM
XUMHYECKUM cpoactBoM ¢ CBMIID, no3BoiaMBLIMI pEIIUTh TEXHOJOIMYECKYI Ipoliemy
COBMECTHMOCTH HMCXOJHBIX KOMIIOHEHTOB, 00ECIICUHTh TpeOyeMoe aare3MOHHOEe B3aHMOJACHCTBHUE
MONUMEPHONH MAaTpPHIBI M apMUPYIOIIEr0 BOJOKHA, a TAaKXKe BBICOKUE IOKAa3aTenu (U3HKO-
MEXaHHYECKHUX CBOHCTB OPraHOKOMIIO3HTA.

Jnst  popmoBaHUS ONBITHBIX 00pa3loB TepMoIUIacTUYHOro kommo3uta CBMIID-COBA
UCIIONB30BAIM CIOMCTHIA I1aKEeT-3aTOTOBKY M3 IIPEHPErOB C IOPOIIKOBBIM CBS3yIOIIEM Ha
MIOBEPXHOCTU TKAaHU, MOHOJIHUTH3ALHUS KOTOPOTO OCYIIECTBILIIACH METOIOM IOpPSUero IPEeCCOBAaHUH
B METaJUIMYECKOil ocHacTke npu temneparype 110-130°C.

OrmpezienieHbl OCHOBHBIE ITOKA3aTEIN CBOICTB OIBITHEIX 00pa3loB pa3pa0OTaHHBIX KOMIIO3UTOB:
TEIUIONPOBOIHOCT, ANANEKTPUUECKHE U (PH3MKO-MEXaHUUECKHE CBOHCTBA, B YCIIOBHSX HOPMAJIbHOI
1 TIOHIDKEHHBIX TeMnepatyp 10 — 70°C. Obnanast HU3K0U INIOTHOCTBIO, pa3pab0TaHHbIE KOMITO3HTHI,
10 CBOMM YZICIBHBIM 3HAYCHHAM (PU3UKO-MEXaHUYECKUX CBOICTB HE YCTYMAIOT TEPMOILUIACTHYHBIM
CTEKJIOKOMIIO3UTAM.

B nanbHeiinem miaHupyercst UCCIeI0BaHUE MPOLIECCOB Pa3pyLICHUs, ONpe/IeNICHUE MoKa3aTeneit
TPEIHHOCTONKOCTH Pa3paO0TaHHEIX OPTAaHOKOMIIO3UTOB M IPOTHO3MPOBAHHS UX JOITOBEYHOCTH
IpU OTPULATENIBHBIX TEMIEpaTypax OSKCIUTyaTallud, B TOM 4YHCIE IJI KOCMUYECKHX YCIOBUH
9KCILTyaTalliH.

Thermoplastic polymer composites reinforced with ultra-high molecular weight polyethylene
fibers for space structures
Bukharov S.V., Vetokhin LS.
MALI Moscow, Russia
At present time, elements of orbital stations, meteorological, navigation, geodesic satellite antennas
of complex configuration, large-sized unfolding space radio telescopes, power plants, spatial core
systems of solar panels and power plants assembled in orbit, panels for relay stations, platforms for
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mooring transport spacecraft and other structures, the sizes of which can reach several tens of meters,
are used in outer space. For individual parts of such structures, it is reasonable to use carbon
composites on a thermosetting matrix with a relatively low density and high specific values of
physical and mechanical properties. However, in the range of cosmic temperatures (-150...+150 ° C)
such composite materials significantly change the mechanical properties.

The development of fundamentally new spacecraft structures requires the creation of materials with
low density, high performance and stability of physical and mechanical properties during space
operation at low temperatures. For these goals, the most perspective are constructions made of
composite materials on a thermoplastic matrix. The results of work on the creation of a similar nature
of materials for Arctic ground conditions of operation can be a material science and technological
scientific reserve of this research area.

This paper presents the results of a study of a thermoplastic polymer composite reinforced with
fibers based on ultrahigh molecular weight polyethylene (UHMWPE) in the form of twill weave
fabric. Because of the low surface energy of the fibers, problems occur with their wetting and
adhesion to polymer matrix, leading to the production of composites with low mechanical properties.
Therefore, a copolymer of ethylene and vinyl acetate (EVA) was chosen as a binder, which has a
high chemical affinity with UHMWPE, which allowed solving the technological problem of
compatibility of the source components, providing the required adhesive interaction of the polymer
matrix and the reinforcing fiber, as well as high physical and mechanical properties of the
organocomposite.

For forming prototypes of the thermoplastic composite UHMWPE-EVA, a layered workpiece
made of prepregs with a powder binder on the surface of the fabric was used, the monolithization of
which was carried out by hot pressing in metal mold at a temperature of 110-130°C.

Currently, the main properties of the prototypes of the developed composites have been studied:
thermal conductivity, dielectric and physico-mechanical properties, under normal and low
temperatures up to -70° C. Having a low density, the developed composites, in their specific values
of physical and mechanical properties, are not worse than thermoplastic glass composites.

In the future, it is planned to study the processes of destruction, study the crack resistance of the
developed organocomposites and predict their durability at negative operating temperatures,
including for space operating conditions.

DyHKINOHAJIbHbIE KOMIIO3HIIHOHHbIE METAJT — HOJTHMEPHBIe MaTepHaJIbI ¢ 3¢ dexTom
3a0MHHAHHS (OPMBI U CBEPXYNPYrOCTbI0
Bunorpanos P.E., bypaun /1.B., I'yces JI.E.
MAMU, r. MockBa, Poccus

B Hacrosimee Bpems Bce Oonblliee BHUMAHUE YYEHBIX IIPUBIEKAIOT METalI-NOJIUMEpPHbIC
Komro3uronHsle Marepuansl (KM), B koTopeix mnposiisercs 3¢dekr ceepxynpyrocta (CY) u
a¢dexr 3anomunanust popmer (I3D) Graromaps apMHPOBAHHIO CIUIABAMH Ha OCHOBE HHKEIHIA
tuTaHa. OfHAKO B 3aBHCHMOCTH OT CBOMCTB HCIIONB3YeMOIl ITOJMMEPHOH MaTpHIBI B KaXKIOM
KOHKPETHOM CJIy4yae HeoOXOAUM CBOM MOAXO[ K IPHUHIIUIIAM apPMHPOBAHUS HUKEIUIOM THTaHA.

B pabote 65U10 IPOBEEHO CPaBHEHHE MEXaHHIECKOTO OBEAEHNU pa3THnaHbXx KM ¢ moiamnmepHoi
MaTpulel (CHIMKOHOBAas PE3MHA, IMOJMATUIICH, YIJICIUIACTHK), apMHUPOBAaHHOW NPOBOJOKOH W3
HUKENNJa THTaHa KaK B CBEPXYHNPYrOM COCTOSHHHU, TaK M B COCTOSIHUM CIIOCOOHOM HaKaIUIMBaTh
OCTaTO4YHYIO iehOpMAIHIO IO MAPTCHCUTHOMY MEXaHHU3MY C HOCICIYIOIUM €€ BOCCTAaHOBICHHEM
P HOCTIEAYIONEM HarpeBe.

B KM c maTpuueil U3 yriemiactiuka, XapakTepusyomierocs BbICOKoi xectkocteio (E = 20-60
I'Tla) ¥ HH3KOW IITACTHYHOCTBIO, peanu3oBaTh O3® MM SPKO BEIPAKEHHOE CBEPXYIPYroe
MOBEJICHUE HEBO3MOXKHO H3-3a HU3KOH MeEXaHMYeCKOi COBMECTHMOCTH KOMIOHEeHTOB KM,
IPUBOJSINEH K MX Pa3pylIeHHIO B O0JACTH IUIACTHYECKHMX AedopMamuil Aake MPH BBICOKOH
00bEMHOI J1071€ apMUPYIOIIUX JIEMEHTOB. B To)Xe Bpems apMupoBaHHE CBEPXYNPYroil NPOBOJIOKOH
MOBBIIIACT  YNpPYrHe XapaKTePHCTUKH: IpelNeld IMPONOPLUHOHANBHOCTH INpH H3rube W
COOTBETCTBYIOIast eMy JedopMarys BO3pacTaroT B 1,5-2 pasa 0 CpaBHEHHIO ¢ HEapMHUPOBAaHHOM
MaTtpuLei. AHaJOTHYHBIE 3aKOHOMEPHOCTH ObLTH noutydeHsl 411 KM ¢ monuaTuiieHoBO# MaTpuIieii,
B KOTOPBIX OOBEMHas JOJI HHKeNHAa TUTaHa MeHsmie 10%. ApMupoBaHHE Takke HMPHBOIHUT K
3aMeJUIEHUIO TPOLIECCOB MON3y4ecTH B monuMepHoi Matpuue KM mpu IIuTeNbHBIX CTaTHIECKHX
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WK IMKIMYECKUX Harpyskax. YBelMyeHue 00beMHON 10JIM apMUPYIOIIUX 3JIEMEHTOB CBbILIE 25%
mo3BoJIsieT peanu3oBath B KM ¢ monmytunenosoit Matpurieii 93® u cBepXynpyrocTs Ha JOCTATOUHO
BBICOKOM YPOBHE.

INoxa3aHo, 4TO MaTpHIla U3 CHIMKOHOBOU PE3HHBI Onaromapst HU3KOMy Moaymio ynpyroctd (E =
1-10 MIla) nos3Bosser co3naBate KM c BbicokumHu xapakrepuctukamu CY u 23®, yxe npu
HeOonmbIIoOl 00beMHOH Jonme apmupoBaHus (oT 3%). Bemmumna oOpaTtumoit medopmanuu
ONPE/ENACTCS YPOBHEM TEPMOMEXaHHYECKHMX CBOMCTB apMHUpYIOIIUX 3JIEMEHTOB M MX O00BEMHON
noneii. Ilpu apMupoBaHMM CHJIMKOHOBOW MATpUIBI IPOBOJIOKOH, mposBisiomeid 30,
MaKcHuMallbHas oOpaTiMas aedopManus B KOMIO3UTE MoxkeT jocturath 40 %, a mpyu apMUpOBaHUN
CBEPXYNPYroi IpoBonoKoif — 20%.

Ilo pesympraTam paGoThl OBUI CHOPMYIUPOBAHEI PEKOMEHIAIMH IO BBIOOPY MarepHaia
MaTpHIs ¥ criocoba apmuposanus KM «monumep — HUKeIn THTaHay, 00eCIIeUHBaIOIIUe 3 1aHHBIH
YPOBEHb YIPYIHX XapaKTEPUCTHUK, a Takxke XapakTepuctuk 93P n/mmm CV.

Functional composite metal — polymer materials with shape memorization effect and
superelasticity
Vinogradov R.E., Burdin D.V., Gusev D.E.
MALI Moscow, Russia

Currently, more and more attention of scientists is attracted by metal-polymer composite materials
(CM), in which the effect of superelasticity (SU) and the effect of shape memorization (SMA) is
manifested due to reinforcement with titanium nickelide-based alloys. However, depending on the
properties of the polymer matrix used, each case requires its own approach to the principles of
titanium nickel reinforcement.

The paper compared the mechanical behavior of various CM with a polymer matrix (silicone
rubber, polyethylene, carbon fiber) reinforced with titanium nickelide wire both in a superelastic state
and in a state capable of accumulating residual deformation by the martensitic mechanism with its
subsequent restoration during subsequent heating.

In KM with a matrix of carbon fiber, characterized by high rigidity (E = 20-60 GPa) and low
plasticity, it is impossible to implement SMA or pronounced superelastic behavior due to the low
mechanical compatibility of KM components, leading to their destruction in the area of plastic
deformations even with a high volume fraction of reinforcing elements. At the same time,
reinforcement with superelastic wire increases elastic characteristics: the limit of proportionality
during bending and the corresponding deformation increase by 1.5-2 times compared to the non-
reinforced matrix. Similar patterns were obtained for KM with a polyethylene matrix, in which the
volume fraction of titanium nickelide is less than 10%. Reinforcement also leads to a slowdown of
creep processes in the polymer matrix of CM under prolonged static or cyclic loads. An increase in
the volume fraction of reinforcing elements over 25% makes it possible to implement ESF and
superelasticity at a sufficiently high level in KM with a polyethylene matrix.

It is shown that the silicone rubber matrix, due to its low modulus of elasticity (E = 1-10 MPa),
makes it possible to create KM with high SU and SMA characteristics, even with a small volume
fraction of reinforcement (from 3%). The amount of reversible deformation is determined by the level
of thermomechanical properties of reinforcing elements and their volume fraction. When reinforcing
a silicone matrix with a wire exhibiting SMA, the maximum reversible deformation in the composite
can reach 40%, and when reinforced with a superelastic wire — 20%.

Based on the results of the work, recommendations were formulated on the choice of the matrix
material and the method of reinforcement of the CM "polymer — titanium nickelide", providing a
given level of elastic characteristics, as well as the characteristics of the SMA and / or SU.

HoBgoe npucnocod.ienne 1151 HCCIEI0BAHUS MEKCIOMHBIX CIBUTOBBIX XapAKTEPHCTHK
CJIOHCTBIX KOMIO3UTOB NPH KOMOMHHPOBAHHOM HATPY:KeHHH
I'yceitnos K.A., Kyapssues O.A., beamensaunsa A.B., Canoxuukos C.b.
IOYpI'Y, r. Yensdunck, Poccus
C yBenmu4eHHeM J0IH TOTUMEPHBIX KOMIIO3UTHBIX MaTepraiioB (IIKM) B pou3BoCTBE CIIOKHBIX
ABUALIMOHHBIX KOHCTPYKLIMH TaK)Ke BO3PACTaeT CIIOKHOCTb YCIOBHI HarpyxeHus. B cBs3u ¢ atuM,
0COOEHHO aKTyaJbHa 33/1a4a ONpe/eNIeHHs XapaKTePHCTUK KOMIIO3UTHOTO MaTepHaIa IIPH CI0XKHOM
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HaNpsHDKEHHOM  COCTOSHMHM, KOTOPOE€ YacTO BO3HUKAET IIPU OIKCIUTyaTalluH TOJCTOCTEHHBIX
JJIEMEHTOB. B Takux »IeMeHTax MeEXCIOWHAs IPOYHOCTh SBIACTCS CIAOBIM 3BEHOM W,
CJICZIOBATENBHO, ONpEJEIAeT HECYIIyI0 CIIOCOOHOCTh Bceif KOHCTPyKIMH. B To Bpems Kak
XapaKTePUCTUKH KOMIIO3UTOB B YCIOBHSX MEXKCIOMHOTO CABUTa JOCTATOYHO XOPOIIO H3y4EHEI,
HCCJIE/IOBAHUS HMX XapaKTEepHCTUK IPH COBMECTHOM JEHCTBMH CIBHUIOBBIX M TPAHCBEPCAJIBHBIX
PACTATUBAIOIINX/CKIMAIOIINX HAaNpPsOKCHUH Bce emé Mpofo/bkaloTcs. B HacTosmee Bpemst
CYILECTBYET PsIJl METOJJOB dKCIIEPUMEHTAILHOTO ONIPE/ICIIEHHs] XapaKTEPUCTUK CIOMCTHIX MIACTHKOB
IIPU COBMECTHOM JISHCTBHU MEXCIIOEBBIX CABUTOBBIX H TPAaHCBEPCAIbHBIX HaNpspKeHni. O1HaKo u3-
3a CJIOKHOCTH MHOTOOCHBIX HCIIBITAHUH HE CYIIECTBYET OOLICNPHHSATHIX METOJOB MCIBITAHUN IS
HAJIe)KHOTO ONPEeIeHUs XapaKTepPUCTHK KOMIIO3UTOB. Takum 06pa3oM, CymIecTByeT OTPeOHOCTD
B pa3pabOTKe aJbTepPHATHBHBIX OKCIICPHMEHTAIBHBIX METOJOB, IO3BOJIIONIMX HCCIEI0BATh
BIMSHHE TPAHCBEPCAIBHBIX HANPSDKEHHII HA  MEXKCIOHHYIO CABUTOBYIO IIPOYHOCTH C
HCTIONB30BaHUEM IIPOCTOTO HCIBITATEIEHOTO 000PyI0BAHMS.

B nanHoit pabote Obuta pa3paboTaHa HOBasi SKCIIEPUMEHTAIbHAsS YCTAHOBKA JUIS HCCIICIOBAHUS
MesxcnoitHol nmpounocty [TIKM, Ha npuMepe TKaHEBOTo YIJIeIIacTUKa, IPU COBMECTHOM JIeHCTBUN
TPaHCBEPCAIBHOTO CXKATHA M MEXKCIOWHOro caBura. JIus NpoBeAEHHS HUCHBITAaHUH ObLIH
H3rOTOBIICHB! 00pa3lbl CIENUAIbHOW (OpMBEL 3a OCHOBY ObUIa BeIOpaHa (opma 00pasmoB st
ucnbiTanuii o Mmeroay Mocunecky. OnrtuManbHble pasmepbl 00pas3LoB, 00eCHEYMBAIOIIMX
PaBHOMEPHOCTb pacrpeielIeHHs HalpsHKEHUH B paboyeii 9acTH, ObUIN IPEABapHUTEIHHO ONPEIeTIeHbl
Ha OCHOBE YHCIICHHBIX pacdyeToB. MeTon uudpoBol KOppelsiuu n300pakeHui ObLI UCIOIb30BaH
JUISL HACHTU(UKALMN BHA Pa3pyIIeHNUs M aHAJII3a PaBHOMEPHOCTH paclpeneleHus qedhopMariii o
U3MEPUTENbHOMY  CEUeHHMIo  oOpasma. I  OLEHKHM  JOCTOBEPHOCTH  IIOTyYEHHBIX
9KCIIEPHUMEHTANIBHBIX 3HAYCHUH MEXKCIIOIHONH INPOYHOCTH B YCIOBUSX KOMOMHHPOBAaHHOIO
HArpy>KeHHs ObLI HCIIOIb30BaH KPUTEPUil paspymenus JpHuena.

HccnenoBanue BEIOJNIHEHO 3a cdyeT rpaHTa Poccuiickoro HayyHoro ¢onma Ne 18-19-00377,
https:/rscf.ru/project/18-19-00377/.

A new device for studying the interlaminar shear characteristics of layered composites under
combined loading
Guseinov K.A., Kudryavtsev O.A., Bezmelnitsyn A.V., Sapozhnikov S.B.
SUSU, Chelyabinsk, Russia

With increasing the amount of fibre-reinforced plastics (FRPs) in complex aircraft structures, the
complexity of loading conditions increases significantly. In this regard, determining the
characteristics of FRPs under a complex stress state, which often arises during the operation of thick-
walled elements, is of considerable interest. The interlaminar strength in most cases is the weak link
and, therefore, determines the bearing capacity of the thick-walled composite structure. While the
characteristics of composites under interlaminar shear conditions are well understood, studies of their
characteristics under the combined action of shear and transverse tensile/compressive stresses are
still ongoing. Nowadays, there are several methods for the experimental determination of the
characteristics of layered composites under the combined action of interlaminar shear and transverse
stresses, but there are no generally accepted test methods due to the complexity of multiaxial testing.
Thus, there is a need to develop alternative experimental methods to study the effect of transverse
stresses on interlaminar shear strength using relatively simple test equipment.

In this research, a new experimental setup was developed to study FRP interlaminar strength under
the combined action of transverse compression and interlaminar shear. Fabric-based CFRP was used
as a test material. Specimens of a special shape were prepared for the testing. The specimen shape
similar to that for losipescu tests was chosen as a basis. The dimensions of the specimens ensuring
the uniformity of stress distribution on the working section were preliminarily determined during
numerical simulations. The digital image correlation (DIC) method was utilised to identify the failure
mode and to analyse the strain distribution over the specimen during verification experiments.
Daniel's failure criterion was used to assess the reliability of the obtained experimental values of
interlaminar strength under combined loading conditions.

This work was financially supported by Russian Science Foundation (project No. 18-19-00377).
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CynepKoHCTPYKIHOHHbIE MATEPHAJILI HA OCHOBE TEPMOTPOINHbIX NPENoJIHMepPOB
JHe6epnees T.P.
KHUTYVY, r. Kazanb, Poccus

TepmoTponHble apoMaTHIeCKHe MOIUA(GUPHI M3BECTHBI KaK KJIAcC HOMMMEPHBIX MAaTepHalioB C
UCKIIIOYUTENIBHO  BBICOKOI  TEPMUYECKOW CTAaOMIIBHOCTBIO, XHMHYECKOH CTOMKOCTBIO N
HE3HAYUTENbHBIM KO3 (GHUIIMEHTOM TEPMHIECKOr0 pacIIupeHus. BeneacTBue Hanuaus B OCHOBHOM
LIEIM ME30TEHHBIX JKECTKOLEIHBIX OJIOKOB, JJAHHBIE MOJIMMEPHI (POPMHUPYIOT HEMATHUECKYIO (a3y
IIpU TIOBBIIICHHBIX TeMmepaTypax. IIpu mepepaOoTke M3 pacIIaBOB TEPMOTPOIHBIE IIOIHMEPEI
MIOZIBEP)KEHBI MIPOLIECCY OPHEHTALMM MAaKPOMOJEKYJ C JajbHEHIIMM CaMOYIpPOYHEHHEM IIpH
OXJIAXKICHHH, YTO OOBSACHSAET BHICOKHE 3HAUCHUS MOTY/IS YIPYTOCTH M Mpo4HOCTH. COBpeMEHHBIE
HCCIICIOBAHKS, INPOBOJAMMBIE B OOJACTH TEPMOTPOIHBIX MOJIMEPOB, OXBAaTHIBAIOT HOBBIC
Pa3paboTKH IO TEPMOPEAKTHBHBIM CBS3YIOIIUM, MaTepHalaM s aJIUTHBHBIX TEXHOJIOTUH H
OHOBO300OHOBIIIEMBIM MaTEpHAIaM.

Hacrosimass pabora mpoBogmiach ¢ NENbI0 IOMydYEHHS psija TEPMOTPOIHBIX IIOIHMEPOB
Pa3IMYHOrO CTPOCHMS, OLICHKH BIIMSIHHE UX CTPYKTYPBI HAa Me30MOP(HBIE CBOHCTBA U TEPMHIECKYIO
CTaOUIIBHOCTb.

CHHTE3 TSpMOTPOIHBIX aPOMATHIECKUX MONUI(PHPOB IIPOBOIHIICS ITyTEM BEICOKOTEMIIEPATYPHON
MIOJIMKOHIECHCAMH B IPHCYTCTBHH KaTaJlM3aTopa IepedTepu(uKanyi. Bpum moiydeHsl cepuu
MOJIMMEPOB Ha OCHOBE 4-THPOKCUOEH30MHON KUCIIOTHI, THAPOXUHOHA 1 M30(TaneBol KUCIoThI (P-
1) wm 4,4'-okcubuc(6en3oiiHoi kuciotsl) (P-2), a Tarke Ha OCHOBE 4-THIPOKCHOCH30WHON
KHCJIOTHI, TepedTaneBoi Kuciaotsl U ouchenona A (P-3) wmm 1,5-nadramuuaauona (P-4). Merogom
VK-CrIeKTpOCKOIHY OLIEHNBAIACh XUMUYECKast CTPYKTYpa HOJIMMEPOB, KOTOPAsi CBUIETEIECTBOBAIIA
0 BKIIOYCHHH BCEX MOHOMEPOB, HCHOJB3YEMBIX B pEAKIHH, B COCTaB MaKPOMOIEKYIL.
MonekyisipHas Macca IIOJMyYEHHBIX COSIMHEHHH OleHHBainach 1o maHHbIM HK-crextpockommu
METOZIOM KOHIIEBBIX IPYNI M NpHHHMana 3HadeHus 10 5000, 4To ykasbpIBaeT Ha ONMTOMEPHYIO
IPHPOLY 00pa3LoB.

CornacHo gaHHBIM [ubPEpeHIHATBHON CKAHUPYIOIEH KAJTOPUMETPUH M ONTHICCKOM
MOJIAPU3ALHOHHON MUKpockonuu, omuromep P-1 mepexommn B XK cocTtosiHue B MHTEpBaie
temnepatyp 140-170°C, B ciiyuyae P-3 me3o¢aza cymecrBoBana B auanaszone 150-250°C. Onuromep
P-2 maxommicst B JKK cocrosuuu B uHTepBaie 140-250°C, a mis P-4 sumorepmbl (pa3oBbIX
nepexonoB HabOmoaanuch npu 110 u 290°C.

ITo nmaHHBIM TepMOrpaBHMETPHYECKOr0 aHalIW3a Uil MHpolecca TePMOAECTPYKIHMH 00pasIoB
ompelesNd  TeMIepaTypy Hadaja IIpolecca, TeMmIlepaTypy MaKCHMalbHOH CKOPOCTH
TEPMOJECTPYKIMH U DHEPTHIO aKTUBALMU. B cpexHeMm, TepMuueckas CTaOWIBHOCTH OJIMIOMEPOB
BapbupoBanach B jauanazoHe 200-250°C, uro ObUIO CBS3aHO KaK C XUMUYECKOW NPUPOION
MaKpOMOJIEKYJIBI, TaK M C KOHIIEHTPAIHeH KOHIEBHIX IPYIIIL.

JanbHeiimas nepepaboTka TEPMOTPOIHBIX OJIMIOMEPOB B TOTOBBIC W3/ENHS BO3MOXKHA IYTEM
JaJbHEHIIero IOBBIICHUS MOJNEKYJSIDHOM MacChl B IIpomecce TBepAo(asHOH  IOoCT-
HOJIMKOHCHCALNH WIH XMMUYECKUM CIIOCOOOM TIpH H00aBICHUN YJIMHUTEIICH LCTH.

High-performance materials based on thermotropic prepolymers
Deberdeev T.R.
KNRTU, Kazan, Russia

Thermotropic aromatic polyesters are known as a class of polymeric materials with extremely high
thermal stability, chemical resistance and low coefficient of thermal expansion. Due to the presence
of mesogenic rigid-chain blocks in the main chain, these polymers form a nematic phase at elevated
temperatures. When processed from melts, thermotropic polymers undergo a process of orientation
of macromolecules with further self-strengthening upon cooling, which explains the high values of
the modulus of elasticity and strength. Current research in the field of thermotropic polymers implies
new developments in thermosets, materials for additive manufacturing and biorenewable materials.

This work was carried out with the aim of obtaining a number of thermotropic polymers of various
structures, assessing the effect of their structure on mesomorphic properties and thermal stability.

The synthesis of thermotropic aromatic polyesters was carried out by high-temperature
polycondensation in the presence of a transesterification catalyst. A series of polymers based on 4-
hydroxybenzoic acid, hydroquinone and isophthalic acid (P-1) or 4,4'-hydroxybis(benzoic acid) (P-
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2) were synthesized, as well as ones composed of 4-hydroxybenzoic acid, terephthalic acid and
bisphenol A (P-3) or 1,5-naphthalene diol (P-4). The chemical structure of the polymers was
estimated by IR spectroscopy, which indicated the inclusion of all monomers used in the reaction in
the macromolecules. The molecular weight of the obtained compounds was estimated from the data
of IR spectroscopy by the end-group analysis and reached values up to 5000, pointing to the
oligomeric nature of the samples.

According to the data of differential scanning calorimetry and optical polarization microscopy,
oligomer P-1 passed into the LC state in the temperature range 140-170°C; in the case of P-3, the
mesophase existed in the range 150-250°C. Oligomer P-2 was in the LC state in the range 140-250°C,
while for P-4 the endotherms of phase transitions were observed at 110 and 290°C.

According to the data of thermogravimetric analysis for the process of thermal destruction of
samples, the temperature of the beginning of the process, the temperature of the maximum rate of
thermal destruction, and the activation energy were determined. On average, the thermal stability of
oligomers varied in the range 200-250°C, which was associated with both the chemical nature of the
macromolecule and the concentration of the end groups.

Further processing of thermotropic oligomers into the products is possible by increasing the
molecular weight in the process of solid-phase post-polycondensation or chemically with the addition
of chain extenders.

IIpuMeHeHNe PacYeTHO-IKCIIEPHMEHTAILHOTO AHAIN3A AeMI(HPYIOIINX CBOMCTB 1151
HAEHTU(PUKALMH IAPAMETPOB KOMIIO3ULIMOHHOT0 MaTepHaJia
Epemun B.I1., Bonpmux A.A., I'ycesa E.E.
MAMN, r. MockBsa, Poccust

Henp HacTosEer paboThl — pa3paboTKa METOAUKHU OIPEIENIeHUs AeMIIDUPYIOIUX U MOJAIBHBIX
napameTpoB Mojenu nosejaeHus IIKM mo pesynpTaTaM 3KCHEpUMEHTAIBRHOro aHanus3a. Mojensb
Marepualia — CIIOMCTBIH KOMIIO3UT C OPTOTPOIHBIMH JIMHEHHO YINPYTHMH CIOSMH. 3ajauda
nIeHTHOUKAINY IapaMeTpoB MOJEIN MaTepHalla pacCMaTpHBaeTCsl KakK 3ajadya MHHHMH3ALUH
PacXOXKIEHHS PpAcYETHBIX COOCTBEHHBIX YacTOT C JKCIEPUMEHTANbHbIMU. [{ng ee perieHus
HCTIONB3YETCS METO]] KBa3HCIIyIaifHOTO ITIONCKA.

Jnst  MozemupoBaHHs — IeMI(GUPYIOIMX  CBOWMCTB  MaTepHana  HCIOJB3YyeTcs  MOJEib
nemiupoBanus Penes. OCHOBHOE NMPEHMYIIECTBO JaHHOTO METOZA 3aKIIOYAETCS B TOM, YTO OH
MOJICIHPYET TapaMeTphl AeMIIOUPOBAHHS ISl MATEpHAa, a He I ONpPEeaeICHHON KOHCTPYKIIHH,
T.€. ONPEAENIMB NapaMeTphl JeMII(HPOBAHMS Ul JAaHHOTO 00pasia, MOXKHO HCIIOIb30BaTh NaHHYIO
MOJIENb JJIs pacyueTa ApyruX KOHCTPYKIHN, H3rOTOBJICHHBIX U3 JaHHOTO MaTepHana.

s onpenerneHus KO(QQPUIMEHTOB MPOMOPLUOHAIBHOCTH 0O ¥ [ HEOOXOJMMO MPOBECTH
MOJIAJIbHBIA Pacuer Jyisi ONpeeneHHus COOCTBEHHBIX 4YAacTOT 00paslia, COOTBETCTBYIOIIUX IBYM
pa3IMYHBIM HOCIENOBaTENbHEIM (opMaM Kkoiebanumid. Ilogxon BKmouaeT B ceOsl YHCICHHBIE U
AHAJIMTUYECKUE METOIbI MOJEINPOBAHUSL.

1. Laxalde D., Thouverez F., Sinou J.-J., Lombard J.-P., Baumhauer S. Mistuning identification
and model updating of an industrial blisk. International Journal of Rotating Machinery, vol. 2007,
Article ID 17289, 10 p. DOI: 10.1155/2007/17289

2. PacyeTHO-9KCIIepHMEHTANIbHBIC HCCIECIOBAHMS COOCTBEHHBIX 4acToT W (OpM KojebaHwii
JIOTIATKHU CIPSMILIIOIIETO allapaTta H3 IMOJIUMEPHBIX KOMIIO3UIIMOHHBIX MaTepuanoB / M.A. I'punes,
A.H. Anoukus, I1.B. Ilucapes, I'.C. Iunyno, M.III. Huxamkun, A.A. banakupes, WU.I1. Kones,
A.A. TonoskuH // BectHrk IlepMCKOro HaI[HOHATEHOTO HCCIENOBATEIHCKOTO MOIHTEXHIIECKOTO
yHuBepcurera. Mexanuka. —2016. — Ne 4. — C. 106-119.

3. Epumuk B.A. TIpuMeHeHHe MEeTOIa KOHEUHBIX 3JIEMEHTOB K 33j1a4e COOCTBEHHBIX KOJieOaHuUit
IPSAMOYTOJbHBIX IUIACTUH U LMIHHAPUYECKUX 00osouek // BectHuk IlepMcKOro HalpoHaIbHOTO
HCCIIeIOBATEIBCKOTO MOJUTEXHIUECKOTO YHUBEPCHTETa. AdpoKkocMudecKkas TexHuka. — 2014, — Ne
38.—C. 72-92.

4. Cxsopuos 10.B. KoHcrekT exuuii no JUCHUILIMHE MEXaHUKA KOMIIO3UIIMOHHBIX MaTepHaIoB
/ Camap. Toc. aspokocM. yH-T. — Camapa, 2013. — 94 c.
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Application of computational and experimental analysis of damping properties to identify the
parameters of a composite material
Eremin V.P., Bolshikh A.A., Guseva E.E.
MAI, Moscow, Russia

The purpose of this work is to develop a technique for determining the damping and modal
parameters of the PCM behavior model based on the results of experimental analysis. The material
model is a layered composite with orthotropic linear elastic layers. The problem of identifying the
parameters of a material model is considered as the problem of minimizing the discrepancy between
the calculated natural frequencies and the experimental ones. To solve it, the method of quasi-random
search is used. A Rayleigh damping model is used to model the damping properties of a material.
The main advantage of this method is that it simulates the damping parameters for the material and
not for a specific structure, i.e. having determined the damping parameters for a given sample; you
can use this model to calculate other structures made of this material. To determine the
proportionality coefficients o and f, it is necessary to carry out a modal calculation to determine the
natural frequencies of the sample corresponding to two different successive modes of vibration. The
approach includes numerical and analytical modeling techniques.

1. Laxalde D., Thouverez F., Sinou J.-J., Lombard J.-P., Baumhauer S. Mistuning identification
and model updating of an industrial blisk. International Journal of Rotating Machinery, vol. 2007,
Article ID 17289, 10 p. DOI: 10.1155/2007/17289.

2. Grinev M.A., Anoshkin A.N., Pisarev P.V., Shipunov G.S., Nikhamkin M.Sh, Balakirev A.A.,

Konev I.P., Golovkin A.A. Raschetno-eksperimentalnye issledovaniya sobstvennykh chastot i
form kolebaniy lopatki spryamlyayushchego apparata iz polimernykh kompozitsionnykh materialov
[Calculation and experimental studies of the natural frequencies and vibration modes of the blade of
a rectifying apparatus made from polymer composite materials]. Vestnik PNRPU. Mekhanika, 2016,
no. 4, pp. 106-119.

3. Efimik V.A. Primenenie metoda konechnykh elementov k zadache sobstvennykh kolebaniy
pryamougolnykh plastin i tsilindricheskikh obolochek [The application of the finite element method
to the problem of general oscillations of rectang.

4. Skvortsov Yu.V. Konspekt lektsiy po distsipline mekhanika kompozitsionnykh materialov
[Lecture notes on the discipline of the mechanics of composite materials]. Samara. SGAU, 2013, 94

p.

Buusinue npeIBapuTeIbHOr0 NUKJIMYECKOr0 H3rHda HAa 0CTATOYHYIO IPOYHOCTD U JKECTKOCTH
KOMIIO3UTHOT0 MaTepuaja
Kuxapes M.B.
IOVYpI'Y, r. Yensbuuck, Poccust

B pamkax uccrenoBanusi ObUTH H3rOTOBIICHBI 00pa3iubl u3 crexomiactuka CTOD tommunoi 4
MM, wuMmeroue (GopMy OalKd paBHOM TNPOYHOCTH, JJIs WCHBITAHWH HAa LUKIMYECKHUI
3HaKonepeMeHHbld u3rud. HMcnmbiTanus Obuln mpoBeneHbl Ha BuOpocrenae LDS V780 ¢
HCIIOJIb30BAaHNEM CIICIMAIBHO Pa3pabOTaHHOM OCHACTKH. VICTIbITaHUS OBUTH TPOBENICHBI TIPH JABYX
yactoTax 5 1 20 'l ¥ Tpex pasnuyHbIX aMIUIUTyAax 3 MM, S MM 1 7 MM. [l KaX0if 4acTOThl U
aMIUTUTY/Bl UCCIIEOBAJIOCH PA3IMYHOE YUCIIO HUKIOB Harpyxkenus: 100, 500, 1000, 2500, 5000,
7500, 10000, 15000. ITocie mpoBeACHHUsI HCIIBITAHUI Ha 3HAKOTIEPEMEHHBIN H3rHO OBUTH IPOBEACHBI
UCTIBITAHUS 110 ONPENCNICHUI0 OCTATOYHOM TMPOYHOCTH M JKECTKOCTH TPH TPEXTOYCYHOM H3THOE.
Bbutn mostydeHbl 3aBHCUMOCTH Mpe/iesia IPOYHOCTH B MOAYJISl YIIPYTOCTH 00pa3LoB OT KOIMYECTBa
LUKJIOB TPEABAPUTEIBHOTO HArpyXeHHs. TEeHACHLHUS MO CHIXCHHIO OCTATOYHOH MPOYHOCTH U
JKECTKOCTH IMPOSIBILSIETCS. TEM OTYETIIMBEE, YeM OOJIbllIe aMIUTUTYAa PEABAPUTEIbHON HATPY3KH U
nocturaet 41% npu amrumutyne 7 MM. DTO CBSI3aHO € TEM, 4TO HPHU OONBLIMX aMIUIATYAAX HIET
HHTCHCHBHOE HAKOIUICHUE PACCESIHHBIX MUKPOIOBPEKICHHI B HAPYKHBIX CIIOSAX KoMro3uTa. [Ipu
aMIUIMTYAaX 3 U 5 MM 4YacTOTa HArpyXCHHs IPAKTUYECKH HE OKa3blBaja BIMSHHE Ha MPOLECC
HAKOIUICHHUSI PACCESIHHBIX MUKPOIIOBPEXKICHHI B 00pa3Lax, U 3aBUCHMOCTH OCTaTOYHBIX U3THOHBIX
MPOYHOCTH U )KECTKOCTH OT KOJMYECTBA LIMKJIOB MPAKTUYECKU HE omnyarorcs. [Ipu ammuuryne 7
MM DPa3nyHs YK€ SPKO BBIPAKEHBI H CYIIECTBEHHO MPEBOCXOMAT KCIEPUMEHTAIBHBIN pa3dpoc.
BBLI0 NpenonokeHo, 4To Ha NPOIEecC HAaKOIUICHUS PACCESTHHBIX MUKPOTIOBPEXK/ICHUI B KOMITO3UTE
MIPH [UKJINYECKOM HAarpy)KEHHH BIUSIET SIBICHHE CaMOpa3orpena.
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HccnenoBanue BBHINONHEHO 3a cyeT rpaHta Poccuiickoro Hayuynoro ¢onma Ne 18-19-00377,
https://rscf.ru/project/18-19-00377/.

Influence of preloading cyclic bending on the residual strength and stiffness of a composite
material
Zhikharev M. V.
SUSU, Chelyabinsk, Russia

As part of the study, specimens of GFRP, having the shape of a beam of equal strength, were made
for testing for cyclic alternating bending. The tests were carried out on an LDS V780 shaker using
specially designed equipment. The tests were conducted at two frequencies of 5 and 20 Hz and three
different amplitudes of 3 mm, 5 mm and 7 mm. For each frequency and amplitude, a different number
of loading cycles was investigated: 100, 500, 1000, 2500, 5000, 7500, 10000, 15000. After testing
for alternating bending, the residual strength and stiffness tests at three-point bending were carried
out. The dependences of the tensile strength and elastic modulus of the samples on the number of
preloading cycles were obtained. The tendency to decrease the residual strength and stiffness become
clearer, the larger the preload amplitude and reaches 41% at an amplitude of 7 mm. This is because,
at high amplitudes, there is an intensive accumulation of scattered microdamages in the outer layers
of the composite. At amplitudes of 3 and 5 mm, the loading frequency had practically no effect on
the accumulation of scattered microdamages in the samples, and the dependences of the residual
bending strength and stiffness on the number of cycles did not practically differ. At an amplitude of
7 mm, the differences are already pronounced and significantly exceed the experimental scatter. It
was assumed that the process of accumulation of scattered microdamages in the composite under
cyclic loading is influenced by the phenomenon of self-heating.

This work was financially supported by Russian Science Foundation (project No. 18-19-00377),
https://rscf.ru/project/18-19-00377/.

PobactHoe npoexTupoBanue npu FDM 3d-neuartn geraneii u y3ios camosietos u BILIA u3
MOJUMePHBIX KOMIO3HTHBIX MATEPHAIOB
3arugymnus P.C., Imurpues A.S1.
Camapckuii yauepcurer, r. Camapa, Poccus

C nosiBIIeHHEM HOBBIX IOJIMMEPHBIX KOMIIO3UTHBIX MAaTepUalioB, apMUPOBAHHBIX YTJICBOJIOKHOM U
Mertaudeckumu nopoiukamy, Texuonoruss FDM (Fused deposition modeling) 3D-meuatn ¢
Ka)XIBIM TOIOM HaxOOWUT Bce Oojee MIMPOKOEe NPHMEHEHHE B IPOM3BOACTBE AETANed U Y3JIOB
OecnuioTHBIX JerarenbHbiX anmnaparoB (BIIJIA) u camoneros. Texunonoruss FDM 3D-neuyatn
3aKJII0YaeTcs B MOCTpoeHH: 3D-Mo/en U3 pacIuIaBIeHHON TOJINMEPHOH HUTH, KOTOPasi HOCTYIIaeT
yepes Me4aTaollyo ToJ0BKy Ha pabounit croin. JJoctonncreom FDM 3D-neyatu B npou3BojACTBE
BIUIA u camMoIeToB sIBJISIETCS BO3MOXKHOCTh M3TOTAaBIMBATH AETAIM U y3JIbI IPAKTHIECKH JIFOOOH
reoMeTpudeckoil (opmbl 0e3 MOTEpH HPOYHOCTHBIX XapaKTEPUCTHK, TO €CTh BO3MOXHOCTb
IPUMEHEeHNs OHOHUYECKOT0 METO/a IIpoeKTHpoBaHus [1].

Ho Heo0xoauMo OTMETHTB, YTO BMECTE C BO3MOXKHOCTSIMH, KOTOpble obecreunBaetr FDM 3D-
IeyaTh M3 MOMMMEPHBIX KOMIIO3UTHBIX MaTEpHaloB, BO3HHKAIOT M HOBBIE IIPOOJIEMEI, Cpeau
KOTOpBIX: (OPMO — H pa3MepOHECTAOMIBHOCTh KOHCTPYKLHH, aedopmanus (KopoOieHwe)
KOHCTPYKIIHH, 00YCIIOBIIGHHOTO BIIMSIHHEM TEIUIOBBIX HAIPSHKEHUH, 00pa30BaHUe pa3phbIBOB BHYTPH
KOHCTPYKIMH M JApYTHe. YKa3aHHbIC MPOOJIEMBbI OYCBHHO BIMSIOT HAa MOJTYy4EHHE YCTOMYHMBBIX
BBIXOJIHBIX XapPaKTePUCTHK KOHCTPYKIIUH.

Jlns monmydeHHst KOHCTPYKUMM W3 MOJMMEPHBIX KOMIO3MTHBIX MAaTEpPHUalOB C YCTONYMBBIMH
BBIXOJHBIMHA ~ XapaKTepPUCTHKAMH B  YCIOBHSAX  a/UIUTHBHOTO IIPOM3BOACTBA  BO3HHKAET
HEOOXOIUMOCTh pa3padoTaTh MOJENb YIPABICHUS KaueCTBOM, KOTOpPas IO3BOJIUT OOECHEYUTh
CKBO3HOE DPa3BEpPTHIBAHHE TPEOOBAHMII M KadecTBA CHCTEMBI NPOCKTHPOBAHUS M H3TOTOBIICHHS
(FDM 3D-neuatn).

Pa3paboTana MoJeNs YIPaBICHUS KaUeCTBOM JeTalell M y3/I0B U3 IOIMMEPHBIX KOMIIO3UTHBIX
MaTepHalioB B YCIIOBUSIX aJAUTHBHOIO MPOM3BOJCTBA HAa OCHOBE MEXYHApPOIHBIX M POOACTHBIX
nozxxonoB. Ha craguu npoekTHpoBaHUSI HCTIONB30BAHBI CIEAYIONIHE POOACTHEIE ITOAX0bI M METOABL:
pasBepthiBaHne (yHKumH kadectBa QFD, aHamu3 BHIOB M IOCIEICTBUH IOTEHIMAIBHBIX
HecoorBeTcTBHi KOHCTpyKImu (DFMEA); na cragun msrotosnenus (FDM 3D-meuatn): meroxn
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aHaJIM3a «JIePEeBa OTKA30B», aHAJIM3 BUJIOB U MOCICACTBII MOTCHIMAIBHBIX OTKA30B 000PYyI0BaHHs
(MFMEA), ananu3 BHIOB U MOCIEACTBUN NOTEHIMAIBHBIX HecooTBeTcTBUil nponecca (PFMEA) u
MeToJl poOacTHOro npoekTupoBanus TaryTu.

JIuteparypa:

1. R Zagidullin, D Antipov, A Dmitriev and N Zezin Development of a methodology for
eliminating failures of an FDM 3D printer using a “failure tree” and FMEA analysis. In: Journal of
Physics: Conference Series 1925 (2021) 012085. doi:10.1088/1742-6596/1925/1/012085.

Robust design for FDM 3D printing of aircraft and UAV parts and assemblies from polymer
composite materials
Zagidullin R.S., Dmitriev A.Ya.
Samara University, Samara, Russia

With the advent of new polymer composite materials reinforced with carbon fiber and metal
powders, FDM (Fused deposition modeling) 3D printing technology is increasingly used every year
in the production of parts and assemblies for unmanned aerial vehicles (UAVs) and aircraft. FDM
3D printing technology consists in building a 3D model from a molten polymer filament, which flows
through the print head onto the desktop. The advantage of FDM 3D printing in the production of
UAVs and aircraft is the ability to produce parts and assemblies of almost any geometric shape
without loss of strength characteristics, that is, the possibility of using the bionic design method [1].

But it should be noted that along with the possibilities provided by FDM 3D printing from polymer
composite materials, new problems arise, including: shape and size instability of the structure,
deformation (warping) of the structure due to the influence of thermal stresses, the formation of
ruptures within the structure, and other. These problems obviously affect the obtaining of stable
output characteristics of the structure.

To obtain a structure from polymer composite materials with stable output characteristics in
conditions of additive manufacturing, it becomes necessary to develop a quality management model
that will ensure end-to-end deployment of the requirements and quality of the design and
manufacturing system (FDM 3D printing).

A model has been developed for quality control of parts and assemblies made of polymer composite
materials in conditions of additive manufacturing based on international and robust approaches. At
the design stage, the following robust approaches and methods were used: Quality Function
Deployment (QFD), Design Failure Mode and Effects Analysis (DFMEA); at the manufacturing
stage (FDM 3D Printing): Failure Tree Analysis Method, Machinery Failure Mode and Effects
Analysis (MFMEA), Process Failure Mode and Effects Analysis (PFMEA), and Taguchi Robust
Design Method.

References:

1. R Zagidullin, D Antipov, A Dmitriev and N Zezin Development of a methodology for
eliminating failures of an FDM 3D printer using a “failure tree” and FMEA analysis. In: Journal of
Physics: Conference Series 1925 (2021) 012085. doi:10.1088/1742-6596/1925/1/012085.

HccienoBanne MexaHH4eCKHX CBOMCTB KOMIIO3HIIHOHHBIX MATePHAJIOB HA OCHOBE
KapOOHHU30BAHHBIX MOJTHMEPHBIX MATPHIL
"rnarses C.J., *Cratnuk E.C., 'Ctenamxun A.A.
'"HUTY MUCHUC, *Ckonrex, T. Mocksa, Poccnus

KomnosunuonHele  MaTepuanabl Ha  OCHOBE  3JaCTOMEPHBIX  MAaTpML, IOJBEPTHYTBIX
HHU3KOTEMIIEPaTypHOIl KapOOHHU3AIMY, IPEACTABIIOT OONBINOH HHTEpeC IS UCCICHOBAHHN H
SIBJIAIOTCSl TIEPCIIEKTUBHBIM HAIIpaBJIEHHMEM B COBPEMEHHOM MaTepHajoBesieHHH. Mmeromuecs Ha
JTAaHHBIA MOMEHT KOMIIO3UTBHI, 00713 Jal0NIKe TOIUMEPHBIMI MATPHUIIAMHU, HMEIOT JOCTaTOYHO HH3KHE
TEIUIOBBIE PEXHMMBI 3KCIUTyaTallMM, Bapbupyoomuecs B mpenenax or 150 mo 200°C. Taxxke
CYIIECTBYIOIYE HAa JAAaHHBIH MOMEHT HOJIHMEpEL, 03BoIsIomue chopMUpoBaTh MaTepuan ¢ 6omnee
BBICOKUMH TEMIIEPATYyPHBIMU PEXUMaMH PaOOThI, HPEACTABICHBI JJOCTATOYHO HEMHOIOYHCIICHHON
TPYNIOH, BKJIIOYAaOUIed B ce0s ()EHONBHBIE CMOJBI, MOAMIPUPIDUPKETOHBI, TOTUUMHIBI U
dranonuTpuist [1, 2]. OxHako, Takue MaTepHabl 00JIaAI0T PSIOM CYLIECTBEHHBIX HEJJOCTATKOB, &
MMEHHO: BBICOKasi CTOMMOCTb ¥ OTCYTCTBHE CEpHITHOTO MPOU3BOACTBA Ha TeppUTOpuH Poccuiickoit

denepanyy, 4TO 3HAYUTEIEHO YBEITMIUBACT LIEHY TOTOBOI MPOIYKIHH.
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B Hacrosimee Bpems Ha 6aze HUTY «MUCuC» Benercs: pa3paboTka HOBBIX KOMIIO3HIIMOHHBIX
MaTEepHAIOB Ha OCHOBE OJAaCTOMEPHBIX MATPHUL, MOJBEPTHYTHIX  HU3KOTEMIIEPATYPHON
kapOoHu3zanmu. Mcrnons3oBaHUE Pa3IUMYHBIX JIMCKPETHBIX HAIMONHHUTENEH (YIJEpoJHOE BOJIOKHO,
KapOua KpeMHust, rpaduT ¥ Ipyrue) Mo3BOISIET cOPMHUPOBATH KOMITO3HIIMOHHBIE MaTEpHAIbl C
BBICOKUMH  (PU3MKO-MEXaHHYECKHMH, TEIUIOBBIMH M TPUOOJIOTMYECKMMU CBOWCTBAMHU IS
9KCILTyaTall{i B ONPEACICHHBIX YCIOBHUSIX.

IpennaraeMsblii TOX0/ MPOM3BOJCTBA KOMIIO3HI[HOHHBIX MAaTEPHANIOB MO3BONSET 3HAYUTEIHHO
CHU3HUTH CTOMMOCTH TOTOBBIX M3/ICIHMil 3 CUCT HCIIOIB30BAHUS JOCTYIIHOTO M JCIICBOTO CHIPbS, a
TaK)Xe, MCIIOJIb30BAHUS TEXHOJIOIUH IIPOM3BOJCTBA PE3NHOTEXHHYECKHUX H3/ENHi, M03BOJISIOLICH
[OJTy4aTh M3/EIUs TOTOBOI (hOPMBI ellle Ha Ha4aIbHON CTaJUH IPOU3BOJCTBA.

AKXTyasbHOM HayqHO-MCCIIEIOBATEIBCKON 3a/aueil BBICTYIIAeT MCCIICIOBAHHE M aHAJIHU3 LEJIOro
Ppsiia MEXaHHYECKHUX XapaKTEPUCTHK, TAKUX KaK: IPOYHOCTH, TPEIINHOCTONKOCTD, @ TAKXKE BEJTMYMHA
BHYTPCHHHX HAlpsDKCHHH, BO3HHKAKOMIMX B IIOJMMEPHOM KOMIIO3WTE HAa  Pa3iMYHBIX
[IPOM3BOJICTBEHHBIX CTA[MsAX. TOYHOE OMPEACICHUE BBINICYKA3aHHBIX XapPAKTCPHCTHK MO3BOJUT
copMHPOBaTh Mpe/ebHbIE IKCIUTYyaTAlHOHHBIC PEXNUMbI (YHKIMOHHPOBAHUS MarepHala H
CHHU3HTH CTENCHb U3MEHCHHS €ro FECOMETPHHU B MPOLIECCE IPOM3BOACTBEHHOTO LIUKIIA.

1. Nair, C.P.R. Advances in addition-cure phenolic resins // Prog. Polym. Sci. 2004, Ne29,

p. 401-498.

2. Iwakura, Y., Uno, K., Takiguchi, T. Syntheses of aromatic polyketones and aromatic polyamide
//'J. Polym. Sci. 1968, Ne6, p. 3345-3355.

Investigation of mechanical properties of composite materials based on carbonized polymer
matrices
Tgnatyev S.D., *Statnik E.S., 'Stepashkin A.A.
'NUST MISIS, 2Skoltech, Moscow, Russia

Composite materials based on elastomeric matrices subjected to low-temperature carbonation are
of great interest for research and are a promising direction in modern material science. Currently
available composites with polymer matrices have sufficiently low thermal operating conditions,
ranging from 150 to 200 C. Also, currently, existing polymers that allow the formation of a material
with higher temperature modes of operation are represented by a rather small group, including
phenolic resins, polyether etherketones, polyimides and phthalonitriles [1, 2]. However, such
materials have a number of significant disadvantages, namely: high cost and lack of mass production
in the territory of Russian Federation, which significantly increases the price of finished products.

Currently, new composite materials based on elastomeric matrices subjected to low-temperature
carbonation are being developed on the basis of NUST MISIS. The use of various discrete fillers
(carbon fiber, silicon carbide, graphite and others) makes it possible to form composite materials with
high physicomechanical, thermal and tribological properties for operation under certain conditions.

The proposed approach to the production of composite materials makes it possible to significantly
reduce the cost of finished products through the use of affordable and cheap raw materials, as well
as the use of technology for the production of rubber products, which allows to obtain finished
products at the initial stage of production.

An urgent research task is the study and analysis of a number of mechanical characteristics, such
as: strength, fracture toughness, as well as the magnitude of internal stresses arising in a polymer
composite at various production stages. Accurate determination of the above characteristics will
allow to form the maximum operating modes of the material and reduce the degree of geometry
changings during the production cycle.

1. Nair, C.P.R. Advances in addition-cure phenolic resins / Prog. Polym. Sci. 2004, Ne29,

p. 401-498.

2. Iwakura, Y., Uno, K., Takiguchi, T. Syntheses of aromatic polyketones and aromatic polyamide
//'J. Polym. Sci. 1968, Ne6, p. 3345-3355.
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MeToauKka OleHKH OIHOKH H3MepPeHHs BeIMYUHBI 0TePh JHEPIrud B 00TeKaTe X
cepuyeckoii uan chepouuaHHIpUIecKOii HPopMbI
Jlapun A.A.
MAM, r. Mocksa, Poccust

B u3BecTHBIX METOaX H3MEPEHUs BEIMYHHBI IOTEPh B 00TEKATeNIX IPHHATO, YTO U3MEPSAEMbIH
CEerMeHT (30Ha 00TeKaTesl, HaXOAIAsACs Nepejl U3MEPUTEIbHON aHTEHHOM B IPoLiecce H3MEPEHHU)
nMeeT IIocKyio Gopmy. OnHako, 0OTeKaTeNnH, B OONBIIMHCTBE CIy4aeB, IPOCKTHPYIOTCS C yIETOM
TOTO, YTO €ro, B MPOIIECCE IKCIUTyaTalluH, J0JDKHA 00TEKaTh BHEIIHSSA CPE/Ia, B CIIEJCTBHE 3TOTO, OH
CONEP)KAT KPHUBOJIMHEWHbIE MOBEPXHOCTH. Ha mpakTuke mMpokoe HPHMEHEHHE MHONYIHIN
obrekareny chepruuecKkoil i chepOLMITHHIPUIECKOH GOPMEL

Ipu npoBegeHUN W3MEPEHUH BENUYHHBI IOTEPh YHEPIUH, BHOCHMBIX TAKUMHU OOTEKAaTEIsIMH, B
CIICJICTBUU WX KPUBHU3HBI, TUIOCKAs 3JIeKTpOMarHuTHas BonHa (OMB) Oyzet MMeTh pasHblil MyTh 1
yron majeHHs B LEHTPE H HA Kpasx H3MEpsIeMOro CErMEHTa, 4YTO HEH30eXKHO BHOCHT
JIOTIOTHUTEIBHYIO OMINOKY B Pe3yJIbTaThl H3MEPECHUH.

Pacnpoctpanenne DMB B mpocTpaHCTBE 3aBUCUT OT psifa (PaKTOPOB (IUIIEKTPUUECKUX CBOHCTB
cpensl pacmpocTpaHeHHs, yria nageHuss OMB Ha rpanunmy paspmena aByx cpex u np.). Ilpu
MPOBEJCHUH KOHTPOJIA CHEepuyecKoro Win chepoummmHapuueckoro oorekarens, OMB npoxoaur
110 HOPMaJlM TOJIBKO B IIEHTPE M3MEPSAEMOr0 CErMeHTa. B OCTalbHBIX TOYKAX, M3-32 KPUBH3HBI
crenky, OMB mpuxomutr mox yriom. Ilpu mpoxoXIeHHH BOIHBI IOJ YIJIOM, YBEIHUHBAECTCS
TOJIIMHA CTEHKH M, CJIEJJOBATENbHO, IyTh BOJIHBI B JAHHOH TOYKe. DTH (DaKTOPHI OKa3bIBAIOT
OTPHULATENILHOE BIUSIHUE HA TOYHOCTH IIPOBEACHUS H3MEPEHHI BETHIHNHEI IIOTEPb.

Jl1s ynpoIeHHO! OLEHKU BIMSHUA KPUBHU3HBI OOTEKATeNs Ha Pe3yJIbTaT M3MEPEHHs BEINYHHEI
MoTepb, paccMaTpuBaeTcsi MpoxoxiaeHuss DMB (pacuer BeNMUYMHBI NOTEPb) B JBYX TOUKaX,
COOTBETCTBYIONIUX IIEHTPY M Kparo, H3MepsieMoro cerMmenTa. [IpuBouTCes pacueT BeIM4YNH MOTEPh B
yKa3aHHBIX BbIIIe Toukax. [1o MOMyueHHBIM JaHHBIM OLIEHUBAETCS] BEIMYHHA BEPOSITHO BHOCHMOI
OMIMOKN B pe3yNbTaT N3MEPEHHs BEITMIHHBI TOTEPh P N3MEPEHNN o0TeKkarenel cdepruueckoi nm
cheponmmHapuyeckoit popmbl. JaloTCs PEKOMEHIALMH 10 YMCHBIICHUIO BEINYMHBI BHOCHMON
OIINOKY.

Methodology for estimating the error of measuring of energy loss in spherical or spherical-
cylindrical radomes
Larin A.A.
MAI Moscow, Russia

In the known methods of measuring radome loss, it is assumed that the segment to be measured
(the area of the radome in front of the measurement antenna during the measurement process) has a
flat shape. However, radomes, in most cases, are designed on the assumption that it has to be flown
by the external environment during operation, hence, it contains curvilinear surfaces. In practice,
radomes of spherical or spherical-cylindrical shape are widely used.

When measuring the magnitude of energy loss brought by such radomes, due to their curvature, a
plane electromagnetic wave (EMW) will have a different path and angle of incidence in the center
and on the edges of the measured segment, which inevitably introduces an additional error in the
measurement results.

EMW propagation in space depends on a number of factors (dielectric properties of the propagation
medium, the angle of incidence of EMW on the interface between two media, etc.). When controlling
a spherical or spherical-cylindrical radomes, the EMW passes along the normal only in the center of
the measured segment. In other points, due to the curvature of the wall, the EMW comes at an angle.
As the wave travels at an angle, the wall thickness and therefore the path of the wave at that point
increases. These factors have a negative effect on the accuracy of loss measurements.

For a simplified assessment of the influence of radomes curvature on the result of loss
measurement, we consider the EMW transmission (loss calculation) in two points corresponding to
the center and the edge of the measured segmantle. Calculation of losses in the above points is given.
According to the obtained data, the value of probable introduced error in the result of loss value
measurement at measurement of radomes of the spherical or spherical-cylindrical form is estimated.
Recommendations on reduction of the value of the introduced error are given.

79



JKCIePpHMEHTAJIbHOE HCCIeJ0BAHHe MeT0J0B CHILKeHUS () (eKTHBHOro K03 uIeHTa
KOHIEHTPALUYU HANPSKEHUH B MOJIMMEPHBIX KOMIO3UTHBIX MaTepHaJIax
Jlemko E.B., Onusenko H.A., Kynpssues O.A.

IOYpI'Y, r. Yensbunck, Poccust

CHWKEHUE BIMSHUS KOHLECHTPALMKM HANPSOKEHWH Ha MPOYHOCTH MOJMMEPHBIX KOMIIO3UTHBIX
MaTepUaJloB IO-TIPEXKHEMY OCTAaeTCs aKTyaJIbHOM 3ajaueil npu pa3paboTKe M NPOEKTUPOBAHUU
HOBBIX OTBETCTBEHHBIX BBICOKOHATPYXXCHHBIX KOHCTPYKLMHA. MexcioeBas rubpuausanus —
KOMOWHHUPOBAHNE B OJHOM [IAKETE CJIOEB C PA3INYHON JeopMarLvell pa3pyIieHust — B psijie ClIyqacs
MO3BOJISIET MIPOEKTHPOBATh KOMIIO3UTHI, MaJIOYyBCTBUTENIbHBIE K JNedektam. OnHaKo, B mpolecce
JehOpMHUPOBAHMS TAKHX MaTEPHAJIOB HAOIIOAETCS HE TONBKO HAKOIUICHHE OBPEXKICHHUI B OZHOM
13 KOMIOHEHTOB, HO ¥ MEXXCIIOMHBIE pa3pyleHus. B yacTHOCTH, pa3pylleHne CI0eB yriemiacTuKa
B COCTaBe '’HOPH/IOB Ha OCHOBE yIJIe- H CTEKJIOTKAHU MOYKET IPUBOIUTH K OOIIUPHEIM PacCIOCHHSIM.
B »sToM cnyyae npanbHeinas SKCIUTyaTalldsi H3ACIMHA 3a4acTyl0 OKas3bIBaeTCd HEBO3MOXKHOM
BCJICACTBHE PE3KOTO CHIDKCHUS] HECYyIIeH CIIOCOOHOCTH KOHCTpYKIHMH. IlommMmo 3Toro,
rHOpUIN3ALUS TAK)KE MOXKET MPUBOJUTH K CHIDKCHHIO MHTETPANBHBIX XapaKTEPUCTUK MPOYHOCTU
MaKeTa OTHOCUTENIbHO UCXOJHBIX MaTepHaIOB.

LlenecooOpa3HOCTh  NPUMEHEHHS THOPUAM3ALMM  HAOpPSMYIO  3aBHCUT OT  METOAMKHU
NIPOCKTUPOBAHUS KOMIIO3UTHOI'O MaTepuaja W MCIOJIB30BaHHBIX IIPU  €ro  HM3rOTOBJICHUU
TEXHOJIOTHYECKUX NPUEMOB. B aHHOI1 paboTe paccMOTpeHbl THOPHIHBIE KOMITO3UTHBIE MAaTEPUAIIbI
C BBIPQ)XCHHOMU IUIOLIAJIKON NCEBJOTEKYUECTH, apMUPOBAaHHbIE CTEKJIO- M YIVIETKaHAMH. B xone
paboThl OBLIO HCCIIENOBAHO BIMSHUE XapakTepa JuarpaMmbl Je(popMHUpOBaHUs, YKIAJIKH CIOEB
JKECTKOTO KOMIIOHEHTa M TOHKHX IOJVMEPHBIX Byadeil Ha d(QeKTHBHBIN KOod(hPUIUEHT
KOHLIEHTPAIMU HANpsDKEHUH. 1I1st IPOEKTUPOBAaHKS YKIIAI0K UCIIOIb30BAJICA paHee pa3padoTaHHbIN
nporpamMHelii mpoxykT FARGR-2. YcraHoBieHO, uT0 MaTepHanbl 6e3 BBIPaXKEHHOTO y4acTKa
YIOPOYHEHHS TOCTEe IUIOMAAKH IICEeBIOTEKYYeCTH Ha auarpamMme aeGOpMHpOBAHHS MEHee
JyBCTBUTENLHEI K Jle(heKTaM B BUJIE CKBO3HBIX OTBEPCTHH IPH pacTskeHHH. OTMEUCHO CHIKCHHUE
paspymatomux HanpspkeHuid a1 [IKM, B KOTOPBIX CIIOM JKECTKOTO KOMIIOHEHTAa PacroiaraloTcs
OJIKe K TOBEPXHOCTH. IIOMHMO 3TOro, MPOJEMOHCTPUPOBAHHO TOBBIIICHAE CTaOMILHOCTH
paspyuieHus THOPUAHOTO KOMIIO3UTHOTO MaTepHala ¢ IIOMOLIbIO TIOBOPOTA CJIOEB YIJIECIUIACTHKA Ha
yroa 10° 1 uCroab30BaHuUs TOHKHX MOJMMEPHBIX Byaleil Mex1y HUMH.

HccnenoBanue BBINOMHEHO 3a cyeT rpaHta Poccuiickoro naywnoro ¢onma Ne 18-19-00377
https://rscf.ru/project/18-19-00377/.

Methods for reduction of effective stress concentration factor in polymer composite
materials: Experimental study
Leshkov E.V., Olivenko N.A., Kudryavtsev O.A.
SUSU, Chelyabinsk, Russia

The reduction of stress concentration effect on the composite material strength is still a significant
problem during the development and design of new critical high-load structures. Interlayer
hybridization, which is a combination of layers with different failure strains in the laminate, allows
to design composites with defects insensitivity in some cases. However, not only the damage
accumulation but also interlayer fracture are observed in one of the laminate components during the
loading of such materials. In particular, the rupture of CFRP layers can lead to extensive delamination
in GFRP/CFRP hybrids. In this case, further structure exploitation is often impossible due to a
significant bearing capacity decline. In addition, hybridization can also lead to a decrease of the
laminate integral strength characteristics in comparison with the origin materials.

The hybridization feasibility directly depends on the methodology of composite material design
and the technological methods being used during the manufacturing process. In this work, hybrid
composite materials with extended pseudo-ductile area based on glass and carbon fabrics were
studied. The influence of stress-strain curve, low-strain component position in a laminate layup, and
thin polymer veils on the effective stress concentration factor was researched. The previously
developed software FARGR-2 was used for layup design. It was found that materials without
extended strain hardening area on the stress-strain curve were less sensitive to hole defects in tension
tests. Also, failure stresses decrease was observed for composite materials with stacking sequence
where low-strain layers were close to the outer surface of the laminate. In addition, the placement of
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CFRP layers at small angles (no more than +£10°) to warp direction and using thin polymer veils
between them led to an increase in the hybrids fracture stability.
This work was financially supported by Russian Science Foundation (project No. 18-19-00377).
https://rscf.ru/project/18-19-00377/.

KiuMaTnyeckoe crapeHie MoJMMepPHOTr0 KOMIO3UTA HA 0CHOBE 3NMOKCHBUHHIII(GUPHOTO
CBSA3YIOLIEro
Mausiuesa JI.I1., [Tpouenko A.E.
KHATY, r. Komcomonbck-Ha-Amype, Poccust

B obnacty aHanqn3a BIHSHUS KIMMAaTHYECKOrO CTApeHMs 3HaYMTENbHAs 10Js pabor B Poccuu
BemosiHeHa B ®I'YII BUAM [1-2]. Bonbnioe 3HaueHne B JaHHBIX paboTax yaensieTcs mapaMerpam
JIOJITOBEYHOCTH MOJTUMEPHBIX KOMIIO3UTOB B YCIOBHSIX aTMOC(EpPBI TEIIOT0 BIaXKHOTO U yMEPEHHO
TEIUIOro KJIMMaTa, PACCMOTPEHO BIIMSHHE JUTUTEIBHBIX CTATHYECKHX HArPy30K HA TEMIIbI CTAPEHUS
B YCJIOBHSIX HATYpPHBIX M J1a0OpaTOpPHBIX HcHbITaHuil. [IpoOnemoli B naHHOW 00nacTH sBISETCS
OTCYTCTBHE CHCTEMAaTHYECKHUX TaHHBIX O ITOBEICHUH MONMMEPHBIX KOMIO3HIHOHHBIX MAaTEPHAIOB
(ITKM) B pa3nuuHbIX KIMMATHYECKUX 30HAX.

B pamkax BBINOJHEHHOH pabOTHI NPOBOIMINCH KIMMATHYECKHE HATYpHbIE M YCKOPEHHBIE
ucnbitanus [IKM Ha Teppuropun Xabaposckoro kpast JlansHero Bocroka.

HccnenoBanuch  CTEKIOIUIACTHKH, — BBIIOJHEHHBIE METONOM  BaKkyyMHOH HHQY3uH H3
3MOKCUBUHWIA(HUPHOTO cBsizytomiero Derakane 411-350 u nonorHsHo# cTekinorkanu XK Kommnosur
Cr-62004. O6pa3us! MoABEpraIuch HOCTOTBEPXKACHHUIO Tpu TemuepaTtype 120 °C B TeueHnH 2 4acos,
II0CJIe 4ero OTHPABIISUIMCEH Ha HCIIBITAHMUS.

Y CTaHOBIICHO, YTO B YCJIOBHSX HATYPHON SKCIIO3HIMH B IIEPBEIE 4 MecsIa 00pasiia He3HAYUTEIILHO
ymnpounsiercs. Ilpenen mpodHocTH mpH cTaTHdeckoM usrube yeemuumics Ha 1,7 %. Ilpu
JanbHeNIel SKCIIO3UIIN TPOYHOCTHEIE CBOMCTBA CHIDKAIOTCS Ha 3 % OT MHKOBOTO 3HAYCHHSL.

VCKOpEHHbBIE UCIBITAHUS NPOBOIMINCH B YCIOBHSX TCIUIOBIQXKHOCTHOIO CTapeHHU 0OpasIoB.
JloynpouHeHne CTEKIONIACTUKOB IPH 3TOM J0CTHYb 3a 59 1 npu temneparype 50 °C.

HccnenoBanue BHIMOJIHEHO 3a cyeT rpaHTa Poccuiickoro HayuyHoro donna Ne 21-79-00246

Jlureparypa:

1. Lebedev M. P., Startsev O. V., Kychkin A. K. The effects of aggressive environments on the
mechanical properties of basalt plastics //Heliyon. — 2020. — T. 6. — Ne. 3. — C. e0348]1.

2. Startsev O. V., Krotov A. S., Golub P. D. Effect of climatic and radiation ageing on properties
of glass fibre reinforced epoxy laminates //Polymers & polymer composites. — 1998. — T. 6. — Ne. 7.
—C. 481-488.

Climatic aging of polymer composite based on epoxy vinyl ester binder
Malysheva D.P., Protsenko A.E.
KnASTU, Komsomolsk-on-Amur, Russia

In the field of analysis of the influence of climatic aging, a significant part of the work in Russia
was carried out at All-Russian Institute of Aviation Materials [1-2]. Much importance in these works
is given to the parameters of the durability of polymer composites in an atmosphere of a warm humid
and moderately warm climate, the influence of long-term static loads on the aging rate under
conditions of full-scale and laboratory tests is considered.

In the presented work performed climatic full-scale and accelerated tests of PCM. All experiments
were carried out on the Khabarovsk Territory of the Far East.

Fiberglass reinforced plastics Investigated in work were made by the vacuum assisted resin transfer
molding (VaRTM) of epoxy vinyl ether binder Derakane 411-350 and linen fiberglass HC Composite
St-62004. The samples were post-cured at a temperature of 120°C for 2 hours, after which they were
sent for testing.

Fiberglass reinforced plastic samples hardened in the first 4 months under conditions of full-scale
climatic exposure. The bending strength increased by 1.7%. With further exposure, the strength
properties decrease by 3% from the peak value.

Accelerated tests were carried out under conditions of heat and moisture aging of the samples. In
this case, additional strengthening of fiberglass plastics can be achieved in 59 hours at 50°C.

The study was supported by a grant from the Russian Science Foundation No. 21-79-00246.
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HccienoBanue (pakTopoB, BHI3bIBAIOLIUX KOPOO/IeHHEe KOHCTPYKIMIi U3 OJIUMEPHO-
KOMIIO3HIIHOHHBIX MATePHAJIOB HA YIJIEPOHON OCHOBE, 0JIy4YeHHBIX METOI0M
BBICOKOTEMIIEPATYPHOT0 ()OPMOBAHHSI
"Hexpasues E.H., 'Cadonos K.C., 2Orypuos I1.C.

'BI'TY, 2 ®umman [TIAO «Mm» - BACO, r. Boponex, Poccus

B Boponexckom I'TY Bexmyrcs paGoThl 1O MCCIICAOBAHHIO U aHAIM3Y NPUYMH BO3HUKHOBEHUS
KOpOOJIeHNUS ITaHeNel a9pOANHAMIYECKHX IIOBEPXHOCTEH JIeTaTeNbHbIX allllapaToB, H3TOTOBIEHHBIX
U3 COBPEMEHHBIX OTEYECTBEHHBIX MOIMMEPHO-KOMIO3UIHOHHBIX MaTepuanoB (ITKM) Ha ocHose
CTEKJIO- H YIVIEAPMHUPYIONIMX BOJOKOH M BBICOKOTEMIICPATYPHBIX CBSA3YIOIIHX, B IIpoIecce
aBTOKJIABHOTO (JOPMOBaHHS.

Ilens pa®oTHI: aHANM3 HNPHYMH BO3HUKHOBEHMS U IOUCK BAPUAHTOB YCTPAHEHHS KOPOOIICHUS
koHeTpykumii u3 IIKM Ha yriepogHol OCHOBE, M3TOTOBJICHHBIX 10 TPENPEroBOd TEXHOJIOIMU U
BBINOJIHAIOMMX (QYHKIMH adpPOJHHAMHYECKAX IIOBEPXHOCTEH COBPEMEHHBIX OTEUECTBEHHBIX
aBUaIafHEPOB.

PaccmoTpeH ofHOHampaBieHHBIH Tpenper Ha yriiepoaHoit ocnobe KMKY.2M.120.2.0145, ms
KOTOPOTO:

a) BBIBJICHBI (DaKTOPBHI, BIUSIONIME HAa BO3SHUKHOBEHHE M BEIMYMHY KOpOOIEHHs (MOBOIKY)
MOHOJIMTHBIX ¥ MHOTOCJIOIHBIX (COTOBBIX) KOHCTpYKIMit n3 [TKM Ha yka3aHHOM mperpere;

0) pacCMOTPEHBI IIOCKUE 00pas3Iibl, IPOBEICH NOAO0P CXEM PaBHOBECHOH YKJIaJKH MOHOJIHUTHBIX
OOIINBOK;

B) MIPOBEICH CPABHHUTEIbHBI aHANN3 MOBEACHUS MOHOIMUTHBIX OOIIMBOK, IONYYEHHBIX U3
OJHOHAIIPABJICHHBIX IPENPEroB Ha CTCKISTHHOW M YIVIEPORHOH OCHOBAaxX IIOCIE TEPMHUYECKOH
MIOJIUMEPH3aIUH CBA3YIONIET0;

T) mogoOpaHa paBHOBECHAsI YKJIaJKa OOIIMBOK MHOTOCIIOMHBIX (COTOBBIX) MaHENeH U3 IPeIperos
Ha yrJIepoJHOW ocHOBE U coToBoro 3anoinutens [1CII-1-2,5T1-64 Ha mnockux oOpasiax;

HccnenoBanus NpoBOAMIIMCE Ha IIIOCKHX oOpasiax. st u popMoBanus 06pa3IioB IPUMEHSIOCH
obopynoBaHue B coctaBe: mpecc JabopaTopHbiii Langzaunerperfect LZT-UK-25-L ¢ TepmocTatom
u npecc nadoparopusiii Langzaunerperfect LZT-UK-25-L ¢ anekTpoHarpesom.

Temmeparypa ¢opMoBaHHsS 00pa3LOB Ha3HAdajlach B CTPOIOM COOTBETCTBHU C PEXHMaMU
MOJIMMEPH3ALMH CBS3YIOIero npemnpera u cocrasisuia 180+5°C B tewenue 3,0+0,5 u. JlaBneHue
(dopMOBaHWsI Ha3HAYAJIOCh B COOTBETCTBUHM C KOHCTPYKIHEH 00pasmoB M cocraBuio: 5,5+0,5
Krc/cM? [Tt MOHOJIMTHBIX U 2,5+0,5 Kre/cM? UIst MHOTOCIIOMHBIX (COTOBBIX) 00PA3IIOB.

B pesynbTaTe npoBeeHHBIX HCCIEN0BAHUH TOTyUYEHBI CIIEIYIOIIUE PE3YIbTaThl:

a) KopoOieHHe o0paslia IPOUCXOAHUT BJONb HANpPABICHHS HEYpPAaBHOBEIICHHOW YCauKu
CBSI3YIOLIET0-3TO HAalPaBJIeHUE B INIOCKOCTH MaTepuaa, IepHeHIUKYIIPHOE OCHOBE;

0) BIUAHHE HANPABICHUS PACTKKU COT COTOBOIO 3AllONHHUTENS HAa BEIMYMHY U HAIpaBIICHHE
KOpOOJIEHHs JUIsi MHOTOCIIOMHBIX (COTOBBIX) 00PA3IIOB HE BBIABIICHO;

B) I cOATaHCHPOBAHHOH YKIIAIKH MOHOJIHTHOM KOHCTPYKIIMH, HEOOXOOHMA ee KOMIICHCAIHs
CHUMMETPHYHBIMH MOHOCJIOSIMH OTHOCUTEINIBHO LeHTpaibHoro Monocios (0/90/0; 90/0/90; +45/90/-
45/0/-45/90/+45) nnu cuMMeTpudHas yKJIa[Ka MOHOCIOEB 0e3 IieHTpabHOro cinos (+45/90/-45/0/0/-
45/90/+45), nmpruyeM KOJIMYECTBO CIIOEB HE OrPaHUYCHO;

T) yKJajgka MoHocnoes, tina 0/90; +(-)45/0; +(-)45/90; +45/-45 cOanaHCUpOBAHHOW HE SBISIETCS
U TpPUBOAMT K KOpOOJIEHMIO, TpUYEM, yKJIaJgKka MoOHocioeB +45/-45 sBisercs HamOonee
HEypaBHOBEIICHHOH U IPUBOAUT K MAKCHMAIbHOMY JHArOHAIBHOMY KOPOOICHHIO;

) CpaBHHUTEIBHBIM  AQHAIM3 IOBEJICHHMS MOHONUTHBIX OOpas’loB, IIONYYCHHBIX U3
OJIHOHAIPABJICHHBIX TPENPEroB Ha CTEKISHHOW M YIVIEPOAHOM OCHOBAaX MOCIEC TEPMUYECKOH
TIOJIMMEPH3AIIAH CBSI3YIOIIETO IOKa3all HACHTHYHOCTD HAaIIPaBJICHNs KOPOOIICHUS, IPHYEM BEJIMIHHA
KOpOOIeHUsI KOHCTPYKIUH U3 IPEHPeroB Ha yrIIepoaHON OCHOBE OKa3anach Ha 7-10% MeHble;
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€) MoJTy4eHbl PABHOBECHBIC MHOTOCIIOIHBIE (COTOBBIC) KOHCTPYKIIMH C YKJIAJIKOH B JiBa Iepexo/a:
nepBbelit mepexon (+45/90/-45/0/TICI1) — nHabmromancst CHIBHBI BUHT IIOCIE DPEKHMa; BTOPOH
nepexon (HakiaenBanue Ha [ICIT cnoes 0/-45/90/+45 u obuias cxema obpasua +45/90/-45/0/T1CI1/0/-
45/90/+45) — nony4eH uneasbHO POBHBINA 00pasel, T.e. B MHOTOCIOWHBIX 00pa3slax HeoOxoauma
CHMMETPHS OTHOCUTEILHOTO COTOBOT'O 3aIIOJIHUTEIS, KaK LIEHTPAJIbHOTO CIIOS.

Investigation of factors causing warpage of structures made of polymer-composite materials
on a carbon basis, obtained by high-temperature molding
"Nekravtsev E.N., 'Safonov K.S., 2Ogurtsov P.S.
'VSTU, 2PJSC “II” - VASO Branch, Voronezh, Russia

At the Voronezh STU, work is underway to research and analyze the causes of warping of
aerodynamic surface panels of aircraft made of modern domestic polymer composite materials
(PCM) based on glass and carbon reinforcing fibers and high-temperature binders during autoclave
molding.

Purpose of the work: analysis of the causes of occurrence and search for options for eliminating
warpage of structures made of PCM on a carbon basis, manufactured using prepreg technology and
performing the functions of aerodynamic surfaces of modern domestic airliners.

A unidirectional carbon-based prepreg KMKU.2M.120.E.0145 is considered, for which:

a) the factors influencing the occurrence and magnitude of warpage (leash) of monolithic and
multilayer (honeycomb) structures made of PCM on the indicated prepreg were identified;

b) flat samples were considered, the selection of schemes for equilibrium laying of monolithic skins
was carried out;

¢) a comparative analysis of the behavior of monolithic skins obtained from unidirectional prepregs
on glass and carbon bases after thermal polymerization of the binder was carried out;

d) an equilibrium laying of skins of multilayer (honeycomb) panels made of carbon-based prepregs
and PSP-1-2.5P-64 honeycomb filler was selected on flat samples;

Investigations were carried out on flat specimens. For the molding of the specimens, the equipment
was used consisting of a laboratory press Langzaunerfect LZT-UK-25-L with a thermostat and with
electric heating.

The molding temperature of the samples was set in strict accordance with the polymerization
modes of the binder prepreg and was 180+5°C for 3.0+0.5h.The molding pressure was assigned in
accordance with the design of the samples and was:5.5+0.5kgf/cm2 for monolithic and
2.5+0.5kgf/cm?2 for multilayer (honeycomb) samples.

As a result of the research, the following results were obtained:

a) the warpage of the sample occurs along the direction of unbalanced shrinkage of the binder-this
is the direction in the plane of the material, perpendicular to the base;

b) the influence of the direction of stretching of the honeycomb honeycomb on the magnitude and
direction of warpage for multilayer (honeycomb) samples was not revealed;

c) for a balanced laying of a monolithic structure, it must be compensated by symmetrical
monolayers relative to the central monolayer (0/90/0;90/0/90;+45/90/-45/0/-45/90/+45) or
symmetrical laying monolayers without a central layer (+45/90/-45/0/0/-45/90/+45), and the number
of layers is not limited,;

d) stacking monolayers, type 0/90;+(-)45/0;+(-)45/90;+45/-45 is not balanced and leads to
warpage, moreover, the stacking of monolayers +45/-45 is the most unbalanced and leads to the
maximum diagonal warpage;

e) a comparative analysis of the behavior of monolithic samples obtained from unidirectional
prepregs on glass and carbon bases after thermal polymerization of the binder showed the identity of
the direction of warpage, and the value of warpage of structures made of prepregs on a carbon base
turned out to be 7-10% less;

f) equilibrium multilayer (honeycomb) structures were obtained with laying in two transitions: the
first transition (+45/90/-45/0/PSP)-a strong screw was observed after the regime; the second
transition (gluing layers 0/-45/90/+45 on the PSP and the general scheme of the sample +45/90/-
45/0/PSP/0/-45/90/+ 45)-a perfectly flat sample was obtained, i.e. in multilayer samples, the
symmetry of the relative honeycomb core as the central layer is required.
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H3yyenue 00beMHOIl CTPYKTYPBI HOJHMEPHBIX KOMIIO3HTHBIX MATEPHAIOB H MPOLECCOB HX
pa3spyleHusi METOAMH YJIbTPA3BYKOBO MUKPOCKOIIUH
Terpomok F0.C., *Prixosa T.5., 'Mopoxos E.C., Jlesun B.M.
"MBX® PAH, r. Mockaa, Poccus;
2[IAT'H, r. XKykoBckuii, Poccus

HecMotpst Ha pacTymmii 00beM apMHUPOBAHHBIX MOJIMMEPHBIX KOMIO3HIMOHHBIX MaTepHaIOB
(ITIKM) B aBHaKOHCTPYKLHSX, OxugaeMasi 3(G(HEKTUBHOCTD UX MPUMEHEHHUS [OKA HE JOCTHTHYTA.
3710 00YCIOBICHO TeTEPOreHHOCThIO M aHu30Tponuel ctpykTypbl [IKM, a Tarke 0COOCHHOCTBIO
[POLIECCOB  Pa3pPYLICHUss — MHOTOOYAaroBOCTHI0 HAa MHUKpOypoBHe. Hammydmmm meromoMm mst
HepaspylIarolell OLEHKH IIOBPEXIaeMOCTH MUKpocTpykTypbl IIKM sBisercss ynbTpa3BykoBas
BU3yanu3anys. MeToibl BBICOKOTO pa3pelieHUs, TAKHE KaK aKyCcTH4Yeckas MUKpockomwus [1-4],
HO3BOJIAIOT M3y4aTh CTPYKTypy KOMIIO3HTOB Ha MHKPOYPOBHE, OLIEHHBaTh HE TOJIBKO
TEXHOJIOTMYECKHE HECOBEPIICHCTBA, HO TAKXKE M3y4aTh MEXaHU3MbI (POPMUPOBAHMUS HOBPEKICHHUIT
B IIpolecce BO3AEHCTBHSI BHEIIHHMX (hakTOpoB. B OCHOBe MeTona MMITYJIbCHOH aKyCTHYECKOH
MHUKPOCKOIIUH JISKUT B3aUMOJICHCTBHE (DOKYCHPOBAHHOTO BBICOKOYACTOTHOTO MMIyibca (50-100
MI'n) ¢ ameMeHTaMH CTPYKTYphI (IpaHHI[AMH CIIOCB M HUTEH, PAacCIOCHUSAMH M TpelnuHamu). B
OTPaXXaTEIbHOM PEXUME 9XO-CHTHAIBI Pa3iINYaloTCs [0 BPEMEHH 3aICP/KKH, YTO IO3BOJSCT
OIIpeNIeNATh TIIyOUHY 3ajieraHus Ie(eKToB. AKYCTHYECKOe CKAaHMPOBAHHUE ITO3BOJSCT OLICHUBATH
KOJIMYECTBO MOBPEKACHUII MO BceMy 00BbEMY KOMIIO3MTA C paspeuicHHeM mopsaka 50 MKM Ha
IIyOMHY 10 3 MM; IT03BOJISICT OLIEHUBATH UX MPUPOAY (JACTHYHOE I IIOJIHOE OTCIOCHHE).

B noknane mpeacTaBieHbI pe3yabTaThl IPIMEHEHHUS METOAA YIbTPa3BYKOBOH MHUKPOCKOIHHU JUIS
BU3yaJIM3alUH TEXHOJIOTNYECKUX HECOBEPIICHCTB/edekToB B 00pasnax u3 [IKM, BEITONHEHHBIX 110
TEXHOJIOTHSAM HAMOTKM U TIperpera Ha OCHOBE YITICPOJHBIX BOJIOKOH M SMOKCHIHON MAaTPHUIIBL.
ITpuBeneHsl akycTHueckne wn3o0paxkeHus nerpapganmu [IKM npn BHEIIHHMX BO3ACHCTBUSAX:
PACTSDKEHUH, YAaPHOM HOBPEKICHNUH, KOMIUIEKCHOM BO3JCHCTBUN MEXaHMYECKOTO HATPYKCHHS H
KIIMMaTHIECKHX (aKTOpOB.

1. 3akyraitnos K.B., u 1p. // 3aBoackas mabopatopusi. Juaraoctrka marepuanos. 2009. T. 75. Ne8.
C.28.

2. Petronyuk Y S., et al. // Journal of Physics: Conference Series. 2020. 1636. 012005.

3. Morokov E.S., et al // Composite Structures. 2021 V. 256 N 15. P. 113102.

4. PooxoBa T.b., u ap. / Bectauk MAU. 2020. T. 27. Ned. C. 92.

Study of the polymer composite bulk structure and its degradation utilizing ultrasound
microscopy
'Petronyuk Y.S., Ryzhova T.B, 'Morokov E.S., 'Levin V.M.
'IBCP RAS, Moscow, Russia;
>TsAGI, Zhukovsky, Russia

Despite the growing the reinforced polymer composite materials (PCM) volume in aircraft
structures the expected effectiveness of their use hasn’t been achieved yet. It is caused by the high
anisotrorpy and heterogeneity of the PCM structure as well as the specificity of multifocal destruction
processes at micro level. The best method for non-destructive evaluation of the bulk microstructure
of PCM and its damages is ultrasonic imaging. High-resolution methods, such as acoustic microscopy
[1-4], make it possible to study the composites structure at micro level, which makes it possible to
assess technological imperfections but the mechanisms of damage formation during the influence of
external factors also. The method of pulsed acoustic microscopy is based on the interaction of a
focused high-frequency pulse (50-100 MHz) with the structural elements — boundaries of layers and
filaments, delaminations and cracks. In reflection mode the echo-signals differ in delay time that
allows estimate the depth of imaging. Acoustic scanning offers estimation of the damaging over the
volume of the composite with a resolution of about 50 mkm to a depth of 3 mm. It allows assessing
the damaging nature — partial or total detachment.

The report presents the results of using the ultrasonic microscopy method to assess the quality of
PCM samples made using winding and prepreg technologies based on carbon fibers and epoxy
matrix. The results of visualization of technological defects as well as the processes of degradation
of the material under impact, mechanical tension and bending, complex effects of mechanical loading
and climatic factors are shown.
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1. Zakutailov K.V., et al // Inorganic Materials. 2010. V. 46. No 15. P. 1655.
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BbicTpo oTBep:kIaeMoe PTATOHHUTPUIILHOE CBSI3YIOLIee A5 H3TOTOBIEHUS TePMOCTOHKHNX
KOMIIO3HIIHOHHBIX MATePUAJIOB METOI0M rOpsiyero mpeccoBaHMst
Tlonsxosa I.U., Moposos O.C., bynrakos B.A.
MHYMuT, r. Mocksa, Poccus

IIpenmymiecTBOM IOIMMEPHBIX KOMIIO3UINOHHBIX MaTepuanos ([IKM) Hax MeTammaMu sBISIOTCS
HUX BBICOKHE YJeTbHbIE MEXaHWYECKHMH XapakTepucTukamu. OJHMM M3 OrpaHHYeHHIl HX
HCIIONIb30BAHUS SIBJISETCS TEPMOCTOMKOCTB, ompenensemas mnonumepHoi MaTpuriei. Ilomumeps,
TIOJTyYEHHBIE U3 (QTANOHUTPHIIOB, H3BECTHBI Kak camble Tepmoctoiikue (Tg>400 °C, T5%>500 °C)
cpely TEpMOPEaKTUBHBIX MONHMEpOB. MX wncmonpizoBanue st mpousBozacTBa IIKM tpebyer
JUIMTENBHOTO LUKIa oTBepxeHus 1o 30 40 yacos, Bkiroyas nocrorsepxxaeHue npu 300 375 °C.
Vike u3BecTHbIC (OTATOHUTPHIBI IIOAXOAAT AN OTPAHUYCHHOIO YHCIIA TEXHOJIOTHI MPOU3BOICTBA
KOMIIO3HTOB: METO/Ia HHXKEKIIHU B (pOpMy, MeTO/Ia BaKyyMHON HH(Y3UH U MeToaa ()OPMOBAHHUS H3
npenperoB. Pa3pabotka MaTpuiu mis ObicTporo npousBojictBa TepMmoctoiikux [TKM sBusercs
aKTyalbHOW mpoOieMoil. B naHHOM mccnemoBaHMu ObIIM pa3paboTaHbl OBICTPO OTBEpPIKIAEMBIE
MPENperd U3 YINIEPOAHOH TKAHH U CTEKIOTKAHH ¢ (TAJOHUTPUIBHON MATpULEH A TOpsdero
[IPECCOBAHMSI.

W3 HoBOMaka peakiuei ¢ 4 HUTPODTATOHUTPHIOM OBLT MOMyYeH (TaTOHUTPUIBHBIN OJIUTOMED
(®HH), BEIOpaHHEIII B KauecTBe OOBEKTa MCCIIEIOBAHUS M3-3a XOPOIIEH PAacTBOPHMOCTH B
HU3KOKHIIIIIUX PACTBOPHTEIAX. OTO MO3BOJSIET INPUTOTOBHTH BBICOKOKOHIIEHTPHPOBAHHBIH
pactBop Uit 3peKTHBHOI NponuTKH TKaHW. beum npuroroiens! cMecu @HH ¢ pazmiaabiM
MAacCOBBIM COZIEpIKaHUEM JIBYX oTBepauteneii: 4 amunopeHokcudranonutpmia (APH) u 1,3-6uc (3
amuHodeHokcn) Oenzoma (ADB). Bpems oTBepkmeHHS cMeceil OLECHHBaIM IO BpPEMEHH
reieoOpasoBanus npu 240°C. Tepmuyeckylo CTaOMIBHOCTH CMOJ ONPEICTISAIM C IOMOIIBIO
TEpMOIPaBUMETPHIECKOTO aHAIIH3a, OlleHUBaIH T5%. 11 H3roToBIICHUS Ipenpera ObUIH BEIOPAaHbI
COCTaBbl KaXIOro oTBepauTeqst ¢ HauBbicliuM T5% (432°C) ¥ HauMEHBIIUM BpeMEHEM
otBepikaeHus (6 MuH). [lanee ObUTH BEIOpAHBI TApaMeTPHI IPECCOBAHMS: TEMIIEpATypa, JaBICHUE 1
BpeMsi BBIICPXKKH. B pesynbrare obiee Bpemst popmoBanust IIKM mpu 240°C u 280°C mpu
nasiennu 2,1 MIa cocraBuino 53 MuUHYTEL. MexaHndeckue ucnsiTanus yriaemiactukos (YIIKM) u
creknomactukoB (CITKM) Gbuti poBeieHbl B COOTBETCTBUH € MEKAYHAPOIHBIMU CTaHIAPTAMU.

VIIKM ¢ A®H: npouHocTs Ha cxkaTtue 269,6 + 18,6 MIla; moxyns cxxatus 53,7 + 4,4 I'lla, npenen
MIPOYHOCTH IIPU MexciioeBoM casure 19,8 + 1,0 MITa.

YIIKM ¢ A®B: npouHocTs Ha cxkatue 290 + 44 MIla; moxyns cxatus 49,2 + 4,9 T'Tla, npenen
MIPOYHOCTH NPU MexcIIoeBoM casure 26,0 £ 1,0 MITa.

CITIKM ¢ A®H: npouHocTs Ha cxxatue 544,9 = 33,3 MIla; moxynb cxatus 33,8 + 3,2 T'Tla, npenen
MIPOYHOCTH NIPU MEXCII0EBOM ciBure 69,9 + 6,2 MIla.

CIIKM ¢ ADB: npounocts Ha cxxatue 389,2 + 13,5 MIla; moaynb cxkatus 28,0 + 2,2 I'Tla, npenen
MIPOYHOCTH NPU MEXCII0eBOM capure 48,5 + 2,3 MIla.

Fast curing heat resistant phthalonitrile blend for manufacture of fabric reinforced polymers
by hot pressing method
Poliakova D.I., Morozov O.S., Bulgakov B.A.
INCMaT, Moscow, Russia
Fiber reinforced polymers (FRP) have high specific mechanical characteristics and developed to
replace metal constructions. One of the limitations of FRP application is thermal stability, which is
determined by the polymer matrix. Phthalonitrile-based polymers are known as the most heat
resistant polymers (Tg > 400°C, T5% > 500°C) among thermosets. However, the use of phthalonitrile
resins for production of FRPs requires long curing cycle up to 30 hours including post-curing at 300-
375°C. Thus, the existing phthalonitrile resins are suitable for limited composite production
techniques and the development of matrices with a short curing cycle for rapid FRPs manufacturing
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is demanded. In this study fast curing carbon and glass fiber/phthalonitrile prepregs for hot-pressing
processing were developed.

Phthalonitrile oligomer (PNN) obtained by the reaction of novolac phenolic resin with 4
nitrophthalonitrile was chosen as an object of this study because of good solubility in low boiling
organic solvents. This makes it possible to prepare a highly concentrated solution (>45 weight%) for
effective fiber impregnation. Blends of PNN with different mass content of two curing agents 4
aminophenoxyphthalonitrile (APN) and 1,3-bis(3-aminophenoxy)benzene (APB) based on aromatic
amine were prepared. Curing time of resins with different curing agents contents were estimated from
the gelation time of the resin at 240°C. Thermal stability of resins was determined by thermal
gravimetric analysis (TGA), the T5% (Ar) was estimated. The compositions with each curing agent
with the highest T5% (432°C) and the least cure time (6 min) were selected for prepreg fabrication.
Then pressing parameter were selected. As a result, total time of FRP curing at 240°C and postcuring
at 280°C under 2.1 MPa was 53 minutes. The mechanical tests of the CFRPs and GFRPs were
estimated in accordance with international standards.

CFRP with APN: compressive strength 269,6+18,6 MPa; compressive modulus 53,7+4,4 GPa,
ILSS 19,8+1,0 MPa.

CFRP with APB: compressive strength 290+44 MPa; compressive modulus 49,2+4,9 GPa; ILSS
26,0+1,0 MPa.

GFRP with APN: compressive strength 544,9+33,3 MPa; compressive modulus 33,8+3,2 GPa,
ILSS 69,9+6,2 MPa.

GFRP with APB: compressive strength 389,2+13,5 MPa; compressive modulus 28,0+2,2 GPa;
ILSS 48,5+2,3 MPa.

MartemaTH4YecKoe MOAETHPOBAHNE TEIUIOBOT0 H3JIy4YeHHs MPH BHICOKOCKOPOCTHOM
00TexkaHUH KOCMHYEeCKHX aNNapaToB
Iponuna I1.®., Tymasuna O.B., Eroposa M.C.
MAMU, r. Mocksa, Poccust

Ha ocHoBe sKkcniepuMeHTaIbHBIX JaHHBIX 110 BO3AEHCTBUIO IMIIAHET Ha TOBEPXHOCTh KOCMUYECKOTO
amrapara CTPOHUTCS MaTeMaTHIecKasi MOJIeITb, YIUTHIBAIONIAsl MEXaHHUECKHE CBOHCTBA ITOIMMEPHBIX
KOMIIO3UIIMOHHBIX MaTepuanoB. V3 3THX MaTepualloB clelaHa HOCOBas 4acTh KOCMHYECKOTO
anmaparta. IIpy 3TOM CTpOSITCS aHATUTUYCSCKUE PEIICHHS TeIUIOra30{MHAMIYECKIX XapaKTePUCTHK
B OKPECTHOCTH KpPHTHYECKOH TOUKH 3aTyIUICHHOIO KOHYyCa JIeTaTelbHOr0 ammapara HpH
THIEP3BYKOBOM OOTEGKAaHHWH. B OKPECTHOCTH KPUTHYECKOH TOYKH MEXIY yHapHOH BOJHOH H
3aTyIUICHHEM Ta30MHAMHYECKOEe TEUCHHE — HECKHMaeMoe, HO ¢ OONBIIMMH IPOIOIbHBIMH
COCTaBILIIOIIMMH I'PaJeHTa TaBJICHNUS H CKOPOCTH, MPEBHIMIAIOIINMYI CaM¥ JABJICHHS H CKOPOCTb.

Ha ocHOBe NHONYYeHHBIX YHCICHHBIX PE3ylbTaTOB MCCIEAOBAHbl HA TEIUIOBbIE IOTOKU H
TeMIepaTypbl IOBEPXHOCTH JIETATENBHOTO amlapara BIUSHHE KaTAIUTHYHOCTH MaTepHaia
MOBEPXHOCTH, a TAKXKE BIUSIHHE Ha TEINIOOOMEH M3y4YEeHHs U TEILIONPOBOJHOCTHU TeNa B IIHMPOKOM
IuanazoHe 4dncenl Maxa HaOeraromero HOTOKa M BEICOT Ionera. I[lomydeHHble pemeHus ¢
JIOCTATOYHOI CTEHNEHbIO TOUHOCTH OIMCHIBAIOT TEILIOMACCOOOMEH HOCOBOM YacTH KOCMHYECKOTIO
anrnapara, BHIIOJHEHHOH U3 ITOJIMMEPHBIX KOMIIO3HIOHHBIX MaTepranoB. [IpuBoasTes pe3yibTaThl
pacueros.

1. TemmomaccooOMEeH B OKPECTHOCTH KPUTHUYECKOH TOYKM 3aTYIUICHHOTO KOHyca IIpH
THIEP3BYKOBOM OOTEKaHHH KOCMHYECKHX ammaparoB. Pabunckuit JLH., Tymasuna O.B. B kuure:
Kocmuueckue cucremsl. Mocksa, 2021. C. 51.

2. TemnnomaccooOMeH Ha GOKOBBIX MOBEPXHOCTSIX 3aTYIUICHHBIX KOHYCOB IPH THMIIEP3BYKOBOM
o0TexaHHN KocMHUecKuX ammapaTtoB. Tymasmna O.B., ®opmanes B.®. B xuure: Kocmuueckue
cucteMbl. MockBa, 2021. C. 56-57.

3. OcoOcHHOCTH MeXaHH3Ma TEPMOCHIIOBOTO Da3pyIICHUs YITIEPOIAHBIX MAaTEpHAIOB IIpU
00TeKaHHU CBEPX3BYKOBBIM BBICOKOTEMIIEPATYpPHBIM BO3AYLIHBIM moToKOM AdanackeB B.A.,
Hukntun I1.B., Tymasuna O.B.

Tennoguznuxa Beicokux Temnepatyp. 2019. T. 57. Ne 4. C. 572-577.

Pabora BbinonHeHa npu HHHAHCOBOM MoAAepKKe MUHHCTEPCTBA HAYKH U BBICILIETO 00pa30BaHUsI
Poccuiickoit eneparnuu (xox npoekra FSFF-2020-0016)
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Mathematical simulation of thermal radiation at high-velocity flow around space vehicles
Pronina P.F., Tushavina O.V., Egorova M.S.
MAI Moscow, Russia

On the basis of experimental data on the influence of planets on the surface of a spacecraft, a
mathematical model is constructed that takes into account the mechanical properties of polymer
composite materials. The nose of the spacecraft is made of these materials. In this case, analytical
solutions are constructed for the thermal and gas-dynamic characteristics in the vicinity of the critical
point of a blunt cone of an aircraft in hypersonic flow. In the vicinity of the critical point between the
shock wave and bluntness, the gas-dynamic flow is incompressible, but with large longitudinal
components of the pressure gradient and velocity exceeding the pressure and velocity themselves.

On the basis of the obtained numerical results, the influence of the catalyticity of the surface
material, as well as the influence of the study and thermal conductivity of the body on heat fluxes
and temperatures of the aircraft surface, have been investigated in a wide range of freestream Mach
numbers and flight altitudes. The obtained solutions describe with a sufficient degree of accuracy the
heat and mass transfer of the spacecraft nose, made of polymer composite materials. The calculation
results are presented.

1. Heat and mass exchange in the neighborhood of a critical point of a blunted cone in hypersonic
flow around space vehicles. Rabinsky L.N., Tushavina O.V. In the book: Space systems. Moscow,
2021, p. 51.

2. Heat and mass exchange on the lateral surfaces of blunted cones in hypersonic flow of space
vehicles Tushavina O.V., Formalev V.F. In the book: Space systems. Moscow, 2021.S. 56-57.

3. Specific features of the mechanism of thermal force destruction of carbon materials under
supersonic high-temperature air flow. Afanasyev V.A., Nikitin P.V., Tushavina O.V.

Thermal physics of high temperatures. 2019.Vol. 57.No. 4.P. 572-577.

This work was supported by the Ministry of Science and Higher Education of the Russian
Federation (project code FSFF-2020-0016).

OgnromepHsble pTopcoepxKamue GpraJOHHTPIILI B KA4eCTBe KOMIIOHEHTOB
TepMOPEeaKTHBHBIX CMOJI € YJIy4LIeHHOI TeXHOJIOTHYHOCTHIO VISl BICOKOTeMIIePATYPHBIX
KM
'Tepexos B.E., *Bynrakos Bb.A., *Kenman A.B., ba0kun A.B.

'MI'Y, 2MHYMuT, r. Mocksa, Poccust

TMonmepusle MaTpuibl Ha ocHoBe (ramoHuTprioB (PH) 11 MONMMEPHBIX KOMITO3HIMOHHBIX
marepuanoB (IIKM) sBmsoress cambiMu Tepmoctoiikumu (Ter > 400°C, T5% > 500°C) cpenu
U3BECTHBIX, NPH O3TOM OHM HE TOPAT, a B Hpolecce MOIMMEPH3ALUHM HE BBIACISAIOTCA
HHU3KOMoeKysipHble coenunenus. Iloatomy ITKM nHa ocHoBe ®H sBAIOTCS NMEPCHEKTHBHBIMH
MaTepHalaMH IO BBICOKOTEMIEPATYPHBIX  HPHMECHEHHH B  aBHAIMOHHO-KOCMHYECKOH
MIPOMBILIIEHHOCTH.

OnHako, cymecTByeT HECKONbKO IPOoOIeM, OTpaHMYMBAIOMIUX HCIOIb30BAHUE MOMOOHBIX
MaTepHaJioB: B OKUCIHTENbHOU aTMocdepe npu 300°C OHM HAYMHAIOT OKUCITBCS, OBICTPO Tepsis
CBOH OKCIUTyaTal[HOHHbIE XapaKTEPUCTHKH; MO HCIOIb30BAHUS AIKOHOMHYECKH-BBITOJHBIX
HHKEKIIMOHHBIX MeTo/10B (hopmoBanmst [IKM cMmona oinkHa 0671a1aTh NIMPOKUM TEXHOJIOTHIECKUM
OKHOM. [IMeHHO Ha pelleHHe TaHHBIX IPOOJIEM HaIleleHa Hpe[CTaBIeHHAs padoTa: yIydIIeHHe
TEPMOOKHCIHTENEHOH cTabmipHocTH OH moiammepHO#H Matpuibl, co3nanHne Hu3KomtaBkux OH
MOHOMEPOB.

W3BecTHO, 9TO (PTOPUPOBAHHEIC OPTAHUIECKUE COCIMHCHUSI MEHEe MOIBEPIKEHbBI OKHCIICHHUIO, YeM
X Bojopodocoiepxkamue axamoru. IIpu sTomM Hanmuuue aMOpGhHON CTPYKTYphl IPEANONaraeT
HHU3KHE TEMIIepaTyphl CTEKJIOBAHUS IIOJIMMEPU3YeMOro coeiuHeHus. TakuMm o0pa3oM, LeNIbio
JTaHHOW pPaboThl OBUIO TOJNY4YEHHE MOJIMMEPHOW MAaTpuIbl Ha OCHOBE (TOPCOAEpIKAIIUX
OJIMT'OMEPHBIX (PTAJIOHUTPUIIOB U H3YUCHHUE €€ CBOICTB.

Ha nepBom stane paGoTsl OblIa MOJIy4eHa Cepysi H30MEPHBIX (TOPCOIEPIKAILUX OIUTOMEPHBIX
@®H, cpexn KOTOpPBIX OAMH M3 OJIUTOMEPOB mMeeT amopHyro cTpyktypy ¢ Ter = 51°C, 4ro
MO3BOJSIET pacCIIUpPUTh TexHojoruyeckoe okHo PH cmon. HecMoTpst Ha KpUCTaNIMUECKyIO
CTPYKTYpY C BBICOKOW TEMIIepaTypoil IUIABICHUS JIPYIUX OJUTOMEPOB, BCE COCHMHEHUsS OBUIH
MOJIMMEPH30BaHbI C TIOMOIBIO OCHOBHBIX TUIOB oTBepauTenei ®H cmom: apomMaTHyecKre aMHHBI,
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COJIM METAJUIOB, (DEHOJIBI, OPraHWYECKHE KHCIOTHI, a TAKKe MPOBEACH MOA00p ONTHMAIBHOTO
peXHMa OTBEPXKACHHS. IlONyYeHHBIE CMOJBI HCCICAOBAIM METOROM AndbepeHunanbHOM
CKaHMPYIOIIEH KaJTOPHUMETPUH, IONYYCHHBIC IOJIMMEPhl METOIAOM TEPMOIPaBUMETPUYECKOTO
aHaIIM3a.

B pesynbrate Obumn momyueHsl ®H nmonamMepsl, He ycTymawomue HM3BECTHBIM B
TEPMOOKHCINTEILHON CTaOMIBHOCTH, IPX 9TOM YAAJI0Ch YIy4LUIHTh TexHOIornaHocTs OH cmon.

Pabora BeINIONIHEHA B paMKax roCyJapCcTBEHHOT0 3a1aHus Xumuyeckoro daxkynsrera MI'Y um. M.
B. JlomonocoBa (Homep cornamenus AAAA-A21-121011590086-0). ViccnenoBanue BHIOIHEHO B
pamkax Ilporpammbl pasBuTHs MEXAUCIMIUIMHAPHON  HAay4YHO-00pPA30BATEIBbHOM  LIKOJBI
MockoBckoro yHuBepcutera «byayiiee miaHeTs! 1 r100aibHbIe H3MCHEHHS OKPYKAIOIIEH cpeabh».

Oligomeric fluorine-containing phthalonitriles as components of thermosetting resins with
improved processability for high-temperature PCM
'Terekhov V.E., 2Bulgakov B.A, 2Kepman A.V., 2Babkin A.V.
'MSU, 2INCMaT, Moscow, Russia

Polymer matrices based on phthalonitriles (PN) for polymer composite materials (PCM) are the
most heat-resistant (Tg> 400°C, T5%> 500°C) among the known ones, while they do not burn, and
low-molecular compounds do not release during polymerization. Therefore, PCM based on PN are
promising materials for high-temperature applications in the aerospace industry.

However, there are several problems limiting the use of such materials: in an oxidizing atmosphere
at 300°C, they begin to oxidize, rapidly losing their performance characteristics; for the use of cost-
effective injection molding methods resin must have a wide technological window. The presented
work is aimed at solving these problems: improving the thermo-oxidative stability of the PN polymer
matrix; creation of low-melting PN monomers.

It is known that fluorinated organic compounds are less susceptible to oxidation than their
hydrogen-containing analogs. In this case, the presence of an amorphous structure suggests low glass
transition temperatures of the polymerizable compound. Thus, the purpose of this work was to obtain
a polymer matrix based on fluorine-containing oligomeric phthalonitriles and to study its properties.

At the first stage of the work, a series of isomeric fluorine-containing oligomeric PNs was obtained,
among which one of the oligomers has an amorphous structure with Tg = 51°C, which makes it
possible to expand the technological window of PN resins. Despite the crystalline structure with a
high melting point of other oligomers, all compounds were polymerized using the main types of PN
resin curing agents: aromatic amines, metal salts, phenols, organic acids, and an optimal curing mode
was selected. The resulting resins were investigated by differential scanning calorimetry, the obtained
polymers by thermogravimetric analysis.

As a result, PN polymers were obtained, which thermal-oxidative stability is not inferior to the
known ones. At the same time, the processability of the PN resin was improved.

This work was conducted in the framework of the state assignment of the Chemistry Department
of Moscow State University (Agreement No. AAAA-A21-121011590086-0). This research was
performed according to the Development Program of the Interdisciplinary Scientific and Educational
School of Moscow State University “The future of the planet and global environmental change.”

MozennpoBanue cMATHSI KOMIIO3HIIMOHHOI0 MATepHaJIa MeTOJAMHU BLIYHCIHTENbHON
MHKPOMeXaHUKH
Typ6un H.B., Tpudonos P.J1., Koryros C.C.
MAMU, r. Mocksa, Poccus
B pabote paccMOTpeH METO/I TTOTYYeH S MOTYJIS CMSTHS OTHOHATIPABICHHOTO KOMITO3HI[IOHHOTO
MaTepualla METOJAMM BBIYHCIMTEIbHOH MMKpoMexaHHMkd. OmpejieneHue ynpyrux CBOHCTB B
YCIIOBHAX pabOThI HA CMATHE HE OTHOCUTCA K 3ajladaM TUIIOBBIX HCIBITAHUH IPOrpaMMEl oOmieit
KBanU(UKALKK OIHOHANPABIEHHOr0 MaTepHaa. BMecte ¢ TeM, U3BECTHBINH MOMYJIb YPYTOCTH Ha
CMATHE OJHOHAINPABJICHHOTO MaTepHaja MOXKET ObITh 3P(PEKTUBHO HCIOJIB30BAH TIPH MOCIOHHOM
MOJIEJIMPOBAHMH KOMIIO3UTHBIX KOHCTPYKLHH Ha YPOBHE O3JIE€MEHTApHBIX M KOHCTPYKTHBHO-
MO00HBIX 00pa3noB. YdeT aHM30TPONHM PAacCMAaTPUBAEMOTO CBOKMCTBA MPOM3BOIAMTCS ITyTEM
MOJIEJIMPOBAHMS HMCIBITAHMH O00pA3LOB C pPa3IMYHBIMH OPHUEHTALMAMH BOJOKOH B paMKax
NIPEIaraéMoro pacuyeTHOro MeToja. B JdaHHOM wmccienoBaHmM 00pasel; ¢ MHKPOCTPYKTYpoOit
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MOJICITHPYETCsI B KOHEYHBIX JJIEMEHTAX, MOAIEP/KHBAIONINX III0CKOE Ae(OPMUPOBAHHOE COCTOSTHHE.
PaccMmaTpuBaloTCsl IPaKTHIECKHE OCOOCHHOCTU Pealn3aliy B OA00HOI GopMynupoBke. Monensb
HMUTUPYET Pe3yIbTaThl HCIIBITAHUI Ha 1OTy-00pas3iie ¢ OTBepcTHEM THaMeTpoM 6 MM. ITomydenHble
pe3yIbTaThl CPAaBHUBAIOTCS C DPACCUHTAHHBIM MOJIYIEM C)XKaTus, IHONYYeHHBIM B pe3ylbTaTe
BUPTYaJIbHBIX MCIIBITAHUH OJHOHANpPABJIEHHOTO MaTepuaia. JlaeTcs olleHKa BIMSHHS Pa3lIUYHBIX
IapaMeTpoB MOJENH, TAKUX KaK pa3Mepsl o0pasma, Hadudhe TPEHHS H y4eT HEIMHEHHOCTH.
Haubonee 3HauMMble NapaMeTphbl ONpENEIAIOTCS HA OCHOBE KAuyeCTBEHHOTO CPaBHEHHS C
pe3yIabTaTaMHi J1a0OpaTOPHBIX HCIBITAHMK U3 JIHTepaTypsl. [lomydeHHBIE CBOHCTBAa IO CMATHIO
BO3MOXKHO HCIOJIB30BAaTh Ui YTOYHEHHs MOJENeH BHUPTYaIbHBIX HCHBITAHMH Ha HPOYHOCTD
00pa310B KOMIIO3UIIMOHHOTO MaTepHana ¢ yCTAHOBICHHBIMHU KPETISKHBIMU JJIEMEHTAMU B PaMKax
MTHPAaMHBI PAaCYETHO-IKCIIEPUMEHTAIBHBIX 00pa3IOB.

Bearing response simulation in composite materials via computational micromechanics
Turbin N.V., Trifonov R.D., Kovtunov S.S.
MALI, Moscow, Russia

In this work the technique for obtaining the bearing moduli of unidirectional composite material
by means of computational micromechanics is proposed. Determination of the material’s elastic
properties under bearing load conditions is typically not included in the general characterization
testing program for unidirectional composite. Still, given bearing elastic moduli of the unit layer
could be efficiently utilized in ply-by-ply modeling of composite structures on the coupon and
elements specimen levels of testing pyramid. The anisotropy of considered material property might
be taken into account directly by performing off-angle virtual tests in the frame of proposed
methodology. This study investigates the desired material elastic property by using micro-structured
material sample, which is discretized by plain strain finite elements. Necessary practical
considerations for such implementation are following. The model simulates the results of half-
specimen bearing test with 6 mm diameter hole. Received values are compared with the results of
compression test simulation of unidirectional composite material. The influence of sample size,
friction and non-linear effects is estimated. The most critical parameters are assigned based on
comparison with laboratory material testing results from literature. Obtained values of bearing
moduli might be used for refinement of the simulation of composite materials and structures testing
as a complement to building-block approach strategy.

AHA/IN3 TPELINHOCTOHKOCTH KJICeBbIX COCIMHEHUI ¢ HCMOJIb30BAHHEM MO/ICJIH KOTe3HOHHOI
30HBI B M€TO/l¢ KOHEYHBIX 3JIeMEHTOB
VYerunoB ALA.
MAMU, r. MockBa, Poccust

KieeBble coetHEHNS, B OTIIMYHE OT MEXaHUUECKHUX, 00ECIICUHBAIOT CYIIECTBEHHBII BBIUTPHINI B
BECE M FePMETUYHOCTH KOHCTPYKI[HIA, 4TO 00yCIaBIMBaeT UX MUPOKoe npuMeHenue. [loatomy Bcé
Oonee aKTyaJIbHON CTAHOBUTCS pa3paboTKa MeTOJ0B d(P(EKTHBHOH OLEHKU U IPOTHO3UPOBAHUS
Hecyllel CrIoCOOHOCTU U J0JITOBEYHOCTH KOHCTPYKIIMOHHBIX KJIEEBbIX COSTMHEHUH NPH 3alaHHON
UX TEeOMETpHH M MOJE HarpyKeHUs, KOHQHTypamuud H pasMmepax nedekra. Hamrydmue
BO3MOXKHOCTH JUIsl 3TOT0 OOecredynBaeT HCIONb30BAHHE AHATUTUUECKUX U DKCIIEPHMEHTAIBHBIX
METO/IOB JIMHEHHO! yNpyroil MeXaHUKH pa3pylIeHHs, B paMKaX KOTOPOil pa3paboTaHbl X aKTUBHO
IOPUMEHAIOTCS YHCIECHHBIE METOIbl MOJCIUPOBAHHA MHUIMHMPOBAHMS M POCTa TpPEIIMH,
OCHOBBIBAIOIINECS Ha MMIUTAHTALlX B METO]] KOHEUHBIX 3JIEMEHTOB MOJICIIH KOT€3HOHHO! 30HBI.

Mojenb KOTe3HOHHOH 30HBI 0a3UpyeTcss Ha MHKPOMEXaHMYECKOM aHAIM3e IpEApaspyLICHUs
MaTepraa BOIM3U KOHYHKA TPEIIHHBI X JTI000M MecTe KOHIIEHTPAIIUH HAIIPSHKEHNUS, Ha3bIBaeMOM
MPOLIECCHOM WM KOresMoHHoW 30HOW. CoBpemeHHble mporpamMMHuble mnakerel ANSYS® u
ABAQUS® mno3BoJISIIOT cO3[aBaTh TaKHe MOJAEIH IPHMEHHTENbHO K HHHIMHPOBAHUIO M POCTY
TPElMH B KOHCTPYKLIMOHHBIX KIEEBBIX COEJHHEHHSAX, B TOM UMCIIE I'€OMETPUYECKH CJIOMKHOMH
KOH(UTypaIyu.

B paGore mnpemnaraercs opurnHaibHas 3D MoJenb KPUTHYECKOTO poOCTa TPEUIMHBI B
KOHCTPYKIIHOHHOM KJIECBOM COCJMHEHHH, pa3paboTaHHas B paMKaX MPHMEHHMOCTH JIMHEHHOH
YIpYyroif MeXaHUKH pa3pylleHUs U OCHOBAHHAs Ha MMIUIAHTAIMH B METOJ KOHEUHBIX JJIEMEHTOB
MOJENH KOTE3MOHHOWH 30HBI B IporpaMMHOM Kominiekce ANSYS. Jlanmas Mopmens Ipu
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UCHOJBb30BAHUH  SKCIIOHCHIMAJIBHOTO 3aKOHA KOTE3HOHHOM 30HBI M OKCIIEPHMEHTAIBHO
OIpEAEnEHHBIX €ro MapaMeTpoB MO3BOJSCT BBHIOUPATH ONTHMAIBHOC KOJIMYECTBO MHTEP(EHCHBIX
3JIEMEHTOB M DAaCCUMTBIBATh HArpy3Ky Haudaja pAcCIOCHHMS M IapaMeTp TPEIIMHOCTOWKOCTH
KJICEBOTO COCANHECHHS C JOCTATOYHON TOYHOCTBIO M [IPH MHHUMAIIBHOM 00bEME BBIYHCIICHHUI.

OreHka paboTOCIIOCOOHOCTH MOZIEIN IPOBOIMIIACH HA IIPUMEPE KIIEEBBIX COEIMHEHU HAa OCHOBE
IUTIACTHH AIFOMUHHEBOTO CIUIABa U TPEX TUIIOB KOHCTPYKIIMOHHBIX SMOKCHAHBIX KiIe€B Mapok BK-9,
OIIK-1 n K-300, akTUBHO HCIIOJb3YEMBIX [P CO3JAaHUM ABUALIMOHHOW U PAaKETHO-KOCMHYECKON
TEXHHKH.

Crack resistance analysis of adhesive joints using the cohesive zone model in the finite
element method
Ustinov A.A.
MALI, Moscow, Russia

Adhesive joints, unlike mechanical ones, provide a significant reduction in weight and tightness of
structures, which causes their widespread use. Therefore, the development of methods for the
effective evaluation and prediction of the bearing capacity and durability of structural adhesive joints
with a given geometry and loading mode, configuration and size of the defect is becoming
increasingly relevant. The best opportunities for this are provided by the use of analytical and
experimental methods of linear elastic fracture mechanics, within the framework of which numerical
methods for modeling crack initiation and growth based on implantation of a cohesive zone model
into the finite element method have been developed and actively applied.

The cohesive zone model is based on a micromechanical analysis of the pre-fracture of the material
near the tip of the crack or any place of stress concentration, called the process or cohesive zone (CZ).
Modern software packages ANSYS ® and ABAQUS ® allow you to create such models in relation
to the initiation and growth of cracks in structural adhesive joints, including geometrically complex
configurations.

The paper proposes an original 3D model of critical crack growth in a structural adhesive joint,
developed within the applicability of linear elastic fracture mechanics and based on implantation of
a cohesive zone model in the ANSY'S software package into the finite element method. This model,
using the exponential law of the cohesive zone and its experimentally determined parameters, allows
you to choose the optimal number of interface elements and calculate the load of the beginning of
delamination and the crack resistance parameter of the adhesive joint with sufficient accuracy and
with minimal amount of calculations.

The performance of the model was evaluated using specimens of adhesive joints based on
aluminum alloy plates and three types of structural epoxy adhesives of VK-9, EPK-1 and K-300
brands, which are actively used in the creation of aviation and rocket and space technology.

Pa3paboTka MeTOAHMKH BepU(PUKALNHT CBOWCTB MOJIMMEPHBIX BOJIOKHHCTBIX
KOMITO3MIIHOHHBIX MAaTEePHAJIOB ISl IPOeKTHPOBAHHS HOBBIX MATEPHAJIOB HA OCHOBE
uHpopMauuu U3 6a3 JTaHHBIX
"Xonanosuu H.B., 2Byxapos C.B., 'Jlebenes A.K.

'AO «HUUrpaduty», 2MAU, r. Mocksa, Poccus

B pabote paccMoTpeHa METOAMKA, TTO3BOJISAIONIAs JIENaTh BEIBOIBI HA OCHOBE aHAIN3a MAaCCHBOB
JTAHHBIX O Pe3yJIbTaTaX HCIBITAHUI TEPMOILIACTUYHBIX KOMIIO3UIIMOHHBIX MAaTEPHAIOB Ha IIpuMepe
CIICAYIONINX COCTaBOB: YIVICIUIACTUK HAa OCHOBE MONHM(pEHWICHCYIb()HAA U CTEKJIOIUIACTUK Ha
OCHOBe IonucynIb(hoHa. MeToanKa MOCTPOeHA Ha Pe3yIbTaTaX BepU(UKAIHNU PACIETHBIX METOIOB
MOJICIIPOBAHUS, HCIIONB3YEMBIX Ul MPOTHO3HPOBAHMSA (PH3HUKO-MEXaHHYECKUX XapaKTEPUCTHK
W3JIeNuil 13 TOTMMEPHBIX BOJOKHUCTHIX KOMIIO3UIIMOHHBIX MaTepuasoB. [IpoBeaéH nurepaTypHbIi
0030p CBOWCTB MaTepuaioB BBIOPAHHBIX COCTABOB M MPOBEJECHA KiIAcCU(UKALUS 3aBUCHMOCTH
CBOICTB MaTepHAIOB OT apMHUPYIOLIEH CHCTEMBI X METOIOB IIepepabOoTKH.

Ha ocHoBe pe3ysbTaToB aHanu3a pa3paboTaHa METOAMKA anpoOal[y MaTEepHaIIOB, TIO3BOJISIOIIAsT
ONpPEENIUTh YPOBEHb CBOMCTB HCIBITHIBAEMOW OIBITHOM MNapTUM O00pasloB MaTepHaia
OTHOCHUTENIBHO N3BECTHOT'O YPOBHSI. Y CTaHOBIIEHO, YTO HEOOXOIMMO KOPPEKTHO O0YUHTH HEHPOCETh,
OCHOBBIBasICh Ha 00pabOTaHHBIX BPYUYHYIO JAHHBIX HE TONBKO M3 OTKPBHITHIX HCTOYHHKOB, HO U Ha
OCHOBE JAHHBIX JKCIEPUMEHTOB, B KOTOPBIX NODKHBI BapbUPOBATBCS CIEAYIOIIHE IIapaMeTphl:
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cXeMa YKJIaJIKi, THIT apMUPOBAHKS U MPOLIECHT apMUPYIOIIET0 HAOIHUTEIS JUIS KaXKI0TO COYETaHHs
matepHaioB. Takke HEOOXOAMMO ONMpenenuTh pe)epeHCHbIC HANa3oHbl 3HAYCHUH CBOICTB A
Ka’kJIOTO M3 THIIOB MaTepranoB. Ha ocHOBE 3THX JaHHBIX MOXHO ONPEAEIHTh PabOTOCIOCOOHOCTh
U KOPPEKTHOCTh pa3padaThIBAEMOM METOAMKH U ONIPECIIHTh LEIeCO00Pa3HOCTh JalbHEHIINX paboT
B HCCIIelyeMoit obuacTu.

1. Alaloul W.S. Data Processing Using Artificial Networks [Texct] / W.S. Alaloul, A.H. Qureshi
// Dynamic Data Assimilation — Beating the Uncertanties. — 2020.

2. Kynpuk A.W. AHanu3 aaroputMa aBTOMaTHYECKOH KilacCH(UKauy JOKyMEHTOB, OCHOBAaHHOTO
Ha TPUMEHEHHWM MHCKYCCTBEHHBIX HeiiponHbsix cereii / AJ. Kympuk, M.A. Crapkos //
WHdopManmoHHbIe TEXHOJIOTMM W aBTOMAaTH3alMs ynpasieHus: Matepuansl X Bceepoccuiickoit
Hay4HO-TIPaKTHYECKOH KOH(EpEHI[MH CTYACHTOB, aCITMPaHTOB, PAaOOTHHKOB 00pa3oBaHHSA W
npombinieHHocTH, OMck, 15-16 mas 2019 roma / OtBercTBeHHbIH penakTop A.B. HukoHos. —
Omck: OMCKHIT rocyapCTBEeHHbIH TeXHUUecKuid yuuBepcuteT, 2019. — C. 172-180.

3. Stoeffler K. Polyphenylene sulfide (PPS) composites reinforced with recycled carbon fiber
[Tekcr] / K. Stoeffler, S. Andjelic, N. Legros, J. Roberge, S. B. Schougaard // Composite Science
and Technology. — 2013. - Ne84. —c. 65-71.

4. DnextpoHHbIi katanor EnsignerPlastics [DnekTponHsIi pecypc]: 6a3a naHHBIX MaTepHUaIoB. —
Pexxum nocrtyna: https:/www.ensingerplastics.com/, cBoOOOaHBIH — 3ari1. ¢ 9KpaHa.

5. Ning, Fuda & Cong, W.L. & Qiu, Jenny & Wei, Junhua & Wang, Shiren. (2015). Additive
Manufacturing of Carbon Fiber Reinforced Thermoplastic Composites using Fused Deposition
Modeling. Composites Part B: Engineering. 80. 10.1016/j.compositesb.2015.06.013.

6. DnektponHblil katanor MakeltFrom [DnekTpoHHBIN pecypc]: 6a3a JaHHBIX MaTEpUANIOB. —
Pexwum noctyna: https://www.makeitfrom.com/,cBo6oaHbIi — 3ari. ¢ 5xpaHa.

7. DnektponHblit Katanor Ticona [DnekTpoHHBIN pecypc]: 6a3a JaHHBIX MaTepuanoB. — Pexum
nocryna: https://www.celanese.com, CBOOOAHBIH — 3aril. ¢ sKpaHa.

8. CopokuH A.E. TexHonOriu nony4eHus MoJIMMEPHBIX KOMITO3HIIMOHHBIX MaTEPHAIOB Ha OCHOBE
TepMoIutacTHIHOI Matpuis! (0030p) [Texer] / A.E. Copokun, B.A. Caromonosa, A.IL. Ilerposa,
JI.B. ConoBesinuuk // Tpynst BUAM. —2021. — Ne3. — ¢. 78-86.

9.  KOMIO3WIMOHHBI  TONMMEpHBIH  aHTU(QPHKIMOHHBI  MaTepHal Ha  OCHOBE
nonudenunencyabduga [Texer): mat. 2616028 Poc. ®enepauus: MITK B82Y 30/00.

Development of a methodology of properties verification of fiber polymer composites for new
materials design based on databases information
'Khodanovich N.V., ?Bukharov S.V., 'Lebedev A.K.
'NIIGRAFIT, 2MAI Moscow, Russia

The paper considers a technique that allows drawing conclusions based on the analysis of data sets
on the test results of thermoplastic composite materials using the example of the following
compositions: carbon fiber-reinforced plastic based on polyphenylene sulfide and fiberglass-
reinforced plastic based on polysulfone. The technique is based on the results of verification of
computational modeling methods used to predict the physical and mechanical characteristics of
products from polymer fiber composite materials. A literature review of the properties of materials
of the selected compositions is carried out and a classification of the dependence of the properties of
materials on the reinforcing system and processing methods is carried out. Based on the results of the
analysis, a method for testing materials has been developed, which makes it possible to determine
the level of properties of the tested pilot batch of material samples relative to a known level. It was
found that it is necessary to correctly train the neural network, based on manually processed data not
only from open sources, but also on the basis of experimental data, in which the following parameters
should vary: the layout scheme, the type of reinforcement and the percentage of reinforcing filler for
each combination of materials. It is also necessary to define reference ranges for property values for
each type of material. Based on these data, it is possible to determine the operability and correctness
of the developed methodology and determine the feasibility of further work in this area.
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HccnenoBanne BIUSTHHSA C0C00a MOJTOTOBKH NOBEPXHOCTH THTAHOBOI'O CILIABA I
HauboJ1ee 3G eKTHBHOIO €ro MOCJIeIyI0IIero aAre3M0HHOI0 COeJHHEHHUs €O
CTEKJIOKOMIIO3HTOM
'Yeprskos A.A., *Ko63es M.C., 'Haconos @.A.

'MAH, *A0 «Kommanus «Cyxoit», . Mocksa, Poccust

Jlns  oOnmerdeHust 3JIGMEHTOB KOHCTPYKIMII JIeTaTEeNbHBIX —allapaToB, pa0OTAOMUX B
crenu(UIECKUX yCIOBUAX KPAaTKOBPEMEHHOTO BO3JEHCTBHS HAa HUX TEPMOIPO3HOHHOTO IIOTOKA,
npencraBisiercss 3Q(EKTUBHBIM IIPUMEHATh THOPHIHBIC CIOMCTBIE MAaTepHaibl, COCTOSIIHE W3
MOCIE0OBATEIFHO UePeNyIONINXCS CKICEHHBIX MEXKTy C000il ClIOEB NUCTOBOrO MeTaia H
BOJIOKHUCTOTO IIOJIMMEPHOro KommosuuuonHoro marepuana (ITKM) B pasHBIX COOTHOIICHHMSX.
IIpumepom Takoro rudpugHOro Merami-noiauMepHoro kommnosuta (MIIK) sBnsercs Tturtan-
CTEKJIOKOMITO3UT, COCTOSIIMI U3 TOHKOW THTaHOBO#H (onbru BT23 u crekinokommnosura BIIC-32K64
Ha ocHoBe KieeBoro npenpera KMKC-4m.175.T64.55. HapyskHble ¥ BHyTPEHHUE TUTAHOBBIE CJIOH,
Onaromaps Omm3komy TKJIP k 3HaueHWsM TaKOBOrO JUIsl CTEKJIOKOMIIO3HTOB, IT03BOJISIOT
o0ecreunBaTh HEBBICOKHH yPOBEHb OCTATOYHBIX HANpPSDKEHUM, a Taoke obecrneduTd (DYHKIUIO
Tepmo3amutel  MIIK, Onaromapsi 4YepeloBaHUIO CO CTEKJIIOKOMIIO3UTOM, HMEIOIIUM HH3KYIO
TEIIONPOBOIHOCTb.

Pa6orocroco6HocTs MIIK cymecTBeHHBIM 00pa30M ONpesiensieTcs aAre3NOHHON CBA3BI0 MEXKITY
metaiioMm u ITIKM, e€ ycToW4nMBOCTBIO M HPOYHOCTHIO. KileeBble mpempern HUMEIT BBICOKHE
a/Jre3MOHHbIE XapaKTePUCTHKH K THTaHy. OXHMM W3 BapHaHTOB MOBBINICHHS IPOYHOCTH
MEXCIIOEBOH are3ud ABIISETCS TAKXKE IOATOTOBKA IOBEPXHOCTU THTAHOBOI'O CIIOSL.

C 1enbio H3yYeHNUs ONITHMAIBHON are3NOHHOH CBSI3H U HAMITYYIIeH yCTOWYNBOCTH COCIMHEHHS
B YCIIOBHSIX 9KCILTyaTalluH, IPECCOBAHUEM M3TOTOBIICHBI TPEXCIOWHbIE 00pa3Libl, IPEACTABIIAIOMINE
€000 IIBE ITOJIOCHI THTAHOBOT'O CIUIaBa (TOJIMHOM 2 MM), CKJIECHHBIE MEXKTy CO00IT BHAXJIECT Uepe3
CIIOH CTEKJIOKOMIIO3HTA (33 CUET aAre3uu KJIEEBOro CBS3YIOLIETo K THTaHy), 0e3 H ¢ IPHMEHEHHEM
Pa3IMYHBIX CIIOCOOOB ITOJTOTOBKM IIOBEPXHOCTH THTAaHOBOIO CIUIaBa: 0OpabOTKa HaXKIaYHON
Oymaroil (3alIKypuBaHHE), MECKOCTpyHHas oOpaboTKa, 3alIKypUBAaHUE C TPABJICHUEM CMECHIO
IUIaBUKOBOI M a30THOM KHCJIOT, 3alIKypUBaHHE C HaHECEHWeM KieeBoro noxcios BK-25 (B Tom
qucie ¢ gobasnenueM B BK-25 yrmepoansix Hanouactun (0,3 u 0,6 macc.%). Bo Bcex cimyuasx
MIOBEPXHOCTb TUTAHOBBIX IIOJIOC IIPEIBApUTENBHO OOCIKUPUBATH OCH3MHOM ¥ AIlETOHOM.
HUcnbitanus obpasuos nposoauan o 'OCT 14759-69 «Kieu. Meton onpezneneHus IpoYHOCTH MPU
CHIBUTE».

Haubonee >d(hekTUBHBIME METOAaMU IOATOTOBKM IOBEPXHOCTH OKAa3aJIUCh IPUMCHCHHUE
KJIEeBOT0 MOZICIION ¢ uctonb3oBanueM Hanodactul (0,3 u 0,6 macc.%) u neckocTpyitHast 00paboTKa
(omHAaKO, 171t TOHKHX (hOJIBT MeTox 3aTpyaHHTeNeH). CpenHee 3HaYeHHE IIPOYHOCTHU IIPH CABUTE (TC)
JUIs TAKUX 00pa3LoB yBenuuuiocs Ha 73,54%, 77,11%, 68,68%, COOTBETCTBEHHO, 110 CPABHEHHUIO CO
cpeaHuM 3HaueHueM tc = 14,59 MIla 06pa3ioB 6e3 00paboTKH.

Research of the influence of the method of surface preparation of titanium alloy for the most
effective subsequent adhesive bonding with glass-fiber-reinforced plastic
!Chervyakov A.A., 2Kobzev M.S., 'Nasonov F.A.

'MAL, *Sukhoi Company, Moscow, Russia

To facilitate the elements of aircraft structures operating under specific conditions of short-term
exposure to a temperature erosion flow it seems effective to use hybrid layered materials consisting
of successively alternating layers of sheet metal and fiber polymer composite material (PCM)
bonding together in different proportions. An example of such a hybrid metal-polymer composite
(MPC) is a titanium-glass-fiber-reinforced plastic consisting of a thin titanium foil VT23 and a glass-
fiber-reinforced plastic VPS-32K64 based on an adhesive prepreg KMKS-4m.175.T64.55. Outer and
inner titanium layers due to the close of linear thermal expansion coefficient to those for glass-fiber-
reinforced plastic make it possible to ensure a low level of residual stresses as well as to provide the
function of thermal protection of the MPC due to alternation with glass-fiber-reinforced plastic
having a low thermal conductivity.

The adhesive bond between the metal and the PCM, its stability and strength, essentially
determines the efficiency of the MPC. Adhesive prepregs have high adhesion characteristics to
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titanium. One of the options for increasing the strength of interlayer adhesion is also the preparation
of the surface of the titanium layer.

In order to study optimal adhesive bonding and the best stability of the joint under operating
conditions three-layer samples were made by pressing which are two strips of titanium alloy (2 mm
thick) bonding together through a layer of glass composite (due to the adhesion of the adhesive binder
to titanium) without and using various methods of preparing the surface of titanium alloy: sandpaper
treatment (sandblasting), sandblasting with etching with a mixture of hydrofluoric and nitric acids,
sanding with the application of a primer VK-25 (including the addition of carbon nanoparticles (0.3
and 0.6 wt.%) to VK-25).In all cases, the surface of the titanium strips was previously degreased with
gasoline and acetone. The samples were tested according to GOST 14759-69 "Adhesives. Method
for determining shear strength".

The most effective methods of surface preparation were the use of a primer using nanoparticles
(0.3 and 0.6 wt.%) and sandblasting (however, the method is difficult for thin foils). The average
value of shear strength (ts) for such samples increased by 73.54%, 77.11%, 68.68%, respectively,
compared with the average value of ts = 14.59 MPa of samples without treatment.

JKcnepuMeHTAJIbHOE ONpe/ieieHne JOKAILHON MPOYHOCTH NPHU CABUIE CIAOMCTHIX
MOJUMEPHBIX KOMIO3HIHOHHBIX MATEPHAIOB /151 ONTHMH3ALNH YN CJIEHHOH OLIEHKH UX
TPEIHHOCTOKOCTH METOI0M KOT'e3HOHHOM 30HbI NPU HArpyxeHuu no mozie 11
Ilatamuu A.A., babaesckuii I1.I"., Cannenko H.B.

MAMU, r. Mocksa, Poccust

DKCHEepUMEHTaIbHASL OLIEHKAa MEKCIIOEBOM JIOKAJbHOW IPOYHOCTU CJIOUCTHIX MHOJIUMEPHBIX
KOMITO3HMIIHOHHEIX MaTepHAJIOB IIPU OTPHIBE ITO3BOJIMJIA ONTHMH3HPOBATH MOJENL KOTE3HOHHOU
30HBI M IOJy4YaTh PE3YJIbTAThl YUCICHHBIX PACUYETOB MApaMETPOB HMX TPEIMHOCTOMKOCTU IpU
Harpy>XeHHH 110 Mojie | ¢ IoCTaTOYHOH TOYHOCTEHIO NPH MHHUMAJIEHOM OOBbeMe BBEYHCIeHHH [1].
Henbto nanHO# paboThl sBISiETCS pa3pabOTKa AaHAIOTMYHOW METOJMKM MpU CABUTE JUIS
HCTIONB30BaHNS NOJIyJaeMbIX pe3yIbTaTOB B UHCICHHOU OIleHKe TpemuHocToiikoctTi [IKM meromom
KOT€3MOHHOM 30HBI PHU HarpyxeHuu no mozxe 1.

JIyis SKCIIEpHMMEHTAIBHOTO OMPE/ICNICHUsT MPOYHOCTH MPHU CIABHIC B MAaJOi JIOKAJIBHOW 30HE
KOT€3MOHHOTO KOHTaKTa HaMHU TPEUIOKEHAa aBTOPCKas METOJMKa, Oa3upyrolascs Ha METOAUKE
Tapuononbckoro FO.M. u Kunmmca T.5. [2]. OOGpasen, npenHa3HA4YeHHBIA IS UCIBITAHUIA,
MpeACTaBIsieT co00H MPSAMOYroibHY0 mnosnocy u3 ciouctoro ITKM mmpunoit 20-25 MM, amuHON
150-200 MM u TonmmMHOM OT 2-5 MM. B cpenneil yacti oOpasiia MexIy CJIOSIMH B TOPU30HTAILHOH
IUIOCKOCTH, MPOKJIa/IbIBAETCs (hTOPOILIACTOBAs IUIEHKU TOMIMHOW 10 MKM 1 jutnHO# 15-20 MM 1o
Bceil mmpuHe o0pasia ¢ KpyriibiM OTBEPCTHEM 3a/1aHHOTO auameTpa (3-10 MM) B reOMeTpU4YecKOM
nentpe MiéHku. I[lpu ¢GopmoBaHuu oOpasna MeXIy CIoAMH 00pa3yeTcss 30Ha JIOKaJIbHOTO
KOTe3HOHHOTO KOHTaKTa. B oTdhopMoBanHOM 00pasiie Ha riIyOuHE 3ajeraHus IIEHKH HAHOCUTCS C
MOMOIIIBIO aJIMA3HOTO Kpyra 10 OJHOMY HaJIpe3y Ha HW)KHEW M BEpXHEil MOBEpXHOCTAX o0pasia B
BEPTUKAIBHOI IIIOCKOCTH, TAK YTOOBI CIBUTANIACH TOJIBKO KOHTAKTHAsI 30Ha. ClIeAyeT 3aMEeTHTb, YTO
Ha pe3yJbTaThl UCTIBITAaHUI 00pa3I0B CHIILHO BIIMSET TTyOHHA HaHECEHHUS Haipe30B. He noBeneHne
HaJipe3a J10 MIEHKU MPUBOAMT K HOBBIILICHUIO 3aMEPEHHON MPOYHOCTH TXZ.

TloaroToBNEHHBIH AJsI WCHBITAHUE 00pasell yCTaHABIMBACTCS 10 METKaM B  3a)KHMBI
HCTIBITATEIbHON MalIMHBI TaKHM 00pa3oM, 4ToObI MPOAOIbHAS OCh obOpaslia COBMajaia ¢ OChIO
MIPUJIOKCHUSI HAarpy3Kd W OCBIO 3aKUMHBIX TyOOK. lcmbITaHus oOpasloB MPOBOIATCS MHpPU
temneparype (23+2)°C, ¢ NOCTeNeHHbIM HapalllMBaHWEM HArpy3Kd /0 paspylieHus oOpasua.
CKOpOCTh JIBMKCHHUSI 3akuMa MaummHbl | MMm/MuH. Dukcupyercs HauOonblnas Harpyska u
NepeMEILICHNE 3aXBaTOB pPa3pbIBHOM MAIMHbI, JOCTUTHYTbIE IIPU HCHBITAHUM. MeToauka
oTpabaThiBajiach Ha MOKCUCTEKIIO- M ATIOKCUYTIIEKOMITO3UTAX. DKCIEPUMEHTAIBHO ONpeIeNIEHHbIE
3HAYEHUs JIOKAJIbHOW MPOYHOCTH IPU CIBUIE JUISl AMAMETPa KOHTAKTHOW 30HBI 3 MM COCTaBUJIU
17,3+0,5 MIla u 22,8+0,2 MIIa, COOTBETCTBEHHO.

[Nony4eHHble 3HAUSHHS JIOKATIBHOM MPOYHOCTH U Ae(hOPMALIMH IPU CIABHIE, II03BOJISIOT TOBBICUTD
TOYHOCTh MPOTHO3MPOBAHUS 3aKOHOMEPHOCTH HW3MEHCHUSI HAarpy3Kd Ha KpasX TpPEIIUHBI INPH
YUCJICHHOM aHalM3e TperuHocroiikoct [TKM.

Jlureparypa:
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Experimental determination of local shear strength of layered polymer composite materials to
optimize the numerical evaluation of their crack resistance by the cohesive zone method
under mode II loadingE
Shatalin A.A., Babaevsky P.G., Salienko N.V.

MALI, Moscow, Russia

The experimental evaluation of the interlayer local strength of layered polymer composite materials
during separation made it possible to optimize the cohesive zone model and obtain the results of
numerical calculations of their crack resistance parameters under mode I loading with sufficient
accuracy with a minimum amount of calculations [1]. The purpose of this work is to develop a similar
shear technique for using the results obtained in the numerical evaluation of the crack resistance of
the PCM by the cohesive zone method under mode II loading.

For experimental determination of shear strength in a small local cohesive contact zone, we have
proposed an author's method based on the method of Tarnopolsky Yu.M. and Kintzis T.Ya. [2]. The
sample intended for testing is a rectangular strip of laminated PCM with a width of 20-25 mm, a
length of 150-200 mm and a thickness of 2-5 mm. In the middle part of the sample between the layers
in the horizontal plane, a fluoroplastic film with a thickness of 10 microns and a length of 15-20 mm
is laid across the entire width of the sample with a round hole of a given diameter (3-10 mm) in the
geometric center of the film. When forming the sample, a zone of local cohesive contact is formed
between the layers. In the molded sample, at the depth of the film, one incision is applied using a
diamond circle on the lower and upper surfaces of the sample in a vertical plane, so that only the
contact zone is shifted. It should be noted that the test results of the samples are strongly influenced
by the depth of the incisions. Not bringing the incision to the film leads to an increase in the measured
strength txz.

The sample prepared for testing is installed according to the marks in the clamps of the testing
machine so that the longitudinal axis of the sample coincides with the axis of application of the load
and the axis of the clamping jaws. The samples are tested at a temperature of (23 + 2)°C, with a
gradual increase in the load until the sample is destroyed. The movement speed of the machine clamp
is 1 mm/min. The greatest load and movement of the grippers of the breaking machine achieved
during the test are recorded. The technique was worked out on epoxysteclo- and
epoxyuglecomposites. Experimentally determined values of local shear strength for the diameter of
the contact zone of 3 mm were 17.3 + 0.5 MPa and 22.8 + 0.2 MPa, respectively.

The obtained values of local strength and shear deformation make it possible to increase the
accuracy of predicting the patterns of load changes at the edges of the crack in the numerical analysis
of the crack resistance of the PCM.

References:

1. Babaev P.G., Salience N.In., Novikov G.V. the Use of experimentally determined parameters of
the cohesive zone in the numerical evaluation of resistance to delamination of polymer composites
"advanced materials", 2019, Ne3. S. 74-81.
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