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Nsydena merpaganys MoIMMePHBIX KOMIIO3UIIOHHBIX MaTEPUAIOB, M3TOTOBIEHHBIX METO-
[IOM HeaBTOK/IABHOTO (pOPMOBAHUA, B YCIOBUAX TPOIMMYECKOTO KIVMaTa B TPeX perMoHax
Brernama (Xanoit, Xomnmuna u Hsgaur). O6pasipl mogBepraay SKCIO3ULMU B TeYeHUe
Tpex JIeT B KaX/IOM peryoHe, II0C/Ie Yero MPpOBOAMIN MeXaHMYecKye VICIIBITaHusA (Ha pac-
TSDKEHHUe U OKaTue) ¥ MUKPOCKOTMYIecKuit aHanus. KoHTponbHble 06pasibl MCIIBITHIBAIN
Io oKcrmosuuuy. s o6paboTKM HONYYeHHBIX JAHHBIX MCIIOIb30BAHBI CTATUCTUIECKMIL
aHa/IM3 M METOJ, ITIaBHBIX KOMIIOHEHT. II0o mo/my4eHHbIM pe3ynbTaTaM BBIABIEHO 3HA4M-
Te/lIbHOE YXYAIIeH)e MEXaHNYeCKMUX CBOVICTB 00PasIOB: X IPOYHOCTb Ha pacTsDKeHNe CHU-
3umach o 16,1 %, npoynocTts Ha oxatme — Ha 20,4 %, a MOJY/Ib YIPYTOCTYM IIPU PACTsKe-
Hym yBemmanicsa Ha 11,7 %. ITokasaHo, YTO KOMIIOHEHTBI COJTHEYHON pajiMialiii ABIAITCS
OCHOBHBIMU (paKTOpamy Aerpajaliui, JOMOTHsIeMbIMI Braroi. Tak, Y®-A cHykaeT mpod-
HOCTb IIpY pacTsDKeHuu obpasua, a YO-Bb Bauser Ha MOAynb yOpyroctu. MUKpOCKOIS
BbISIBI/IA OO€eCI[BeYMBaHMEe MATPUI[bl, MUKPOTPEIIMHBI 1 JEUTMEHTAI[MI0 BOIOKOH, 0CO-
OeHHO B NMPUOPEXHBIX pajioHaX M pailoHaX ¢ BHICOKUM ypoBHeM Y®-A. CpaBHUTEIbHBII
aHaMM3 C JAHHBIMU IMPEAbIAYIINX UCCIelOBaHMIT TOATBEPANT cuHeprusM Y P-A 1 BIakHO-
CTU B YCKOPEHUM TUTPOTEPMUIECKON JleTpafaliuiyi, HO BbIABU/ YHUKA/IbHbIE TEHIECHIUN 13-
MEHEHVSI MOAY/IS YIIPYTOCTH, OOYCTIOB/ICHHbIe KMHETHUKOI OTBep)KAeHNsI KOHKPETHOTO Ma-

" ViccnenoBaHye BBIIIONIHEHO T GMHAHCOBOI IOAKEPIKKe, BbifensieMoit KasanckoMy defepanbHOMY YHUBEPCUTETY 11O TO-
CyZapCTBEHHOMY 33[JaHUI0 B cepe HaydHOI leATebHOCTY, IpoeKT Ne FZSM-2023-0009.
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Tepuasia. HOTIY‘ICHHI)IB PEe3ynbTaThl NOAYEPKNBAIOT YA3BMMOCTb HEABTOK/IABHBIX ITIOIMMEP-
HBIX KOMIIO3MIITMOHHBIX MAaTE€PNATIOB K TPOIIMIECKOMY K/IMIMATY U CBUNETE/IbCTBYIOT B I10JIb-
3y UCIIO/Ib30BAHUA CTOMKUX K y}Ipraq)I/IOTIeTOBOMY N3ITy4€HNIO HOKPI)ITI/If/l nnmm MOI[I/I(I)I/I-
Kayy MaTpMLbI /151 ITIOBBIIIEHN JOJITOBEIHOCTH.
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KnroueBble crmoBa: IIOIMMEPHBbIE KOMITO3MIJMMOHHBIE MaT€puajibl, YITICIUVIACTUK, TPpOINYe-
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The degradation of polymer composite materials manufactured by out-of-autoclave pro-
cessing was investigated under tropical climatic conditions in three regions of Vietnam
(Hanoi, Ho Chi Minh City, and Nha Trang). Specimens were exposed for three years in
each region, followed by mechanical testing (tensile and compressive) and microscopic
analysis. Control specimens were tested prior to exposure. Statistical analysis and principal
component analysis were employed to process the obtained data. The results revealed signif-
icant deterioration of the mechanical properties: tensile strength decreased by up to 16.1%,
compressive strength declined by 20.4%, while the tensile modulus increased by 11.7%. So-
lar radiation components were identified as the primary degradation factors, with moisture
acting as a secondary contributor. Specifically, UVA radiation reduced tensile strength,
whereas UVB affected the elastic modulus. Microscopy revealed matrix discoloration, mi-
crocracking, and fiber depigmentation—particularly pronounced in coastal areas and re-
gions with high UVA levels. A comparative analysis with previous studies confirmed the
synergistic effect of UVA and humidity in accelerating hygrothermal degradation, yet un-
covered unique trends in elastic modulus variation attributed to the curing kinetics of the
specific material system. These findings highlight the vulnerability of out-of-autoclave pol-
ymer composites to tropical climates and underscore the need for UV-resistant coatings or
matrix modifications to enhance durability.

EDN: LWPMYZ, https://elibrary/lwpmyz

Keywords: polymer composite materials, carbon fiber reinforced polymer, tropical climate,
material degradation, mechanical properties, ultraviolet radiation

Hossle MeTozbl hOpMOBaHUSA KOMITO3UI[MOHHBIX
matepuanoB (KM) u pasButue agguTUBHBIX TeX-
Homoruit (AT) mo3BOMMAM MCIIONIB30BATH HEOM-
HOpojHble MaTepuansl [1, 2] B pasHbIX cdepax
npombiiienHoctn [3]. KM monmyymnm pacmpo-
CTpaHeHNUe B a9POKOCMUYECKOIT [4], aBTOMOOW/IB-
HOTI [5], KocMuyveckoit [6], sHepreTnyeckoit [7] u
IPYTUX NepeloBbIX OTpaciax [8, 9]. VMspenns, us-
roTOB/IeHHBIE ¢ TOMOIbI0 AT, IpUMEHSIOT B Me-
punuHe [10-12], ctpoutensctBe [13] n camonero-
cTpoennu [14].

OpHako, HECMOTPsI Ha IIMPOKOe KCIONIb30Ba-
HUE U UCCIeOBaHMe HEOTHOPOIHBIX MATEPUATIOB,
BO3HUKAIOT Jle(eKThI, CBsI3aHHbIE C TeXHOTOTMYe-
CKOJI 0COOEHHOCTBIO MX M3TOTOBIEHUA U IKCIITY-
atanun. Tax, ecnu U3genna BHIIIOTHEHB METOA-
MU aJUTHBHOTO IIPOU3BOJCTBA, aBTOKJIABHOTO I
HEeaBTOK/IIaBHOTO (OPMOBAHMS, TO B HUX BO3HU-
KaeT BHYTPEHHss INOPUCTOCTb, KOTOpPAs MOXKET
HNPUBECTY K HETaTMBHBIM SIBIEHUSIM B IIpoliecce
akcmnyatauuu. [15-17]. O6bIYHO TOPUCTOCTD
HEOTHOPOJHOTO U3IeNus OMpefeNsioT C MOMO-

IbI0 IQHHBIX, MOJYYEHHBIX METOOM KOMIIbIO-
TepHOII TOMOrpaguyu U YIbTPa3BYKOBOTO KOH-
Tpos [16-19].

I pyruMu coBaMy, HEOLHOPOJHbIE MaTepUaJIbl
UMEIOT HEYCTOMYMBBIEe MeXaHWYEeCKue XapaKTepu-
CTUKM, CBS3aHHBIE C TEXHOJIOTUEN M3TOTOBJIEHUS,
YTO CIOCOOCTBYeT pasbpoCy pe3y/lIbTaToB IPU UC-
neitannsax. [lonumepusie KM (ITKM) ornmyaer
HU3KasA IUIOTHOCTb ¥ BBICOKasA yHe/lbHAass IpOd-
HOCTh. OfHAKO HEaBTOK/TaBHbIM MeTOJOM (OpMO-
Bauus1 I[IKM HeBO3MO>XHO M3TOTOBUTHh BbICOKOIIO-
PUCTYIO peLIeTYaTyI0 WIN JI0OYI0 CIOXKHO CTPYK-
TYpUPOBaHHYIO apxXuTeKTypy [20-22]. Kpome Toro,
IIKM saBnserca 6ojee IONATAMBBIM K BO3JEN-
CTBMIO KIMMATNYeCKuX (akTopoB (ynbrpaduore-
ToBoro manydenns (Y®), BIaKHOCTM U TeMIIepa-
TypBI), 4eM MeTa/lIbl, usrorosnernsie AT [23, 24].
Opnako KauMMaTudeckne (aKTOpbl HEraTMBHO
BmuAwT Ha IIKM, cHIbKas uX 9KCIUTyaTaliOHHbIe
CBOJICTBA.

OpfHMM U3 OCHOBHBIX KIMMAaTHU4eCKuX (akTo-
POB, BIMSIOUINX Ha MeXaHUYeCKUe XapaKTePUCTH-
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ku I[TKM, aBnserca YO con"eunoro csera [25-27],
CIIOCOOHOE M3MEHATh XMMUYECKYI0 CTPYKTYpY IO-
JIMMEpHBIX cBs3eil. [ybuHa npoHukHoBeHnsa Y P
U3MepseTCsl MUKPOMETPaMI, YTO CBUJIETe/IbCTBYET
o ToM, 4To ferpajanusa [IKM — moBsepxHOCTHas
[28-30]. B cBoo ouepenb, NOBEPXHOCTHAS JieTpa-
Janysa MaTepyaga MOXKeT IpMBeCTM K oOpasoBa-
HMIO HeOOJIBIINX TPELIVH, Ifie Oy/ieT HaKaIInBaThb-
cs Bnara. C u3MeHeHyeM TemIieparypsl [31] moryt
HOABUTHCS KOHIIEHTPATOPbI HAINPsDKEHMI, BCIIeH-
CTBME 4Yero IIPOM3OIifIeT pPaclpoCTpaHeHNue Tpe-
IVHBI BHYTPb 00pasla.

OKCIepMMeHTa/IbHble METOAbl MCCIIeOBAHMSA
IIKM mnop menictBueM Y@ m Baru IO3BOJIAT He
TOJIbKO JIy4Ille IOHATD IPOLIeCC Jerpafalyuy TaKnx
MaTepuaaoB, HO U pa3paboTaTh 9 deKTUBHBIE Me-
TOABI IIPOM3BOACTBA M IocToOpaboTku [32, 33].
9T0 B KOHEYHOM WTOTe YIYy4YIINUT (UIUKO-
MeXaHIYeCK/e CBOJCTBA, 00eCIeYnT HaJeXHOCTDb
1 6€30IIaCHOCTb KOHCTPYKIIVIL, M3TOTOB/IEHHBIX U3
[TKM.

Llenp wmccremoBaHMA — WU3ydeHUe BINAHUA
B/I)KHOTO M >KapKOTo K/IuMaTa Ha MeXaHMJecKue
ceorictBa ITKM, uU3roToB/I€HHOTrO HEeaBTOK/IABHBIM
MeToA0M (popMOBaHNUA.

Martepuanbl u MeToasl. B kauecTBe oObekTa Mc-
CIeOBaHMs BBICTYIIaNM 0OpasIibl yITIeIUIaCTHKA Ha
OCHOBe IIpelpera HeaBTOKIaBHOrO (HOpMOBaHMA
B180, mpemHasHauyeHHOTrO I KCIUTyaTallMM IpU
Temnepatype fo 150° C.

TexHU4YecKaa XxapaKTepyucTHKa npemnpera B180

IIpenen npounoctu, MIla:

TIPU PACTDKEHMM « o vvvvvve e et i eiiieeeeenss 871

TIPU CKATHM « .« v vvveeeeeeee e et 802
Mopynp ynpyrocrtu, I'Tla:

TIPU PACTSIKEHMM .« vvveve et e e et 71

TIPU CKATHM .« o v vvveeeee et et 60

Vccnenyembie 06pasiipl MMeu CIUIETEHIe THUIIA
capXXmu 2X2 ¢ TIOBEPXHOCTHOM IIIOTHOCTBIO
200 r/m* n apmupytomyio ykmaaky 0°/90° ¢ pecs-
Tbi0 crmosimu. TommuHa cnost coctasisiia 0,2 MM.
O6pasupl mpencTaBsiim coboit MOTOCH MPSIMO-
YTOJIBHOTO cedeHus. UTOOBI OIpefennTb MeXaH-
JeCKye XapaKTepPUCTHUKI, M3TOTaB/ MBI 00pasLibl
[BYX THUIIOB: AJIsI VICIIBITAHWS HA PAacTsDKEHNe I
oxarue. [TepBble Menu HaK/IagKy, GUKCUPYEMBI B
VCTIbITaTeNbHON MamyHe. CxeMbl 00pasLioB Lt
VICTIBITAHVS Ha PacTsDKEHMe U COKaTye [pUBefeHbI
Ha puc. 1,an 6.
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Puc. 1. Cxembl 06pa31ioB /s MCIIBITaHVS Ha pacTshkeHue (a) u oxatue (6)
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Kaxpplit Tvn ob6pasija M3roTaBIMBaIi B KOJIN-
gectBe 40 1wT. JlecATb 06pasoB pe3epBUpPOBAIN
I KOHTPOJA, T.e. MX VICHBITbIBamM Oe3 ydera
BIMSHMS K/IMMAaTNYeCKNX (GaKTOPOB Ha MeXaHN4e-
ckme xapakTepuctuku. ITo mecATp 06pasIoB Kax-
IOro THUIIAa OTHPAB/IAIM Ha [JUTEIbHOE 3KCIIOHU-
poBaHMe B pa3AM4YHble TPOIMYECKNe 30HbI Bber-
HaMa.

Mexanndeckue xapakTepuctuku. [Ina omnpenerne-
HMA MeXaHMYEeCKMX XapaKTepUCTMK 00pasljoB U3
I[IKM wncnomnb3oBany YHMBEPCATIbHYIO WCIIbITA-
TenbHYI0 MamuHy BISS-50.

TexHm4eckad XapaKkTepUCTIKa
MCIBITAaTEeIbHOI MammHbI BISS-50

MaxkcumanbHas Harpyska, KH ... o oo 50
JlnamasoH cKopocTeit, MM/MUH . . . . . .. 0,001...500,000
To4yHOCTb M3MepeHMA HATPY3KM, % .. ..o vt +0,5
Paspemenne gaTunkoB feopMaLiuy, MKM . . . . . .. .. 0,1
YacroTa cUMThIBaHMSA IMOKa3aHmit, K[ .. ............ 1

Bce 00pasipl VMCHOBITBIBaIM [0 paspylieHMs.
CKOpoCTb IepeMeleHus TpaBepChl COCTaBIIsIA
2 MM/MMH.

ITocne ucnbiTanmit 06pasLioB Ha pacTsKEHNE U
COKaTue OIpeNenAnu NMHENHbIM y4acTOK Ha Jua-
rpamMe jedopmypoBaHuA. IlomydeHHble HaHHbIE
anIpOKCUMMPOBaNIM  JIMHENHOW  3aBUCUMOCTBIO
HaTpsDKeHUs1 G OT febopMarium €

o=ke+b,

rie k — yrmoBoit koap¢unyueHT npamoit; b —
CBOOOJIHBII YIEH.

Mogynb ynpyroctu E onpegnensany Kak yriIoBoi
K09(pPMLIMEeHT PAMOIT AIITPOKCUMAIIVIN

E=tgk.

[Ipenen mpoyHOCTM O6pasia O, BBIYUCTIAIN
KaK OTHOILIEHN)E MAaKCUMATbHOM HArpyskum Fypa
IpY paspylIeHMM K Ha4aJbHOM IUIOIIAZM €ro Io-
MepevHOro cedeHns Ag:

O :Fmax/AO-

Mereomannble. B KauyecTBe IUIOMIAmOK sl IJIN-
TEJIBHOTO 3KCIIOHMPOBaHUsI 00PA3I[0B BBHIOPAHBI
Mmereoctanuym Xoa Jlak, Kau3e u [lombaii B ropo-
nmax XaHon, XomnMiuH 1 Ha4aHr cOOTBETCTBEHHO.
PacnionoxeHnne Kax/joil IIOMAAKN XapaKTepu3yeT
CBOJI K/IMMAT, OOYC/IOB/ICHHBINI TreorpadudecKum
MOJIO)KEHMEM.

ITnomanka Xoa Jlak (Ha ceBepe BperHama)
HaXOOUTCA B 30HE TPONMYECKOTO MYCCOHHOTO

“««;:*’;r%

= ,‘_—‘}_ﬂ__——-—“‘_

Puc. 2. BHemHNI1 BUJ CT€HJA [JI SKCIIOHMPOBAHMA
06pasios

KJIMMaTta C sIPKO BbIpa)KeHHbIMM ce30Hamu. [Imo-
manka Kan3e (Ha rore BreTHama) pacronoskeHa B
30He TPOIMYECKOTO KIMMara, KOTOPbIA MOYTH Of-
HOpOZieH B TedeHMe Tofia: TeMIlepaTypa BO3Zyxa
CTaOMIBHO BBICOKAs, @ PasHUIIA MEXJAY Ce30Ha-
MU — MUHUManbHasA. Ilnomagka Tombait (B 1eH-
Tpe BbeTHama) 6asupyercs B 30He TPOIMYECKOTO
MOPCKOTO KIMMAaTa, Ifle TeMIlepaTypa BO3ZJyXa
OCTaeTcsl BBICOKONM KpYIJIBIN TOf, HO Omaromaps
IOCTOSIHHOMY  BO3JIEJICTBMIO MOpCKOro 6pmsa
K/IMMAT OKa3bIBAE€TCS HECKOIBKO CMATYEHHBIM.

O6pasmpl pasMmelnany Ha ClelMaTbHO 000py-
IOBaHHBIX CTEH/IAX, OPMEHTUPOBAHHBIX K COTHEY-
HOMY CBETY JI/I1 MAaKCUMA/IbHOTO Bo3fencTeus Y.
Crenpibl ycTaHaBnMBanu mop yriaom 30° oTHoOcH-
Te/IbHO TOPU3OHTANBHON TIOCKOCTH (pHC. 2).

O6pasipbl 9KCIIOHMPOBANTNCH HA CTEHJAX B Te-
yeHne Tpex et (2020-2022 rr.). B xavecTBe Km-
MaTU4YeCKnx (HaKTOPOB TPOMUIECKON Cpefbl BbI-
CTyIa/mu CyMMapHoOe conHedHoe Y@, cymMMapHble
YO tima A (Y®-A) u b (Y®-B), cymmapHoe ko-
JIMYEeCTBO OCAfIKOB, CpefHME TeMIIepaTypa, BIax-
HOCTb 1 aTMOC(hepHOe TaB/eHe.

Muxpockonmsa. st 1MccnefoBaHys M3MeHeHMUs
BHelHell nosepxHoctu IIKM B ycrnoBuax pmm-
Te/IbHOJ 9KCIIO3ULINY IIPOBOAVIN MUKPOCKOIINIO C
moMoIpilo nudpoBoro Mukpockoma Levenhuk
DTX 700 LCD.

TexHm4ecKass XapaKkTepuCcTUKa
nudposoro mukpockona Levenhuk DTX 700 LCD

VBEMMUEHNE, KPAT . .o veeeieee e e e 10...300

(c yudposbiM 3ymoMm 10...1200)
MaxkcumManpHOe paspelieHne, Mmc . ............. 12
Merop MCCIEMOBAHMA . . ..o o Csernoe mose
DOKYCHUPOBKA, MM .+« o eeeeveeeeeeeeniannnnn 5...70
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JIns xaxxporo obpasua oTOMpany y4acTku, ge-
MOHCTPUPYIOLJEe XapaKTepHbIe VI3MEHEHN BHEII-
Heil CTPYKTyphl. VccmeoBany Kak HOBEPXHOCTH,
HOABEpruIecs AIUTENbHOMY BO3JEVICTBUIO K/IN-
MaTM4ecKnx (aKkTOpoB, TaK M TeX, KOTOpble OCTa-
Ba/IVIChb HEI3MEHHBIMU.

O6paborka pe3ynbTaroB. [Toc/ie HATYPHbBIX UCIIBI-
TAHUI Ha PacTsDKEHNe U OKaTue /IS KaKIOro 06-
pasija pacCUNTHIBA/IN MOJY/Ib YIPYTOCTY U IIpefe
IpOYHOCTU. Bce monyyeHHblE XapaKTePUCTUKM
IpOBEpsUIM Ha HOPMAJIbHOCTb paclipefie/ieHns
JAHHBIX C MUCIOJb30BaHMeM TecTa Xapke — bepa.
3aTeM IpyNIbl IONYyYEHHBIX XapaKTePUCTUK IIPO-
Beps/IM C NMOMOMIbI0 HapHoro t-kpurepus Crbio-
IeHTa, YTOOBI OIpe/ie/INTh He3aBUCUMbIe BBIOOPKI
¢ p-3HaunMocTbio 0,05. [l oToOpakeHus pe3yb-
TaTOB MCIIO/Ib30BAIN SALIMK C ycaMM, JI/IsI aHalInu3a
3aBUCYMOCTY MEXAY KIMMATW4ecKuMu (pakropa-
MU UM MEXaHMYECKMMM XapaKTePUCTUKAMU MaTe-
puanoB — MeToj rnmaBHbIX KoMmmoHeHT (PCA —
Principal Component Analysis).

Pesynbrarbl. Ilocie 3KCIIOHMPOBAaHUA B TEYEHMeE
Tpex /IeT 00pa3Lbl IOfIBEpraIy MEeXaHNYeCKNM VC-
IBITAaHMAM Ha pacTsDKeHue U okarue. AHalIu3 Io-
JTy4eHHDIX JAaHHBIX II0Ka3aj, 4YTO BO BCeX IPYIIIax
006pasIioB pacipefieNieHNe MeXaHNYeCKIX XapaKTe-
PUCTUK COOTBETCTBYET HOPMaAbHOMY 3aKoHY. I1pu
aHanM3e Ipefie/ia IPOYHOCTY U MOJY/ISA YIPYTOCTH
Ha pacTsDKeHMe CTaTMCTUYEeCKM 3HauMMble pasyu-
4ysi 0003HAYA/IM 3HAKOM «¥», a Ha CXKATUe — «X».
Pacnipenenenne MexaHMYeCKMX XapaKT€PUCTUK —
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[penen npounoctu, MIla

mpefena MPOYHOCTM M MOAYNIA YOPYTOCTM — IIO
30HaM 9KCIIOHMPOBAaHMs II0Ka3aHO Ha puc. 3, a u 6.

Ilo pesynbTaTaM CTAaTUCTMYECKOTO aHa/IN3a
YCTaHOBJIEHO, 4TO IpefeNl MPOYHOCTU KOHTPOJIb-
HOro oOpasija 3HAUYMMO OT/INYAeTCS OT 3HAYeHMI
BCEX IPYII [UINTEIbHOTO 3KCIIOHMPOBAaHMA Kak
IOpM pacTsDKeHMM, TaK M Ipu oOKatuu. Mopyinb
YIIPYTOCTU NIPU PACTSKEHUU BO BCeX MCC/IeNOBaH-
HBIX TPYIIIAaX IEMOHCTPUPYET JOCTOBEPHbIE OT/IN-
Yysi OT KOHTPOJIbHBIX 3HAUEHUII, B TO BpeMs Kak
IpY VCIBITAaHUMM Ha CKaTue HYM OfHAa M3 TPyHI
9KCIIOHMPOBaHNUA He IIOKasaja CTaTUCTUYECKU
3HAYMMBIX OT/IMYUIL OT KOHTPOJIBHOTO.

CratucTuyueckuil aHanu3 Ipefieia MPOUYHOCTU
[0 MCTIBITaHNUAM 00pa3I[0B Ha pacTsDKEeHNUe M CKa-
THe BBIAABUJI PasInyiie MeX/Y NaHHBIMU, IIOTy4eH-
HbiMu B Havanre n Xanoe. Ilpy ananmse mopyna
YIPYTOCTM CTaTUCTUYECKM PasIMIMMBIMU OKas3a-
JIICb TOTbKO Pe3y/NIbTaThl VICIBITAHNII Ha pacTsKe-
Hue B Hsauanre n XommumMmuHe.

CobpaHHble MeTeOfjaHHBIe BKIIOYaIM B ceOd
CBeleHUsA O COJIHEYHOJ aKTUBHOCTU, KOTOpbIe
CYMMUPOBaNUCh 1O rofaM. Pacmpenenenue cym-
MapHbIX uHTeHcuBHOCTe YO, YO-A u YO-b no
30HaM SKCIIOHMPOBaHMUS IIOKazaHo puc. 4, a-a.
B cmygasx cTaTMCTMYeCKM 3HAUMMBIX pa3iuduit
OAHHbIE IOMEYEHDI CMBOJIOM «*¥»,

O6miass conmHevyHass aKTMBHOCTb 3a TPU TOfa
9KCMO3MIINM CTAaTUCTUYECKN pas3nudanach MeX[y
BCeMM ropofiaMiu. 3HadyeHusA MHTeHcuBHoOCTU Y D-
A 3Ha4MMO pasnmnyanuch Mexnay Hauanrom n Xa-
HoeM, a MHTeHcuBHOCTH YO-b — Mexpy Hauan-
roM 1 XOIIMMIHOM.
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Puc. 3. PactipenerneHe mpefesna IpoYHOCTY (a) M MOAY/Ist yupyrocTu (6) Iocie NCHbITaHus 00pasIioB
na oxarue () u pacrsxenve (C)no sonam skcnonuposanus:
I — xonTponpHoe sHayenne; Il — Hadvanr; I1I — Xanoit; IV — Xommmuna
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Puc. 4. Pactipepenene cyMMapHbIX MHTeHCUBHOCTEN YO (a), YD-A (6) u YO-b (8) mo 30HaM 9KCIIOHMPOBaHNA:
I — Havanr; II — Xanoi; [IT — XommMmua
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Puc. 5. Pactipenennenne CyMMapHOTO KOIMYECTBA OCATIKOB 7oy (a), cpemHeit TeMuepatypsl 1. ,
Y} P
CpefHell BIaXKHOCTU W, (8) U CPEeFHETO aTMOC(EPHOTO FABTIEHNSA Pcp (2) IO 30HAM IKCIIOHVPOBAHSL:
I — Havanur; I1II — Xanoit; IV — XommMmuu

CyMMapHOe KOJIMYECTBO OCAfiKOB T B XaHOe
CTaTUCTMYECKV OTIMYANIOCh OT 3HadeHNit B Hauan-
re u Xoummune (puc. 5, a). CpegHsasa TeMuepaTy-
pa T, mOKasaja CTaTUCTMYECKM 3HAUMMble pasiiy-
4nsA MeXHAy Bcemy ropopamu (puc. 5, 6). Cpennsas
BJI&XKHOCTb W, B XaHO€ TaKXKe CTaTUCTUYECKU OT-
M4anach oT 3HadeHmii B Hadanre m XommmuHe
(puc. 5, 8). Cpennee armMocepHOe faBjeHMe py, B
IIe/IOM He JeMOHCTPUPOBAIO 3HAYVMMBIX PasjIdmil
MeXJy TOpoflaMi, OHAaKO B XOILIMMIHE BbIAB/IEH
SIBHBIIT BBIOpOC 3HaYeHuit (puc. 5, 2).

IIpy  MMKpPOCKOIMYECKOM  MCC/IeJOBAaHVUM
BHEIIHell MTOBEPXHOCTM OOpasIoB IOTy4eHbI Xa-

paKTepHble N300pa’KeHNA U3SMEHEHNUA UX CTPYKTY-
psl. Ha puc. 6, a mokasaHa moBepxXHOCTh 00pasiia,
HOZIBEpTaBLIasCA BO3EICTBUIO KIMMATUYECKUX
¢daxropos B Hayanre, a Ha puc. 6, 6 — He mozBep-
raBmasicsi  (oOpatrHas cropona). Ha mepBoit
Ha0JIofjaeTcsl OTepsl MUTMEHTa BOIOKOH, Ha BTO-
POI1 y4acTKM proOpeTaroT KOPUIHEBBI OTTEHOK,
YTO CBMUAETEIbCTBYET O Pa3pyLIEHUM MaTPUYHOI
CTPYKTYPBI KOMIIO3MTA.

OO6pasibl, SKCIOHMPOBaHHbIE B XaHOE, JeMOH-
CTPUPYIOT CXOXKVe M3MEHEHMs BHEIIHeil IOBepX-
HocTH (puc. 6, 6). B oTmmune ot 06pasuos, skcmo-
HMPOBaHHBIX B HAdaHre, yTpaTa nurMmeHTa 3aduk-
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Puc. 6. CTpyKTypbl BHEIIHIX [IOBEPXHOCTeIT 00pasiioB, HofBeprapiuxcs (4, 8, 0) 1 He moaBeprasiuxcs (6, ¢, €)
BO3[IEIICTBIUIO KIMMATHIeCKIX (PaKTOPOB B Pa3HBIX 30HAX SKCIIOHMPOBAHMSL:
a, 6 — Hayvanr; 6, 2 — XaHoi1; 0, e — XOLIMMUH

CMpOBaHa He TOJNBKO IO KpasM CerMeHTa KOMIIO-
3UTa, HO U IO BCell UX JyinHe (puc. 6, 2).

AHajiornyHble SBJIEHNS HAONMIOAATCA U Y 00-
paslioB, SKCIOHMPOBaHHbIX B XommMuHe. Kak
BUIHO U3 pUC. 6, e, IUTMEHT TePsETCA IO BCEN
JUTMHE CeTMeHTa.

[Ipn aHanm3e IOBEPXHOCTM, MOJBEpraBIIENiCA
BO3JIEVICTBUI0 KIMMATU4IeCKUX (PakTopoB (puc. 6,
0), MOXHO 3aMeTUTb, YTO B OT/INYNE OT IPEIbIAY-
VX CIy4aeB, IPOLecC Aerpaflaliyiy HaXOAUTCA Ha
Ha4a/JIbHON CTafMy, YTO IMOATBEPXKHAETCS COXpa-
HeHJeM CTPYKTYPbI BOIOKOH.

ITo pesynmbraTam aHami3a Metopom PCA ycra-
HOBJICHO, YTO Haubosblilee BIMAHIE HA MeXaHI4e-

CKJIe XapaKTepUCTUKN 00pa3I[0B OKa3bIBaeT BIIAXK-
HOCTb, KoTOpas uMeeT Koapdunment Bxnaga 0,64.
CyllecTBeHHBINI BKIQJ, TaKKe BHOCUT YpPOBEHD
Y®-b ¢ mapamerpom BxrodeHua 0,26. OTu flaH-
HbIe YKa3bIBAIOT HA TO, YTO IIPOLECCH Aerpajalyn
ITKM 00ycnoBIeHb! BIa)KHOCTHBIMMU YCTOBYUAMIA.

O6cyxnmeHne pesyrbTaToB. AHamu3 MeXaHNJe-
CKMX XapaKTepUCTUK 00pasIoB IIOC/Ie TpeX/IeTHell
9KCIO3UIUMY BBIABUI CTaTUCTUYECKVM 3HAUMMble
pasnnunA B 3aBUCHMMOCTY OT 30HBI 9KCIIOHMPOBa-
HuA. B yacTHOCTH, MONMy4YeHHBle IpPY MCIBITAHUN
Ha pacTsDKeHHe U CXaTue 3HadeHNus IIpeJiesioB
IPOYHOCTY CYI[ECTBEHHO pPa3NYanuch y oOpas-
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11oB 13 Havanra n XaHosa. EqMHCTBEHHBIM KIMMa-
TUYECKUM (PAKTOPOM, CTaTUCTUYECKM Pa3IMIHbIM
TOJIbKO MEX[Y 3TUMM TOpofjaMM, OKa3anaach CyM-
MapHasg MHTeHCUBHOCTh Y®-A. Mogynb ynpyro-
cti o6pasnos u3 HeayaHra npm pacTsykeHUM U
OKaTUM CTaTUCTUYECKM OTIMYAICA OT 3HAYeHMIl
06pasioB 13 XOUIMMIHA, YTO KOPpeNIupyeT ¢ pas-
MUYUAMM B CyMMapHO¥ uHTeHcuBHocTH Y®-b
MEXIy 3TUMM TOpOfaMIL.

Crnenyer OTMETUTb, YTO CyMMapHble OCafKM,
cpefHMe TeMIIepaTypa M BIXHOCTb TaKKe Pas/y-
Yamuch Mexpy ropogamu. OfHaKoO MX BIAMAHME Ha
MeXaHNYeCK/e XapaKTePUCTUKY ObI/IO MeHee BbI-
paxeHHBIM. TaK, ypoBeHb 0Ca[KOB B XaHO€E CTaTu-
CTMYECKM OT/INYA/CA OT ypoBHeN B Hauanre u Xo-
HMIMMMHE, HO He OKa3blBajl 3Ha4MMOTO BO3/IEIICTBUA
Ha TIIpefieNl NPOYHOCTM WIM MOAYNb YIPYTOCTH.
3HayeHNsA CpefHell TeMIlepaTypbl CTaTUCTUYECKM
pasnInyamich BO BCeX TPeX TOpojax, OFHAKO ee B/IU-
sHME Ha MEXaHMYEeCKMe XapaKTePUCTUKM MaTepua-
JIOB TpeOYeT JOIIOTHUTETbHBIX UCCTIeJOBAHNIL.

B pab6ote [25] usydanmu Bmmanume YO mamHOM
BONMHBl 340 HM, COOTBETCTBYIOIETO J[MAIa3OHy
Y®-A, Ha MexXaHMYECKNE CBOVICTBA SITOKCUTHBIX
nmaMMHATOB B TeueHue 180 4. B kauecTBe 06pasijon
UCIIO/Ib30BAIM JIAMMHATBI, U3TOTOB/IEHHbIE HA OC-
HOBe 3moKcyuaHoI cMmonbl Araldite LY-556, otBep-
)XpeHHON oTBepanuteneM HY-951. JlanHbIll MaTe-
puan MMUPOKO NPUMEHAETCA B KOMIIO3UTHBIX KOH-
crpykumax.  Ilo  pesymbraram — McHbITaHMIA
YCTaHOBJIEHO, YTO IIPOYHOCTDb Ha PACTSKEHUE CHU-
3unach Ha 22,6 %. Kpome TOro, Ha moBepxHOCTHU
00pasI[oB MOSBWINCH MUKPOTPELVHbI, ¥ HaOI0-
Tanoch MOXKeNATeHNeE, YTO CBUAETENIbCTBYET O IPO-
necce ¢poTozierpaganuy Matepuana. VccinenopaHme
IPOEMOHCTPYPOBAJIO, 4TO JIMUTE/IbHOE BO3Jei-
cTBue YO cyllecTBEHHO YXyJIIaeT Npefiell MpoY-
HOCTM SIOKCUJIHBIX JIAMMHATOB, 4YTO SABJIAETCA
KPUTUYHBIM /I UX IIPUMEHEHNA B YC/IOBUAX OT-
KPBITOM CPEefbl.

Cxoxxme pesynbTaThl M3MEHEHUA MeXaHUde-
CKUX CBOJICTB IIOJTy4eHBI IIPY MCC/IEOBAHNN BJIM-
aauA YOP-A Ha KOMIIO3MLIMOHHBIN MaTepuan
IM7/997, cocrosmmii M3 YIJepOJHOIO BOJIOKHA
IM7 u TepMOIIaCTMYECKM MOAUPUINPOBAHHOI
SMOKCUIHOI MaTpuiibl 997 [26]. BoisBneHo coBo-
KynHoe BnuAHMe Y@ 1 MOBBIIIEHHO BIa>KHOCTH,
OTMeYeHa 9pOo3NsA MATPULBI C yXyJIIeHMeM MeXa-
HIYeCKUX XapaKTepUCTHK.

ComnocTaBnsad 3TU pe3yNbTaThl C JJAHHBIMU MUC-
C/IeJlOBAaHMUsA, MOXXHO OTMETUTb AHAJOTMYHYIO 3a-

BUCUMOCTb BIMAHUA YP-A 1 BIKHOCTU Ha IIpe-
JleJIbl IPOYHOCTY IIPY pacTsDKeHUu U oxatum. Kak
u B pabore [25], MOKa3aHO yBelIMYeHME MOAY/IA
ynpyroctu nop, peiictBueM Y®P-A, 4TO MOXKHO
00BbsICHUTD TTocTOTBepKaeHueM ITKM.

B uccnepoBanuu [13] paccMoTpeHa perpapanyist
MeXaHMYEeCKMUX CBOJCTB KOMIIO3UTOB, apMIPOBaH-
HBIX YIJIEPOJHBIM BOJIOKHOM, 1107 fieiicTBueM Y D-A
u Y®-B. O6pasupl 3KCHOHMPOBAINCh B TeYeHME
512 4. ABTOpaMm BBIABJIEHO CHIDKEHME IIpefena
IPOYHOCTY M MOJY/A YNPYTOCTU SKCHOHMPOBaH-
HBIX 00pasIioB: MepBblil yMeHbIIWICA Ha 18,85 %,
BTOpOIT — Ha 13,50 %.

ITo pesynbraTaM IPOBENEHHOTO MCCIENOBAHNUA
YCTaHOBJ/IEHO, YTO MAaKCMMa/lbHOE IafieHNe Ipefie-
Jla IPOYHOCTM Ha pacTsKeHume cocraBuio 16,1 %,
Ha okatne — 20,4 %, a MaKCHMaJIbHOE YBeIMYeHME
MOJy/ISl YIIPYTOCTH Ha pacTspKeHme — 11,7 %.

ITomyyenHble faHHbIE TO3BOJIAIOT YTBEPKAATD,
YTO OCHOBHBIM KIMMAaTU4eCKUM (aKTOPOM, BIIVA-
IOIMM Ha Ipefe]l IPOYHOCTM PACCMOTPEHHBIX
IIKM, saBnsaerca YO-A, a Ha MOAY/b YIPYTOCTY —
Y®-b. Ilo pesynbratam PCA-aHanusa ycraHoBie-
HO, YTO Ha MeXaHNYeCKIe XapaKTePUCTUKNU 00pa3-
L[OB 3HAYUTEIbHO BAMAET BIaXXHOCTb. OcTa/lbHbIE
KIMMaTndeckue (akToppl MO0 He OKa3bIBAIOT
CYIIeCTBEHHOTO BJIMAHMA, MO0 VX BO3JENICTBME
HUBeNMpYyeTcs foMuHupyomuM sdpdexkrom YO n
BIOXHOCTU. [la/mbHelne MCCAeNOBaHUA MOTYT
OBITh HAIIPaB/ICHbI HAa YTOUYHEHNE MEXaHM3MOB Jie-
rpajflalliiy MaTe€pUaIoB MOJ AeliCTBUEM PasIMIHbIX
KIMMaTH4YecKuX (aKTOpOB, a TakKe Ha pas3pabor-
Ky 3alVITHBIX HOKPBITUII WIX MOAMpUKanMii Ma-
Tepuana I TOBBINIEHUS €ro YCTONYMBOCTM B
YCIIOBUAX JIIUTE/IbHOM 3KCIUTyaTall N,

BriBop

YcTaHOBJIEHO, YTO KIMMAaTH4YecKue QpaKkTopbl B
3HAYUTE/IbHON CTENEeHN BAMAIOT Ha MEXaHNYECKYIO
merpaganuio ITIKM. KoMIloHeHT conmHeYHOIl pagu-
anyy Y®-A cHIDKaeT NPOYHOCTb Ha pasphblB, a
YO-b — mopyns ynpyroctu. ConHedHas pajma-
VISl BBICTYIIA€T OCHOBHBIM (PAaKTOPOM YXY/ILIEHNA
npouHoct IIKM. BrmaxHOCTb Takke SABJAETCA
3HAYMMBIM IIapaMeTPOM CHIDKEHMA MeXaHUIeCKMUX
cBorictB IIKM, B To BpeMs Kak [ipyrue KIuMMaTH-
qeckre (aKTOpbl AEMOHCTPUPYIOT He3HauUTelIb-
Hble WUIM CTAQTMCTMYECKM He3HauMMble 3¢ eKTsl,
KOTOpbl€ YacTO KOMIIEHCUPYIOTCS [JOMMHUPYIO-
muM B3anmoperictBueM YD 1 BIaXXHOCTH.



#01(790) 2026 M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 11

JInteparypa

[1] Zhang Z., Gao H., Wen S. et al. Scalable manufacturing of mechanical robust bioinspired ce-
ramic-resin composites with locally tunable heterogeneous structures. Adv. Mater., 2023,
vol. 35, no. 14, art. 2209510, doi: https://doi.org/10.1002/adma.202209510

[2] Vinod A., Tengsuthiwat J., Vijay R. et al. Advancing Additive manufacturing: 3d printing of
hybrid natural fiber sandwich (Nona/Soy PLA) composites through filament extrusion and
its effect on thermomechanical properties. Polym. Compos., 2024, vol. 45, no. 9, pp. 7767-
7789, doi: https://doi.org/10.1002/pc.28302

[3] Simodes S. High-performance advanced composites in multifunctional material design: state
of the art, challenges, and future directions. Materials, 2024, vol. 17, no. 23, art. 5997, doi:
https://doi.org/10.3390/mal17235997

[4] McGurk M., Stodieck O., Yuan, J. Probabilistic aeroelastic analysis of high-fidelity composite
aircraft wing with manufacturing variability. Compos. Struct., 2024, vol. 329, art. 117794,
doi: https://doi.org/10.1016/j.compstruct.2023.117794

[5] Biswas P., Mondal M.K. Evaluation of a cast AL-MG2SI composite for automobile Disk-
Brake rotor application. JMEP, 2024, vol. 33, no. 2, pp. 11188-11213, doi: https://doi.org/
10.1007/s11665-023-08760-1

[6] Naito M., Kitamura H., Koike M. et al. Applicability of composite materials for space radia-
tion shielding of spacecraft. Life Sci. Space Res., 2021, vol. 31, pp. 71-79, doi:
https://doi.org/10.1016/j.1ssr.2021.08.004

[7] Trzepiecinski T., Batu T., Kibrete F. et al. Application of composite materials for energy gen-
eration devices. J. Compos. Sci, 2023, vol. 7, no. 2, art. 55, doi: https://doi.org/
10.3390/jcs7020055

[8] Waqar M., Memon A.M., Sabih M. et al. Composite pipelines: analyzing defects and ad-
vancements in non-destructive testing techniques. Eng. Fail. Anal, 2024, vol. 157,
art. 107914, doi: https://doi.org/10.1016/j.engfailanal.2023.107914

[9] Czech K., Oliwa R., Krajewski D. et al. Hybrid polymer composites used in the arms industry:
a review. Materials, 2021, vol. 14, no. 11, art. 3047, doi: https://doi.org/10.3390/
mal4113047

[10] Kharin N., Bolshakov P., Kuchumov A.G. Numerical and experimental study of a lattice
structure for orthopedic applications. Materials, 2023, vol. 16, no. 2, art. 744, doi:
https://doi.org/10.3390/ma16020744

[11] Bolshakov P., Kuchumov A.G., Kharin N. et al. Method of computational design for addi-
tive manufacturing of hip endoprosthesis based on basic-cell concept. Int. J. Numer. Meth-
od Biomed. Eng. 2024, vol. 40, no. 3, art. 3802, doi: https://doi.org/10.1002/cnm.3802

[12] Mobarak M.H., Islam Md.A., Hossain N. et al. Recent advances of additive manufacturing
in implant fabrication — a review. Appl. Surf. Sci. Adv., 2023, vol. 18, art. 100462, doi:
https://doi.org/10.1016/j.apsadv.2023.100462

[13] Tuvayanond W., Prasittisopin L. Design for manufacture and assembly of digital fabrication
and additive manufacturing in construction: a review. Buildings, 2023, vol. 13, no. 2,
art. 429, doi: https://doi.org/10.3390/buildings13020429

[14] Ghimire R., Raji A. Use of artificial intelligence in design, development, additive manufac-
turing, and certification of multifunctional composites for aircraft, drones, and spacecraft.
Appl. Sci., 2024, vol. 14, no. 3, art. 1187, doi: https://doi.org/10.3390/app14031187

[15] Akifyev K.N., Kharin N.V., Statsenko E.O. et al. Pilot study of lattice endoprosthesis buck-
ling by compressionin-situ using X-ray tomography. Russ. J. Biomech., 2023, vol. 27, no. 4,
pp- 32-39, doi: https://doi.org/10.15593/R]Biomech/2023.4.03

[16] Hudson T.B., Follis P.J., Pinakidis J.J. et al. Porosity detection and localization during
composite cure inside an autoclave using ultrasonic inspection. Compos. Part A Appl.
Sci.  Manuf.,, 2021, vol. 147, art. 106337, doi: https://doi.org/10.1016/
j.compositesa.2021.106337

[17] Addou F.Y., Bourada F., Tounsi A. et al. Effect of porosity distribution on flexural and free
vibrational behaviors of laminated composite shell using a novel sinusoidal HSDT. Archiv.
Civ. Mech. Eng, 2024, vol. 24, no. 2, art. 102, doi: https://doi.org/10.1007/
$43452-024-00894-w



12

M3BECTV BBICHIMX YYEBHBIX 3ABEJEHUN. MAIIIMHOCTPOEHNE #01(790) 2026

[18] Kharin N.V., Gerasimov O.V., Bolshakov P.V. et al. Technique for determining the ortho-
tropic properties of the bone organ according to computer tomography. Russ. J. Biomech.,
2019, vol. 23, no. 3, pp. 395-402, doi: https://doi.org/10.15593/R]Biomech/2019.3.11

[19] Akifyev K.N., Statsenko E.O., Smirnova V.V. et al. Method for studying the porosity of fluid
phase samples by X-ray computed tomography under uniaxial compression. PNRPU Me-
chanics Bulletin, 2023, no. 2, pp. 11-21, doi: https://doi.org/10.15593/perm.mech/2023.2.02

[20] Bolshakov P., Kharin N., Kashapov R. et al. Structural design method for constructions:
simulation, manufacturing and experiment. Materials, 2021, vol. 14, no. 20, art. 6064, doi:
https://doi.org/10.3390/mal14206064

[21] Bolshakov P., Kharin N., Agathonov A. et al. Extension of the Voronoi diagram algorithm
to orthotropic space for material structural design. Biomimetics, 2024, vol. 9, no. 3, art. 185,
doi: https://doi.org/10.3390/biomimetics9030185

[22] Garipova L.I., Batrakov A.S., Khabibullin F.F. Mechanical characteristics of a product man-
ufactured by the FDM printing. Russ. Aeronaut., 2024, vol. 67, no. 1, pp. 145-150, doi:
https://doi.org/10.3103/S1068799824010173

[23] Muzata T.S., Gebrekrstos A., Orasugh J.T. et al. An overview of recent advances in polymer
composites with improved UV shielding properties. J. Appl. Polym. Sci., 2023, vol. 140,
no. 14, art. 53693, doi: https://doi.org/10.1002/app.53693

[24] Harle S.M. Durability and long-term performance of fiber reinforced polymer (FRP) com-
posites: a review. Structures, 2024, vol. 60, art. 105881, doi: https://doi.org/10.1016/
j.istruc.2024.105881

[25] Naveen R., Kumar M., Ramesh M. et al. An investigation on effect of ultraviolet (UV) rays
on mechanical properties of epoxy laminates. Mater. Today Proc., 2023, https://doi.org/
10.1016/j.matpr.2023.06.257

[26] Kumar B.G., Singh R.P., Nakamura T. Degradation of carbon fiber-reinforced epoxy com-
posites by ultraviolet radiation and condensation. J. Compos. Mater., 2002, vol. 36, no. 24,
Pp- 2713-2733. https://doi.org/10.1177/002199802761675511

[27] Vedrtnam A., Gunwant D., Verma H. et al. Effect of aging and UV exposure on mechanical
properties of natural fiber composites. In: Aging effects on natural fiber-reinforced polymer
composites. Springer, 2022, pp. 189-217, doi: https://doi.org/10.1007/978-981-16-8360-2_11

[28] Afshar A., Alkhader M., Korach C.S. et al. Effect of long-term exposure to marine environ-
ments on the flexural properties of carbon fiber vinylester composites. Compos. Struct.,
2015, vol. 126, pp. 72-77, doi: http://dx.doi.org/10.1016/j.compstruct.2015.02.008

[29] Pavlenko V.I., Zabolotny V.T., Cherkashina N.I. et al. Effect of vacuum ultraviolet on the
surface properties of high-filled polymer composites. Inorg. Mater. Appl. Res., 2014, vol. 5,
no. 3, pp. 219-223, doi: http://dx.doi.org/10.1134/52075113314030137

[30] Lu T, Solis-Ramos E., Yi Y. et al. UV degradation model for polymers and polymer matrix
composites. Polym. Degrad. Stabil., 2018, vol. 154, pp. 203-210, doi: https://doi.org/
10.1016/j.polymdegradstab.2018.06.004

[31] Cerbu C., Wang H., Botis M.F. et al. Temperature effects on the mechanical properties of
hybrid composites reinforced with vegetable and glass fibers. Mech. Mater., 2020, vol. 149,
art. 103538, doi: https://doi.org/10.1016/j.mechmat.2020.103538

[32] Yimyai T., Crespy D., Pena Francesch A. Self healing photochromic elastomer composites
for wearable UV sensors. Adv. Funct. Mater., 2023, vol. 33, no. 20, art. 2213717, doi:
https://doi.org/10.1002/adfm.202213717

[33] Sun Y., Yuan S., Fan W. et al. A smart composite coating with photothermal response, anti-
uv and anti-corrosion properties. Chem. Eng. J., 2022, vol. 452-1, art. 138983, doi:
https://doi.org/10.1016/j.cej.2022.138983

References

[1] Zhang Z., Gao H., Wen S. et al. Scalable manufacturing of mechanical robust bioinspired ce-
ramic-resin composites with locally tunable heterogeneous structures. Adv. Mater., 2023,
vol. 35, no. 14, art. 2209510, doi: https://doi.org/10.1002/adma.202209510

[2] Vinod A., Tengsuthiwat J., Vijay R. et al. Advancing Additive manufacturing: 3d printing of
hybrid natural fiber sandwich (Nona/Soy PLA) composites through filament extrusion and



#01(790) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 13

its effect on thermomechanical properties. Polym. Compos., 2024, vol. 45, no. 9, pp. 7767-
7789, doi: https://doi.org/10.1002/pc.28302

[3] Simdes S. High-performance advanced composites in multifunctional material design: state
of the art, challenges, and future directions. Materials, 2024, vol. 17, no. 23, art. 5997, doi:
https://doi.org/10.3390/mal7235997

[4] McGurk M., Stodieck O., Yuan, J. Probabilistic aeroelastic analysis of high-fidelity composite
aircraft wing with manufacturing variability. Compos. Struct., 2024, vol. 329, art. 117794,
doi: https://doi.org/10.1016/j.compstruct.2023.117794

[5] Biswas P., Mondal M.K. Evaluation of a cast AL-MG2SI composite for automobile Disk-
Brake rotor application. JMEP, 2024, vol. 33, no. 2, pp. 11188-11213, doi: https://doi.org/
10.1007/s11665-023-08760-1

[6] Naito M., Kitamura H., Koike M. et al. Applicability of composite materials for space radia-
tion shielding of spacecraft. Life Sci. Space Res., 2021, vol. 31, pp. 71-79, doi:
https://doi.org/10.1016/j.1ssr.2021.08.004

[7] Trzepiecinski T., Batu T., Kibrete F. et al. Application of composite materials for energy gen-
eration devices. J. Compos. Sci., 2023, vol. 7, no. 2, art. 55, doi: https://doi.org/10.3390/
jcs7020055

[8] Waqar M., Memon A.M., Sabih M. et al. Composite pipelines: analyzing defects and ad-
vancements in non-destructive testing techniques. Eng. Fail. Anal, 2024, vol. 157,
art. 107914, doi: https://doi.org/10.1016/j.engfailanal.2023.107914

[9] Czech K., Oliwa R., Krajewski D. et al. Hybrid polymer composites used in the arms industry:
a review. Materials, 2021, vol. 14, no. 11, art. 3047, doi: https://doi.org/10.3390/
mal4113047

[10] Kharin N., Bolshakov P., Kuchumov A.G. Numerical and experimental study of a lattice
structure for orthopedic applications. Materials, 2023, vol. 16, no. 2, art. 744, doi:
https://doi.org/10.3390/mal6020744

[11] Bolshakov P., Kuchumov A.G., Kharin N. et al. Method of computational design for addi-
tive manufacturing of hip endoprosthesis based on basic-cell concept. Int. J. Numer. Meth-
od Biomed. Eng. 2024, vol. 40, no. 3, art. 3802, doi: https://doi.org/10.1002/cnm.3802

[12] Mobarak M.H., Islam Md.A., Hossain N. et al. Recent advances of additive manufacturing
in implant fabrication — a review. Appl. Surf. Sci. Adv., 2023, vol. 18, art. 100462, doi:
https://doi.org/10.1016/j.apsadv.2023.100462

[13] Tuvayanond W., Prasittisopin L. Design for manufacture and assembly of digital fabrication
and additive manufacturing in construction: a review. Buildings, 2023, vol. 13, no. 2,
art. 429, doi: https://doi.org/10.3390/buildings13020429

[14] Ghimire R., Raji A. Use of artificial intelligence in design, development, additive manufac-
turing, and certification of multifunctional composites for aircraft, drones, and spacecraft.
Appl. Sci., 2024, vol. 14, no. 3, art. 1187, doi: https://doi.org/10.3390/app14031187

[15] Akifyev K.N., Kharin N.V., Statsenko E.O. et al. Pilot study of lattice endoprosthesis buck-
ling by compressionin-situ using X-ray tomography. Russ. J. Biomech., 2023, vol. 27, no. 4,
pp- 32-39, doi: https://doi.org/10.15593/R]Biomech/2023.4.03

[16] Hudson T.B., Follis P.J., Pinakidis J.]. et al. Porosity detection and localization during com-
posite cure inside an autoclave using ultrasonic inspection. Compos. Part A Appl. Sci.
Manuf., 2021, vol. 147, art. 106337, doi: https://doi.org/10.1016/j.compositesa.2021.106337

[17] Addou F.Y., Bourada F., Tounsi A. et al. Effect of porosity distribution on flexural and free vi-
brational behaviors of laminated composite shell using a novel sinusoidal HSDT. Archiv. Civ.
Mech. Eng, 2024, vol. 24, no. 2, art. 102, doi: https://doi.org/10.1007/s43452-024-00894-w

[18] Kharin N.V., Gerasimov O.V., Bolshakov P.V. et al. Technique for determining the ortho-
tropic properties of the bone organ according to computer tomography. Russ. J. Biomech.,
2019, vol. 23, no. 3, pp. 395-402, doi: https://doi.org/10.15593/R]Biomech/2019.3.11

[19] Akifyev K.N., Statsenko E.O., Smirnova V.V. et al. Method for studying the porosity of fluid
phase samples by X-ray computed tomography under uniaxial compression. PNRPU Me-
chanics Bulletin, 2023, no. 2, pp. 11-21, doi: https://doi.org/10.15593/perm.mech/2023.2.02

[20] Bolshakov P., Kharin N., Kashapov R. et al. Structural design method for constructions:
simulation, manufacturing and experiment. Materials, 2021, vol. 14, no. 20, art. 6064, doi:
https://doi.org/10.3390/mal14206064



14

M3BECTV BBICHIMX YYEBHBIX 3ABEJEHUN. MAIIIMHOCTPOEHNE #01(790) 2026

[21] Bolshakov P., Kharin N., Agathonov A. et al. Extension of the Voronoi diagram algorithm
to orthotropic space for material structural design. Biomimetics, 2024, vol. 9, no. 3, art. 185,
doi: https://doi.org/10.3390/biomimetics9030185

[22] Garipova L.I., Batrakov A.S., Khabibullin F.F. Mechanical characteristics of a product man-
ufactured by the FDM printing. Russ. Aeronaut., 2024, vol. 67, no. 1, pp. 145-150, doi:
https://doi.org/10.3103/S1068799824010173

[23] Muzata T.S., Gebrekrstos A., Orasugh J.T. et al. An overview of recent advances in polymer
composites with improved UV shielding properties. J. Appl. Polym. Sci., 2023, vol. 140,
no. 14, art. €53693, doi: https://doi.org/10.1002/app.53693

[24] Harle S.M. Durability and long-term performance of fiber reinforced polymer (FRP) com-
posites: a review. Structures, 2024, vol. 60, art. 105881, doi: https://doi.org/10.1016/
j.istruc.2024.105881

[25] Naveen R., Kumar M., Ramesh M. et al. An investigation on effect of ultraviolet (UV) rays
on mechanical properties of epoxy laminates. Mater. Today Proc., 2023, https://doi.org/
10.1016/j.matpr.2023.06.257

[26] Kumar B.G., Singh R.P., Nakamura T. Degradation of carbon fiber-reinforced epoxy com-
posites by ultraviolet radiation and condensation. J. Compos. Mater., 2002, vol. 36, no. 24,
Pp- 2713-2733. https://doi.org/10.1177/002199802761675511

[27] Vedrtnam A., Gunwant D., Verma H. et al. Effect of aging and UV exposure on mechanical
properties of natural fiber composites. In: Aging effects on natural fiber-reinforced polymer
composites. Springer, 2022, pp. 189-217, doi: https://doi.org/10.1007/978-981-16-8360-2_11

[28] Afshar A., Alkhader M., Korach C.S. et al. Effect of long-term exposure to marine environ-
ments on the flexural properties of carbon fiber vinylester composites. Compos. Struct.,
2015, vol. 126, pp. 72-77, doi: http://dx.doi.org/10.1016/j.compstruct.2015.02.008

[29] Pavlenko V.I., Zabolotny V.T., Cherkashina N.I. et al. Effect of vacuum ultraviolet on the
surface properties of high-filled polymer composites. Inorg. Mater. Appl. Res., 2014, vol. 5,
no. 3, pp. 219-223, doi: http://dx.doi.org/10.1134/52075113314030137

[30] Lu T, Solis-Ramos E., Yi Y. et al. UV degradation model for polymers and polymer matrix
composites. Polym. Degrad. Stabil., 2018, vol. 154, pp. 203-210, doi: https://doi.org/
10.1016/j.polymdegradstab.2018.06.004

[31] Cerbu C., Wang H., Botis M.F. et al. Temperature effects on the mechanical properties of
hybrid composites reinforced with vegetable and glass fibers. Mech. Mater., 2020, vol. 149,
art. 103538, doi: https://doi.org/10.1016/j.mechmat.2020.103538

[32] Yimyai T., Crespy D., Pena Francesch A. Self healing photochromic elastomer composites
for wearable UV sensors. Adv. Funct. Mater., 2023, vol. 33, no. 20, art. 2213717, doi:
https://doi.org/10.1002/adfm.202213717

[33] Sun Y., Yuan S., Fan W. et al. A smart composite coating with photothermal response, anti-
uv and anti-corrosion properties. Chem. Eng. J., 2022, vol. 452-1, art. 138983, doi:
https://doi.org/10.1016/j.cej.2022.138983

Cratba noctynuia B pegakuuio 03.04.2025

Nudopmanusa 06 aBTopax

KPOTOBA Exatepuna BukropoBHa — Befyumii MHXeHep
WJI TTHK JIA IATT. Kasaucknit HanmonansHsblit Vccnemosa-
renbckmit Texandecknit Yuausepcurer um A.H. Tynonesa —
KAW (420111, Kasanb, Poccuiickaa Pepepaunms, yn. Kapma

Mapkca, . 10, e-mail: kati_mit@mail.ru).

KMEH KYOHI [Jao — HayuHblil cOoTpypHMK. Poccmiicko-
BbeTHaMCKMIT TPOIMYECKMII HayIHO-UCCTICIOBATeIbCKUIT U
TexHomornyeckuit neHtp (122103, Xauoit, Boernam, Y. Hryen
Ban Xyen, Hrua [lo, Kay 3aif, e-mail: kiencuong90@gmail.com).

Information about the authors

KROTOVA Ekaterina Viktorovna — Leading Engineer,
IL PNK LA IATT. Kazan National Research Technical Univer-
sity named after A.N. Tupolev — KAI (420111, Kazan, Rus-
sian Federation, Karla Marksa St., Bldg. 10, e-mail:

kati_mit@mail.ru).

KIEN CUONG Dao — Researcher. Vietnam Russia Tropical
Science and Technology Research Center (122103 Hanoi, Vi-
etnam, Nguyen Van Huyen, Nghia Do, Cau Zay St., e-mail:
kiencuong90@gmail.com).



#01(790) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 15

KY3HEIIOB Muxann EBreHbeBUMY — acHmpaHT Kadenpbl
MaIlVHOBEJeHNA U MH)XEHePHOI TpaduKy, BeJyLIMil MHKe-
Hep VJI ITHK JTIA MATT. Kasaunckuit Hanmonanbshsiit Vccre-
mosarenbcknit Texundecknit YauBepcuter um A.H. Tymone-
Ba — KAM (420111,
yn. Kapima Mapkca, . 10, e-mail: mekuznetsov@kai.ru).

Kasanp, Poccuiickas @epepanus,

IMAKUP3AHOB ®apup PamuroBiy — cTapiunii Hay4HbI
cotpynuuk, HUI] HUMMM nm. H.I'. Ye6orapesa, maboparo-
pust mexanuku obomouek. Kasauckuit (IlpusBomkckmit) deme-
panbHbIt yHuBepcurer (420008, Kasaub, Poccuiickas Pepe-
paust, yi. Kpemsesckas, . 18, e-mail: faritbox@mail.ru).

XAPUH Huxura BAdecnaBoBMY — Hay4HBII COTPYIHMK,
HUI] HUMMM um. H.I'. Yeborapesa, mabopatopus MexaHu-
ku obomodek. Kasanckmit (ITpuBoimkckmit) ¢enepaabHbIi
yuuBepcurer (420008, Kasanp, Poccmiickan Penepanus,
yin. Kpemnesckas, . 18, e-mail: nik1314@mail.ru).

MUTPANKIH Bukrop ViBaHOBIY — JOKTOP TEXHUYECKMX
Hayk, mpodeccop Kadeapsl MaLIMHOBEIEHNS U MHXEHEPHO
rpaduky, Bepymmit umkenep VI TTHK JIA MIATT. Kasan-
ckmin  Hanmonaneusiin  ViccnegoBarenbckmit — TeXHUYECKMIT
Yuusepcuter um A. H. Tymonesa — KAW (420111, Kasaus,
Poccmitckas Pepepauns, yn. Kapma Mapkca, m. 10, e-mail:
vmitryaykin@bk.ru).

CAYEHKOB Ockap AneKcaHApOBMY — KaHAUAAT QUSVKO-
MaTeMaTW4ecKVX Hayk, 3aBefylolmil Kadenpoil KOMIbIOTEp-
HOJ MaTeMaTUKV ¥ MHGOPMATUKK. VIHCTUTYT MaTeMaTUKA U
mexaHukyu um. HJ. JlobaueBckoro, Kasauckmit (ITpmBomxk-
ckmit) ¢denepanbHbil yHuBepcuter (420008, Kasanb, Poccmit-
e-mail:

ckaa  Depepanys, i

4works@bk.ru).

Kpemnesckasa, p. 18,

KUZNETSOV Mikhail Evgenievich — Postgraduate, De-
partment of Machine Learning and Engineering Graphics.
Leading Engineer of IL PNC LA IATT. Kazan National Re-
search Technical University named after A.N. Tupolev — KAI
(420111, Kazan, Russian Federation, Karla Marks St., Bldg. 10,
e-mail: mekuznetsov@kai.ru).

SHAKIRZYANOYV Farid Rashitovich — Senior Researcher.
N.G. Chebotarev SRC SRI of Math. and Mech., Laboratory of
Shell Mechanics. Kazan Federal University (420008, Kazan,
Russian Federation, Kremlyovskaya St., Bldg. 18, e-mail: farit-
box@mail.ru)

KHARIN Nikita Vyacheslavovich — Researcher, N.G. Che-
botarev SRC SRI of Math. and Mech., Laboratory of Shell Me-
chanics. Kazan Federal University (420008, Kazan, Russian
Bldg. 18,

Federation, Kremlyovskaya  St., e-mail:

nik1314@mail.ru).

MITRYAKIN Victor Ivanovich — Doctor of Science (Eng.),
Professor, Department of Machine Learning and Engineering
Graphics, Leading Engineer, IL PNC LA TATT. Kazan Nation-
al Research Technical University named after A.N. Tupolev —
KAI (420111, Kazan, Russian Federation, Karla Marks St.,
Bldg. 10, e-mail: vmitryaykin@bk.ru).

SACHENKOV Oskar Aleksandrovich — Candidate of Sci-
ence (Physics and Maths), Head of the Department of Com-
puter Mathematics and Informatics, N.I. Lobachevsky Insti-
tute of Mathematics and Mechanics. Kazan (Volga Region)
Federal University (420008, Kazan, Russian Federation, Krem-
lyovskaya St., Bldg. 18, e-mail: 4works@bk.ru).

Hpoc56a CCBITTATHCs HA 3TY CTAaThIO CNIEAYIOIIIM o6pa30M:

Kpotosa E.B., Kuen Kyonr [lao, Kysuerjos M.E., lllakupssuos ®.P., Xapun H.B., Murpsaiikun M.B., Cauenkos O.A.

MCCTIe}IOBaHI/Ie JJINTE/IbHOTO BIMAHNUA (baKTOpOB TpOHI/I‘IeCKOI?[ Cpeabpl Ha MEXaHNYECKNE CBOJICTBA IIONMMMEPHBIX

KOMIIOSMLIMOHHBIX MaTepuanoB. M3secmus svicuiux yuebHvix sasedenuit. Mawunocmpoenue, 2026, Ne 1, c. 3-15.
Please cite this article in English as:

Krotova E.V., Kien Cuong Dao, Kuznetsov M.E., Shakirzyanov F.R., Kharin N.V., Mitryaikin M.V., Sachenkov O.A.

Investigation of long-term influence of tropical environment factors on mechanical properties of polymer composite

materials. BMSTU Journal of Mechanical Engineering, 2026, no. 1, pp. 3-15.



