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VccnepoBaHa aBonoums CTPYKTypbl ctanu mapkn 07X12HM®B B npouecce TEPMUYECKOTO CTapeHUs B TeYeHne
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B ctatbe npuBeneHbl pe3ynbTaTbl KOMNBIOTEPHONO MOAENMPOBAHNS HANPSXKEHHO-AePOPMALIMOHHOIO COCTOSIHUS
3yObeB KOBLUA 3KCKaBaTopa MOCMe 3Kchnyatauun n metannorpaduyeckmx uccneaoBaHWi HaTypHbIX 00pasLoB,
N3roToBINEeHHbIX K3 cTanen Mapok 110M13J1 u Tepmuyeckn obpabotaHHonm 30XICA. YcTaHOBNEHo, 4TO B
NMOBEPXHOCTHOM CIl0€ 3TUX CTaneu npu nsHoce obpasyeTcs HaHOpa3MepHas CTPYKTypa Ha rnmyouHy nopsigka 0,2 mm oT
pabodyelt NoBepxHOCTW. MccneqoBaHusa MONs HaNpshKEHWW, OOCTUralolWMX YPOBHA Mpefena TekyyecTu maTepuana
3yba, nokasanu HeobXOoAMMOCTb YyyeTa M3MEHEHUN CTPYKTYPHOrO COCTOSIHMS  MeTanna, CKIMOHHOro K
AedopmMalUMOoOHHOMY  YNPOYHEHWO, [Afs aAeKBaTHOr0 KOHEYHO-3NIEMEHTHOrO aHanuMs3a npu  MoAenupoBaHun
C onpeaeneHnem pasmMepoB U rybuHbI 30H, UCMbITLIBAKOLLUX KPUTUYECKME HArpy3Ku.

Knovesblie crioga: 3yObs KOBLUA, MOAENMPOBaHWE, HanpsbkeHHO-A4eOpPMUPOBAHHOE COCTOSIHME, CTPYKTYpa,
rnybunHa Haknena, TBEPAOCTb
DOI: 10.22349/1994-6716-2026-126-2-19-26

Aemopsbi 8bipaxarom briazofapHOCMb 3a MOMOWb 8 pedakmuposaHuu cmambu GOKMOPY MEXHUYECKUX Hayk,
npogeccopy OneHuHy Muxauny MleaHosu4y.
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M3yuyeHo BnvsiHWe gedopmalrim ocagkor npy KOMHaATHOW 1 KPMOreHHOW TeMnepaTypax Ha CTPYKTYpY U TBEpAOCTb
mean M0O6 B kpynHokpuctannudeckom (KK) n cybmukpokpuctannuyeckom (CMK) coctosHusx. NokasaHo, 4To npu
cpaBHUTENbHO HebonblMX nnacTnyeckux pedopmauuax ocagkon (e~1,0) KK coctoaHus meau KpuoreHHble
TemnepaTypbl CNOCOOCTBYIOT MHTEHCUMUKALMKN n3Menb4eHus 3epeH. Nocne 6onbLlunx nnactTmyeckux gedopmanmn ons
CMK cTpykTypbl 3 GEKT N3MENbYEHNST 3€PEH NPU NOCNEAYOLLIEA KPUOTEHHOW OCcadKe OYeHb Marn. YCTaHOBIEHO, YTO,
ncnomnb3ys KomObumHauuio MeTOOOB paBHOKaHANbHOrO YrfiOBOrO MPECCOBaHUA WM KPUOTEHHOW OCafKkuW, MOXHO
CYLLIECTBEHHO MOBbICUTL TBepAocTb Mean M06 go 1410 Mla.

Kntouesnle crnosa: nedopmaumoHHo-TepMudeckas obpaboTtka, gedopmanumnsa 0cagkor, KpynHOKpUcTannmnyeckoe
COCTOsIHME, CYOMUKPOKPUCTanNIM4Yeckoe COCTOSHNE
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B paboTe npeacraBneHbl UCCneaoBaHUs BbICOKOSHTPOMUMHOIO NOKPbLITUS, N3FOTOBMIEHHOIO MUKPOMNMa3MeHHbIM
HanblfieHWeM M3 KOMMNO3ULMOHHBLIX nopolkoB cuctembl AINiCoFeCr, npyu Bo3gencTsum cun TpeHUsa B NONepevyHoM 1
NpoAonNbHOM HarnpasneHusx. [poBefeHHble TpMBOMNornyeckne UCNbITaHUS No cxeme «WTUMT — OUCK» U NoKanbHasa
CKIIepoOMEeTpusi MO KBagpaTy MO3BOMMITM YCTAHOBUTbL NEPCMNEKTUBHOCTb MOKPLITUSA A1 3aLUMThI Y3I10B TPEHUSA CTaNbHbIX
n3genun.

Kntouesble  ¢r108a:  BbICOKOSHTPOMUMHBIE  MOKPLITUS,,  TpMOOMOrMs,  CKNepomeTpusi,  MUKPOCTPYKTYpa,
MUKPOTBEPOOCTb
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B crtatbe npeanaraetcs aHanUTUYECKU MeTOn pacyeTa 3aBMCMMOCTWM OMMCAHHOW Nnnowagn oT napameTtpa
aedopmaumm B MIOCKUX ayKCETUYECKUX CTPYKTYpax, COXPaHSAILWMX nnowanb Tena Mnpu pacTsKeHUU: LUapHUPHO
COEOUHEHHbIX KBapaToB, TPEYrofibHUKOB, LLECTUYIONbHUKOB U NapasnsenorpaMmmMoB.

BbiBegeHbl sBHble dOpMynbl ONS KaxZowW KOHdurypauuu, CBSA3blIBalOLME TreoMeTpudeckue napameTpbl
CTPYKTYPbI C €€ ayKCeTUYECKMM OTKITMKOM — NOMepPeYHbIM paclumpeHnemM npu OgHOOCHOM pacTshXKeHUn, Y4To no3sonseT
MpPoOrHo3mMpoBaTthb NoBedeHne matepuana 6e3 YMCNEeHHOro MoaenvpoBaHus. PesynbTaTtel MOryT ObiTb MCMOMNB30BaHbI
ANsi MPOEKTUPOBaHWA MeTamaTepuanoB C MNporpaMMuMpyeMbiMU MeXaHWYeCKUMW CBOWCTBaMM, r4e KIoYeBbIM
TpeboBaHVeM ABMASETCH COXpaHeHne nnowaan Tena npy KOHTPONMpyeMoM pacLUMpeHnN.

Knoyesble cnoea: ayKkceTuK, aykceTM3M, aHanuTuyeckas Mofenb, OoTpuuaTenbHbli KO3 ULMEHT
lMyaccoHa, reomeTpuyeckue CTPYKTYpbl, MaHUMETPUS, NNaHUMETPUYECKUIA pacyeT, reOMETPUYECKUA pacyeT
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B paboTte npoBedeHO wuccnefoBaHUE SHEPronornowalrWwmnx S4YEeUCTbiX CTPYKTYp C reomeTpuen Tpuxabl
nepuoanyeckon MOBEPXHOCTM  MWHMMarnbHOW 3Heprun Tuna «npumutue  LBapua», W3roTOBMEHHbIX W3
CTEKIMOHaMNOMHEHHOrO MnonMaMmaa MEeTOAOM CEeneKkTUBHOIO NnasepHoro cnekaHusd. B pesynbtaTe wccnegoBaHust
npoaHanuManpoBaHbl pasnuyns B gedopmMauum n MexaHM4eCkux CBOWCTBAX CTPYKTYP MPU UCMBITAHMAX Ha cxaTue B
3aBMCMMOCTM OT reomeTpuyeckoro napametpa t. lNMpegnoxeHbl Kputepun oTbOOpa AYEUCTbIX CTPYKTYp, MpU KX
NCMNOMb30BaHWM B YCNOBUAX YNPYroro 1 NracTu4eckoro AedopMmpoBaHus.

Knoyeebie crnosa: 3D-neyaTtb, CENEKTMBHOE Na3epHoOe CrekaHue, NonmamMua, S4eucTble CTPYKTYPbl, TPWKAbI
nepuognyeckas NOBEPXHOCTb MUHUMAITbHOW SHEPTMU, MPUMUTUB, SHEPTOMNOrnoLleHne
DOI: 10.22349/1994-6716-2026-126-2-57-75

Paboma ebinonHeHa e pamkax npoekma PH® Ne 21-73-30019-I1 «Hoeble ¢husudeckue u xumudeckue rnpuHyunbl
mexHos102uU MemariudecKux, MemarnioKkepamMuyeckux U kKepamudecKux Mamepuarsos ¢ yrpasisemMol Makpo-, MUKPO-
U HaHOCMPYKmypol U YHUKalbHbIMU CilyXeOHbIMU XapakmepucmuKamuy.
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MpencTtaBneHbl pes3ynbTatbl UCCNEOBaHWA MEXaHWYECKUMX CBOWCTB WM MUKPOCTPYKTYPbl HepXaBeroLen
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3a nocnegHue 30 neT TEXHONMOMUS HU3KOTEMNEPaTYPHOW COBMECTHO obxuraemon kepamukm (LTCC) passuBanach
B OTBET Ha NOTPEOHOCTb B KOMMAKTHbIX, JIETKUX U MHOTMOMYHKUMOHANbHBLIX 3NEKTPOHHbIX Moaynsax. OHa nossonseT
nonyyatb TPEXMepHble KepaMunyeckue CTPYKTYPbl C HU3KUMMW AWIMNEKTPUYECKUMU MOTEPSAMU U BCTPOEHHbLIMU
MeTannuyeckumn anektpogamu. OfHUM M3 KMyeBbliX HanpaeneHun passutua LTCC asnsetca cosgaHue
OV3NEKTPUKOB, CNEKAIOLWMXCS NpU TeMnepaTtypax HWKe TeMnepartypbl nnaBneHus Ag-3reKkTpoaoB M COXPaHSIHOLLNX
Tpebyemble anekTpodmanyeckne, MexaHm4eckme 1 TENIOBbIE XapakTepPUCTUKK. B nepBow YacTn 0630pa pacCMOTPEHDI
cTeknocofepxalyne matepuarnbl: CTEKITOKEPaMUYECKME KOMMO3UTbI U CTEKITOKEPAMMKN, NPUMEHSIEMbIE B TEXHOIOTNU
LTCC.

Knrouesbie criosa: HU3KoTeMnepaTypHas kepamuka, LTCC, cTeknokepamuka, CTEKNOKepaMMyYeckme KOMMO3unTb,
ON3reKTpnyeckmne cBoncTea
DOI: 10.22349/1994-6716-2026-126-2-89-97
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OOHOPOAHOCTb pacnpefenieHnss CoCTaBnALWUX HanblIleHHOro maTtepuana. MexaHudeckue wcnbiTaHus 06pasLuoB,
COEAVHEHHbIX BHAaxNecT, MNPOAEMOHCTPMPOBaNM [[OCTaTOYHY MPOYHOCTb Ha CABWUM.  OKCMepuMmeHTanbHoe
nccrnegoBaHMe KOHCTPYKUMM «CTanbHas Tpyba — aniomuHueBoe pebpo» nokasano, 4YTO TennonpoBOOHOCTb
coeguHeHus, nonyyeHHoro meTtogoMm XIMH, npubnusmtensHo Ha 25% Bbiwe, 4eM MOMYYEHHOro MPUXUMOM C
Tepmonacton KIT-8.
Knoyessie criosa: xonofHoe rasoguHamudeckoe HanbiieHue (XIMH), HepasbemHoe coefuHeHue, TennoBou
KOHTaKT, MOPUCTOCTb, TENNONPOBOAHOCTb
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MeTogom anekTpouckposoro nernposaHus (QUI1) Ha ctanm 20X13 (kaToA) Nony4eHbl CIOUCTbIE N OBYXCITONHBIE
MOKPbITUSI C YBENUYEHHOW TpeLLmnHOCTONKOCTbIO (K1c) M yMeHbLLeHHON noBpexaaemocTbio (Hv/K1c). B kayecTBe aHOO0B
ncnonb3oBanu KOMMeKcHo-nernpoBaHHble crnnasbl Ha ocHoBe NiAl (KJ1C) u ctanb 20, n3 KOTopbIX Noy4any CroucTele
N OBYXCNOWHbIE MOKPbITUA. CrnoucTble MoKpbITUA (4—7 cnoes) dopMupoBanu MoCcpeacTBoM nooyvepegHoro AU
aHogamu 13 KJ1C un ctanun 20. O3T0 NO3BONWMO B COAX NOKPLITUS YBENNUUTL KOHUEeHTpauunio Fe go 80—14 at.% npoTtus
8-5 a1.% B ogHocnomHbIx nokpbiTusx (KJ1C). B cnoncteix nokpbitnsx Kic yBenuuunace Ha 16%, a Hv/Kic cHusunace
Ha 30%. [ByxcnoviHble NokpbiTuA nossonunu ysennuutb Kic Ha ~33 %, a Hv/Kic cHuantb Ha 50%. [lNokasaHa
BO3MOXHOCTb MOSTyYEHUS ABYXCIOMHBIX U CAIONCTbIX MOKPbITUA 13 TBepablx cnnasos BK 20 u KIIC.

Knroyeebie crosa: CNoNcTble 1 ABYXCIONHbIE MOKPLITUSA, 3NIEKTPONCKPOBOE NermpoBaHne, CTpyKTypa 1 CBOMCTBA
NOKPbITUIA
DOI: 10.22349/1994-6716-2026-126-2-116-124
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B pabote nccnegosaHo BnuaHve tepmoobpaboTtku (TO) Ha CTpyKTYpHO-ha30BOE COCTOSIHUE, MEXaHU4YEeC-Kne n
TpuboTexHuyeckne ceoncTBa nonuacdmpacpumpketoHa (PEEK), nony4yeHHOro mMeToAoM MOCIIOMHOrO HamnnaerneHus
(FDM). Komnnekc nccnegosaHui, BKITOYaBLUNA PEHTFEHOCTPYKTYPHbLIN (ha3oBbIn aHanus Ha andpakromeTpe BRUKER
D8 ADVANCE, ctaTuyeckne ucnbiTaHUst Ha pacTsKeHne U TpUbOTeXHMYECKNE UCMbITaHUSA Ha MaluuHe TpeHust Rtec
MFT-5000, nokasan, 4To TepmoobpaboTka NPUBOAMUT K YIy4YLUEHMNIO MEXaHUYEC-KNX U TPMOOTEXHNYECKNX CBONCTB. B
pesynbTaTte npegen MPOYHOCTU MNpWU pacTxkeHun yeenuuunca Ha 58%, amogynb KOHra — Ha 32%. KnwoueBbiM
pe3ynbTaToM SBMSIETCS 3HAYUTENbHOE MOBbILEHNE TPUBOTEXHUYECKOrO pecypca: KpUTUYeckunm ¢aktop pv,
XapakTepusyLnin N3HOCOCTOMKOCTb, Bblpoc ¢ 0,9 Mlla-m/c ana wcxogHoro matepuwana go 1,3 MlMa-m/c gns
TepMoobpaboTaHHoro. Pesynbratel paboTbl [A0Ka3bIBAT HEOOXOOAMMOCTb MNPUMEHEHUsT TepmoobpaboTkm ans
obecneyeHns BbICOKON cTabunbHOCTM U gonroBeyHocTn 3D-nevaTHbix geTtanen u3 PEEK, paboTtatowmx B ycnosusx
TPEHUSA CKOSBXEHUS.

Knwouesbie cnosa: PEEK, tepmoobpaboTtka, nocnownHoe HannasneHuve (FDM), cTpykTypa, mexaHuyeckune
CBOWICTBA, U3HOC, TPEHNE
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B naHHon paboTe nccnegoBaHo BnvsaHMe nyenuHoro Bocka (MB) kak nnactndpuumpytowen gobaBkm Ha CBOWCTBA
N CTPYKTYPY NOMMMEPHBIX KOMNO3MLUUOHHBIX MaTepuanos ([TKM) Ha ocHOoBe CBEPXBLICOKOMOJIEKYIIAPHOIO NONN3TUIIEHA
(CBMTI13). NpoBeaeHO KOMMMNEKCHOe NCCrefoBaHNe XapakTepuCTUK KOMNO3UTOB Ha OcHOBe ABYX Mapok CBMIM3 (GUR
4150 1 GUR 4022) ¢ pasnuyHon MonekynspHon maccon. MiccnegoBaHo BNMSHWE MarnblX KOHLEHTpauun nNYenmHoro
Bocka (0,5-2 wmac.%) Ha mMexaHunyeckue, TpubomorMyeckne, TepMUYeckue U CTPYKTypHble cBoncTBa [MKM.
Ucnonb3yembii 1B nposBun cebs kak addekTnBHbIN MogudmkaTop CTPyKTypbl, obecneunBalolmii ynopsgoyeHme
HaAMOMEKYNAPHON OpraHn3aumun 1 NoBbIEHNEe CTEMEHN KPUCTaNIMYHOCTM NONIMMEPHON MaTpuLbl. TO 0BYCNoBMAeHO
dopmmpoBaHuem 6ornee NIOTHO KOMNayHANPOBaHHONM CTpykTypbl CBMITO, 4TO NpMBOAMT K YNPOYHEHMIO KOMMNO3MTa.
Haunbonblasa adhdekTmBHoCTb Moandukaumm Habnoganack npu cogepxaHun 2 mac.% B, koTopbin cnocobeTeyeT
YBEJNTMYEHNIO NPOYHOCTM NPU pacTsKeHUn Ha 59% 1 OTHOCUTENBHOMO yannHeHUs Ha 33% OTHOCUTENbHO UCXOOHOro
nonvmMepa. Tpubonornyeckme MccrnenoBaHUs MoKasanu CHkeHne koadduumeHTa TpeHus Ha 44% W yMeHblUueHue
CKOPOCTM MacCOBOrO M3HawmBaHuss B 7 pa3. [aHHble puddpepeHumnanbHOM CKaHMPYHOLWENR KanopumeTpum
NOATBEPAWUNN CTPYKTYpPHOE YNOpPsiAOYEHME KOMMO3WTa MNpuM BBEOAEHWWM MYENMHOrO BOCKAa, YTO KOppenupyeT
C YNy4LWEHNEM MEXAHUYECKMX U TPUOONOIMYECKMUX XapaKTEPUCTUK.

Knoyesbie criosa: CBEPXBbICOKOMOSEKYNSAPHbBIVA NOMMATUINEH, KOMMNO3UT, MacTUUKaTop, NYEnHbIA BOCK
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TPEHUN CKOMbXEHUSI Ha pasHbIX MalUMHax TPEeHUs C PasnUYHbIMU CXEMaMU TPEHWS MpU U3MEHEHUU NoJaBaemomn
Harpy3km Ha ob6pasubl. Ob6pasuamu Ons UCNbITAHUWA ABNAKOTCA MOMMMEpPHblIE CTONOMKM CaAnamMeTpoM 5 MM,
TpMBOTEXHUYECKME WCMbITAHUA NPOBeAeHbl MO CXeMaMm TpeHusd «naney — AUCK» W «naneu— Topel AMCKay,
oTnuyarLmecs Mexay cobov reoMeTpueln NOBEPXHOCTEN TPEHUSI 3NIEMEHTOB TPUOOCUCTEMbI. YCTaHOBMEHO, YTO B
HavanbHbIA Nepnog UCNbITAHU NO CXeme «nanew — Topew, AUCKa» WMHTEHCMBHOCTb u3HawwuBaHuda NMKM B 5-6 pas
MpeBbIlWaeT aHanorMyHbl NokasaTterb, PerMcTpUpyeMbI NPy UCNONb30BaHUM CXembl «nanew — Anck». pu atom B
YCINOBUSAX CyXOro TPEHMS CKOMbXEHUS NOKa3aHo, YTO KOMMO3UT, MOANULMPOBAHHbIV HAHOBOSIOKHaMK, obecneynsaeT
6onee achPEKTMBHYIO 3aLLMUTY OT M3HOCA NONIMMEPHOW KOMMOHEHTBI y3Ma TPEHNS NPU U3MEHEHWUW PEXMMOB HarpyxeHusi
MO CPaABHEHUIO C KOMMO3UTOM C MUKPOBOOKHAMM.
KnitoueBble crioBa: nonuteTpadgToOpaTUNEH, YrnepoaHOe BOMOKHO, TPEHME, U3HOC, KOA(MULIMEHT TPEHUS, TEOMETPUS
KOHTaKTa nap TpeHus
DOI: 10.22349/1994-6716-2026-126-2-147-159
Paboma ebinoriHeHa 8 pamkax eocydapcmeeHHo20 3aldaHusi MuHucmepcmea Hayku U ebicwe20 obpa3oeaHusi
Poccutickoli ®edepayuu (pee. Ne 126022417885-6) ¢ ucnonb3osaHuem Hay4yHo20 obopydosaHus LleHmpa
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[MonyyeH aHTUMOHAT MarHus, KOTOPbIM MCMONb3OBaH ANA 3aMeHbl okcuaa cypbMbl (Sb203) B peuentype
kabenbHOro MNOMMBUMHWUAXIIOPUAHOTO nnacTukata. MccnegoBaHbl ropioyects M (PU3MKO-MeXaHU4eckne CBOWMCT-Ba
nonyyeHHoro komnayHga. OOHapyxeHo, 4To 3ameHa Sb203 B peuentype kabenbHOro MNOMMBUHUIIXIIOPUAHOIO
nnacTukaTa He NPUBOAUT K CHUXKEHMIO roprodecTu komnayHaa. [1pyn 3ToM OCHOBHbIE 3KCMMyaTaLMOHHbIE NokasaTenm
(MexaHu4yeckne n TepMmuyeckme CBONCTBa) NONUBMHUAXNOPUAHOrO nnactukata ¢ gobaskon Mg(SbOs)2 coxpaHstoTcs
Ha BbICOKOM YPOBHE.
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MACLUTABHbIA 3®®EKT NPU UCNbITAHUAX HA TPELLUMUHOCTOMKOCTb NIUCTOBOIO MPOKATA

BbICOKOMNPOYHbIX CYOOCTPOUTEJbHbLIX CTANEN
A. B. WNIbWH, a-p TexH. Hayk, A. A. JIABPEHTBEB, K. E. CAOKWH, kaHAa. TexH. Hayk, P. O. HEPYNEB
HUL «Kypuyamosckut uHcmumymy — LUHUW KM «llpomemedi», 191015, CaHkm-llemepbype, yn. inanepHas,49. E-
mail: npké@crism.ru
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LLinpoko ussecteH macutTabHbln adpeKT npu onpegeneHnn TPELMHOCTOMKOCTM — Bo3pacTaHme usMmepsie-Mon ee
xapakTepucTukm (Kic, KPUTUYECKUX 3HAYEHUIN J-uHTerpana Wnm pacKkpbiTUS TPEeLLMHbl) MPU YMeHbLUEeHUN pa3MepoB
obpasua. B konnuecTBeHHOM OTHOLLUEHWM OH OMpedenseTcs Bowedwen B CTaH4apTbl MOMPaBKOW Ha TOSMLUMHY,
TEOPETUYECKN BblTEKAIOLWEN U3 NpeacTaBreHnss O XPYNKOM paspyLUEeHUN Kak Cry4anHOM COObITMM B MUKpoobbeme
MeTanna u CBf3M BEpPOATHOCTM pa3pylleHusi ¢ 06beMOM 30HbI Nnpouecca Mcxogsd U3 npuHUMna «cnaboro 3seHar.
OpHako npu UCMbITaHWAX CTaHOAPTHbIX 0OpasuoB C BbICOKMM YPOBHEM TPELUMHOCTOWMKOCTM HabmnogalTcs
CYLLECTBEHHbIE OTMMYMA OT M3BECTHbIX MOMNPAaBOK: MPU XPYNKMX paspylleHnsAX MaclTabHbi 3hdekT okasbiBaeTcs
Gornee pes3ko BbIpaXeH, YeM 3TO criegyeT M3 MOMpaBOK CTaHOApPTOB, a NPV BA3KUX paspylleHusx Habnopaetcs
MHBEPCUOHHBIN MacLiTabHbIN 3ddeKT — Bo3pacTaHue onpeaenseMoro no ctaHgapTaM napaMeTpa TPeLmMHOCTONKOCTH
C BO3pacTaHveM TonwuHbl. B pabote aHanmamMpyloTCca 3T OCOBEHHOCTM WUCMbITAHUA MNPUMEHUTENBHO K
BbICOKOMPOYHbIM ~ CyAOCTPOUTENbHBIM CTansaM, ANs KOTOPbIX WCMAbITAHUA Ha TPELUMHOCTOMKOCTb SBMASHTCH
06sA3aTenbHbIM 3NIEMEHTOM CEPTUPUKALMOHHBIX UCTbITAHWUI MeTarnna HOBOro NPON3BOAUTENS.

Knrouesbie cnoga: HU3KonermpoBaHHas cTarnb, NapaMmeTpbl TPELLMHOCTONKOCTH, XPYNKUe U BA3KME paspyLUeHus,
MacwwTabHbIn adhdpekT
DOI: 10.22349/1994-6716-2026-126-2-168-189
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B cratbe npeactaBneHbl pes3ynbTaTbl  WUCCMEOOBaHUS  MWKPOCTPYKTYPbl W KOPPO3MOHHOW  CTOWKOCTU
HepxaBetowen crtanu 12X18H10T, nonyvyeHHOW MeTOOOM MpPsIMOro rnasepHoro BblpawmBanus (MJ1B).
CpaBHuTenbHbIM aHanuid npoBedeH aAnd obpasuoB ropadvekataHon ctanu (FK) u metogom /1B B mMcxogHOM
COCTOSIHUM UK nocne Tepmuyeckon obpaboTkm (TO). KoppO3nOHHble WUCMbITAHUA NpoOBeAeHbl  MeTodamMu
3NEKTPOXMMUYECKON NONSApM3aumMmM U HaTypHbIX WCMAbITAHMW B MOPCKOW BoAde (McnbiTaHus B Hsauadre, 2544 ).
Mony4eHHble AaHHBIE NOKa3anu, YTo BbipalleHHble obpasLbl nocre TO ob6nagatoT NOBLILLEHHON NMUTTUHIOCTONKOCTBIO
(AE = 460 mB) 6narogapsi roMOreHusauun CTPYKTYPbl U CHDKEHUIO XUMWYECKOW HEeOAHOPOAHOCTU. [lony4veHHble
pe3ynbTaTbl UCMbITAHWUIA HA CTOMKOCTb K MEXKPUCTANIMTHON KOPPO3MM NMOKa3biBalOT 3HAYUTESbHbIV POCT CTOMKOCTU Y
BblpaleHHon ctanu nocne TO Mo CpaBHEHMIO C UCXOOHLIM COCTOSIHMEM. JlabopaTopHble MUCNbITaHWS NOATBEPAUNN
Gonee BbICOKYIO KOPPO3MOHHYH) CTOMKOCTb BblpalleHHbIX 00pa3sLoB MO CPaBHEHUID C ropsiYekaTtaHow, KoTopble
nokasblBaloT Oonee BbICOKYID YCTOMYMBOCTb K oBpasoBaHuo NUTTMHroB. OAHako B YCrOBMAX MOPCKOM cpefbl oba
maTepuana nokasanu COMOCTaBMMYIK CKOpOCTb koppoaun (0,019-0,032 r/m?4) wu3-3a 6GuoobpacTaHus,
NMPOBOLMPYHOLLIETO LLIENEBYIO U A3BEHHYIO KOPPO3WIO.

Krnrouesbie crnosa: NpsAMoe na3epHoe BblpallMBaHMe, MUKPOCTPYKTYpPa, MeXaHWYeCcKue CBOMCTBA, KOPPO3MOHHAas
CTOMKOCTb
DOI: 10.22349/1994-6716-2026-126-2-190-203

UccriedosaHue 6bi0  npoeedeHo npu  ¢huHaHcosolU oddepxKe MpozspaMMbl  cmpameau4yeckozo
akademuyeckozo nudepcmesa «llpuopumem-2030», coenaweHue Ne 075-15-2025-124 «L{ughposbie npombiwineHHbIe
mexHonoauu.

UcnbimaHusi Ha Koppo3ur nposodunucb npu noddepxke npospammbl uccrnedogaHuli u paspabomok
CosmecmHo20 Pocculicko-BbemHamMcKko2o mpornu4yecko2o Hay4yHOo-uccriedo8amesibCKo20 U MexXHOI02Uu4eCcKo20
ueHmpa o meme OkonaH T-2.2.
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PAOVWAUMNOHHOE MATEPUANOBEOEHUE
YK 621.039.531:669.15-194.56
METOA NPOrHO3UMPOBAHUA TEMIMEPATYPHO-AO30BOW 3ABUCUMOCTUN PAOVUALIMOHHOIO
PACMYXAHUA NPU HEUTPOHHOM OBNTYYEHUU HA BA3E MOHHOIO OBJNTYYEHUA.
YacTtb 1. dkcnepumeHTanbHoe uccrnengosaHue paguaumuoHHoro pacnyxaHusa ctanu 08X18H10T nocne noHHoro
obnyyeHus
A. A. COPOKWH, kaHa. TexH. Hayk, b. 3. MAPIOJIVH, a-p TexH. Hayk, M. C. MUXAMNOB, B. A. MEYEHKWH, kaHa.
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MpoBeneHbl nccnegoBaHUsa paguauMoHHOIO pacnyxaHus MeTodamMu PacTPOBOM 3NEKTPOHHOW MUKPOCKOMUM
aycteHuTHon ctanu 08X18H10T nocne obny4yeHUs MoHaMm HUKENS U renusa 4o MakCumarnbHOM NoBpexaato-Luen 0o3bl
175 cHa B guanasoHe Temnepatyp 500-650°C. PaspabotaH noaxon MO YCTAHOBIEHUIO COOTBETCT-BUSI MeXay
pacrnyxaHMem uccrnefyeMon 30Hbl ODJYYEHHOro Crost M 3HAYeHWEM MOBPEXOAlLWen [03bl, pacCYUTaHHbIM A5
CnowHoro Tena 6e3 BakaHCMOHHLIX Mop. MMonydeHbl J4030Bble M TeMMepaTypHble 3aBUCUMOCTU pPaavauNoHHOTO
pacnyxaHus ans ctanu 08X18H10T B AgnanasoHe noBpexaatomx go3 60—160 cHa nocrne MOHHOTo 06yYeHMs.

MpoBeneHoO conocTaBneHne NosyYeHHbIX 3aBUCUMOCTEN C AaHHBIMM MO pacnyxaHuio nccneayemoi cranuy nocne
HEWTPOHHOro 0bny4yeHns. OBHapyXeHO pacxoXaeHWe Mexay pacrnyxaHuem npu MOHHOM U HEWTPOHHOM OOMy4YeHuM
Aaxe Mpu KOMMEHcaUUN BIIMSIHUA YBENWYEHUs CKOPOCTM Habopa [o3bl MOCPeACTBOM YBENWYEHUS TemrepaTypbl
0bny4yeHus. BbigByvHYTa rvnoTesa, YTo OOHApPY)XEHHOE pacXOXAeHWe BbI3BaHO He BbIOOPOM NapameTpoB MOHHOMO
obny4yeHus, a cneunduKon pacnyxaHus B 04eHb TOHKOM 00y4aeMoM MoHaMK croe, koTopasi OygeT paccMoTpeHa BO
BTOPOW 4YaCTW HaCTOSALLEN CTaTbMu.

Knovesble crioga: noHHoe obnyyveHwe, paguauMoOHHOE pacnyxaHue, BakaHCMOHHasi MOPUCTOCTb, pacTpoBasi
mMukpockonus, POM, aycteHntHas ctanb, 08X18H10T
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MICROSTRUCTURAL EVOLUTION IN 12% Cr STEELS DURING THERMAL AGING
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Abstract—The paper investigates microstructural evolution of 12Cr-Ni-Mo-V-Nb steel (grade 07Kh12NMFB) after
thermal aging for ~5000 h at temperatures from 450 to 600°C. A phase composition changes significantly while holding
temperature increases. It has been established that after aging at a temperature of 600°C, the formation of Laves phase
particles up to 1.5 uym in size and the formation of the Z-phase occur. These microstructural changes impose limitations
on using the steel under examination for heavily loaded equipment at operating temperatures of 600°C and above. The
microstructure of the steel at temperatures up to 550°C is quite stable that points to the possible long-term material
operation.
Keywords: 12Cr steels, thermal aging, Laves phase, Z-phase, phase composition, dislocation density,
microstructural evolution
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MODELING OF INTERNAL STRESSES IN AUSTENITE AND PERLITE STEELS DURING WEAR OF THE
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Abstract—The article presents computer modeling of the stress-strain state of the excavator bucket teeth after
operation and metallographic studies of full-scale samples made of 110G13L and heat-treated 30KhGSA steels. It was
found that a nanosized martensitic structure is formed in the surface layer of the steels in question during wear to a
depth of about 0.2 mm from the working surface. An examination of the stress field reaching the yield point of the tooth
material led to the conclusion that changes in the structural state of the metal, which is prone to hardening during
deformation, must be taken into account for adequate finite element analysis in modeling with the determination of the
size and depth of zones experiencing critical loads.

Keywords: bucket teeth, modeling, stress-strain state, structure, work hardening depth, and hardness
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STRUCTURE AND HARDNESS OF M0Ob COPPER AFTER DEFORMATION-HEAT TREATMENT AT ROOM
AND CRYOGENIC TEMPERATURES
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The effect of upsetting deformation at room and cryogenic temperatures on the structure and hardness of MOb copper
in the coarse-crystalline and submicrocrystalline states was studied. It has been shown that, for relatively small plastic
deformations (¢~1.0) of copper, cryogenic temperatures promote intensified grain refinement. After large plastic
deformations, the grain refinement effect during subsequent cryogenic upsetting is very small for the SMC structure. It
has been established that, using a combination of equal-channel angular pressing and cryogenic upsetting, the hardness
of MOb copper can be significantly increased to 1410 MPa.

Keywords: deformation-heat treatment, deformation by upsetting, coarse-crystalline state, submicrocrystalline
state, cryogenic temperature
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Abstract—This paper presents studies of a high-entropy coating produced by microplasma spraying using AINiCoFeCr
composite powders under the influence of friction forces in the transverse and longitudinal directions. Tribological tests
using a pin-on-disk setup and localized square sclerometry demonstrated the coating’s potential for protecting friction
components of steel components.
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Abstract—This paper proposes an analytical method for calculating the dependence of the described area on the
deformation parameter in planar auxetic structures that maintain constant body area under tension: hinged squares,
triangles, hexagons, and parallelograms. Explicit formulas are derived for each configuration, linking geometric
parameters of the structure to its auxetic response (transverse expansion under uniaxial tension) enabling material
behavior prediction without numerical simulation. The results can be used to design metamaterials with programmable
mechanical properties, where key requirements include constant body area under controlled expansion.
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Abstract—The article presents the results of a study of the mechanical properties and microstructure of
08Kh18N10T stainless austenitic steel synthesized by direct laser growth (DLG) before and after austenitization with
elements of recrystallization annealing in the temperature range of 1050—-1250°C. It was found that the original structure
completely recrystallizes at 1150°C, which ensures maximum impact toughness; the formation, growth, and dissolution
of dispersed particles affect the grain morphology and mechanical properties of the steel after austenitization. The
obtained results can be used to improve heat treatment processes for DLG steels to increase their toughness and
ductility.
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Abstract—Over the past 30 years, low-temperature co-fired ceramic (LTCC) technology has evolved in response to
the need for compact, lightweight, and multifunctional electronic modules. It enables the production of three-dimensional
ceramic structures with low dielectric loss and embedded metal electrodes. One of the key areas of LTCC development
is the creation of dielectrics that sinter at temperatures below the melting point of Ag electrodes and retain the required
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Abstract—In recent years, interest has increased in microwave dielectric ceramics used in antennas, filters, resonators,
and other components of wireless communication systems. These materials provide signal transmission, resonance,
and filtering functions in microwave circuits; therefore, their dielectric characteristics directly affect device
performance. For low-temperature co-fired ceramic (LTCC) technology, the most important requirements are low
sintering temperature Ts, compatibility with Ag electrodes, low relative permittivity €r, low dielectric loss tangent tgd, high
quality factor Q or Qxf, and a near-zero temperature coefficient of resonant frequency 1r. The parameters are given in a
unified format: ¢r, tgd, and Q are dimensionless; Qxf is given in GHz; 1rin ppm/°C; Ts in °C. LTCC ceramic materials can
be divided into three groups: glass-ceramic composites, glass-ceramics, and materials with inherently low sintering
temperatures. This part of the review considers glass-free low-temperature sintering ceramics developed over the past
20 years for LTCC technology.
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Abstract—In this work, the characteristics of a permanent joint of ABM grade aluminum plates and 08Kh18N10T
stainless steel, made by cold gas-dynamic spraying (CGDS), were investigated. To form the cold weld, a powder of the
following composition was used: 45 wt.% aluminum (high purity), 45 wt.% titanium (high purity), and 10 wt.% corundum
Al>,O3, with a particle size median of 30-50 um. Analysis of the microstructure of the resulting weld showed a low porosity
level of 1-2%, the absence of microcracks after cyclic thermal loads, and a uniform distribution of the sprayed materia’s
components. Mechanical tests of lap-joint samples demonstrated sufficient shear strength. An experimental study of a
steel tube-aluminum fin structure showed that the thermal conductivity of the joint obtained by CGDS is approximately
25% higher than that of a joint made by clamping with KPT-8 thermal paste.

Keywords: cold gas-dynamic spraying (CGDS), permanent connection, thermal contact, porosity, thermal
conductivity
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Abstract—Multilayer and two-layer coatings with increased crack resistance (Kic) and reduced damageability (Hv/Kz1c)
were obtained by the electric spark deposition (ESD) on 20Kh13 steel (cathode). NiAl-based alloys doped with complex
additives and steel 20 were used as anodes to obtain multilayer and two-layer coatings. The multilayer coatings (4-7
layers) were formed by using alternating anodes made of compositionally complex alloys (CCAs) and steel 20. This
made it possible to increase the concentration of Fe in layers of coating up to 80—14 at.% versus 8-5 at.% in the single-
layer coatings. In the multilayer coatings Kic increases by 16%, and Hv/Kic decreases by 30%. Two-layer coatings
increase Kic by ~33%, and decrease Hv/Kic by 50%. The work demonstrates the possibility of obtaining two-layer and
multilayer coatings from VK 20 and CCAs solid alloys.
Keywords: multilayer and two-layer coatings, electrospark deposition (ESD), coating structure and properties
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Abstract—This paper examines the effect of heat treatment on the structural and phase state, mechanical, and
tribological properties of polyetheretherketone (PEEK) produced by fused deposition modeling (FDM). A comprehensive
study, including X-ray phase analysis on a BRUKER D8 ADVANCE diffractometer, static tensile tests, and tribological
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testing on an Rtec MFT-5000 friction machine, demonstrated that heat treatment improves the mechanical and
tribological properties. As a result, the tensile strength increased by 58%, and Young’s modulus by 32%. A key result is
a significant increase in tribological service life: the critical factor pv, which characterizes wear resistance, increased
from 0.9 MPa m/s for the original material to 1.3 MPa m/s for the heat-treated material. The results of this study
demonstrate the necessity of heat treatment to ensure high stability and durability of PEEK 3D-printed parts operating
under sliding friction conditions.

Keywords: PEEK, heat treatment, fused deposition modeling (FDM), structure, mechanical properties, wear,
friction
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Abstract—This paper examines the effect of beeswax (BW) as a plasticizing additive on the properties and structure
of polymer composite materials (PCMs) based on ultra-high-molecular-weight polyethylene (UHMWPE). A
comprehensive characterization of composites based on two UHMWPE grades (GUR 4150 and 4022) with different
molecular weights was carried out. The influence of low beeswax concentrations (0.5-2 wt.%) on the mechanical,
tribological, thermal and structural properties was studied. The beeswax demonstrates its effectiveness as a structural
modifier, ensuring ordering of the supramolecular organization and increasing the degree of crystallinity of the polymer
matrix. This effect can be explained by the formation of a denser granular UHMWPE structure, which strengthens the
composite. The highest efficiency was observed with a beeswax content of 2 wt.%, resulting in a 59% increase in tensile
strength and a 33% increase in elongation at break compared to the original polymer. Tribological studies showed a
44% reduction in the coefficient of friction and a seven fold decrease in the specific wear rate. Differential scanning
calorimetry data confirmed the structural ordering of the composite upon beeswax introduction, which correlates with the
improved mechanical and tribological properties.
Keywords: ultra-high molecular weight polyethylene, composite, plasticizer, beeswax
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Abstract—This article presents the results of comparative tribological tests of PTFE composites modified with carbon
micro- and nanofibrous fillers under unidirectional sliding friction on different friction machines with varying friction
patterns under varying loads. The test specimens were 5 mm diameter polymer cylinders. Tribological tests were
conducted using pin-on-disk and pin-on-cylinder friction patterns, which differ in the geometry of the friction surfaces of
the tribosystem elements. It was found that for the polymer composite materials under consideration, initial wear was
5-6 times greater with the pin-on-cylinder friction pattern than with the pin-on-disk friction pattern. Moreover, under dry
sliding friction conditions, it was demonstrated that a composite modified with nanofibers offers more effective wear
protection for the polymer component of a friction unit under varying loading conditions compared to a composite with
microfibers.

Keywords: polytetrafluorethylene, carbon fiber, friction, wear, friction coefficient, contact geometry of a friction pair
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Abstract—Magnesium antimonate (Mg(Sb0Os)2) was synthesized and used to replace antimony oxide (Sb>O3) in PVC
cable composites. The flammability and physical and mechanical properties of the resulting compound were studied. It
was found that replacing Sbh>Os in the resulting PVC cable formulation with Mg(SbO3). does not reduce the compound’s
flammability. At the same time, the key performance indicators (mechanical and thermal properties) of PVC composites
with the addition of Mg(SbO3). remain high.
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SCALE EFFECT IN FRACTURE TOUGHNESS TESTING OF HIGH-STRENGTH SHIPBUILDING STEELS
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Abstract—The scale effect in fracture toughness determinations is well-known: the measured characteristic (Kyc, critical
values of the J-integral or crack tip opening displacement) increases as the specimen size decreases. Quantitatively,

this effect is accounted by a thickness correction incorporated into standards. This correction is theoretically derived
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from the concept of brittle fracture as a random event in the metal’s microstructure and the relationship between the
probability of fracture and the process zone volume, based on the “weakest link” principle. However, during tests of
standard specimens with high fracture toughness levels, significant deviations from the established corrections are
observed. For brittle fractures the scale effect is more significant than predicted by corrections from standards.
Conversely, for ductile fractures, an “inverse” scale effect is observed — increased fracture toughness with increasing
specimen thickness. This study analyzes these test result features in relation to high-strength shipbuilding steels, for
which fracture toughness tests are a mandatory element of the certification process.
Keywords: low-alloy steel, fracture toughness parameters, brittle and ductile fracture, scale effect
DOI: 10.22349/1994-6716-2026-126-2-168-189
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Abstract—This article presents the results of a study of the microstructure and corrosion resistance of
12Kh18N10T stainless steel produced by direct laser growth (DLG). A comparative analysis was conducted for hot-
rolled steel (HRS) and DLG samples in the initial state and after heat treatment (HT). Corrosion tests were conducted
using electrochemical polarization and full-scale seawater testing (tests in Nha Trang, 2,544 hours). The data obtained
showed that the grown samples after thermal treatment exhibited increased pitting resistance (AE = 460 mV) due to
structural homogenization and reduced chemical heterogeneity. The obtained intergranular corrosion resistance test
results demonstrate a significant increase in the resistance of the laser grown steel after thermal treatment compared
to the initial condition. Laboratory tests confirmed the superior corrosion resistance of the grown samples compared to
hot-rolled steel, which exhibited higher pitting resistance. However, under marine conditions, both materials

demonstrated comparable corrosion rates (0.019-0.032 g/m? h) due to biofouling, which provokes crevice and pitting

corrosion.
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A METHOD FOR PREDICTING THE TEMPERATURE-DOSE DEPENDENCE OF RADIATION SWELLING UNDER
NEUTRON IRRADIATION BASED ON ION IRRADIATION.
Part 1. Experimental study of radiation swelling of 08Kh18N10T steel after ion irradiation
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Abstract—Radiation-induced swelling of 08Kh18N10T austenitic steel was studied using scanning electron microscopy
methods after irradiation with nickel and helium ions to a maximum damaging dose of 175 dpa in the temperature range
of 500-650°C. An approach was developed to establish a correspondence between the swelling of the studied zone of
the irradiated layer and the damaging dose value calculated for a solid body without vacancy voids. Dose and
temperature dependences of radiation swelling for 08Kh18N10T steel in the damaging dose range of 60—160 dpa after
ion irradiation were obtained. These dependences were compared with data on swelling of the studied steel after neutron
irradiation. A discrepancy was found between swelling under ion and neutron irradiation, even when compensating for
the effect of an increased dose rate by increasing the irradiation temperature. It is hypothesized that the observed
discrepancy is caused not by the choice of ion irradiation parameters, but by the specific nature of swelling in a very thin

ion-irradiated layer, which will be discussed in the second part of this article.
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