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B npeacraBneHHon paboTe npoBeAEHO UCCnefoBaHWE BbICOKO3HTPOMWMHONO Cnraea
AlIFeCoCrNiNbo,2s n onpegeneHa cBA3b MexXay pexumMamu ero TepmoobpaboTku, cTpoeHuem u
TPMOOTEXHUYECKMMM XapaKTEPUCTUKaMN. B MCXOOHOM NIMTOM COCTOSIHUM 1 nocne TepMoobpaboTku
npu 900, 1000 unn 1100°C ¢ nocnegyowmnmM oxnaxngeHMem Ha BO3ayxe crnaB COCTOUT U3 ABYX
OCHOBHbIX pa3 (TBepaoro pactsopa komnoHeHToB ¢ OL|K-pelwieTkon un dasbl JlaBeca) n nveet
AEHOPUTHOE [O3BTEKTMYECKOE cTpoeHme. C yBenuyeHnem TemnepaTtypbl TepmMoobpaboTku
MeHSieTCa napamMeTp KpUCTannyeckon peLleTkn TBEpAOoro pacteopa 1 NpouCXoauT U3MernbyeHne
NepBMYHON OEHOPUTHOW CTPyKTypbl. CnnaB MoOKasbiBaeT Jyyllyld W3HOCOCTOMKOCTb MOCHe
Tepmoobpabotkn npu 1100°C, yto 0B6YCNOBMEHO CaMblM HU3KUM KOIPPUUMEHTOM TPEHUS W
CTPYKTYPHbIMW NMpeBpaLLEeHUsIMA, MPOM3O0LLEALLMMI B CMaBe B npouecce TepmMoobpaboTku.

Knroyesbie criosa: BbicokoaHTponunHbIN cnnae AlFeCoCrNiNbo,2s, Tepmuyeckas obpaboTka,
¢ra30BbIN COCTaB, MUKPOCTPYKTYpPA, CyXx0e TPEHNE CKOSTbXEHUS, UBHOCOCTOMKOCTb
DOI: 10.22349/1994-6716-2026-125-1-25-35

UccnedosaHue 8bInorHeHo 3a cyem epaHma Poccutickoeo Hay4Ho20 ¢hoHOa, npoekm Ne 25-
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B paHHOm paboTe npeacTaBneHbl pes3ynbTaTbl in Situ  peHTreHogMpaKkLMOHHOro
nccnepoBaHust katogHoro matepuana LiNio,gCoo,1Mno,102, KOTOPLIN paccMaTpuBaeTCsa Kak OauH U3
Hanbonee NEpPCNeKTUBHbLIX A1 NPUMEHEHUS B COBPEMEHHbLIX JIUTUM-UOHHBIX aKKyMynsTopax.
OKCNepMMeEHTbl  MNPOBOAMINUCL B PEXUME peanbHOro BPEMEHM B Xo4e NpoTeKkaHus
3MEKTPOXMMMYECKMX MPOLECCOB 3apsiga W paspsaa, YTo No3BOMUMO NPOCneanTb 3a U3MEHEHNEM
napaMmeTpoB KPUCTaN/M4YECKON peLeTkn U YCTaHOBUTb WX B3aMMOCBSA3b C MeXaHuM3Mamu
WHTepKansumm n gevHTepkanaunum NoHOB NNTUA.

[Ana aHanuMsa nonyyveHHbIX AaHHbIX uchonb3oBancs Meton PutBenbga B codeTaHun C
nporpaMmHbiM obecneveHnem TOPAS 5, yto obecnevmno BbICOKYHD TOYHOCTb OnpeneneHus
napamMeTpoB 9fieMeHTapHOW s4Yerkn. YCTaHOBMNEHO, 4YTO B npouecce 3apsiga nNapameTp a
MOHOTOHHO YMeHbLIaeTCs, Torga Kak napameTp C AEMOHCTPUPYET HEMUHENHYD ANHAMUKY: POCT
no HanpsbkeHna 4,0 B cmeHsaeTca cHwkeHueM. Npu paspsge HabnogaeTca obpaTHbIA xapakTep
N3MEeHeHNsA napamMmeTpoB.

Ob6bemM aneMeHTapHOW SYENKM B XO4e OeuHTepKanauuu nuTus cokpawaeTcs u gocturaet
MaKCMMarnbHOro yMeHblUeHUs nopsgka 2% npu HanpsbkeHun 4,2 B N0 CpaBHEHUIO C NMOSTHOCTbIO
paspsbkeHHbIM cocTosHnemM (2,7 B). lMonyyeHHble pe3ynbTaTthl NOATBEPXAAOT YCTONYMBOCTb
CTPYKTYpbl MaTepuana npu UUKIMPOBaHMM W MO3BOMSKT OUEHUTb AONYCTUMbIM  YPOBEHb
BHYTPEHHMX HaNps>XeHW, BO3HMKaOLWLMX B Npouecce paboTbl akkymynaropa.
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NnoNIMMeEpHbIe M34enus, B TOM Yucrie MNofydeHHble agavTuMBHbIM crnocobom. MpoaHanuanmpoBaHbl
obnacTn npumMeHeHns, METOAONOrMYeckne Nogxoabl, COBpeEMEHHbIE UCCNEeN0BAHNA U NEPCneKkTUBHI
pa3suTusa. OnncaHa 4ocTynHas n 6esonacHas MeToanka XumMmyeckon metannuaauumn 3D-nevyaTHbIX
nonumepos, He TpebyioLlasa cneunannuanpoBaHHOro obopyaoBaHMS U TOKCUYHbBIX PeakTUBOB, YTO
aenaet ee ngearnbHOM 4N MHOMMX oTpacsien NpomMsBoacTBa.
Knoyesebie crnosa: 3D-ne4vatb, LCD-neyaTtb, Xxummyeckass meTannusauus, MegHeHue,
TEXHOMOrM1M aganTMBHOIO NPON3BOACTBA, (PYHKLMOHANbHbBIE MOKPLITUS, 3NEKTPOHMKA
DOI: 10.22349/1994-6716-2026-125-1-45-55
Hacmosiwee uccnedosaHue ©6bil0 ocywecmesieHO 8 paMKax peanu3ayuu rnpoekma
«Paspabomka  mexHonoauu  rofly4eHusi — HaHOCMPYKmMypupo8aHHbIX  KOMIMO3UUUOHHbIX
Mamepuasiog HOB8020 [OKOMIEHUSI C  HU3KUM  yOesibHbIM  OOBbEeMHbIM  371eKMpPUYECKUM
conpomusrieHueM U QQYHKUUOHarbHbIX MOKpbIMUU» 8 Uuesnsax O0CMUXeHUs pe3yribmamos
edeparnbHo20 npoekma «YHugsepcumemsl O MOKONEeHUs nudepos» HayuoHanbHo20 fpoekma
«Mornodexb u demu».
JINTEPATYPA
1. Dudek P. FDM 3D printing technology in manufacturing composite elements // Arch. Metall.
Mater. — 2013. V. 58, Is. 4. — P. 1415-1418.
2. Layani M., Wang X., Magdassi S. Novel Materials for 3D Printing by Photopolymerization //
Adv. Mater. — 2018. — V. 30, Is. 41. — Art. 1706344,
3. Wang X., Jian M., Zhou Z., Gou J., Hui D. 3D printing of polymer matrix composites: A
review and prospective // Composites Part B. — 2017. — V. 110. — P. 442-458.
4. Patent US 4863538 A: Deckard C. R. Method and apparatus for producing parts by selective
sintering.
5. Boulaala M., EImessaoudi D., Buj-Corral I., El Mesbahi J., Ezbakhe O., Astito A., El
Mrabet M., EI Mesbahi A. Towards design of mechanical part and electronic control of multi-
material/multicolor fused deposition modeling 3D-printing // Adv. Manuf. Technol. — 2020. — V. 110.
— P. 45-55.
6. Daminabo S. C., Goel S., Grammatikos S. A., Nezhad H. Y., Thakur V. K. Fused
deposition modeling-based additive manufacturing (3D-printing): techniques for polymer material
systems // Mater. Today Chem. — 2020. — V. 16. — Art. 100248,

© 2026 Hay4Ho-TexHUYecKuii JKypHan
HUL, «KypuatoBcKuit MHCTUTYT» — LLHUU KM «IMpomeTeii» «Bonpocbl matepuanoseaeHuaA»
http://www.crism-prometey.ru



7. Al Rashid A., Alim Khan Sh., Al-Ghamdi S. G., Ko¢ M. Additive manufacturing of
polymer nanocomposites: Needs and challenges in materials, processes, and applications // Journal
of Materials Research and Technology. — 2021. - V. 14. — P. 910-941.

8. Angel K., Tsang H.H., Bedair S.S., Smith G.L., Lazarus N. Selective electroplating of
3D-printed parts // Additive Manufacturing. — 2018. — V. 20. — P. 164-172.

9. Hong Zh., Zhang Zh., You R., Chen J., Li Sh., Wang Y., Sun Y., Song B., Ji Zh.,
Loy D. A., Liang R. Dual-head multi-photon polymerization 3D printing for parallel additive
manufacturing organic/inorganic materials in optics // Additive Manufacturing. — 2025. — V. 103. —
Art. 104772.

10. Yousaf A., Al Rashid A., Polat R., Ko¢, M. Potential and challenges of recycled polymer
plastics and natural waste materials for additive manufacturing // Sustainable materials and
technologies. — 2024. - V. 41. — Art. 01103.

11. BopyHuueB [O.C., KoctmH M.C. WccnepoBaHne npounorpaMMHON  CTPYKTYpbI
MuKponosiockoBbix CBY-moaynen, M3roToBNeHHbIX NO agAuMTUBHOW TEXHOMNOMMU TpexXMepHOW
nedatn // Russian Technological Journal. — 2023. — V. 11, N 5. - P. 34-44. URL:
https://doi.org/10.32362/2500-316X-2023-11-5-34-44

12. WeanoB B.C., Mnagkun O.A., BopyHudeB [1.C. LPKF-LDS-TexHonorusi npon3soacraea
TpexmMepHbIX cxeM Ha nnactukax // Russian Technological Journal. — 2021. - V. 9, N 1. — P. 48-57.
URL: https://doi.org/10.32362/2500-316X-2021-9-1-48-57

13. Sun B., Dong W., Liu Ch., Xing Y., Sun J., Liang X., Duan H., Jia X. A critical review
on additive manufacturing of continuous fiber-reinforced polymer composites: Materials,
fabrication, structural design and novel functions // Thin-Walled Structures. — 2025. -V. 215, —
Art. 113491.

14. Kong X., Sun G, Luo Q., Brykin V., Qian J. Experimental and theoretical studies on 3D-
printed short and continuous carbon fiber hybrid reinforced composites // Thin-Walled Struct. — 2024.
— V. 205. — Art. 112406.

15. Kapsakosa, B. C., TiopuHa C. A., lemuH B. Jl1. O xapakrepe noBegeH1si TaHNHa B pPoniv
ceHcnbunuaaTopa Ans XMMUYECKOrO0 MeLHEeHUs Npu BblAEpPXKe B ero pacTtBope W BBeOAEHUM B
obbem matepwuana // MNMepcnektuBHble MaTtepuarnsl n TexHonornmn (MMT-2025): C6opHUK Joknaaos
HaumoHanbHON Hay4HO-TEXHUYECKOM KOH(EPEHUUN C MeXAyHapoaHbIM ydactuem, Mocksa, 7—
12 anpens 2025 roga. — M.: MUPOA — Poccunckuin TexHonorndeckun yHusepcutet, 2025. — C.
478-482.

16. KapsakoBa B. C., TiopuHa C. A., lemuH B. JI. BnusHne BpemeHn BblAEPXKN 0OBHLEMHO-
CEHCMOMNN3NPOBAHHOM CMOTbI, Ucnonbdyemon ansa nevatn LCD-meTogom, B pacTBoOpe akTnBatopa
Ha Ka4yecTBO OCaXAeHWUst MegHOro NokpbITUa // OnTnyeckne TeXHONOrMK, Matepuanbsl U CUCTEMBI
(OnToTex - 2024): MexayHapoaHasa HayyYHO-TexHuMyeckass koHdepeHumsa, Mocksa, 2—8 aekabps
2024 ropa. — M.: MUP3A — Poccunckuin TexHonorndecknn yumsepcutet, 2024. — C. 464—-470.

17. Wright J. G., Charnay B. P., Rabinowitz J. A.,, Mariano R. G., Kanan M. W. Rapid
prototyping of lab-scale electrolysis cells using stereolithography and electroless plating // Device.
—2023.-V.1,lIs. 2. - Art. ID 100049. ISSN: 2666-9986. DOI: 10.1016/j.device.2023.100049

18. Kucherov F. A,, Romashov L. V., Ananikov V. P. Development of 3D+G printing for the
design of customizable flow reactors // Chemical Engineering Journal. — 2022. — V. 430, Part 1. —
Art. ID 132670. DOI: 10.1016/j.cej.2021.132670

© 2026 Hay4Ho-TexHUYecKuii JKypHan
HUL, «KypuatoBcKuit MHCTUTYT» — LLHUU KM «IMpomeTeii» «Bonpocbl matepuanoseaeHuaA»
http://www.crism-prometey.ru



19. GergesT., Semet V., Lombard P., Allard B., Cabrera M. Rapid 3D-Plastronics prototyping
by selective metallization of 3D printed parts // Additive Manufacturing. — 2023. — V. 73. — Art. ID
103673. DOI: 10.1016/j.addma.2023.103673

20. Perera A. T. K., Wu K., Wan W. Y., Song K., Meng X., Umezu S., Wang Y., Sato H.
Modified polymer 3D-printing enables the formation of functionalized micro-metallic architectures //
Additive Manufacturing. — 2023. — V. 61. — Art. ID 103317. DOI: 10.1016/j.addma.2022.103317

YOK 678.067:621.793.16

OCOBEHHOCTU U NEPCNEKTUBbI TEXHOJTIOT'MX METAJTU3ALUU NOJNIUMEPHbIX

W3OENUK, NONYYAEMbIX METOOAMU ADANTUBHOIO NMPOU3BOACTBA.
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B Hactoswen pabote npeactaBrneHbl pesynbTaTbl MCCnegoBaHUa no paspaboTtke u
ONTUMM3ALMMN TEXHOSIOMMM XMMWYECKOW MeTannusauunm MNONMMEpPHbIX MW3AEeNUn, MOMnyYeHHbIX
MeTogoM MacoyHon ctepeonmtorpadum (mSLA, LCD), ¢ uenbio co3gaHnsa (pyHKUMOHaNbHbIX
MeaHbIX NOKPbITUA Ans npuMmeHeHna B CBY-TexHuke. OCHOBHOE BHMMaHWe yaeneHo paspaboTtke
MeTOAUKN 06BbEeMHON ceHenbunmsaummn oTonosIMMEPHON CMOSbl C UCNONb30BaHNEM AyOUbHOM
KACMOTbl (TaHMHa) B KayecTBe anbTepHaTUBbl TPaOULMOHHbIM CeHcubunumsaTopam. WM3yyeHo
BNUAHME MNapamMeTpoB agOuTUBHONO npouecca (crnaxmnBaHus) Ha 3(PEEeKTUBHOCTb akTuBauum
NoBepPXHOCTU. [lonyYyeHHble pe3ynbTaTbl AEMOHCTPUPYIOT NOTeHUMan npeanoXeHHON TeXHONormm
Ana  ObICTPOro NPOTOTUMMPOBAHUA U  MESIKOCEPUMHOIO MPOM3BOACTBA JErKUX MNOSIMMEPHbIX
KomnoHeHToB CBY-yCcTpoOiCTB C NPOBOASALLMMN NOBEPXHOCTAMM.

Kntoyeebie crnosa: apouTUBHOE NPOM3BOACTBO, cTepeonutorpadust (SLA), xumuyeckas
MeTannusauusa, megHeHne, oobemHasa ceHemounmnaaumsa, CBY-texHuka
DOI: 10.22349/1994-6716-2026-125-1-56-65
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NOJIMMEPHBIE KOMMO3ULMNOHHbLIE MATEPUAIDbI
Y[OK 661.666.2
CMATUE HAHOMNNACTUHOK TEPMOPACLUUPEHHOI'O TIPA®UTA MEXAOY CIIOAMU
OKUCJIEHHOIO KAMEHHOYIOJIbHOI'O NEKA NPU KAPBOHU3ALUUN UTPAPUTALIUN
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MocTtynuna B pegakumio 15.08.2025
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Wccnegosanu maTtepuan Ha OCHOBE CMECUM KaMEHHOYIOfIbHOMo Nneka U Ha NopsA0K MEHbLLEro
Nno BeCy KONMM4ecTBa TepMopaclimpeHHoro rpadurta. TOHKME Cnon neka Ha NOBEPXHOCTU COT
rpacdouTa oTBEpPXKAANMN KNCNOPOAOM BO3a4yxa nNpu Harpese. [locne kokcoBaHMs 1 nocrne rpadutaumm
CnpeccoBaHHbIX 3aroTOBOK HEPaABHOMEpPHbIE ycaaku a3 NpuBENN K MeEXaHMYeckon gedopmarmm
KPUCTannM4Yeckon CTPYKTYPbl CKPEMMEHHbIX C CMOSIMM  MEKOBOMO KOKCA CTEHOK COT
TepmopaclumpeHHoro rpacdmta. [locne  KokcoBaHMsi  pa3Mepbl  OGNOKOB  MO3auMku B
nepneHanKynsapHOM CriosiM rpacmta HanpasneHun CHU3UNUCL B ABa pasa. [locne rpadwutauun
MEXCNOEBOE paccTosiHNE rpadmTa B CTEHKaX COT BO3POCHO BCeACTBUE YyCaaKM NPU OCTbIBAHUM.
Kntoyeebie criosa: rpaduT, MOHOKPUCTAINM, KaMEHHOYrofnbHbIA MNeK, OHMoHonogobHas
CTPYKTypa, TEPMUYECKOE pacLUMpeHne, ycaaka, CMaTue, npenen npoYHOCTWU, MEXMIOCKOCTHOE

paccToaHne
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YOK 678.743.41
WCCINEOQOBAHME BNUAHUA MEXAHUYECKOWU AKTUBALIMM BA3ANTbTOBOIO BONOKHA

HA TPUBONTIOTMYECKUE CBOUCTBA BA3AJIbTOMIIACTUKOB HA OCHOBE NMT®3

A. A. YILKAHOB, H. H. JIASAPEBA, kaHg. TexH. Hayk, A. A. OXJIOINKOBA, a-p TexH. HayK
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B paboTte npuBedeHbl pe3ynbTaTbl TPUBOMOrMYECKUX W  CTPYKTYPHbIX UCCRegoBaHWin
KOMNO3UTOB Ha ocHoBe nonuteTpadTopatuneHa (MTP3) n 6GasanbToBOoro BonokHa (BB) c
pob6aeneHnem ynbtpagucnepcHoro MNTPY mapkm FORUM®. Tpubonorndeckue wmccnenoBaHus
NpOAEMOHCTPMPOBANK CyLLEeCTBEHHOE MOBbILLEHNE N3HOCOCTONKOCTU KOMMO3UTOB MO CPaBHEHMIO C
yncteiMm MNTDD, HecmoTpss Ha HebomnbLoW pPoCcT kKoadpdpuumeHTa TpeHus. Takoe noBegeHue
CBMOETENbLCTBYET O  MOSIOXKUTENbHOM  BAUSHUM  MexaHudeckonm obpabotkm BB Ha
3KcnyaTaumoHHble napameTpbl MaTepuanoB. CTPYKTYpPHbIE UCCRea0oBaHUSA NoKasann amopgHyto
npupogy bBB, o6pasoBaHve BTOpPMYHOM CTPYKTYpbl Ha noBepxHoOCcTU TpeHua [1KM un
HepaBHOMEPHOCTb pacnpefeneHns BOMOKOH B mMatpuue MNTPD. YcTtaHOBMAEHO, YTO yaaneHue
3amacnueaTtesnia C NoBEepPXHOCTU BOSIOKOH HeuenecoobpasHo nda pa3paboTkM (PTOPKOMMNO3UTOB
TPMOOTEXHMYECKOrO Ha3HadeHus. [lonydeHHble pesynbTaThl NoAYEepKMBalOT APPEKTUBHOCTD
nnaHeTapHOM LLapoBOM MeNbHULbI «AKTUBATOP 2S» ANa mexaHuyeckon obpaboTkm BB ¢ uenbto
cosganus NKM ¢ ynyyweHHbIMY TpMBONOrmyeckumMm XxapakTepuctTmkamum.

Knwyesbie cnosa: nonumep, [MKM, Tpunbonornsi, M3HOCOCTOMKOCTb, 3alLUUTHbIA CIOW,
NOSIMMEPHbLIN KOMMO3UT, NpeaBapuTernibHas obpaboTka, CTpyKTypa
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BO3OEUCTBUA
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BbinonHeHbl MccnegoBaHusa npouecca YnbTpasByKOBOW KOHTAKTHOM 06paboTku MOHOCHOS,
NoJsTly4eHHOro No agauMTmeHom TexHonorum FDM dunameHTamm n3 Tepmonnactos nonunammng-6 (MA-
6) n nonnadcumpadpupkeToH (M33K), apmmnpoBaHHbIMUM XryTamm (NpenperamMmm) yrnepoaHbIX BOSNIOKOH,
NPONUTaHHbIX 3NOKCUAHbIM cBaAsywmuM (3-20+M3MA). Micnonb3oBaHbl pe30HaHCHbIE YacTOThl
22 n 44 kl'y. YcTaHOBMNEHO, YTO YNbTpa3ByKOBble KonebaHusa npu BO34ENCTBUN HA KOMMO3UTHbIE
mMoHocron A-6 n NM33K B TeueHne 30 ¢ BbI3bIBAOT MX AedopmaLmio COOTBETCTBEHHO Ha 5 1
0,5 Mkm npu vyactoTe 22 kl'u. MNpu yactote 44 kl'y gedopmaumsa gocturaet 10 n 1 mkm. MNpn aTomM
B obnacTtu Bo3gencTBusa UCTOYHMKA yNbTpa3Byka OTMeYaeTcs MeCTHOE MOoBbILLEeHNEe TemnepaTypbl
0o (40-43)°C agnsa MA-6 n (46-55)°C gna MNO33K. lNpu HarpeBe A0 aHaNOrM4YHbIX Temnepatyp u
CTaTM4YHOM CWUNOBOM BO3gencTBum pedopmaumsi MoHocnost Ha [A-6 coctaBuna 2 MKM, Ons
moHocnos NM33K gedopmaums He obHapyxeHa. Ha ontudecknx mukpodotorpadusax B obnactu
CWNOBOro BO3AEWNCTBUS B YCNOBUAX YNbTPA3BYKOBbIX KONebaHUn 0TMeYaoTCa MUKPOBOSIHbI, @ Ha
yactote 44 kl'y — nposiBfieHUss MHTEHCUBHOIO TeYeHWA N nepemelimBaHusa ceasyroulero. pu
HarpeBe CO CTaTUYHbIM HarpyxeHueMm HabnwgaetTca poBHas Mopdonorns NOBEPXHOCTH,
OTMeYaeTCs 3aKpbiTUe MMEBLUMXCS MUKPOMY3bipbKOB rasa M MUKPOTPELWUH. Takum obpasowm, B
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YCNOBUAX KOHT@KTHOIO BO3AEWCTBUS YNbTpasByka MNPOUCXOOAT WU3MEHeHUs Mopdponorum
NMOBEPXHOCTU U CTPYKTYpbl MaTepmana MOHOCMOS, CBUAETENbCTBYIOLWME O €ro YNIIOTHEHUN, YTO
MOXeT CrnocobCTBOBATbL YCUMEHUID MEeXaHU4Yeckoro U (U3NYEeCKOro KOHTaKTa CBA3YHLEro u
HaNONHUTENSA U, COOTBETCTBEHHO, MOBbLILEHWIO €ro (PrM3nKO-MexaHn4eckmx cBoMCTB. Mpn npounx
paBHbIX YCIOBUAX NpeanovTMTeNbHEE NCNONb30BaHMe yrbTpa3Byka 60NbLUMX YaCTOT.

Knoyesble criosa: apAvTUBHbIE TEXHOMOTMW, KOMMO3UTHBLIX  MOHOCIOW, (OUITaMeHThI,
apMUpPOBaHHbIE HEMPEPbIBHBIM YrNepoAHbIM BOJSIOKHOM, YNbTpa3ByK, 4acToTa, nnactudeckas
aedopmauus, Temnepartypa Harpesa, MOpdoriorna NOBEPXHOCTU
DOI: 10.22349/1994-6716-2026-125-1-85-96

AHanumudeckue uccriefo8aHusi 8bINOSIHEHbI C UCMOMb308aHUEM Hay4yHOo20 obopydosaHusi
LIKTT «Miccnedosamernbckul xXuMuko-aHanumudeckut ueHmp HUL «Kypyamoeckul uHcmumymy.
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Hactoswaa pabota nocesileHa 0030py wuccnegoBaHW, paccMaTpuBaloWnX BIUSHWUE
pasnU4YHbiX BWOOB WMOHU3MPYIOLLEr0 W  HEWOHU3MPYIOLWLEro BO3OENCTBMA Ha CBOWCTBA
nonuadgupacpmpketoHa (MI3I3K) 1 kKOMNO3MTOB Ha ero ocHoBe. B paccMOTpPeHHbIX nccnegoBaHUsSX
ONUCbIBaKOTCA N3MeHeHUsT puanyeckmx cBoncTs NMIAIK, Takmx Kak KpUCTanIMYHoOCTb, TeMmnepaTypbl
da3oBbIX NEPEXOA0B, a TakkKe NPOoTEKaHMe NPOLECCOB CLUMBKM 1 Aerpagaunmn noiIMMepHbIX Lenen
B 3aBMCUMMOCTM OT BMAa nNpuUMeHseMoro Bo3gencTBus. OnUCbIBAlOTCA MaKpOCKOMuMyeckue
nocrneacTBus NPOMCXoasaLWnNX u3aMeHeHui. lNMpreeaeHHble B HacTosweM 063ope paboTbl NO3BOSNAIOT
Kak BblOpaTb NoAXoAsaLMA METO BNUSHMSA Ha cBOMCTBa magenuin ns N33K n ero kKomno3nTos, Tak
N OUEHUTb BO3MOXHOCTMU, NEPCNEKTUBbI U OFPaAHNYEHUSA NPUMEHEHUS TakMX U3Oenuin B YCNOBUSIX
BO3ENCTBUS BbICOKOSHEPreTUYECKUX n3nydeHuin. Bemay Toro, 4To B OTEYECTBEHHbLIX U3AAHUSIX
TemaTuka ocBeLlleHa HegocTaTovHO, 0630p BbIMOMHEH NO 3apybexxHon nuTtepaType.

Knroyessie crioga: nonmacoupadmMpKeTOH, KOMMO3UTHbIE MaTepuarnbl, HEeNoHU3upyroLllee
BO34EeNCTBME, NOHN3UPYHOLLEE BO3AENCTBNE, (PM3MKO-MEXaHNYECKME CBONCTBA
DOI: 10.22349/1994-6716-2026-125-1-115-128

Paboma ebinoniHeHa npu nodoepxke epaHma PH® 23-79-00039 «ObocHosaHue
Memodosioeuu  KOMIIEKCHO20 — MOoOUgbuyuposaHusi  KOMMO3UUUOHHbLIX  Mamepuarnos  Osis
aKCmpemarsibHbIX ycrioeul  3Kcrfyamauuu Ha OCHO8e U3y4YeHUs ha3080-CmpyKmMypHbIX
npespaweHul nod enusHuUeMm arnekmpogu3udeckux eo3zdelicmeull pa3siu4HO20 4acmomHOo20
OQuara3oHax.
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WccnepoBaHa CTpyKkTypa, MexaHu4Yeckne u KOPPO3MOHHblE CBOMCTBa MeTarfa CBapHbIX
LWBOB, BbIMNOMIHEHHbLIX AProHO4YroBOM CBapKOM BOMb(PaMOBLIM HEMMaBAWMMCS 3EKTPOOOM,
PYYHOW OYroBOW CBApPKOW MOKPbITbIMWU 31EKTPOAAMN N MEXaHU3MPOBAHHOW CBapKOM B CMECU ra3os
C NPUMEHEHNEM MaPTEHCUTHO-ayCTEHUTHbIX MaTtepunanos Tuna 08X16H5M3AB.

Kntoyeeble  crioga: MapTEHCUTHO-ayCTEHUTHAA  CTPYKTypa, BbICOKOMPOYHbIE  CTanw,
aproHogyrosas cBapka BoSibppamoBbiM Hennasawmmca anektpogom (TIG), pyyHas ayrosas
cBapka nokpbITbiM anektpogom (MMA), mexaHnsnpoBaHHas cBapka B cmecu rasos (MAG)
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BNUAHWE CUNOBOIO MNAPAMETPA POTALMOHHON CBAPKU TPEHUEM HA
NMPOYHOCTHbLIE CBOUCTBA COEAMHEHWUA CTAJEN 32I'2 U 10X11H23T3MP
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MpuHaTa k nybnukaumn 27.10.2025

B pamkax uccnepoBaHusa Obinn onpeernieHbl NPOYHOCTHbIE CBOWCTBA MPWU PaACTSXKEHUM
CBapHbIX CO-€ANHEHWI, MONYYEHHbIX N3 YrnepoaucTon ctanu 322 n ayCTeHUTHOW HepKaBetoLen
ctann 10X11H23T3MP. Npouecc poTauMOHHOM CBapKM 3aroTOBOK (AnamMeTpoM 73 MM U TOSLLNHON
CTEHKM 12 MM) BapbupoBasncss MO YCUNUK Ha 3Tane TpeHus. PesynbTaTbl Mokasann, 41O
onTUMarsibHble MPOYHOCTHbIE U MMaCTUYECKMe XapaKTepUCTUKM CBapHOro coeguHeHuns 3212 —
10X11H23T3MP gocturatoTcs npu HaumeHbLwem yeunum TpeHna (70 kH), npy npouYnx HEM3MeHHbIX
napameTtpax ceapku (cuna npokosku 280 kH, yactoTta BpalleHusa 800 o6/MuH, ocagka npu TpeHun
6 Mm). lNMoBbiweHne ycunua Tpennsa oo 140 kH n 210 kH npMBoanT K XpynkomMy paspyLUEHMIO BAOSb
CBApPHOro CTblka C MMHUMAITbHOM NiacTUYeCcKon gedopmaumen.

[lononHuTenbHbIN MeTannorpaduieckun n pakrorpadnyecknin aHanms ¢ UCNosb3oBaHNEM
CKaHVpYIOLEeNn 3MEeKTPOHHON MWKPOCKOMWW nokasas, YTO MPUYMHOW CHWKEHUA MPOYHOCTU U
NacTUYHOCTU B TaKMX Crny4vasax siBnsieTcs obpasoBaHne npoTskeHHoW kapbugHon dasel (Ti,V)C
BOOJb 30HbI KOHTaKTa cTanen, cCnocoOCTBYHOLEN OXPYNYUBAHMIO.

Kntouesbie crioga: poTauMOHHAA cBapka TpPeHWEM, pPasHOPOAHOEe coeduHeHWe, CBapHoe
coeguHeHne, MUKPOCTPYKTYypa, MeXaHUYeCcKne CBOMCTBA, 30Ha CONPSXKeHUs, kKapbuabl TuTaHa
DOI: 10.22349/1994-6716-2026-125-1-137-146

UccnedosaHue 8bINO/IHEHO 3a cyem epaHma Pocculckoeo Hay4yHo2o ¢poHOa
Ne 25-29-00333, https://rscf.ru/project/25-29-00333/
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TEXHOJIOMMYECKUE ACNEKTbl U OCOBEHHOCTU ABTOMATUYECKOW
APIOHOOYrOBOW CBAPKWU 3AMMYBNEHHbIX TPYBHbIX PELLETOK
U3 AYCTEHUTHbIX CTANEWN
C.B.TYBA, E. C. UAPbKOB, W. . BOPOKOXWNH
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B cratbe npenctaBneH HOBLbINM pa3paboTaHHbIA CNOCO6 MHOroNPOXO4HOW aBTOMAaTUYECKOM
aproHogyrosown csapku Tpy6 manbix gvametpoB (0o 20 MM) M TOMWWH CTEeHKM (4o 4 MM) C
3arnybneHHon TpyOHOW pelleTKon W3 ayCTeHUTHbIX cTanen. [lokasaHo, 4YTO NpUMEHeHue
ANCTaHUMOHHO ynpasrnseMoro obopyaoBaHus, CTaHOapTHbIX CBapoO4YHbIX MaTtepuanoB W
ONTMMarbHbIX NApaMeTpoB CBapku obecneydnsaeT HOPMNPOBAHME BbICOKOKAYECTBEHHbIX CBAPHbIX
coeVHEeHUN, yOOoBNETBOPSAOLWMX CTaHgapTaM aTOMHOW MPOMbILWMEHHOCTU, rae OcobeHHO
Heobxoanma cBapka Tpyb Manbix AuamMeTpoB B OFpaHUYEHHbIX U TPYAHOOOCTYMNHbIX NPOCTPaHCTBax
NPV NOBbILLIEHHbIX TPeBOBaHMAX K Ka4eCTBY LUBA.
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Knoyesble crnoea: aBTOMaTU4eckasi aproHogyroBad cBapka, TpybHas  pelueTka,
BONbdpamMoBbIN aneKkTpoa, ceapHoun wos, XKMT-peaktop
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MEPCMNEKTUBHbLIE NOAXOAObI K MNOBbILLEHNKO PABOTOCIMOCOBHOCTU CBAPHbIX
COEOUHEHUN
A.E. 30OPVH, a-p TexH. Hayk
OOO «HUWN TpaHcHegpmb», 117186, 2. Mockea, Cesacmononbckuli npocrekm, 0. 47a
MocTtynuna B pegakumio 20.10.2025
Mocne popaboTkn 13.11.2025
MpuHaTa k nybnukaummn 17.12.2025
B HacTosiwen craTbe npeacTaBfeHbl pes3yfnbTaTbl WUCCNeLoBaHWMW, HanpaBfiEHHbIX Ha
noBblLLEHE paboTOCNOCOOHOCTM CBApPHbIX COeaMHEHUN. bbina ycTtaHoBNeHa B3aMMOCBA3b MeXay
pPasnMyHbIMN  YPOBHSAMM [daHHbIX O CBapHOM COeAMHEHUM (Pexum CBapku, opmupyemas
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CTPYKTYpa, 6a3oBble 1 cneuunarbHble MeXaHU4YecKne xapakTepuctuku). Pesynbtatbl No3Bonunu
CcBA3aTb YyKasaHHble [aHHble pasHblX YPOBHEW, 4YTO [JaeT BO3MOXHOCTb MpU OTCYTCTBUM
HeobXxo4MMbIX CBEAEHU YTOYHUTb X Ha OCHOBAHWWN OOCTYNHOW MHOPMAaLMM OPYroro ypoBHS, a
TaKke pacwuputb o6nacTb NPUMEHEHUS N YBENWYUTb 3HAYMMOCTb (DAKTUYECKMX AaHHbIX O
CBAapHOM CO€AMHEHMU, KOTOpble MOryT ObiTb MOMy4YeHbl Ha aTane ero akcnnyaTtaumu. Kpome Toro,
Gbina n3yyeHa MexaHu4eckas HEeoOAHOPOAHOCTb  MeTanna wBa. KomnnekcHble
9KCnepuMeHTanbHble WUCCNeaoBaHMA  BKIKOYanNM NpPOBEAEHUE MEeXaHUYECKMX  UCMbITaHUN
pasnu4YHbIX 30H MeTanna LwWwBa C MWCMNOMb30BaHNEM MWHMATIOPHBIX 0OpasuoB. Pesynbtathl
KoppenupoBanu ¢ pesynbTatamu UCNbITaHWUI, NPOBEeAEHHbIX N0 CTaHAAPTHbIM METOAMKaM, Taknm
obpa3om nosBnseTCAd BO3MOXHOCTb M3ydeHusi paboTocnocobHOCTM MeTanna LedeKTHbIX 30H,
KOHCTPYKUMMN CO CIIOXXHOW TreoMeTpuen, pasfiMyHbliX 30H CBapHbIX COEOVMHEHUMA U T.A4.
YCTaHOBNEHO, 4TO MeTann McCrnefoBaHHbIX MPOAOSbHbIX WBOB Tpy® MarmcTpanbHbIX
HedTeNnpoOBOAOB HE NMEET BbIPaXXEHHON MeXaHN4YeCKOW HEOOHOPOLAHOCTW.

Knoyesble crioga: cBapHOe COeaANHEHe, CBapHOW LLIOB, TEPMUYECKUI LIMKIT CBAPKN, CTPYKTYpa
CBApPHOr0 COEAMHEHMUs, NMPOrHO3NMPOBaHME MEXAHUYECKUX XapaKTEPUCTUK, TPELMHbl B MeTanne
LWBa, HEOQHOPOAHOCTL MeTarnmna Wwaea, MUMHUaTIOpHble 0bpasubl
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N3noxeHHbIN B cTaTbe MaTepuan siBrseTcs NpoLaoimHKeHMeM UccnefoBaHui, HanpasieHHbIX Ha
NMOUCK MyTen NoBbIWEHNA 3PPEKTUBHOCTU MOHTAXKHbBIX U PEMOHTHbBIX TEXHOSIOMMN KOHCTPYKLUK
OTBETCTBEHHOIO HasHayeHud, paboTallmx B YCMOBUAX HUSKUX KIMMATUYECKUX TemnepaTtyp
CeBepa (cm. cratbto Capaesa HO.H., lopbaya B.[., lonukoea H.WN. «MeTtogonorus
COBEPLUEHCTBOBAHMS TEXHOMOMMIA NPOM3BOACTBA M PEMOHTA Cy[OBbIX KOHCTPYKLMWA Ha OCHOBE
KOMMEKCHOrO MNPUMEHEHUS COBPEMEHHbBIX TEXHOMOrMN, UCTOYHMKOB MUTAHUS U CBaPOYHbIX
MartepuanoBy, onybnukoBaHHyo B XypHarne «Bonpocbkl maTtepunanoseneHusy, 2025, Ne 1, c. 135—
151).

HoBble pesynbTatbl 6binM MNOMy4YeHbl Ha OCHOBe pa3paboTkM MeTogoB afanTUBHOIO
UMNYNbCHOrO yNpaBfeHnsa xapakrepuctmkamu TennomMmacconepeHoca, obecneymBaemMoro 3a cyet
MOJSTHOrO KOHTPOMS 3a CUCTEMOMN «UCTOYHUK MUTAHUA — Ayra — CBapoYHasa BaHHa — n3genue» npu
pasnMyHbIX BO3MYyLLAKOLWMX BO3OEUCTBUAX. B cTaTbe M3noXeHbl pes3ynbTaTbl UCCreaoBaHUi
HOBOrO MOKOMIEHUS1 CBAPOYHbIX W HaMNMaBOYHbIX 3NEKTPOOOB OTEe-4eCTBEHHOro MPOU3BOACTBA.
MpeacTaBneHHasi KOHUENLMA He OXBaTbIBAaeT BCEX MHOrOUYNCHEHHbIX MPUMEPOB, HanpaBfeHHbIX Ha
obecneyeHne 3IKCnnyaTauMOHHOM HAOEXHOCTM KOHCTpykumin Ha CeBepe, HO no3BonsieT
NPOUNNICTPMPOBaTb OAMH N3 HEMHOIMMX 3(EKTMBHBLIX BapWaHTOB KOMMMEKCHOro nogxoda K
peLUeHnto 3TUX 3agau.

Kntoyeesbie crioga: cBapka, HansfiaBka, TensioMmacconepeHoc, nnasneHve, Kpuctannuaaums,
CTPYKTypa, CBOWCTBa, HU3KME KIMMaTMyeckue TemnepaTypbl, aganTuMBHble WMMNYMbCHbIE
TEXHONOormm
DOI: 10.22349/1994-6716-2026-125-1-172-182

Paboma ebinonHeHa 3a cyem cpedcme ®edepanbHo2o brodxema, npoekm FWRS-2024-
0034, u dozoeopa o compydHudyecmee mexdy NOTIIC OUL] AHL] CO PAH, Skymck u epynnou
KomnaHut «BendHosa», KpacHodap.
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HAYYHOE OEOCHOBAHUE NPUMEHEHUA YNIbTPA3BYKOBOW YOAPHOM
OBPABOTKWU OnA YNPABJIEHUA OCTATOYHbIMU HAMPAXEHUAMU U OBECINEYEHUA
OONrOBEYHOCTU CBAPHbLIX COEAUHEHWA CEBEPHOIO UCNONHEHUA
M. M. CWOOPOB?, kaHg. TexH. Hayk, A. F0. MUXAMNIOB!2
L UHcmumym ¢busuko-mexHuyeckux npobnem Cesepa um. B. [1. JlapuoHosa CO PAH —
06ocobrneHHoe nodpasdenerHue QUL «Skymcekuli Hay4YHbIU ueHmp CO PAH»,
677980, e. Skymck, yn. Okmsibpbckas, 1. E-mail: sidorovmm@bk.ru
2@rA0Y BO «Cesepo-BocmoyHbili gpedeparnbHbil yHusepcumem um. M. K. AMmocoeay,
677000, e. Skymck, yn. benuHckoeo, 0. 58
Moctynuna B pepakumio 5.11.2025
Mocne popaboTkn 4.12.2025
MpuHaTa k nybnukaunn 9.12.2025

NcenepoBaHa aghdekTUBHOCTL YNbTPa3ByKkoBOW yaapHon obpaboTku (YYO) ana ynpasneHus
OCTaTOYHbIMU HANPSKEHNUSMU B CBAPHbIX COeANHEHUAX N3 HUu3KonermposaHHon ctanu 10XCHU-3,
NoJSTly4YEeHHbIX CBapKOM Mpu KOMHATHOM n oTpuuatensHon (—35°C) Temnepatypax. Metogonorus
BKMNtoYana py4Hyto ayroeyto ceapky ¢ YYO B pasnuyHbix pexmnmax mowHoctn (340, 420 n 500 BT),
NPUMEHAEMON KaKk B ropsAYeM COCTOSHWW, Tak M MOCMe MOSIHOrO OCTbIBaHUSA COEOUHEHUS.
OcTaToyHble HanpsKeHUs1 U3MEpPSNNCb PEHTreHOBCKMM MeTOAOM. YCTaHoBneHo, 4to YYO
TpaHcOpMUPYET pacTArMBalolLMe OCTaTOuYHble HanpskeHuss B Cxkumawwue. Haunbonee
ahheKTMBHON SABMSIETCS nocrnecBapodHas obpaboTka MOMHOCTBIO OCThIBLLUEIO CBapPHOro
coeaunHeHunst Ha mowHocTn 500 BT, o6ecneunBatowan opMmMpoBaHME CXUMAOLLNX HANPSXKEHWI
po -337 MIa. PesynbtaTbl MNPUMEHMMbl [ON9 NOBbIWEHMS OONrOBEYHOCTM  CBAPHbIX
MEeTasOKOHCTPYKLNA CEBEPHOIO N apKTUYECKOr0 UCMNOSTHEHUA.

Knoyesble criosa: cBapHble coeMHEHUS, nocrneceBapoyHas obpaboTka, HU3KonernpoBaHHas
cTanb, OCTaTOYHbIE CBAapPOYHbIE HAaNpPsXKeHUs, ynbTpassykoBasa yaapHasa obpaboTka
DOI: 10.22349/1994-6716-2026-125-1-183-192
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Paboma ebironHeHa rpu ¢gpuHaHcogou rnoddepxxke MuHobpHayku P® o eocydapcm-8eHHOMY

124032600078-1.
Aemopsbl ebipaxarom 6razo0apHocmb ceoel epynne u3 omoesia mexHosoaul ceapKu u
MemaJnypauu 3a noMowb 8 nodaomoeke ceapHbix rpob u npoeedeHuu aKcrnepumMeHma.
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NccnegoBaHa CTOMKOCTb K YITIEKACIIOTHOM KOPPO3UM TPYOHbIX cTanen B YCMOBUSX
KOHAEeHcauun Bnarn Ha BepxHen obpasyolien Tpybbl M NpyM NEPEMEHHOM CMavvMBaHWM BOOOW
TPYObl NPU YAaCTUYHOM 3aMOSTHEHUN ee XUOKOCTbIO, BO3HMKAKOLWUX Ha ra3oBbiX MECTOPOXAEHUNAX.
[ns ucnbiTaHnin NICNONb30BaHbI KOPPO3MOHHBbIE YCTAHOBKA U CTeHA, MoAenupytoLLme 3T OCHOBHbIE
KOPPO3MOHHO-OMacHble  YCrOBUSI  BHYTPU  CKBaXWMHHOrO o6opyaoBaHWS W MPOMbICHOBbIX
rasonposofoB. [N ycuneHus KOPPO3MOHHOTO BO3AEWCTBUMA Ha CTanu  arpecCuBHbIX
9KCMMyaTauNoHHbIX Cped ras3oBblX MECTOPOXAEHWA B  AOMOMHEeHWe K  TpaauuMOHHOMY
OOHOKPaATHOMY U3bATUIO FPaBUMETPUYECKUX CTarbHbIX 06pa3LoB MPUMEHEHO WX MHOFOKpaTHOEe
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n3BneyeHue, yganeHue npoaykToB KOPPO3un 1 nocnegyrouiee UCrnofnb3oBaHNe B KOPPO3NOHHbBIX
onbiTax. OueHeHO BNUSHWE OaHHbIX MeTOAMYECKMX NOAXOA0B Ha ycuneHne obLuen n nokanbHon
CKOPOCTEN  YrNEeKUCNOTHON  Koppo3un. OBCyXaeHbl BO3MOXHbIE  MPUYMHBLI  MOMYYEHHbIX
pe3ynbTaToB KOPPO3NOHHBLIX UCMbITAHUIN N BANAHNE HA HUX 06pa3yloLnXCa NPOAYKTOB KOPPO3UU.

Kntoyeessie criosa: meToAbl UCNbITAHUN, KOPPO3MOHHASA YCTaHOBKA, UCMbITaTemNbHbIA CTEHA,
KOHOeHcaunsa Braru, nepeMeHHoe CMaduBaHue, JokanbHasi KOppo3us, MPOAYKTbl KOPPO3WUW,
yrnepoaucTble N HU3KONEerMpoBaHHbIE CTanm
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lMpoBeaeHo conocTaBneHne BANSHUSA ABYX TUMOB NOCTPaANALNOHHBIX HU3KOTEMMNEPATYPHbIX
OTXXWUIOB KOpPMyCOB BOOO-BOASHbLIX peakTopoB: Tepmuyeckoro omxkura (TO) n paguauynoHHo-
Tepmudeckoro omkura (PTO). TO — aTto omxur paHee obny4yeHHOro mMeTanna 3a CYeT Harpesa
Kopryca HepaboTatoLlero peaktopa 4o TemnepaTypbl, NpeBblatoLen TemnepaTtypy obnyydeHus
npu akcnnyaTtaumm; PTO — 3TO OTXUr 3a CYET KpaTKOBPEMEHHOIO AOMNOSTHUTENBHOrO 06nyyYeHus
Kopnyca peaktopa npu TemnepaTtype, MpeBbilawwen Temnepatypy obnydeHus npwm
akcnnyaTauuun. [lpeactaBneHbl 3KCNEepUMEHTanbHble pe3ynbTaTtbl MO TPELUMHOCTOMKOCTMN,
MEXaHW4YeCckuM CBOWCTBAaM W MWKPOTBEPAOCTM ANs KOPMYCHOW pPEeakTOpHOWM CTann Mapku
15X2M®PA-A B pasfMyHbIX COCTOSHUAX: WUCXOL4HOM, MOCHe HEWTPOHHOro obrnyvyeHud, nocne
HENTPOHHOro obnyyeHus n nocnegytowero TO 1 Nnocrne HEMTPOHHOIro 0ByYeHns 1 NocneayLwero
PTO.

B pesynbTaTe npoBeaenuns TO n PTO onpeneneHbl kK0ahdMUNEHTI BOCCTAHOBNEHNA Npeaena
TEKy4eCTU, MUKPOTBEPLOCTU U pedhepeHCHON TeMnepaTypbl, KOHTPONUPYOLWEN TPELLMHOCTONKOCTD.
BbinonHeHo cpaBHeHue acpbdektnBHOCTM TO 1 PTO no kputeputo BOCCTAHOBMEHNSA onpeaensemMblx
BblLLeyKa3aHHbIX XapaKTepPUCTUK.

PaccmoTpeHa  BO3MOXHOCTb  nepuoamyveckoro  npumeHenHns PTO B kayecTBe
KOMMNEHCUPYIOLLEro MeponpuaTuSa Ans NpoasieHns cpoka aKcnnyaTaunm peakTopoB.

Knroyeseblie croga: HU3KOTEMNEPATYPHbLIN TEPMUYECKUIA OTXKUI, HU3KOTEMMEpaTypHbIN
pagvuauMoOHHO-TEPMNYECKUA OTXKUI;, KO3 MUUMEHT BOCCTAHOBMEHUS CBOWCTB; paauauuMoOHHOe
OXpynyuBaHue; npeaen TeKy4ecTu; TPELMHOCTONKOCTb; MUKPOTBEPLOCTb
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SIMULATION MODELING OF STRUCTURE FORMATION PROCESSES IN THE PRODUCTION
OF ROLLING SHEET PRODUCTS LESS THAN 10 mm MADE OF HIGH-STRENGTH BAINITE-
MARTENSITIC STEEL
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Abstract—Simulation modeling of high-speed thermal deformation processing of bainitic
chronigue-molybdenum steel samples was conducted to identify the most efficient rolling conditions
on continuous wide-strip mills. The influence of deformation rate, temperature, and deformation
patterns on structure formation processes was studied.

Keywords: low-carbon alloy shipbuilding steel, GLEEBLE-3800 plastometer, modeling,
thermomechanical processing, austenite grain growth, dynamic recrystallization, structure formation
processes, hardness
DOI: 10-24
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Abstract—This study investigates the AIFeCoCrNiNbo.2s high-entropy alloy, establishing the
correlation between heat treatment regimes, microstructure, and tribotechnical properties. In both
as-cast condition and after heat treatment at 900, 1000, or 1100°C followed by air cooling, the alloy
exhibits a dendritic hypoeutectic structure comprising two primary phases: a body-centered cubic
(BCC) solid solution phase and a Laves phase. With increasing heat treatment temperature, the
lattice parameter of the solid solution phase undergoes modification accompanied by refinement of
the primary dendritic structure. The alloy demonstrates optimal wear resistance following 1100°C
treatment, attributable to the lowest coefficient of friction and structural transformations occurring
during thermal processing.
Keywords: high-entropy AIFeCoCrNiNbo2s alloy, heat treatment, phase composition,
microstructure, wear resistance
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MONITORING OF CHANGES IN THE CATHODE STRUCTURE LiNio.8C00.1Mno.102 IN LITHIUM-
ION BATTERIES USING IN SITU X-RAY DIFFRACTION ANALYSIS
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Abstract—This study presents the results of in situ X-ray diffraction analysis of the cathode
material LiNio.sC00.1:Mno.102 which is considered one of the most promising candidates for next-
generation lithium-ion batteries. The experiments were carried out under real operating conditions
during continuous charge—discharge cycling, which enabled direct monitoring of structural evolution
and provided insights into the mechanisms of lithium intercalation and deintercalation.
The Rietveld refinement method, implemented through the TOPAS 5 software package, was applied
to evaluate the lattice parameters of the material and to determine the origins of their variation. It
was established that during charging the lattice parameter a decreases steadily due to the oxidation
of transition metal ions, while parameter ¢ exhibits non-linear behavior: it increases upto 4.0V as a
result of enhanced electrostatic repulsion between oxygen layers and subsequently decreases,
likely due to lithium extraction from transition-metal sites. The discharge process is accompanied by
the opposite trends.
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The unit cell volume was found to contract continuously during lithium deintercalation, reaching a
maximum reduction of approximately 2% at 4.2 V compared to the fully discharged state at 2.7 V.
These findings demonstrate the structural stability of LiNio.sCoo0.1Mno.1O2 during electrochemical
cycling and provide valuable information for assessing the mechanical stresses that arise during
battery operation.

Keywords: lithium-ion batteries, layered oxide, X-ray diffraction
DOI: 10.22349/1994-6716-2026-125-1-36-44
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FEATURES AND PROSPECTS OF METALLIZATION TECHNOLOGY FOR POLYMER

PRODUCTS PRODUCED BY ADDITIVE MANUFACTURING.
Part 1. Review and applied challenges of high-tech manufacturing
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Abstract—This paper presents an overview of methods for applying metallic coatings to polymer
products, including those produced by additive manufacturing. Application areas, methodological
approaches, current research, and development prospects are analyzed. An accessible and safe
method for chemical metallization of 3D-printed polymers is described. It requires no specialized
equipment or toxic reagents, making it ideal for many manufacturing industries.

Keywords: 3D printing, LCD printing, chemical metallization, copper plating, additive
manufacturing technologies, functional coatings, electronics
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Abstract—This paper presents the results of a study on the development and optimization of
atechnology for chemical metallization of polymer components produced by mask
stereolithography (mSLA, LCD) to create functional copper coatings for microwave applications.
The focus is on developing a method for volume sensitization of a photopolymer resin using tannic
acid (tannin) as an alternative to traditional sensitizers. The influence of additive process parameters
(smoothing) on the efficiency of surface activation is studied. The obtained results demonstrate the
potential of the proposed technology for rapid prototyping and small-scale production of lightweight
polymer components for microwave devices with conductive surfaces.
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Abstract—A material based on a mixture of coal tar pitch and an order of magnitude smaller amount
of expanded graphite by weight was studied. Thin layers of coal tar pitch on the surface of
honeycomb-like porous structure of expanded graphite were cured by atmospheric oxygen during
heating. After coking and graphitization of the pressed blanks, uneven phase shrinkage led to
mechanical deformation of the crystalline structure of the expanded graphite honeycomb walls
bonded to the pitch coke layers. After coking, the dimensions of the mosaic blocks perpendicular to
the graphite layers of the honeycomb walls decreased by half. After graphitization, the interlayer
distance of the graphite in the honeycomb walls increased due to shrinkage during cooling.
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shrinkage, crushing, tensile strength, interplanar distance
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Abstract—The paper presents the results of tribological and structural studies of composites based
on polytetrafluoroethylene (PTFE) and basalt fiber (BF) with the addition of ultrafine PTFE of the
FORUM® brand. Tribological studies have demonstrated a significant increase in the wear
resistance of the PCM compared to pure PTFE, despite a slight increase in the friction coefficient.
Such behavior indicates a positive effect of BF mechanical treatment on the performance
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parameters of the materials. Structural studies have shown the amorphous nature of BF, the
formation of a secondary structure on the friction surface of the PCM, and uneven fiber distribution
in the matrix. It has been established that removing the lubricant from the BF surface is impractical
for the development of PCM for tribotechnical purposes. The results obtained emphasize the
efficiency of planetary ball mill Activator 2S for the mechanical treatment of BF in order to create
PCM with improved tribological characteristics.

Keywords: polymer, PCM, tribology, wear resistance, protective layer, polymer composite,
pretreatment, structure
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Abstract—This study examined the ultrasonic contact processing of a monolayer produced using
FDM additive manufacturing technology (FDM) with polyamide-6 (PA-6) and polyetheretherketone
(PEEK) thermoplastic filaments reinforced with carbon fiber bundles (prepregs) impregnated with
epoxy resin (ED-20 + PEPA). Resonance frequencies of 22 and 44 kHz were used. It was found
that ultrasonic vibrations applied to PA-6 and PEEK composite monolayers for 30 seconds cause
deformation of 5 and 0.5 uym, respectively, at a frequency of 22 kHz. At a frequency of 44 kHz,
deformation reaches 10 and 1 ym. Moreover, in the area of ultrasonic source action, a local
temperature increase of up to (40—43)°C for PA-6 and (46-55)°C for PEEK is observed. When
heated to similar temperatures and subjected to static force action, the deformation of the PA-6
monolayer was 2 pm, while no deformation was detected for the PEEK monolayer. In optical
micrographs, microwaves are observed in the field of force impact under ultrasonic vibration
conditions, and at a frequency of 44 kHz, manifestations of intense flow and mixing of the binder are
noted. When heated with static loading, a smooth surface morphology is detected, and the closure
of existing gas microbubbles and microcracks is noted. Thus, under the influence of ultrasound,
changes in the surface morphology and structure of the monolayer material occur, indicating its
compaction. This can contribute to increased mechanical and physical contact between the binder
and filler and, consequently, to an improvement in its physical and mechanical properties. All other
things being equal, the use of high-frequency ultrasound is preferable.

Keywords: additive manufacturing, composite monolayer, continuous carbon fiber-reinforced
filaments, ultrasound, frequency, plastic deformation, heating temperature, surface morphology
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Abstract—The review presents the main research directions in the development of multi-fiber hybrid
polymer composite materials reinforced with continuous fillers made from fibers of different nature.
Two approaches to creating hybrid polymer composite materials are described: the first involves
molding hybrid laminates with monolayers of different fibers, and the second involves molding
composites reinforced with hybrid materials woven from different fibers. The advantages and
disadvantages of each approach are described. It is shown that by combining different types of
reinforcing fibers, it is possible to create a new generation of structural and protective materials with
a specified set of operational characteristics.
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Abstract—The review studies the effects of various types of ionizing and non-ionizing radiation on
the properties of polyetheretherketone (PEEK) and its composites. The authors describe changes
in the physical properties of PEEK, such as crystallinity, phase transition temperatures, as well as
the crosslinking and degradation processes of polymer chains, depending on the type of radiation
applied. The macroscopic consequences of these changes are noted, so that the researcher can
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select an appropriate method for influencing the properties of PEEK products and its composites,
as well as to assess the capabilities, prospects, and limitations of using such products under high-
energy radiation exposure. Due to insufficient coverage of this topic in national publications, this
review is based on world literature.
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Abstract—The paper studies the structure, mechanical, and corrosion properties of welded joint
metals performed by argon-arc welding with a tungsten non-consumable electrode, manual arc
welding with coated electrodes, and mechanized welding in a mixed gas using 08Kh16N5M3AB
martensitic-austenitic materials

© 2026 Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “Voprosy Materialovedeniya”
http://www.crism-prometey.ru
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manual arc welding with a coated electrode (MMA), mechanized welding in a mixture of gases
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Abstract—The study determined the tensile strength properties of welded joints made of 32G2
carbon steel and 10Kh11N23T3MR austenitic stainless steel. The rotary friction welding process of
workpieces (73 mm in diameter and 12 mm in wall thickness) varied the friction force. The results
showed that the optimal strength and plasticity characteristics of the 32G2-10Kh11N23T3MR
welded joint are achieved with the lowest friction force (70 kN), with other welding parameters
remaining constant (forging force of 280 kN, rotation speed of 800 rpm, friction upset of 6 mm).
Increasing the friction force to 140 kN and 210 kN leads to brittle fracture along the weld joint with
minimal plastic deformation. Additional metallographic and fractographic analysis using scanning
electron microscopy showed that the reason for the decrease in strength and ductility in such cases
is the formation of an extended carbide phase (Ti,V)C along the contact zone of the steels, which
contributes to embrittlement.
Keywords: rotary friction welding, dissimilar joint, welded joint, microstructure, mechanical
properties, mating zone, titanium carbides
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Abstract—This paper presents a newly developed method for multi-pass automatic argon-arc
welding of small-diameter (up to 20 mm) pipes with wall thicknesses up to 4 mm into buried tube
sheets made of austenitic steels. It has been shown that by using remotely controlled equipment,
standard welding materials, and optimal welding parameters, it is possible to ensure high-quality
welded joints that meet the requirements of the nuclear industry, where welding of small-diameter
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pipes in confined and hard-to-reach spaces is especially necessary with increased demands on the
quality of the weld.

Keywords: automatic argon-arc welding, tube sheet, tungsten electrode, weld seam, reactor
plant with liquid metal coolant
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Abstract—The article presents the results of research aimed at improving the performance of
welded joints. A relationship was established between various levels of welded joint data (welding
mode, formed structure, basic and special mechanical properties). The results made it possible to
link these data at different levels, making it possible, in the absence of the necessary information,
to refine it on the basis of the available information at another level, as well as to expand the scope
and increase the significance of actual welded joint data that can be obtained during its operation.
Furthermore, the mechanical heterogeneity of the weld metal was studied. Comprehensive
experimental studies included mechanical testing of various zones of the weld metal using
minia-ture specimens. The results were correlated with those of tests conducted using standard
methods, allowing for the study of metal properties in defective zones, structures with complex
geometries, various zones of welded joints, etc. It was established that the metal of the studied

longitudinal welds of main oil pipelines does not exhibit pronounced mechanical heterogeneity.

Keywords: welded joint, welded seam, thermal welding cycle, structure of the welded joint,
prediction of mechanical characteristics, cracks in the seam metal, seam metal heterogeneity,
miniature samples
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Abstract—The material presented in this article is a continuation of research aimed at finding ways
to improve the efficiency of installation and repair technologies for critical structures operating in the
low climatic temperatures of the North. (See the article by Yu.N. Saraev, V.D. Gorbach, and N.I.
Golikov, “Methodology for Improving Manufacturing and Repair Technologies for Ship Structures
Based on the Integrated Application of Modern Technologies, Power Sources, and Welding
Materials,” published in the journal “Voprosy Materialovedeniya” 2025, No 1, pp. 135-151.)
New results were obtained through the development of methods for adaptive pulse control of heat
and mass transfer characteristics, achieved through complete control of the “power source — arc —
weld pool — workpiece” system under various disturbances. The article presents the results of
research into a new generation of domestically produced welding and surfacing electrodes. The
presented concept does not cover all the numerous examples aimed at ensuring the operational
reliability of structures in the North, but it does allow us to illustrate one of the few effective options
for an integrated approach to solving these problems.
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The efficiency of ultrasonic impact treatment (UIT) for controlling residual stresses in welded joints
made of low-alloy steel 10KhSND-3 obtained by welding at room and negative (-35°C)
temperatures is studied. The methodology included manual arc welding with UIT in various power
modes (340, 420 and 500 W), applied both in the hot state and after the joint has completely cooled
down. Residual stresses were measured by X-ray me-thod. It is established that the UIT transforms
tensile residual stresses into compressive ones. The most effective method is the post-welding
treatment of a fully cooled welded joint at a power of 500 W, which provides the formation of
compressive stresses up to 337 MPa. The results are applicable for increasing the durability of

welded metal structures of northern and Arctic design.
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Abstract—This article provides a review of solder and flux compositions that can be used to join
tape wires based on high-temperature superconductors (HTSC). The phase diagrams of the most
commonly used solders, both leaded and lead-free, are examined. The main solder application
methods are discussed, including dipping HTSC-tape samples in molten solder, lap jointing with
applied pressure, diffusion bonding using stabilizing silver layers, and induction heating. The
selection of the chemical composition of the solders and fluxes, as well as the choice of soldering
modes, significantly impact the properties of HTSC-tapes.
Keywords: high-temperature superconductors, solders, fluxes, tinning, critical current
DOI: 10.22349/1994-6716-2026-125-1-193-223
ACKNOWLEDGMENTS
The work was carried out as part of a state assignment for the Kurchatov Institute National
Research Center.
REFERENCES

1. Park, Y., Lee, M., Ann, H., Choi, Y.H., Lee, H., A superconducting joint for
GdBaz2Cus30r7-s-coated conductors, NPG Asia Materials, 2014, No 6 (5), pp. €98—e98.
2. Kato, J., Sakai, N., Miyata, S., Konishi, M., Yamada, Y., Chikumoto, N., Nakao,
K., Izumi, T., Shiohara, Y., Optimization of the diffusion joint process for the Ag layers of YBCO
coated conductors, Physica C: Superconductivity and its applications, 2007, No 463, pp. 747-750.
3. Rudnev, 1.A., Anishchenko, 1.V., Physical principles of development of magneto-
levitation systems based on the second generation high temperature superconducting composites,
Technical Physics, 2024, No 69 (3), pp. 674-708.
4, Hartwig, Z.S., Vieira, R.F., Sorbom, B.N., Badcock, R.A., Bajko, M., Beck, W.K.,
Castaldo, B., Craighill, C.L., Davies, M., Zhou, L., VIPER: an industrially scalable high-
current high-temperature superconductor cable, Superconductor Science and Technology, 2020,
No 33 (11), p. 11LTO1.
5. Munaretto, S., Kleiner, A., Churchill, R.M., Corona, D., Looby, T., d’Abusco, M.S.,
Wingen, A., Impact of error fields and error field correction on heat fluxes in SPARC, Nuclear
Fusion, 2025, No 65 (4).
6. Polak, M., Zhang, W., Parrell, J., Cai, X.Y., Polyanskii, A., Hellstrom, E.E.,
Larbalestier, D.C., Majoros, M., Current transfer lengths and the origin of linear components in
the volta-ge-current curves of Ag-sheathed BSCCO components, Superconductor Science and
Technology, 1997, No 10 (10).
7. Chang, M.S., Salleh, M.M., Halin, D.S., A short review: Properties of superconducting
solder, IOP Conference Series: Materials Science and Engineering, 2020, No 957 (1), Art. 012059.

© 2026 Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “Voprosy Materialovedeniya”
http://www.crism-prometey.ru



8. Islam, R.A., Chan, Y.C., Jillek, W., Islam, S., Comparative study of wetting behavior
and mechanical properties (microhardness) of Sn—Zn and Sn—Pb solders, Microelectronics Journal,
2006, No 37 (8), pp. 705-713.

9. Gokcen, N.A., The Bi—Pb (bismuth-lead) system, Journal of phase equilibria, 1992, No 13
(1), pp- 21-32.

10. Aksoy, C.A., Mousavi, T., Brittles, G., Grovenor, C.R., Speller, S.C., Lead-free
solders for superconducting applications, IEEE Transactions on Applied Superconductivity, 2016,
No 26 (3), pp. 1-3.

11. Ye, L., Li, X,, Zhang, M., Zhu, Q., Sun, X., Composition design, microstructure and
mechanical properties of bismuth-doped In—Sn-based low-temperature solder alloy, Journal of
Materials Science: Materials in Electronics, 2024, No 35(19).

12. Matuszek, K., Kar, M., Pringle, J.M., MacFarlane, D.R., Phase change materials for
renewable energy storage at intermediate temperatures, Chemical reviews, 2022, No 123 (1),
pp. 491-514.

13. Ito, S., Aparicio, L.E., Atake, Y., Yamamoto, H., Onji, T., Tomita, M., Initial study on
press welding with indium applied to high-temperature superconducting DC feeder cables, IEEE
Transactions on Applied Superconductivity, 2023, No 33 (5), pp. 1-5.

14. Tsui, Y., Surrey, E., Hampshire, D., Soldered joints — an essential component of
demountable high temperature superconducting fusion magnets, Superconductor Science and
Technology, 2016, No 29 (7).

15. Canavan, E.R., Leidecker, H., Panashchenko, L., Conductance degradation in HTS
coated conductor solder joints, IOP Conference Series: Materials Science and Engineering, 2015,
No 102 (1).

16. Liu, X.J., Inohana, Y., Takaku, Y., Ohnuma, I., Kainuma, R., Ishida, K., Moser, Z.,
Gasior, W., Pstrus, J., Experimental determination and thermodynamic calculation of the phase
equilibria and surface tension in the Sn—Ag—In system, Journal of electronic materials, 2002, No 31,
pp. 1139-1151.

17. Liu, Y.M,, Chuang, T.H., Interfacial reactions between In10Ag solders and Ag substrates,
Journal of electronic materials, 2000, No 29, pp. 1328-1332.

18. Karakaya, |., Thompson, W.T., The Ag-Sn (silver—tin) system, Bulletin of Alloy Phase
Diagrams, 1987, No 8 (4), pp. 340-347.

19. Saunders, N., Miodownik, A.P., The Cu-Sn (copper-tin) system, Bulletin of Alloy Phase
Diagrams, 1990, No 11 (3), pp. 278-287.

20. Yen, Y.W., Chen, S.\W., Phase equilibria of the Ag—Sn—Cu ternary system, Journal of
materials research, 2004, No 19 (8), pp. 2298-2305.

21. Swenson, D., The effects of suppressed beta tin nucleation on the microstructural evolution
of lead-free solder joints, Lead-Free Electronic Solders: A Special Issue of the Journal of Materials
Science: Materials in Electronics, 2006, pp. 39-54.

22. Moser, Z., Dutkiewicz, J., Gasior, W., Salawa, J., The Sn-Zn (tin—zinc) system, Bulletin
of Alloy Phase Diagrams, 1985, No 6 (4), pp. 330-334.

23. Li, Y.C,, Chang, C.H., Pasana, A.S., Hsiao, H.M., Yen, Y.W., Interfacial reactions in lead-
free solder/Cu—2.0 Be (Alloy 25) couples, Journal of Electronic Materials, 2021, No 50, pp. 903—
913.

© 2026 Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “Voprosy Materialovedeniya”
http://www.crism-prometey.ru



24. Li,F., Pu,C,LiC, Yang,J., Jia, Y., Geng, C., Zhang, X., Bao, Q., Guo, S., Yi, J., Zhang, J.,
Study on the effects of Ag addition on the mechanical properties and oxidation resistance of Sn—Zn
lead-free solder alloy by high-throughput method, Journal of Materials Science: Materials in
Electronics, 2023, No 34 (4).

25. Havlik, R., Drienovsky, M., Gerhatova, Z., Babincova, P., Kusy, M., Gogola, P.,
Palcut, M., Phase constitution, microstructure and corrosion performance of binary Sn—Bi alloys,
Journal of Materials Research and Technology, 2025, No 36, pp. 173-181.

26. Chen, S., Wang, X., Guo, Z.,, Wu, C,, Liu, Y., Liu, Y., Su, X., Investigation of the
microstructure, thermal properties, and mechanical properties of Sn—Bi—Ag and Sn—-Bi-Ag—-Si low
temperature lead-free solder alloys, Coatings, 2023, No 13 (2).

27. Zhao, W., Li, Y., Xu, B., Yang, H., Experimental investigation and modeling of vapor-liquid
equilibria for Bi—Zn and Bi—Sn—Zn systems at 10 Pa, CALPHAD, 2021, No 74.

28. Lin, O.J., Ariff, M., Hanim, A., Thermal and Mechanical Stability of Bismuth Doped Sn—-Ag-
Cu Lead-free Solder: A Comprehensive Review, Pertanika Journal of Science & Technology, 2025,
No 3.

29. Rai, D., Thermodynamic data for Sn (IV) dioxides and hydroxido complexes: a critical review,
Journal of Solution Chemistry, 2022, No 51 (10), pp. 1169-1186.

30. Cui, Y., Xian, J.W., Zois, A., Marquardt, K., Yasuda, H., Gourlay, C.M., Nucleation
and growth of Ag3Sn in Sn—Ag and Sn—Ag—Cu solder alloys, Acta Materialia, 2023, No 249.

31. Ismail, N., Yusoff, W.Y., Amat, A., Manaf, N.A., Ahmad, N., A review of extreme condition
effects on solder joint reliability: Understanding failure mechanisms, Defence Technology, 2024,
No 41 (37). DOI: 10.1016/j.dt.2024.05.013

32. Tatsumi, H., Kaneshita, S., Kida, Y., Sato, Y., Tsukamoto, M., Nishikawa, H., Highly
efficient soldering of Sn—Ag—Cu solder joints using blue laser, Journal of Manufacturing Processes,
2022, No 82, pp. 700-707.

33. Subramanian, K.N., Suganuma, K., Kim, K.S., Sn—Zn low temperature solder, Lead-Free
Electronic Solders: A Special Issue of the Journal of Materials Science: Materials in Electronics,
2007, pp. 121-127.

34. Xu, S, Li, Y., Jding, X,, Paik, KW., He, P., Zhang, S., The grain refinements effect of Zn
alloying on low-temperature Sn-Bi—-In lead-free solder, Journal of Materials Research and
Technology, 2024, No 29, pp. 2272-2278.

35. Mousavi, T., Aksoy, C.A., Grovenor, C.R., Speller, S.C., Microstructure and
superconducting properties of Sn—In and Sn—-In-Bi alloys as Pb-free superconducting solders,
Superconductor Science and Technology, 2015, No 29 (1).

36. Said, R.M.,, Salleh, M.A., Saud, N., Ramli, M.l., Superconducting lead-free solder joint: a
short review, IOP Conference Series: Materials Science and Engineering, 2020, No 957 (1).

37. Mei, Z., Holder, H.A., Van der Plas, H.A., Low-temperature solders, Hewlett Packard
Journal, 1996, No 47, pp. 91-98.

38. Tsui, Y., Mahmoud, R.A., Surrey, E., Hampshire, D., Superconducting and
mechani-cal proper-ties of low-temperature solders for joints, IEEE Transactions on Applied
Superconductivity, 2016, No 26 (3), pp. 1-4.

39. Zhang, L., Chen, B., Zhang, S., Lu, C., Geometrical structures and hydrogen storage
performance of medium sized Mg3LaHn-(n= 9- 20) anions, International Journal of Hydrogen
Energy, 2025, No 102, pp. 1161-1167.

© 2026 Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “Voprosy Materialovedeniya”
http://www.crism-prometey.ru



40. Fadeeva, |.V., Fomin, A.S., Barinov, S.M., Davydova, G.A., Selezneva, I.l.,

Preobrazhenskii, I.I., Rusakov, M.K., Fomina, A.A., Volchenkova, V.A., Synthesis and
properties of manganese-containing calcium phosphate materials, Inorganic Materials, 2020, No 56,
pp. 700-706.

4]. Fadeeva,|.V.,Deyneko, D.V., Knotko, A.V., Olkhov, A.A., Slukin, P.V.,Davydova, G.A,,
Trubitsyna, T.A., Preobrazhenskiy, LI, Gosteva, A.N., Antoniac, I.V., Rau, J.V., Antibacterial
composite material based on polyhydroxybutyrate and Zn-doped brushite cement, Polymers, 2023,
No 15 (9).

42. Law, C.M., Wu, C.M,, Yu, D.Q., Wang, L., Lai, J.K., Microstructure, solderability, and
growth of intermetallic compounds of Sn—Ag—Cu—Re lead-free solder alloys, Journal of Electronic
Materials, 2006, No 35, pp. 89-93.

43. Kang, H., Rajendran, S.H., Jung, J.P., Low melting temperature Sn—Bi solder: Effect of
alloying and nanoparticle addition on the microstructural, thermal, interfacial bonding, and
mechanical characteristics, Metals, 2021, No 11 (2).

44. Wang, B., Li, W., Zhang, S., Li, X., Pan, K., Effect of electric current stressing on
mechanical performance of solders and solder joints: A review, Journal of Materials Science, 2022,
No 57 (37), pp. 17533-17562.

45. Vesely, P., Dusek, K., Fros, D., Toward reducing no-clean flux spatter during reflow
soldering: Investigating the effect of flux type, solder mask, and solder pad design, Journal of
Manufacturing Processes, 2022, No 81, pp. 696—706.

46. Fujiwara, K., Asahi, M.A., Tsurumi, S.H., Takeuchi, Y.O., Water-soluble flux for Pb-alloy
Josephson device packaging, IEEE transactions on components, hybrids, and manufacturing
technology, 1987, No 10 (2), pp. 258—-262.

47. Jellesen, M.S., Minzari, D., Rathinavelu, U., Mgller, P., Ambat, R., Corrosion failure
due to flux residues in an electronic add-on device, Engineering failure analysis, 2010, No 17 (6),
pp. 1263-1272.

48. Bharath Krupa Teja, M., Sharma, A., Das, S., Das, K., A review on nanodispersed lead-
free solders in electronics: synthesis, microstructure and intermetallic growth characteristics, Journal
of Materials Science, 2022, No 57 (19), pp. 8597-8633.

49. Zhang, S., Li, F., Yang, G., Xu, S., Han, Z., Fan, Z., Jiang, P., Chen, Y., Enhanced
electrical and mechanical performances of soldered joint between copper stabilized REBCO
superconducting tapes, IEEE Transactions on Applied Superconductivity, 2019, No 29 (5), pp. 1-7.
50. Khatibi, G., Kotas, A.B., Lederer, M., Effect of aging on mechanical properties of high
tempe-rature Pb-rich solder joints, Microelectronics Reliability, 2018, No 85, pp. 1-11.

51. Bagrets, N., Barth, C., Weiss, K.P., Low temperature thermal and thermo-mechanical
pro-perties of soft solders for superconducting applications, IEEE transactions on Applied
Superconductivity, 2013, No 24 (3), pp. 1-3.

52. Preuss, A, Fietz, W.H., Immel, F., Kauffmann-Weiss, S., Wolf, M.J., Critical current
degradation of coated conductors under soldering conditions, IEEE Transactions on Applied
Superconductivity, 2018, No 28 (4), pp. 1-5.

53. Watterson, A., Hubbard, A., Diaz-Pacheco, R., Francis, A., Granetz, R.,
Logan, J., Golfinopoulos, T., Kaplan, A., Michael, P., Murray, R., Sanabria, C.,
Schweiger, S., Toland, T., Vieira, R., Performance assessment of PIT VIPER cables following

© 2026 Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “Voprosy Materialovedeniya”
http://www.crism-prometey.ru



long-duration solder exposure during manu-facturing, IEEE Transactions on Applied
Superconductivity, 2025, V. 35, Is. 5, Art. 4601505. DOI: 10.1109/TASC.2025.3527947

54. Preobrazhensky, I.I., Guryev, V.V., Diev, D.N., Naumov, A.V., Polyakov, A.V.,
Moseev, K.V., Makarenko, M.N., Shavkin, S.V., Vliyanie szhimayushchikh mekhanicheskikh
nagruzok na raspredelenie kriticheskogo toka v paketakh VTSP-lent [The effect of compressive
mechanical loads on the distribution of critical current in HTS tape packages], Sverkhprovodimost:
fundamentalnye i prikladnye issledovaniya, 2024, No 2 (2), pp. 31-41.

55. Preobrazhensky, I.I., Guryev, V.V., Diev, D.N., Naumov, A.V., Polyakov, A.V.,
Moseev, K.V., Makarenko, M.N., Shavkin, S.V., The change in the critical current of second-
generation HTS tapes after applying a compressive mechanical loads, Physics of Metals and
Metallography, 2025, No 6, pp. 1-9).

56. Troitskii A. V., Markelov A.V., Molodyk A.A., Demikhov T.E., Antonova L. K.,
Mikhailova G. N., Mikhailov B.P., Prosvirnin D.V. Properties of low-resistance joints between
HTS tape conductors prepared by soldering, Doklady Physics, 2017, No 62, pp. 233-235.

57. Lin, K., Ling, H., Hu, A.,, Wu, Y., Gao, L., Hang, T., Li, M., Growth behavior and formation
mechanism of porous CusSn in Cu/Sn solder system, Materials Characterization, 2021, No 178.
58. Wang, R, Yan, Y., Li, W., Li, Z., Preparation of SnsBiss and Snes.7BizsAgo.3 soldering
pastes for Cu—Al direct soldering and study of their performance, Materials Chemistry and Physics,
2025, No 336, Art. 130547. URL.: https://doi.org/10.1016/j.matchemphys.2025.130547

59. Kodentsov, A., Wojewoda-Budka, J., Litynska-Dobrzynska, L., Zieba, P.,
Wierzbicka-Miernik, A., Formation of intermetallic compounds in reaction between Cu—Ni alloys
and solid Sn—a new look at the prominent effect of Ni, Journal of Alloys and Compounds, 2021,
No 858.

60. Zheng, J.,Ma, H.,He, R., Lu, Y., Song, H., Cui, C,, Zhang, Y., Bai, C., Guo, Y., Liu, Z,
Cai, C., Low-resistance and strong-adhesion soldering of second-generation high-temperature
superconductor tapes within a short time, IEEE Transactions on Applied Superconductivity, 2017,
No 27 (5), pp. 1-6.

61. Tu, K.N., Thompson, R.D., Kinetics of interfacial reaction in bimetallic Cu-Sn thin films,
Acta Metallurgica, 1982, No 30 (5), pp. 947-952.

62. Preuss, A., Fietz, W.H., Immel, F., Kauffmann-Weiss, S., Wolf, M.J., Critical current
degradation of coated conductors under soldering conditions, IEEE Transactions on Applied
Superconductivity, 2018, No 28 (4), pp. 1-5.

63. Li, W., Guo, L., Li, D., Liu, Z.Q., Research Overview on the Electromigration Reliability
of SnBi Solder Alloy, Materials, 2024, No 17 (12).

64. Bagrets, N., Celentano, G., Augieri, A., Nast, R., Weiss, K.P., Investigation of
soldered REBCO tape—copper joints for superconducting applications, IEEE Transactions on
Applied Superconductivity, 2016, No 26 (4), pp. 1-4.

65. Li, Y., Chen, S., Dong, F., Dye, J., Yan, Y., Gao, C., Zhai, Y., Park, D., Metal-
Insulation REBCO Pancake Coil with Solder Surface Shunt: Testing and Modeling, IEEE
Transactions on Applied Superconductivity, 2025, August, pp. 1-5.
DOI:10.1109/TASC.2025.3530388

66. Ito, S., Tamura, R., Yamamoto, H., Onji, T., Tomita, M., Press-welding between
high-temperature superconducting tape conductors with low-temperature solders including indium,

© 2026 Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “Voprosy Materialovedeniya”
http://www.crism-prometey.ru



IEEE Transactions on Applied Superconductivity, 2024, January, pp. 1-5. DOL:
10.1109/TASC.2024.3512512

67. Balashov, N.N., Degtyarenko, P.N., Ivanov, S.S., Kopylov, S.I., Gorbunova, D.A.,
Molodyk, A.A., Samoilenkov, S., Sytnikov, V., Zheltov, V.V., Low-resistance soldered joints of
commercial 2G HTS wire prepared at various values of applied pressure, IEEE Transactions on
Applied Superconductivity, 2018, No 28 (4), pp. 1-4.

68. Han, H., Kim, C., Lee, D., Nam, J., Kim, S., Park, T., Moon, C., Nam, T., Lee, B.J.,
Park, I., Localized electromagnetic induction heating system for rapid soldering of interfaces
between integrated circuit and printed circuit board, International Communications in Heat and Mass
Transfer, 2025, No 165.

69. Drienovsky, M., Michalcova, E., Pekar¢ikova, M., Palcut, M., Frolek, L., Gogola, P.,
Jancuska, I., Misik, J., Gomory, F., Induction soldering of coated conductor high-temperature
superconducting tapes with lead-free solder alloys, IEEE Transactions on Applied
Superconductivity, 2018, No 28(4), pp. 1-5.

70. Kunwar, A, Shang, S., Raback, P., Wang, Y., Givernaud, J., Chen, J.,, Ma, H,,
Song, X., Zhao, N., Heat and mass transfer effects of laser soldering on growth behavior of
interfacial intermetallic compounds in Sn/Cu and Sn-3.5 Ag0.5/Cu joints, Microelectronics
Reliability, 2018, No 80, pp. 55-67.

71. Wang, W.,Wang, M., Han, L., Chen, Y., Liu, L., Yang, F., Li, M., Yu, Z., Zhao, Y., Low-
resistance joints for YBCO-coated conductors with Ag nhanoparticle paste, Superconductor Science
and Technology, 2023, No 36 (8).

72. Huang, D., Chen, D., Dong, H., Wang, K., Chu, W.K., Wang, T., Wang, M., Zhu, K.,
Gu, H., Ren, Z., Ding, F., High-field critical current density enhancement in GdBCO coated
conductors by cooperative defects, Superconductor Science and Technology, 2023, No 36 (6).

73. Maebatake, T., Ichinose, Y., Yamada, K., Mori, N., Teranishi, R., Inoue, M.,
Kiss, T., Yoshizumi, M., Izumi, T., Kaneko, K., Munetoh, S., Mukaida, M., Joint properties of
REBCO coated conductors, Physica C: Superconductivity and its applications, 2011, No 471 (21—
22), pp. 987-989.

74. Watanabe, T., Kamata, T., Maebatake, T., Teranishi, R., Kiss, T., Yamada, K.,
Kaneko, K., Yoshizumi, M., lzumi, T., Study of factors in joint resistance for GdBCO coated
conductors, Physics Procedia, 2013, No 45, pp. 165-168.

75. Berthet, G.,Jung, W., Park, H.,Hahn, S., Lee, S., Comparison of the Electrical Properties
of Copper Diffusion-Bonded Joints and Solder Joints for (RE) Ba2CusO7-5 Tapes, IEEE Transactions
on Applied Superconductivity, 2025, January, pp. 1-5. DOI: 10.1109/TASC.2025.3530325

CORROSION AND PROTECTION OF METALS

UDC 620.193.4:669.15-194.2
METHODOLOGICAL ASPECTS OF STUDYING CARBON DIOXIDE CORROSION OF GAS
PIPE STEELS
R.K. VAGAPOQV, Dr Sc. (Eng), Cand. Sc. (Chem), K.A. IBATULLIN, Cand. Sc. (Chem),
A.D. GAIZULLIN

© 2026 Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “Voprosy Materialovedeniya”
http://www.crism-prometey.ru



Gazprom VNIIGAZ, 15/bld. 1 Gazovikov St, Razvilka, Leninsky District,
142717 Moscow Region, Russian Federation. E-mail: R_Vagapov@vniigaz.gazprom.ru
Received August 11, 2025
Revised September 23, 2025
Accepted September 23, 2025

Abstract—The resistance of pipe steels to carbon dioxide corrosion under conditions of moisture
condensation on the upper part of the pipe and under conditions of variable wetting of the pipe with
water when partially filled with liquid, which occur in gas fields, is investigated. The tests were carried
out using a corrosion installation and a stand simulating these main corrosion-hazardous conditions
inside the well equipment and field gas pipelines. To enhance the corrosion effect on steels of
aggressive operational environments of gas fields, in addition to the traditional single extraction of
gravimetric steel samples, their multiple extraction, removal of corrosion products and subsequent
use in corrosion tests are used. The influence of these methodological approaches on the
enhancement of the general and local rates of carbon dioxide corrosion is estimated. Possible
causes of the obtained results of corrosion tests and the influence of the formed corrosion products
on them are discussed.
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Abstract—The paper presents a comparison of two types of post-radiation low-temperature
annealing — thermal annealing (TA) and radiation-thermal annealing (RTA). TA is the annealing of
previously irradiated metal due to heating of the pressure vessel of non-operational reactor to a
temperature exceeding the irradiation temperature during operation. RTA is the annealing due to
short-term additional irradiation of the reactor pressure vessel at a temperature exceeding the
irradiation temperature during operation. Experimental results on fracture toughness, mechanical
properties, and microhardness for the reactor pressure vessel steel grade 15Kh2MFA-A (2Cr—Ni—
Mo-V) in various states (initial state, after neutron irradiation, after TA and RTA) are presented. On
the basis of performed investigations the recovery coefficient of the yield strength, microhardness
and fracture toughness as a result of TA and RTA is determined. A comparison of the effectiveness
of TA and RTA is made. The application analysis of RTA as a mitigation measure for the service life
extension of reactors is considered.

Keywords: low-temperature thermal annealing, low-temperature radiation-thermal annealing,
coefficient of property recovery, radiation embrittlement, yield strength, fracture toughness,
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