XYPHAI «BOMPOCbLI MATEPUAINTOBEOEHUA», 2025, Ne 2 (122)
COOEPXXAHUE

METANNOBEOEHUE. METAINYPIUA

Momosununa I. []., Kopomosckasi C. B., Xnycoea E. U., lonybeesa M. B., 3abasuyesa E. B. CTpykTypa
MU CBOWCTBa JIMCTOBOrO Mnpokata pasfvMyHON TOSLUMHBLI BbICOKOMPOYHON MapTEHCUTHOW CTanu nocne
= Te= T 1 1q o o 1 Y - 5

Kypmeea K. tO., MomosunuHa I". [., lNa3unoea Y. A., Xnycoea E. U., Slkoenesa E. A. ViccnepoaHue
BMNMSHWUS PEXMMOB TepMmnyeckor obpaboTkn Ha (hopmupoBaHme crnos a-gdasbl C UBMEHEHHOW CTPYKTYPOU
Ha NOBEPXHOCTU NIMCTOBOrO NpokaTa HU3KOYrnepoanucTon XpOMOHUKENbMONUGAEHOBOW CTanwm............ 15

locnenos WU. []., Mameeesa []. B. ViccnepoBaHne MUKPOCTPYKTYPbl M TBEPAOCTU ropsiyekaTtaHom
KOHCTPYKLMOHHOW XpOMUCTOW CTanu nocre pasnunyHbix BUA0B CHepOMaN3NPYIOLLErO OTXKUIA ............. 26

Llapeea N. H., KpusuHa J1. A., bepdHuk O. b., Paszos E. H., Mockeu4yes A. A. ViccnepoBaHue
MUKPOCTPYKTYPbl  )KapOMNpOYHOro MOHOKPUCTaInNM4YeCcKoro CcrniiaBa Mocne BbICOKOTEMNEpPaTypHOW
01 (o T 7= 1 =1 35

UeonkuH A. U., Jlebedesa H. B., lNempoe C. H. OueHka KayecTBa MeTanfa CTPOMTENbHbLIX Ganok
DD, = 1= TP PP PPPP R ROUPPPPPPPRR 43

®YHKUMNOHAINBbHbIE MATEPUAIbI

laHeano A. H., MupowHudyeHko C. B. WccrnepoBaHune BrnvMsSiHUSA reoMeTpum paboyero kaHama Ha
rmapocTaTMyecKkoe JaBreHne B NpoLecce paBHOKAHANBHOIO YIITIOBOTO MPECCOBAHMUS ........uvveeeeeeennee 50

Kum A. 3., Maseesa A. K., Pasymoe H. I"., BonokumuHa E. B., lMonosu4 A. A. BbICOKOSHTPOMUAHBIN
MarHuTHbI cnnaB FexCosAlsNi2Si, nony4yeHHbI METOAOM MeXaHU4eCKOro nerMpoBaHust U UCKPOBOTO
MITA3MEHHOTO CTIEKAHMST ..ttt e eeeeeeeettu e e e eeeseeeaataseeeeeesestanaaaaaeseeasssanaaeeaaeessssnnnsaaeeeeesnsnnnaeeearennsnnnnnseeees 62

Hecmeposa E. [., bobkoea T. WN., MyxamedssiHoea Jl. B., XpomeHkos M. B., Cepliwok H. A.
dopmMmpoBaHMe KOMMO3ULMOHHBLIX MOPOLLKOB MYITbTMKOMMOHEHTHbIX crnnaBoB cuctembl AlxNiCoFeCr
METOJOM MEXAHOXUMUUECKOTO CUHTEBA ..uueeeeenneeietieeeetteeeeeaeeesetaaeeeeataseeesaaees et eseestneeeasnneeeesnneeeeenneaees 75

JleoHoe B. 1., Hydakoe E. B., ManuHkuHa FO. FO., NapaHuHa W. M., dpyzaydyk C. ., Mapkosa FO. M.,
Kapsicun []. A., CmupHoe M. O. lNpumeHeHne MeToga rops4vero U3octaTuyeckoro npeccoBaHuUs Ons
NOBbILUEHUSA CBOUCTB TUTAHOBOMO MCEBA0-0-CIIITABE ...cevvvuuneieeeieeeiieieeseeeeeresetateeeseseestanneseeeseressransereaees 86

MOJIMMEPHBIE KOMMNO3ULUMWOHHbLIE MATEPUAIDI

Cudoposa C. A., Xpycmanes A. H., Jloces A. B., PawymuH H. A. iccnenoBaHne prnsmko-mMexaHN4eCcKmx
CBOVCTB HanonHEeHHon OKCMa0oM anoMnHMA HUTK ans FDM-nevaTtn Ha OCHOBE
(poTp ] ey y A=Yy r=T o = Yo on = aE N 1o 1 99

3nobuHa U. B., bekpeHes H. B., KoHdpamose []. B., AHucumos A. B. WccnepoBaHune BnvsiHUS
HaMNOSTHUTENS! HA KNHETUKY HarpeBa OTBEPXKAEHHbLIX MOIMMEPHBLIX KOMMO3ULMOHHBIX MaTepuanos B CBY
ANEKTPOMABTHUTHOM TTOJTE ... n s s s s ssssssssnsnsnnsnnsnsnnnnnnnne 110

lpoueHko A. E., JToxo U. A., Xonodos A. C., lNempos B. B. CTeknonnacTnkm Ha OCHOBE HamnosiHuTenen,
BOCCT@HOBIEHHbIX B CpeAe NUPUAMHA NMPU HOPMATNbHOM LAABIEHMM. .....ceeiiuieieeiiiiieeeeitieeaesaeeeeeesnneeeeeanes 119

Maneukuti A. B., Ucaes P. L., Benuyko . P., Bonkosa . K. BnusHue HenTpoHHOro obriydeHms Ha
arperaTtHO- 1 AUCNEPCHO-YMPOYHEHHYIO CTPYKTYPY ZTA KOMNO3UTHON KEPAMMUKM . ..ccereeeeeiiiieeeaaaaaanness 130

CBAPKA U POACTBEHHbIE NMPOLIECCbI. CBAPOYHbLIE MATEPUAIbI U TEXHOJIOINKU

JleoHos B. I1., Caxapos U. 0., KysHeuos C. B., Hecmepos []. M. Pac4yeTHble nccrnenoBaHnst 0CTaTOYHbIX
N BPEMEHHbIX CBApPOYHbIX HAMPSXXEHUA B CTHLIKOBOM MHOFOMPOXOAHOM CBapHOM COEAWHEHWU U3
TUTAHOBOTO MCEBO0-B-CIITABA ........cceeeeeeeeeee e e 153

3amokoeeHko H. W., MNaHuxuduH E. A., JledsHkuH B. H. BnuaHne Temnepartypbl U NPOSOIDKUTENBHOCTH
nocrnecBapoYyHOro oTrnycka Ha CBOMCTBa MeTanna LBa HedpTexummyeckoro obopynoBaHns 13 ctanu ¢
coaepKaHMEM 2,25%Cr N 1,0%MO .......eeriiiiiiee e a e e 172

KOPPO3UA U 3ALLNTA METAINNOB

Hobpomeopckas A. H., Jobpomeopckuti M. A., 3aliyes [. A. BbicokoTemnepaTtypHas BOAOPOAHas
(o] o] oTo k] = Wea k=Y a [/ I @ [ o] o TP RPN 180

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/

KOHCTPYKTUBHO-TEXHOJNIOMMMYECKASA NMPOYHOCTb M PABOTOCINOCOBHOCTb
MATEPUAINOB

Bacunbee H. B., Tumogpeee M. H., Lanbieun A. C., Xomuy U. A., lNempos B. A., lyues . @.,
llumoe B. B. TlporHosnpoBaHne napaMmeTpoB TPELUMHOCTOMKOCTM MeTanna pasHOPOAHbIX CBapHbIX
coeanHeHun Tpybonposogos Ay800 IMUT wn N'uH PY BBOP-1000 ana ob6ocHOBaHWS NPUMEHUMOCTU

KOHUEMUMN «TEUDL MEPEL, PASPYLLUEHUEIM ....evvverererrerssseesssssssssssssssssssssssssssssssssssssssssssssssssssssssmsmmmmmmmmmemmne 201
HayuyHo-TexHUYecknm xypHan «Bonpockl matepunanoBeneHus». OcgopmneHue ctaten. lNpasuna
P 0y L 1= o] oo ] - T 218

YK 669.14.018.295:621.771.237:621.785.6

CTPYKTYPA U CBOWCTBA JINCTOBOI'O NPOKATA PA3JTMYHOW TOJILMUHbI
BbICOKOMPOYHOW MAPTEHCUTHOWM CTANW NOCHE 3AKAJIKU U OTIMYCKA
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BbINonHeH KOMMMNEKC UCCNeaoBaHWA BIMSHUA PEXMMOB OTMYCKa Ha CTPYKTYPHbIE U3MEHEHUs NCTO-
BOro NpoKaTa pasnvyHoi TOMLLMHbI U3 BbICOKOMPOYHOM HU3KOYINIepOAMCTON CTanM MapTEHCUTHOTO Knacca.
MokasaHo, YTo onpeaensiollee BNMSHNE HA YpOBeHb paboThl yaapa CTanu ¢ MapTeHCUTHOW CTPYKTYPOii
okasblBaeT hopMMpoBaHMe KapbuaHon asbl B pee4YHOM MapTEeHCUTE U MapTEHCUTE CaMOOTIyCKa.

Knrouesbie crioga: BbICOKOMPOYHAs CTanb, 3aKkarnka C MeYHOro HarpeBa, BbICOKWUIA OTMYCK, JIMCTOBOWN
npoKaT, CTPYKTYpa, peeydHbll MapTEHCUT, MapTEHCUT CaMoOTNycKa, cneunanbHble Kapbuabl, BTOPUYHOE
TBepaeHue, pabota yoapa
DOI: 10.22349/1994-6716-2025-122-2-05-14

JIMTEPATYPA

1. FopbiHuH . B., PbibuH B. B., Manbiwesckun B. A., CemnueBa T. I, LepoxuHa 1. . MNMpeBpaLLeHns
OUCNOKaUNOHHOro MapTeHcuTa npu oTnycke BTopuyHoTBepaetowen ctanu // MUTOM. — 1999. — Ne 9. —
C. 13-32.

2. KpowkuH A. A., Manbiwesckuii B. A., PoibuH B. B., LepoxuHa J1. I'. ccnegoBaHne TOHKOM CTPYK-
TYpbl BbICOKOMPOYHOW HMU3KOYINepoaucTon BTOpUYHO-TBepaetoLLen ctanu // Bonpocel cynoctpoeHus. Ce-
pua MetannosegeHue. Metannyprua. — 1983. — Bein. 37. — C. 3—10.

3. BnuaHue gucnokaumii Ha MexaHu3Mm BTopuyHoro teepaeHus / B. B. PeibuH, I'. H. Benosepckui,
B. A. Manbiwesckui n gp. // ®MM. — 1982. — T. 54, Bbin.5. — C. 990-999.

4. TopbiHuH W. B., PbiouH B. B., ManbiweBckun B. A., CemunyeBa T. [T TeopeTuyeckme n aKCnepmmeH-
TanbHble OCHOBbI CO34aHNsl BTOPUYHOTBEPAEOLLNX CBapUBaEMbIX KOHCTPYKLMOHHbIX cTanen // MuTOM. —
1999. — Ne 9. - C. 7-13.

5. PeibuH B. B., Manbiwesckuii B. A., Cemnuesa T. . Passutne Teopun BTOPUYHOIo TBEPAEHMS NpuU
CO3[aHu1K1 BbICOKOMPOYHbIX KOPMYCHbIX Mapok ctanu // Bonpockl MaTepuanoBeaeHusi. — Ne 2(42). — 2005.

6. HosukoB W. U. Teopus Tepmumyeckon obpadotku. — M.: MeTtannyprus, 1978. — 392 c.

7. Axosnesa W. J1., TepeweHko H. A., Ypues H. B. HabniogeHne mapTeHCUTHO-ayCTEHUTHOW COCTaB-
NALWEN B CTPYKTYPE HU3KOYINepoanCTON HU3KoNermporaHHom TpybHom ctanu // PMM. — 2020. — T. 121,
Ne 4. — C. 396-402.

8. dusnyeckoe matepmanosegeHme. T. 1: duauka teepgoro tena. — M.: HAAY MUDU, 2012. — 764 c.

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/
mailto:mail@crism.ru

YOK 669.15-194:621.771.237:621.785.6

WCCNEOOBAHUE BITUAHUA PEXXMMOB TEPMUYECKON OBPABOTKU HA ®OPMUPOBAHUE
cnos a-®A3bl C USMEHEHHOW CTPYKTYPOW HA MOBEPXHOCTW IUCTOBOI'O NMPOKATA
HU3KOYIMEPOAUCTOWN XPOMOHMUKENIbMONIMBAEHOBOW CTANN

K. HO. KYPTEBA, I'. . MOTOBUIIVHA, kaHg. TexH. Hayk, Y. A. TASUITIOBA, kaH. TEXH. HayK,
E. . XJTTYCOBA, g-p TexH. Hayk, E. A. AKOBJIEBA, kaHa. TexH. Hayk
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[ns nccnegoBaHns BNNSHUA TepMUYeckon obpaboTkm Ha obpa3oBaHne Ha NOBEPXHOCTU NUCTOBOrO
npokaTa u3 BbICOKOMPOYHOWN HU3KOYrNEepPOANCTON XPOMOHUKENbMONMOAEHOBON BENHUTHO-MAPTEHCUTHOM
CyOoCTpoUTENbHOW CTanu cros a-gpasbl C UBMEHEHHOW CTPYKTYPOW, MPeACcTaBmsoWen 3epHa nonMagpu-
Yeckon hopMbl pa3HOro pasmMepa, NpoBeAeHbl MeTannorpaduyeckue NccrnegoBaHns U USMepeHus TBep-
AOCTW OT NOBEPXHOCTU K cepeaunHe npokaTa TonwuHon 10 MM nocne BapbUpOBaHNS PEXUMOB 3aKamku u
oTnycka. [ledbopmaunoHHY CMOCOBHOCTL NMMCTOBOIO NpoKaTa OLeHMBanu no pesynbtaTam UCNbITAaHUA Ha
n3rnb Ha yron 180°. NokasaHo, YTO onpedensiowee BAMSHME Ha 0bpa3oBaHMe TaKOro Crnosi okasbiBaeT
ANUTENBHOCTL BbICOKOrO oTnycka. o pesynbratam uccnegoBaHvi NPeanoXeH pexum TepMmnyeckon ob-
paboTkM NMMCTOBOro NMpokaTa TONWMHOM MeHee 16 MM, obecneumsatolLmii obpasoBaHme cnos a-gasbl
N3MEHEHHOW CTPYKTYpPOM HauMeHbLUen rnybnHbl 6e3 3HaUUTENbHbIX UIBMEHEHUIN TBEPAOCTMU.

Knitoyesbie crioga: HU3KOYrNepoaMcTas XpOMOHUKenbMonnbaeHoBas ctanb, 6eMHUT, MapTEeHCUT, OT-
nyck, NOBEPXHOCTb NIMCTOBOrO MpokKaTa, Cron a-ga3sbl C U3MEHEHHOW CTPYKTYpo, AedopmaLMoHHasi cno-
COOHOCTb, U3rnb
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WCCNEQOBAHUE MUKPOCTPYKTYPbl U TBEPOOCTU FTOPAYEKATAHOM KOHCTPYKLIMOHHOM
XPOMMUCTOW CTANU NOCIE PA3JIUYHbIX BUAOB COEPOUOU3UPYIOLLIEFO OTXUIA

W. O. NOCIIEJIOB, kaHAa. TexH. Hayk, [1. B. MATBEEBA

@rb0Y BO «Yepenoseykuti 2ocydapcmeeHHbili yHusepcumemy, 162602, Bonozodckas 0611,
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lMpencraBneHo cpaBHUTENBHOE NCCIegOBaHNE U3MEHEHUS TBEPAOCTM U MUKPOCTPYKTYPbI ropayeka-
TaHOM KOHCTPYKLMOHHOM XpoMUCTOM cTanu 35X nocne n3oTepmMmnyeckoro 1 LIMKNUYeckoro omkuros. Mo pe-
3ynbTaTtam NpoBeAeHNst IKCNEePUMEHTa NpeacTaBeHbl TEMNEpPaTypPHbIE PEXUMbI TAKUX OTKUIOB Afst Mo-
ny4yeHus AONONHUTENbHbLIX TpeboBaHUI kK TBEpAOCTU U rNYyOMHe 0b6e3yrnepoxeHHoro cnosi no FOCT 4543—
2016. MNokasaHO NPenmyLLecTBO LMKIIMYECKOro OTXUra C BblAepXXKaMu BbIlLe KPUTUYECKOW TOYKU Acs B
nnaHe TemnepaTypHO-CKOPOCTHbIX YCITOBUI OXNaXAEHWsT 3aKMYUTENBHOIO LUukna anst obpasoBaHms oa-
HOPOAHOW CTPYKTYPbl 3€PHUCTOro nepnunta u ceponansanmm kapbuaHom gasel No BCen nnoLiaam uccne-
ayeMbix 06pasLoB.

Knroyeesnbie crioga: KOHCTPYKUMOHHAA ropsiyekaTaHasa ctanb 35X, TBepaocte no bpuHennto, nsortep-
MUYECKUA OTXKUT, LIMKITMYECKUIA OTXKUI, MUKPOCTPYKTYpa, kapbuaHasa dasa, cdepoungunsauus
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VMcecnepgoBaHa MUKPOCTPYKTYpa Matepuana paboder nonatku 1-i ctyneHun razoson TypouHsl SGT-400
Siemens, M3roToBNEHHON U3 apOMPOYHOr0 MOHOKPUCTANNUYECKOro ChraBa, B MOCTIKCMyaTaumoHHOM
COCTOSIHMM (nocrie oTpaboTkn HasHaveHHoro pecypca ~25 000 4). MeTogamu 3neKTPOHHOM MUKPOCKOMMWM,
PEHTIEHOCTPYKTYPHOIO aHanmsa v auddgepeHLmanbHOM CKaHUPYIOLLEN KanopuMETPUM U3YHYEHO CTPYKTYPHO-
a3oBoe COCTOSIHME >KAPOMPOYHOrO MOHOKPUCTANMMYECKOrO HUKENIEBOTO ChflaBa MNocne HaTypHOWN
3KCnnyaTaumm B YCroBUAX ASIMTENbHOMO BO3AENCTBUS BbICOKOTEMMEPATYPHOIO ra3oBoOro NOToka 1 paboumnx
Harpy3ok. M3yyeHbl 3aKOHOMEPHOCTU MpPOLIecCa BbICOKOTEMMEPATYPHOrO CTapeHusi, NPosiBNsoWMnecs: B
MOSIBNIEHNN KPYMHON MOPUCTOCTW, BbIAENEHUM MAACTMHYATON y'-hasbl M NOKaribHOM CpaluvBaHUK siYeek
y'-thasbl B ocax AeHaputoB. MeTogoM MUKPOUHAEHTUPOBAHUSI MPOBEAEHbI UCCIEAOBAHNS MUKPOTBEPAOCTM
B Pa3HbIX 30HaX M CTPYKTYPHbIX COCTaBMSAIOLLMX MaTepmana 3amMmKOBOW 1 NepoBOM YacTen nonaTku.

Krntoueegble crioga: xaponpoyHblii MOHOKPUCTANIMYECKUIA Crinae, NOCTIKCMNyaTaLoHHOe COCTOsIHUE,
MWUKPOCTPYKTYpa, AeHAPUTHOE CTPOEHUE, MHTepMeTanMaHas gasa, MUKpOTBEPAOCTb, BbiCOKOTEMIEpa-
TYPHOE CTapeHwue
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ViccnenoBaHbl CTPYKTYpa M CBOMCTBA MeTarnsa CTpoUTEeNbHbIX 6anok B 3gaHusax noctporku XIX Beka:
[OBYTaBpa Kak HeCYLLLero anemMeHTa KnpnmyHoro ceoga MoHbe 1 penbca kak OCHoBaHus bankoHa. MeTtann
[OByTaBpa NpeacTaBlieH YMEPEHHO 3arpsi3HEHHON NPUMECAMU MarioyrnepoancTon cranbio, 6rIM3Kom K co-
BpemMeHHou ctann CT2nc B HOpManmn3oBaHHOM COCTOSAHMW. OaHaKO B OTNNYME OT COBPEMEHHLIX aHanoros,
MeTann AByTaBpa BCNeACTBUE BbIPaXXEHHOW 30HANbHOM NMKBALIMM NO Yrrepoay CKNOHEH K XJ1afHONOMKO-
ctn. Metann penbca nponssefeH B AHIMUK N3 HENErmMpoBaHHOro (My4MHIOBOro) xenesa, CoaepXnT MHO-
rouMcrneHHble HeMeTannMyeckme BkNveHus, oboralleHHble pocopoM, 1 XapakTeprnsyeTcs XpYnKOCTbO.

Knoueeble criosa: ctanb, xkeneso, XIX Bek, cTpouTenbHble 6anku, 3gaHusi, cBoAbl, 6ankoH, AByTaBp,
penbc, CBOWCTBA, CTPYKTYpa, XJ1agHONOMKOCTb, XPYNKOCTb
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NCCNEOOBAHUE BITUAHUA TEEOMETPUU PABOYEIO KAHANA HA TMOPOCTATUYECKOE
OABJIEHUE B NMPOLECCE PABHOKAHAIIbBHOIO YrnoBOIro NPECCOBAHUA
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MeToAOM KOHEYHbIX 3NIEMEHTOB MCCIeaoBaHO BIMSIHME YITOBLIX NMapaMeTpoB KaHana maTtpuubl B
npoLiecce paBHOKaHarNbHOrO YrroBOro NpeccoBaHWs Ha pacnpeaeneHve ruapocTaTtnyeckoro JaBneHns B
oyare gedopmauun. Yron nepecedeHus kaHanos uccnegosanu B uHtepaane 90—-120°, BHellHee 3akpyr-
neHve B 30HE nepeceyeHus kaHanoB paccmoTpeHo B uHtepsane (0,05—-1) wnpuHbl kaHana. 3agaya pe-
LeHa B JONyLLEeHUN NoCcKoro AeopMMpPOBaHHOrO COCTOSIHMS C UCMOMb30BaHMEM MOLENU MAaeanbHOro
XKECTKONMacTMYECKOro Tena B yCrnoBusaxX TpeHUs no 3akoHy AMoHToHa — KynoHa ¢ koadduumneHTom, pas-
HbiM 0,1. BbINONMHEHO CpaBHEHME pe3ynbTaToB MOAENMPOBAHUS YPOBHS MMAPOCTaTUYECKOrO AaBMeHMs Ha
ocu o4vara gecopmauunm ¢ aHanuTudecknm pewleHnem. OueHeHa 3aBMCUMOCTb pacnpeneneHus rmapocrta-
TMYECKOro JaBMNeHNst Ha BXOOHOW U BbIXOOQHOW rpaHuLax ovara gedopmauumn OT YrmoBbIX XapaKTepUCTUK
KaHana, a Takke ero HeogHOpPOOHOCTb MO o4ary.

Knrouesnie crioga: paBHOKaHanbHoOe yrioBoOe NpeccoBaHne, rmapoctaTuyieckoe AaBneHne, MeTos Ko-
HEYHbIX 3NeMEHTOB, YrNoBble NapamMeTpbl kaHana, Mons HanpshkeHuin, ovar aedopmalmm, HeoaHopoa-
HOCTb
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BbICOKO3HTPOMUUHBLIA MATHUTHbIW CMNAB FexCosAl:NiSi, MTOJTYYEHHbLIV METOOM
MEXAHUYECKOIO NIETMPOBAHUA U UCKPOBOIO NMIASMEHHOIO CNEKAHUA
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MeToOOM MexaHU4eckoro nerMpoBaHUs MofyYeH BbICOKOIHTPONUUHLIN cnnaB FexCosAlsNizSi
(x = 5; 6; 8). MiccnegoBaHa MUKPOCTPYKTYpa, ha3oBbIv U FPaHYNOMETPUYECKUI COCTaBbl MOMy4YaeMbIX Mo-
polukoB. OnpeneneHa Heobxoanmasa yaensHas ao3a aHeprun ang obpasoBaHUs OAHOPOLHOrO TBEPAOro
pactBopa (D = 30 Bt-u/r). C ucnono3oBannem metoga CALPHAD nocTtpoeHa casoBas gnarpamma ans
MHOTOKOMMOHEHTHoM cuctembl FexCoesAlsNi2Si. HamarHM4eHHOCTb HacbIWEHUs U KO3PLMTMBHAS cuna no-
powka cnnaesa FesCosAlsNi2Si nocne mexaHuveckoro nerupoBaHus coctasnanm 154 ame/r n 53 3 coot-
BeTCTBEHHO. M3 nopowka cnnaBa FesCosAlsNi2Si B ycTaHOBKE MCKPOBOro MAa3mMeHHOro crnekaHus 6binm
nony4deHbl KOMMakTHble 0bpasubl, KoTopble oTxuranu npu Temnepatypax 900, 950 n 1000°C. lMNMocne oT-
Xura nsy4danvm MUKPOCTPYKTYPY U ¢ha3oBbIN cocTaB 00pasuoB. VcnbiTaHNA MarHUTHBIX CBOMCTB 06pasLoB
nokasarnu, YTo HaMarHM4eHHOCTb HachklWweHnst obpasuoB coctaBuna oT 159 go 168 ame/r, kKOspUMTMBHAS
cvna — oT 8,9 fo 29,2 3, npoYHOCTb Ha cxaTtne obpasuoB — ot 2190 go 2680 MIla, a MMKPOTBEPAOCTb —
oT 681 go 811 HV.

Kritouesbie crioea: BbICOKOIHTPOMUIAHbIN Crnnas, MexaHUYeckoe NermpoBaHne, UCKpoBOoe NiiasmeHHoe
cnekaHune, CALPHAD
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POPMUPOBAHUE KOMMO3NLUOHHbIX MOPOLWKOB MYJIbTUKOMMNOHEHTHbIX CNNABOB
CUCTEMDbI AlxNiCoFeCr METOOOM MEXAHOXMMMWYECKOIO CUHTE3A

E. 4. HECTEPOBA, T. N. BOBKOBA, kaHa. TexH. Hayk, J1. B. MYXAMEO3AHOBA,
M. B. XPOMEHKOB, H. A. CEPJIOK, kaHf. TexH. Hayk
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M3yyeH mexaHu3m obpaszoBaHUA KOMMO3ULMOHHBLIX MOPOLUKOB METOAO0M MEXaHOXUMWYECKOro CUH-
Te3a cuctembl AlxNiCoFeCr npu 1,6 < x < 60 aT. %, NpUrogHbIX 4118 OPMUPOBAHNUS NOKPLITUIA METOL0M
MUWKpOMa3MeHHOro HanbineHus. MiccnenosaH ha3oBbif cOCTaB BCex KoMno3uumii. lNpoBeaeH aHanms rpa-
HYJTIOMETPMYECKOrO COCTaBa, OOHOPOAHOCTU pacnpeaerieHNst 3aIEMEHTOB B CUHTE3UPOBAHHbIX KOHIIIOMe-
paTax u n3amepeHbl nokasaTeny MMKpOTBEPAOCTU NOPOLLKOB Mo Bukkepcy. [1ns 3KBUAaTOMHOW CUCTEMBI NO-
KasaTenu MUKpoTBepaocTu coctaBunm 6-9 Mla ¢ pa3bpocom 3HayeHun go 16%, mopdonormsa vYactuy,
oKkpyrnasi, anameTp oT 6 4o 63 MKM. YCTaHOBMNEHO, YTO AN MUKPOMNIa3MEHHOro HambleHns Lenecoob-
pasHO MCNONb30BaTh NOPOLLKM C cogepkaHmem antoMnHmnsa 20 < x < 60 at. %.

Knitouesbie crioga: BbICOKOIHTPOMUIAHBIE CrnaBbl, MHOFOKOMMOHEHTHbLIE CUCTEMbI, KOMMNO3ULMOHHbIN
NOpPOLLIOK, MOPAOSOrusi, rpaHyIOMETPUYECKUIA COCTAB, MUKPOTBEPLOCTb
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NMPUMEHEHUE METOLA NIOPAYEIro USOCTATUYECKOIO NPECCOBAHUA ONA NOBbILLEHNA
CBOWCTB TUTAHOBOI'O NCEBOO-a-CMNJIABA
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MpuBeneHbl pesynbTaTbl UCCMEAOBAHUS MEXaHUYECKUX M SKCMlyaTauMOHHbIX CBOWCTB MeTanna
OMbITHOW MOAENN N3 TUTAHOBOro nceBgo-a-cnnasa MNT-3B, nony4YeHHOW C MOMOLLBIO ropsiyYero nsocTaTu-
yeckoro npeccoBanus (FUIM-TexHonorumn). MexaHn4eckne CBOMCTBA, a TakKe XapaKTepucTMku paboTtocno-
COBHOCTM OMbLITHOW MOAENM MOSIHOCTBH COOTBETCTBYIOT TpeboBaHMAM HOPMAaTMBHOW OOKyMEeHTauuw,
npeabsBnsiemMmbM K AedpopMnpoBaHHbIM NonydabprkataMm aHanormyHbIX cevyeHun. NMpoBeneHHbIE MUKPO-
CTPYKTYPHbIE UCCMNEA0BaHUS B PA3fMYHbIX y4acTKax Ce4YeHUs 4EMOHCTPUPYIOT, B OTMYME OT CBOWCTB Ae-
dopmupoBaHHoro nonydabpukaTta, M30TPONHOCTb KOMMAKTUPOBAHHOW AeTanu.

Knroyeeble croga: TUTaHOBLIM NCEBAO-A-CMNNaB, KOMHaKTMpOBaHHbIVI maTtepwuarn, ropadyee mn3ocratu-
YeCKoe npeccoBaHune, mexaHn4eckne n akcniiyataumoHHble CBOMCTBA
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WCCNEQOBAHUE ®U3UKO-MEXAHUYECKUX CBOMCTB HANONHEHHOW OKCUOOM
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MeyaTb MeToAOM nocnowHoro HannaenexHusi (FDM) — ogHa 3 Hanbonee pacnpoCTpaHeHHbIX TEXHO-
norum agauTMBHOIO NPOM3BOACTBA, 6Aa3MPYIOLLNXCS Ha SKCTPY3MU TEPMONIIacTUYHON HUTK. Co3gaHue Kom-
NO31LMNOHHbIX MaTepuanos Ans FDM-nevaTu nyTem BBeAeHUsI B TEPMOMNACTUYHYO MaTpULLy AUCNEPCHBbIX
HanonHUTenen No3BonseT Nony4YnTb getanu ¢ TpebyembiM HabopoM xapakTepucTuk. B HacTosien pa-
00Te npeanpuHsTa NONbITKA Yry4leHUs N3HOCOCTOMKOCTM 06pasLoB M3 NOMMMEPHBLIX KOMMO3ULIMOHHbIX
MaTepuanoB Ha ocHoBe nonuatuneHtepedTanatrnukons (PETG) 3a cyeT ero mogmdpukaumm MuKpono-
POLLKOM OKCMAa antoMuHUsl. YCTaHOBMEHO ONTUMaribHOE cogepkaHne MOAMMULIMPYIOLLErO KOMMOHEHTA,
Mo3BOJIsilOLLIEE peann3oBaTb TEXHoNornyeckuin npouecc 3D-nevyat n obecneunTb YMEHbLUEHWE U3HOCa
KOMMO3WLIMOHHOIo MaTtepuana.

Knouesbie crnosa: TexHonorua 3D-nedyatn FDM, TtepmonnacTtbl, NonumepHbie mMaTtepuansl Ans
3D-neyvatun, MIBHOCOCTOMKOCTb, KOMMNO3ULMOHHBIE MaTepuansl
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BbINOMHEHbI 3KCNepMMeHTanbHble NCCNeAoBaHUA nNpoLecca HarpeBa OTBEPXKAEHHbIX yrie-, CTeKno-
W OpPraHonmnacTUKOB U NX KOMMNOHEHTOB, NOMELLEHHbIX B CBEpXBbiCOko4yacToTHoe (CBY) anektpomarHutHoe
none. NokasaHo, YTO OCHOBHOE BMNsIHWE Ha KUHETUKY NpoLecca OKa3blBatoT TEMMO- 1 anekTpodumsnyeckmne
CBOWNCTBA HanonHUTEnNs, a Takke NOornoweHHass MOLWHOCTb N3nydeHus. BnvsaHue BpemeHn BO3OencTBus
MeHee BblpaXeHOo M JOCTaTOYHO TOYHO OMUChIBAETCS CTENEHHbIMU PyHKUMAMU. [1ns SNOKCMAHOro CBA3Yy-
tOLLLero 3Ta 3aBMCUMOCTb BNn3ka K IMHENHOW. Y CTaHOBIEHO, YTO CTENEHb Harpesa yrnennacrtuka Ha nep-
Bo MMHyTe CBY-BO3OoencTBUS nNpeBbILIAET OaHHbIA NoKasaTenb Afsl CTEKNO- U opraHonnactuka Ha 35—
38%, HeCMOTpS Ha NOYTU B 4 pa3a MEHbLUNA YPOBEHb MOTTOLLIEHMS MOLLHOCTU M3nyyeHus. TpebyeTt go-
MONMHUTESNBHOIO U3Y4YeHns U 000CHOBaHNSA dakT 6onee MHTeHcuBHoro CBY-HarpeBa apaMngHom TKaHu m
opraHonacTuka, Yem cTekronnacTuka, 0 YeM CBMAETENbLCTBYET NpakTMYeckn B 2 pasa 66nbLuas 3aBucu-
MOCTb TEMMEpPATYpbl HAarpeBa OT NOrMOLLEHHON MOLLHOCTU U3MNYyYeHNs.

Knoyeebie criosa: NonMMepHbIE KOMMNO3ULIMOHHbIE MaTepuarbl, HanoMHUTENW, yrie-, CTEKIO- opra-
HOMMacTUKK, AuanekTpuyeckne csoncTBa, CBY anekrpomarHMTHoe nomne, NOrnoweHHass MOLLHOCTb,
HarpeB, Temneparypa
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CTEKNOMNNACTUKU HA OCHOBE HAMOJIHUTENEW, BOCCTAHOBJEHHbIX B CPEQE
NMMPMONHA NMPU HOPMAJIbHOM OABJIEHUA

A. E. MPOLEHKO, kang. TexH. Hayk, L. A. JTKOXO, A. C. XONOOOB, B. B. NMETPOB, a-p TexH. Hayk

@®Irb0Y BO «Komcomonbckuli-Ha-Amype eocydapcmeeHHbil yHueepcumemy, 681013,
2. Komcomonbck-Ha-Amype, np. JleHuHa, 27. E-mail: protsenko.ae@yandex.ru
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MpuHaTa k nydnukaumm 25.03.2025

MpepncTaBneHbl pe3ynbTaTtbl UCCreAOoBaHUS NPOLECCOB PELMKITNHIA NOSIMMEPHBLIX KOMMO3ULMOHHBIX
MaTepuarnoB Ha OCHOBE PeaKTONMacTUYHbIX MaTpuUL, METOAOM COfMbBONM3a. NS nonyyeHUst MaTpUYHOro
maTtepuarna Ucrnonb3oBanu aMoKCUAHYIO U 3MOKCUBUHUNAMUPHYIO CMOrbl XorogHoro oteepxaeHus. C ue-
Nblo ONTUMK3aLMK BbIGopa cpedbl CoNbBONM3a ObIN paccunTaH napameTp pacTBOPUMOCTM CErMeHTa MaT-
pvubl no meTtoay A. A. Ackagckoro. MoaTeepxaeHo, YTo NpUMeHeHWe napaMeTpa pacTBOPUMOCTM MO3BO-
nseT adeKTMBHO noabvpaTs pacTBOpUTENM ANA AECTPYKLUMM NONMMepHbIX MaTpul. Ha ocHoBe akcnepu-
MeHTanbHbIX UCCMEeAoBaHWM YCTAHOBIIEHO, YTO NYYLLUM pacTBOPUTENEM Cpeaun paccmaTpuBaeMblX ABNS-
eTcs NpuaunH. MNokasaHo, YTo ero NPMMeEHeHNe NO3BOSET COKPaTUTL BPeMsi CoNbBoNM3a 4o 1 4 npu Tem-
nepaTtype kuneHns 115°C. OcTtaTouyHoe coaepkaHue NosiMMePHON MaTpULibl HA BOCCTaHOBMEHHbLIX BOJIOK-
Hax cocTaBuno 20%. MpoYHOCTb BOCCTAHOBEHHbIX CTEKISIHHbIX BOMIOKOH cocTaBuna Ao 91% oT ucxog-
Hoi. OHaKo NPOYHOCTb Ha U3rMG KOMMO3WTOB Ha OCHOBE BOCCTAHOBIIEHHbIX TKAHEW cHM3unach Ha 29,7%.
HecmoTpsi Ha 9T0, BOCCTAHOBIEHHbIE BOJIOKHA MOTYT ObITb UCMOMb30BaHbI A1t MPOM3BOACTBA HEOTBET-
CTBEHHbIX MaroHarpyxeHHblx nsgenuii. iccnegosaHue noaTBepkaaeT NepcrekTMBHOCTb MCMONb30BaHUS
asoTcodepxallmx pacTeoputenei Ansa peunKknuHra nonmMMepHbiX KOMMO3nTOB.

Knroyessie crosa: NoJIMMEpPHbIE KOMMNO3UTbl, 3NOKCUAbI, BVIHI/IJ'IC-)CpI/Ipr, PEUUKITUHI, COJ1bBOJIN3, NMPOY-
HOCTb, TepmMoaHanma
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BINUAHUE HEUTPOHHOIO OBJTYYEHUA HA ATPEFATHO- U AUCTMEPCHO-YMPOYHEHHYIO
CTPYKTYPY KOMNO3UTHOW ZTA-KEPAMUKU

A. B. MATIELIKMIA 12, P. L. UICAEB '2, [. P. BEJINYKO 1, kaHa. dous.-maT. Hayk, . K. BOJIKOBA
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2 O6beanHEeHHbIN MHCTUTYT sAepHbIX nccnegosanuii, 141980, MockoBckas obr.,
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WccneposaHo BnivsHME 06rydeHMs HEWTPOHaMM Ha arperaTHO- U OUCTNEPCHO-YMPOYHEHHYIO CTPYK-
TYpY KOMNO3UTHOM kepamuku coctaBa a-Al20s + n%YSZ (ZrO2+ 3 mon.%Y203) (n=0;1;5; 10 n 15 mac.%),
MonyyYyeHHyl0 B pesynbTate 06paboTkM KOMMaKTOB BbLICOKMM rugpocTtatmdeckum pasneHmem 300 u
700 Mrla. PeHTreHOCTPYKTYPHbIN aHann3 nokasarn, 4To HEUTPOHHOe obnyvyeHne ABYX(a3HON KepamMuku
He BbI3Bario (ba3oBbIX U3MEHEHWI B KEpaMn4eCKoM koMmnosuTe. B xoae paboTbl ycTaHOBMNEHO, YTO achbdekT
ApobneHns 3epeH B maTepuane HabnwgaeTca TOMNbKO B OTHOLWeHMM YacTuy, YSZ n He HabnopaeTcs B
OTHoLeHun 3epeH a-Al203, 4TO MOXeT BbITb CBA3aHO C OCOHBEHHOCTSIMU CTPOEHUS KPUCTaNNMYECKNxX pe-
weTtok a-Al203 n t-ZrO2. Pe3ynbTaThl UcCnegoBaHuMi NO3BONSAOT FOBOPUTL O MEPCMNEKTUBAX UCNONb30BaHNUS
n3y4yaemMblX KeEpaMuK B YCNOBUSAX pagnaLoHHOrO BO3OENCTBUS.

Knoyesble crioga: KOMMO3WUTHas Kepamuka, CTPYKTypa, OKCUMA antoMWHWUS, ANOKCUA LIMPKOHUS,
HEeNTPOHbI, 06ryYyeHne, pagnalmoHHas CTOMKOCTb
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PACYETHbIE UCCNEQOBAHUSA OCTATOYHbIX U BPEMEHHbLIX CBAPOYHbIX HAMPAXEHUNA
B CTbIKOBOM MHOIroneroxogHom CBAPHOM COEAUMHEHNN U3 TUTAHOBOIO
NCEBAOO-B-CMITABA

B. . JIEOHOB, g-p TexH. Hayk, V. KO. CAXAPOB, kaHA. TexH. Hayk, C. B. KYBHEL|OB,
O. M. HECTEPOB

HUL] «Kypuyamosckutli uHcmumymy» — LIHUW KM «lpomemed», 191015, CaHkm-llemepbype,
yn. nanepHas, 49. E-mail: vleonov@crism.ru
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TexHonornyeckne onepaumy CBapku Npu U3roTOBIEHUN AeTanen MOPCKUX KOHCTPYKLMIA U3 TUTaHO-
BbIX NCeBOO-B-CNNaBoB GONbLUNX TOMMH HEN3BEXKHO NPUBOASAT K BO3HUKHOBEHUIO OCTATOYHbLIX CBapOY-
Hbix HanpsxeHun (OCH), BO3HMKaKOLWMX Ha Pa3fnyYHbIX y4acTKax CBapHOro LUBa U OKOMOLIOBHOW 30HbI U
CnocobCTBYOLWNX B psge CryvyaeB BO3HUKHOBEHWIO AeEKTOB U TpeLLmH. KoMnbloTepHOe MOAenMpoBaHne
CBapOYHbIX MPOLIECCOB LLUMPOKO UCMONb3YETCH C LieNblo aHanm3a 1 MporHo3npoBaHns paboTocnocobHOCTH
CBapHbIX COeAMHEHWI 1 ONTUMK3aLMUN NpoLiecca cBapku. [pyn aToM B CUIy CyLLLECTBEHHOW CITOXXHOCTU MO-
JenvpoBaHus npoLecca CBapkm U ero onucaHns MaTteMaTU4eCKMMmn 3aBMCMMOCTSMU NPUMEHSIIOTCS YMC-
neHHble MeToAbl Ha 6a3e NporpaMMHbIX KOMMMEKCOB MeToaa KoHeuYHbix anemeHToB (MKQJ), obecneunBa-
oLLIMEe BO3MOXHOCTb peLleHms TepmoaedopmMaLnoHHOM 3aadun B NPOCTPaHCTBEHHO-BPEMEHHbIX KOOPA M-
HaTax. Llenb HacTosLen paboThbl — pazpaboTka metogmku pacdeta OCH, mogenuvpytowiern oopmmpoBaHmne
BPEMEHHbIX M OCTATOYHbIX CBAPOYHbIX HAMPSHKEHWI NpY NocrefoBaTeNlbHOM 3anofHEeHUW pas3gesky Wwea
N HEOOHOBPEMEHHOM €€ BbINONHEHWM MO ANIMHE COEANHEHMUS.

Knroyessie crnosa: CBapkKa, TUTAHOBbLIN HCGBAO-B-CI’IJ’I&B, OCTaTO4HblEe CBapoO4Hble HanpsAxXeHund, me-
TOA KOHEYHbIX 3J1EMEHTOB

DOI: 10.22349/1994-6716-2025-122-2-153-171

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/
https://doi.org/10.1016/j.ceramint.2024.09.002
https://doi.org/10.1016/j.ceramint.2020.02.193
https://doi.org/10.1186/s11671-016-1452-3

JINTEPATYPA

1. Okepbriom H. O. CBapoyHble HAaNpsHPKEHUS B METANNOKOHCTPYKUMsixX. — M.: Mawrus, 1950.
2. BuHokypoB B. A. CBapouHble gedopmMaumm n HanpsbkeHus. — M.: MawwuHocTpoeHune, 1968.
3. lNotosckui B. A., KapxuH B. A. Teopus ceBapouHbix gedopmarmi u HanpsbkeHun. — J1.: JIKA, 1980.

4. Kapsos I'. 1., MapronuvH B. 3., LLiBeuoa B. A. dn3anko-mexaHmyeckoe MogenmpoBaHue NpoLeccoB
paspyweHus. — Cl16.: MonutexHuka, 1993.

5. KapsosI.T1., JleoHos B. I1., MapronuH B. 3. OcTtaTouHble cBapOYHble HanpsXeHnsi B 060no4YeYHbIX
KOHCTPYKLMSIX: COBCTBEHHbIE OCTaTOuYHble HanpsbkeHus // CygocTpouTenbHasi NPOMbIWIIEHHOCTb. Cep.:
Martepuanoeegenue. — 1991. — Buin. 12. — C. 3—-16.

6. MopbiHUH U. B., YeuynuH b. b. TutaH B MawmHocTpoeHun. — M.: MawuHocTpoeHune, 1990.

7. TopbiHvH N. B., Ywkos C. C., XaTtyHueB A. H. TutaHoBble crnnasbl ANs MOPCKOn TexHUkn. — CI16.:
MonutexHuka, 2007.

8. MakapoB 3. A. XonogHble TpeLuHbI NMPX CBapKe ferMpoBaHHbIX ctanen. — M.: MalumMHocTpoeHue,
1981.

9. MeaHosa Jl1. A., UnbuH A. B., JleoHos B. I., Museukuin A. B., Caxapos U. 0., XatyHueB A. H.
PacueTHasi ougeHKa YpOBHS U pacnpefeneHnss OCTaTOYHbIX CBAPOYHbIX HAaMpPsPKEHWA B COEOUHEHUSAX U3
TUTaHOBOro cnnaea 5B G6onbnx TonwuH // Bonpockl MaTepuanoBeaeHus. — 2008.— T. 4, Ne 56. — C. 37-53.

10. Kapsos T. 1., JleoHoB B. T1., MapronnH B. 3. PacueTHoe onpeneneHne nonem ocTaToO4YHbIX
CBapPOYHbIX HAMPSPKEHUIN B KOHCTPYKUMAX obonoveyHoro tuna (CoobuieHune 1) // ABTomaTnyeckasa ceapka.
—1992. —Ne 3. — C. 3-8.

11. Kapsos I'. ., JleoHoB B. 1., Mapronun b. 3. PacyeTHoe onpegeneHne nonen OCTaTOuYHbIX
CBApPOYHbIX HAMPSPKEHUIN B KOHCTPYKUMSAX obonoveyHoro tuna (CoobuieHune 2) // ABTomaTnyeckasa cBapka.
—1992. —Ne 4. - C. 7-12.

12.MateHT RU 2 690 257 C1. CnnaB Ha ocHoBe TuTaHa / KoBanb4yk M. B., OpbiweHko A. C., JleoHoB
B. . n gp. 3aseka 28 Hoa6psa 2018. Onybn. 31.05.2019.

13. Heinrich L., Feldhausen T., Saleeby K., Saldana C., Kurfess T. Prediction of Thermal Conditions
of DED With FEA Metal Additive Simulation. — International Manufacturing Science and Engineering
Conference, 2021.

14. JleoHoB B., Caxapos MW., KysHeuoB C., Hectepos [1. PacuyeTHO-akcnepumeHTanbHoe
nccnegoBaHue TemnepaTypHbIX NMOMen Npu BbIMOMHEHUX CBapKWM MO HanfaBke Ha NceBgo-f TUTAHOBOM
cnnase. — Bonpocel MaTepuanosegeHus. — 2025. — Ne 1 (121). — C. 159-170.

15. MaxHeHko O., MyxunuyeHko A., MNpyakmuin UN. MatemaTnyeckoe MoAenupoBaHWE HamnpsiKeHHO-
0edopMNPOBAHHOIO COCTOSIHUA CBapHbIX CTUMHIEPHbLIX MNaHenenW w3 TuTaHoBro cnnaesa BT20. —
ABTOoMaTunyeckas ceapka. — 2013. — Ne 2. — C. 14-20.

16. HeposHbii B. M. Teopus cBapouHbix npoueccos. — M.: N3g-so MI'TY um. H. 3. baymaHa, 2016.

17. Smith D., Pickett P., Grabowski T., Thrope J., Azarmi F. Investigation of Mechanical Properties
of Cobalt Chromium Additively Manufactured Using Direct Energy Deposition: Experimental Study and
Finite Element Analysis // International Thermal Spray Conference. — 2024. — P. 712-723.

18. ASTM EB837-99: Standard Test Method for Determining Residual Stresses by the Hole-Drilling
Strain-Gage Method.

YK 621.791.051.6:669.15-194.2

BINVUAHUE TEMMEPATYPbI U NPOOOINKUTENBHOCTU NOCNECBAPOYHOIO OTIMYCKA HA
CBOWUCTBA METAJJA LLBA HEGTEXMMUYECKOIO OGOPYJOBAHUSA U3 CTANU C
COOEPXAHMEM 2,25%Cr n 1,0%Mo

H. N. BATOKOBEHKO, E. A. NTAHUXNOWH, B. H. NEOAHKNH

AO «Ypanxummauw», 620010, Ceepdnosckas 0bi1., 2. EkamepuHbype, nep. XubuHoaopckul, 33.
E-mail: Nikolay.Zatokovenko@omzglobal.com

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/
mailto:Nikolay.Zatokovenko@omzglobal.com

Moctynuna B pegakuuto 13.03.2025
Mocne popaboTtkm 17.03.2025
MpuHsaTa k nydnukaumm 21.03.2025

MpuBeaeHbl pesynbTaTbl UCMbITAHUA KOHTPOSTbHBIX CBAapHbLIX COEAUHEHUI CTanen C coaep)kaHuem
2,25%Cr n 1,0%Mo npu pas3nuyHbix TeMnepaTypax 1 NPOAOIPKUTENBHOCTN TepMMYeckon obpaboTku. lMo-
Ka3aHO CHWXeHWe yaapHOM BA3KOCTU U NMOBbILLIEHWNE CKITOHHOCTM K TEPMUYECKOMY OXPYMNYMBaHUIO MeTanna
LUBA NPU CHWXKEHUN TeMMepaTypbl NOCNECBAPOYHON TepMUYECcKo 0bpaboTkM 1 yBENMYEHUN ee Npoaor-
XKUTENBHOCTWN.

Krnoueeble crioga: TENNOYCTOMYMBbBIE CTanu, aBToMaTu4Yeckas cBapka nog ritocom, cBapHble cCoeau-
HeHusl, Tepmmndeckasi obpaboTka, TemnepaTypHOe OXpynyvBaHue
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npeﬂCTaBHeH aHannTU4eCcKun 0630p Hay4HbIX 1 NPUKNagHbIX pa60T, NocBALLEHHbIX BOMpocaM BbICO-
KOTeMI'IepaTypHOIZ BO,EI,OpO,D,HOIZ KOppo3unn ctanu. PaCCManI/IBaI'OTCFl COBpeMEHHble MeTOAbl ANArHOCTUKU
BO,EI,OpO,D,HOIZ KOppOo3nn n npnBognUTCA o630p cbpr,ameHTaanux OTeYeCTBEHHbIX U 3apy6e>KHb|x pa3pa6o-
Tok. Ocoboe BHUMaHMe yoenaeTca aHanun3y nepcnekTtnBHbIX MeToA0oB nccnenoBaHnda gaHHOro tmna Kop-
po3nn ona oueHKn npurogHoCTn MmetTaryimn4eckoro 060pyﬂ,OBaHVI$-| K 3KCcnnyaTtauun B BoOgopoacoaepxalmx
cpenax npu noBblWEHHbIX TEMNEepaTypax U AaBlieHNAX N OLUEHKN PUCKOB pa3pyLleHna onacHbIX Npon3Boa-
CTBEHHbIX 0O bEKTOB, BbI3BaHHbIX BbICOKOTeMHepaTypHOVI BO,EI,OpOD,HOVI Koppoameﬁ.

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/

Krnoueeble criosa: BbiCOKOTeMMepaTypHasi BOAOPOAHas KOppo3usl, MHKYOALUOHHbIV nepuof, BOAo-
poa, HedbTenepepaboTka, cTanb

DOI: 10.22349/1994-6716-2025-122-2-180-200
JIMTEPATYPA

1. Koppo3uss wn 3awmta xumudeckorn annapatypbl. T. 9: HedTenepepabaTbiBaowasa u
HedTexnmmuyeckasn npombiwnieHHocTb / Mog pea. CyxotnHa A. M., LWWpengepa A. B., Apuakosa HO. . —J1.:
Xumus, 1974. — 576 c.

2. Apuyakos 0. U. BogopoaHas kopposus ctanu. — M.: Metannyprus, 1985.

3. Fletcher E. E., Elsea A. R. The effects of high pressure, high temperature hydrogen on steel. —
Defense Metals Information Center, Battelle Memorial Institute, 1964. - 35c. URL:
https://babel.hathitrust.org/cgi/pt?id=mdp.39015095155274&seq=13

4. Nugent M., Silfies T., Dobis J., Armitt T. A review of high temperature hydrogen attack (HTHA)
modeling, prediction, and non-intrusive inspection in refinery applications // NACE Corrosion Proceedings.
—2017. — March. — P. 11-13. URL: https://doi.org/10.5006/C2017-08924

5. Poorhaydari K. A Comprehensive Examination of High-Temperature Hydrogen Attack — A Review
of over a Century of Investigations // Journal of Materials Engineering and Performance. — 2021. — V. 30.—
P. 7875-7908.

6. APl RP 571. Creep and Stress Rupture // Damage Mechanisms Affecting Fixed Equipment in the
Refining Industry. — American Petroleum Institute, 2020. — 3rd ed.

7. Xu X., Niu J., Li Ch.,, Huang H., Yin Ch. Comparative Study on Hydrogen Embrittlement
Susceptibility in Heat-Affected Zone of TP321 Stainless Steel // Materials Science Forum. — 2020. — V. 993.
— P. 568-574. DOI: 10.4028/www.scientific.net/MSF.993.568

8. Li X., Chen H., Yao Z., Li J., Ke W. Hydrogen Attack on Austenitic Steel 304 under High
Temperature and High Pressure // Acta Metall. Sinica Ser. B. — 1993. - V. 6, Is. 11. — P. 374-378.

9. API RP 941. Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum
Refineries and Petrochemical Plants. — Washington: American Petroleum Institute, 2016. — 8th ed.

10. Elliot P. Materials performance in high-temperature environments — making the choice // NACE
Corrosion Proceedings. — 2000. — P. 1-22.

11. TexHuyeckne ykasaHus — pernmaMeHT Mo 3Kcnfyatauum u obcregoBaHuio 0b6oOpygoBaHUS
YCTaHOBOK KaTanuMTnyeckoro pudhopMunHra 1 rujpoodncTky, paboTatoLLmx B BOOOPOACOAEpKaLLMX cpeaax
npw NOBbILLEHHbIX TeMnepaType u aasneHun. — Cl6.: BHUMHedpTexum, BHUMHedTemalw, NleHkop, 1998.

12. API RP 579-1/ASME FFS-1, Fitness-For-Service. — Washington: American Petroleum Institute,
American Society of Mechanical Engineers, 2021. — 4th ed.

13. Prueter P. E. Leveraging fithess-for-service and inspection techniques to manage the risks
associated with high-temperature hydrogen attack // E2G industry insight. — 2019. — V. 7. — Spring/Summer.
— 14 p. URL: https://e2g.com/library-item/leveraging-fitness-for-service-and-inspection-techniques-to-
manage-the-risks-associated-with-high-temperature-hydrogen-attack/ (gata obpaweHnus 3.06.2025)

14. Martin M. L., Dadfarnia M., Orwig S., Moore D., Sofronis P. A microstructure-based mechanism
of cracking in high temperature hydrogen attack // Acta Materialia. — 2017. — V. 140. — P. 300-304. URL:
https://doi.org/10.1016/j.actamat.2017.08.051 (gata obpawyeHusa 3.06.2025)

15. Tang S., Guo T. F., Cheng L. Modeling hydrogen attack effect on creep fracture toughness // Int.
J. Solids Struct. —2011. - V. 48, Is. 20. — P. 2909-2919. URL: https://doi.org/10.1016/j.ijsolstr.2011.06.007
(nata obpaweHusa 3.06.2025)

16. Krynicki J., Bagnoli K., McLaughlin J. E. Probabilistic Risk Based Approach for Performing an
Onstream High Temperature Hydrogen Attack Inspection // 61st Annual Conference & Exposition. — 2006.

17. Chevreux N., Flament C., Gillia O., David T., Goti R., Le Nevé C., Andrieu E. Understanding the
Phenomenon of High Temperature Hydrogen Attack (HTHA) Responsible for Ferrito-Pearlitic Steels
Damage // High Temperature Corrosion of Mater. — 2024. — V. 101. — P. 1225-1236. URL:
https://doi.org/10.1007/s11085-024-10281-8

18. Benzerga A. A., Leblond J. B. Ductile fracture by void growth to coalescence // Advances in
applied mechanics. — 2010. — V. 44. — P. 169-305. URL.: https://doi.org/10.1016/S0065-2156(10)44003-X

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/
https://www.semanticscholar.org/venue?name=Corrosion
https://e2g.com/library-item/leveraging-fitness-for-service-and-inspection-techniques-to-manage-the-risks-associated-with-high-temperature-hydrogen-attack/
https://e2g.com/library-item/leveraging-fitness-for-service-and-inspection-techniques-to-manage-the-risks-associated-with-high-temperature-hydrogen-attack/
https://doi.org/10.1016/j.actamat.2017.08.051
https://doi.org/10.1016/j.ijsolstr.2011.06.007

19. Eliezer D. High-temperature hydrogen attack of carbon steel // J. Mater. Sci. — 1981. — V. 16. —
P. 2962-2966. URL.: https://doi.org/10.1007/BF00540300

20. Pillot S., Corre S., Coudreuse L., Chauvy C., Toussaint P. Development and production of creep
and hydrogen resistant grade 91 (9 Cr1 Mov) heavy plates for new generating high efficiency refining
reactors // NACE Corrosion Proceedings. — 2013. - V. 91. — P. 1-15.

21. Schldgl S. M., Svoboda J., Van Der Giessen E. Evolution of the methane pressure in a standard
2.25 Cr—1Mo steel during hydrogen attack // Acta materialia. — 2001. — V. 49, N 12. — P. 2227-2238. URL.:
https://doi.org/10.1016/S1359-6454(01)00132-X

22. Van Der Burg M. W. D., Van Der Giessen E. A Continuum damage relation for hydrogen attack
cavitation // Acta Mater. — 1997. — V. 45. — P. 3047-3057. URL: https://doi.org/10.1016/S1359-
6454(96)00382-5

23. Sundararajan G., Shewmon P. G. The kinetics of hydrogen attack of steels // Metall Trans A. —
1981.-V. 12. — P. 1761-1775. URL: https://doi.org/10.1007/BF02643758

24. Shewmon P. G. Synergism between creep ductility and grain boundary bubbles // Acta Metal. —
1987. - V. 35. — P. 1317-1324. URL: https://doi.org/10.1016/0001-6160(87)90013-7

25. Dadfarnia M., Martin M. L., Moore D. E., Orwig S. E., Sofronis P. A model for high temperature
hydrogen attack in carbon steels under constrained void growth // Int. J. Fract. — 2019. - V. 219. — P. 1-17.
URL: https://doi.org/10.1007/s10704-019-00376-8

26. Pillot S., Coudreuse L. Hydrogen-induced disbonding and embrittlement of steels used in
petrochemical refining // Gaseous hydrogen embrittlement of materials in energy technologies. — 2012. —
P. 51-93. URL: https://doi.org/10.1533/9780857093899.1.51

27. OBuunHHMKoB N. W., OBunHHmMkoB W. I'. BnnsiHne Bogopoaocoaepallen cpeabl Npu BbICOKUX
TemnepaTypax 1 JaBfeHUsIX Ha NoBeAeHne MeTanmnoB 1 KOHCTPYKUUA n3 Hux // HaykoBegeHue. — 2012, —
Ne 4 (13). — 28 c. URL: https://naukovedenie.ru/PDF/60tvn412.pdf (aata obpaiyeHus 2.06.2025)

28. Anekcees B. W., lOcynos B. C., llazapeHko . 0. MexaHn3m BnusHua monubaeHa n meam Ha
aHTUKOPPO3UOHHLIE cBolcTBa cTanu // MNMepcnekTnBHblie maTepuansl. — 2009. — T. 6. — C. 21-29.

29.Shewmon P. G. Hydrogen Attack of Carbon Steel // Metallurgical transactions A. — V. 7A. —1976.
— P. 279-286. URL: https://doi.org/10.1007/BF 02644468

30. Anekcees B. U., Borontobcknin C. [., Ywakos N. C. TepmognHammdeckas oLeHKa CKITOHHOCTU
XPOMUCTbIX CTarnen K BOAOPOAHOM KOppO3uKM Npu NoBbILLEHHBIX TemMnepaTypax U AaBreHusix Bogopoaa //
KypHan ms. xummn. — 1971. — T. 45, Ne 8. — C. 2053.

31. Schlégl S. M., Van Der Giessen E. Micromechanics of High Temperature Hydrogen Attack //
Proceedings of the European Conference on Computational Mechanics, solids, structures, and coupled
problems in engineering, August 31 — September 3. — 1999. — P. 1-11.

32. Bodden Connor M. T., Barrett C. D. Introduction of Molecular Dynamics for HTHA and a Review
Article of HTHA // J Fail. Anal. and Preven. 2022. — V. 22. - P. 1326-1345. URL:
https://doi.org/10.1007/s11668-022-01419-4

33. Skrypnyk L. D. Analytic evaluation of hydrogen-assisted void growth at high temperatures //
Mater. Sci. — 1997. — V. 33, N 4. — P. 478-490. URL: https://doi.org/10.1007/BF02537545

34. Parthasarathy T. A., Lopez H. F., Shewmon P. G. Hydrogen Attack kinetics of 2.25Cr-1Mo steel
weld metals / Metall. Trans. A. - 1985 - V. 16A. - P. 1143-1144. URL:
https://doi.org/10.1007/BF02811683

35.ApuakoB 0. W., Ipebewkosa W. [. BopopopHasa kopposus ctanen // Kopposus u 3awumra
Xumu4yeckon annapatypsbl. — J1.: Xumus, 1974. - T. 9, 4. 2. — C. 335-364.

36. MNMaenoe C. b., ManukoB B. A. BnusiHne Bogopoga Ha ctanb 09I2C npu NOBbIWEHHbLIX
TemnepaTypax u gasneHusx // MexayHapoaHblin Hay4yHO-uccneaoBaTensCckum xypHan. — 2014, — T. 10. —
P. 38-39.

37. Shih H. M., Johnson H. H. Inclusions, grain boundaries and hydrogen attack // Scripta
Metallurgica. — 1977. — V. 11. — P. 151-154. DOI: 10.1016/0036-9748(77)90296-4

38. Mostert R. J., Mukarati T. W., Pretorius C. C. E., Mathoho V. M. A constitutive equation for the
kinetics of high temperature hydrogen attack // Procedia Structural Integrity. — 2022. — V. 37. — P. 763—770.
URL: https://doi.org/10.1016/j.prostr.2022.02.007

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/
https://naukovedenie.ru/PDF/60tvn412.pdf
https://elibrary.ru/title_about_new.asp?id=33153

39. Looney L., Hurst R. C., Taylor D. The effect of high pressure hydrogen on the creep fracture of
notched ferritic-steel components // Journal of Materials Processing Technology. — 1998. - V. 77. — P. 25—
31. URL: https://doi.org/10.1016/S0924-0136(97)00384-1

40. Alshahrani M. A. M., Ooi S. W., Colliander M. H., El-Fallan G. M. A. M., Bhadeshia H. K. D. H.
High-temperature hydrogen attack on 2.25 Cr-1Mo steel: the roles of residual carbon, initial microstructure
and carbide stability // Metallurgical and Materials Transactions A. — 2022. — V. 53, N 12. — P. 4221-4232.
URL: https://doi.org/10.1007/s11661-022-06809-9

41. ApuakoB 0. U. deHoMeHonorm4yeckas Teopusi nerMpoBaHusi BOAOPOAOYCTONUMBLIX cTaneun //
Bonpocbl aToMHOM Hayku n TexHukn. — 2008. — Ne 2. — C. 31-36.

42. ASM Handbook Committee. V 1: Properties and Selection: Irons, Steels, and High-Performance
Alloys — ASM International, 1990. URL: https://doi.org/10.31399/asm.hb.v01.9781627081610

43. Shimomura J-1., Tani H., Kooriyama T, Sato Sh., Ueda S. High Strength 2-1/4 and 3% Cr-1% Mo
Steels with Excellent Hydrogen Attack Resistance // Kawasaki steel technical report. — 1989. — N 20. —
P 78-87.

44. Apuakos 0. U. Bogopogoyctonumeoctb ctanu. — M.: Metannyprus, 1978. — 112 c.

45. AnekceeB B. W., boronto6ekmn C. [., Ywakos WN. C., WeapumaH J1. A. TepmoguHamuyeckas
OLEHKa CKITOHHOCTM XPOMMCTbIX CTanew K BOOOPOAHOW KOpPpO3uM NPW MOBbIWEHHbIX Temnepatypax u
AaBneHuax Bogopopaa // XKypHan ums. xummun. — 1971. — T. 45. — C. 2053-2055.

46. YTtesckun J1. M. OTtnyckHasa xpynkocTb ctanu. — M.: Metannyprusaar, 1961. — 101 c.

47. Chao B. L., Odette G. R, Lucas G. E. Kinetics and mechanisms of hydrogen attack in 2.25Cr-
1Mo steel. — Santa Barbara (USA): Oak Ridge National Lab, 1988.

48. Schldgl S. M., Giessen E. van der, Leeuwen Y. van. On methane generation and decarburization
in low-alloy Cr-Mo steels during hydrogen attack // Metal. Mater. Trans. A. —2000. -V. 31, N 1. — P. 125—
137. DOI: 10.1007/s11661-000-0059-5

49. Chan S. L. I. Hydrogen trapping ability of steel with different microstructure // Journal of the
Chinese Institute of Engineers. - 1999. - V. 22, N 1. - P. 43-53. URL:
https://doi.org/10.1080/02533839.1999.9670440

50. Yamani A. A cost effective development of an ultrasonic A-scans database for high-temperature
hydrogen attack // NDT&E International. - 2008. - V. 41. - P. 163-168. URL:
https://doi.org/10.1016/j.ndteint.2007.10.007

51. Allevato C. Utilizing acoustic emission testing to detect high-temperature hydrogen attack (HTHA)
in Cr-Mo reformer reactors and piping during thermal gradients // Procedia Engineering. — 2011. — V. 10. —
P. 3552-3560. URL: https://doi.org/10.1016/j.proeng.2011.04.585

52. Hlongwa N., Mabuwa S., Msomi V. The development of techniques to detect high temperature
hydrogen attack — A mini review // Materials Today: Proceedings. — 2021. — V. 45. — P. 5415-5418. URL.:
https://doi.org/10.1016/j.matpr.2021.02.112

53. LiX.,DongC., Li M., Chen H. Effect of hydrogen attack on acoustic emission behavior of low carbon
steel // International Journal of Minerals, Metallurgy and Materials. — 2002. — V. 9, N 2. — P. 130-134.

54. Panzarella C., Cochran J. The E2G Model of High Temperature Hydrogen Attacs and the New
Prager Curves // WRC Bulleten Current Concepts for Life Assessment of Pressure Vessels and Piping. —
2016. - V. 568. — P. 135-169.

55. Nugent M., Silfies T., Kowalski P., Sutton N. Recent applications of evaluations of equipment in
HTHA service // NACE Proceedings. — 2018. — P. 10509.

56. High temperature hydrogen attack: New NDE advanced capabilities — development and
feedback / C. Le Nevé, S. Loyan, L. Le Jeune, S. Mahaut, S. Demonte, D. Chauveau, M. Tessier et al. //
Proceedings of ASME 2019 Pressure Vessels and Piping Conference. American Society of Mechanical
Engineers. — 2019. — Paper No PVP2019-94001, VOO7T07A011. — P. 11. DOI: 10.1115/PVP2019-94001

57. Oobpoteopckunn A. M., Konbinbuos A. B., Jobpoteopckuin M. A. HoBble puU3NKo-xumumyeckmne
MEeTOAbl BbISIBMIEHUSA MPUYMH OTKa30B TexHosorndeckoro obopyaoBaHus HedTenepepabaTbiBatoLLmX
npeanpuaTun // Xummdeckast TexHuka. — 2017. —Ne 1. — 30 c.

58. AcBusiH M. b. BnusHue macwitabHoro dakropa Ha AnUTENbHYI0 MPOYHOCTL TPYO MpY BbICOKOM
BHYTpeHHEM aaBneHumn sBogopoaa // 3aBoackas nabopatopud. — 1963. — T. 3. — C. 352-356.

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/
https://doi.org/10.31399/asm.hb.v01.9781627081610

59. AcBusaH M. B. OcHoBHbIe (hakTopbl, BAMSIOLNE HA ANUTENBHY NPOYHOCTb CTanu Npu BbICOKUX
naBneHusix Bogopopa // duanko-xmMmmyeckasa mexaHuka martepuanos. — 1977. - T. 6. — C. 3-6.

60. YepHbix H. I. BrnvaHne Bogopoada Ha ONUTENBHY MPOYHOCTb HEKOTOPLIX cTanen // BrnvaHue
BoJopoaa Ha cnyxebHble cBoncTBa ctanu. — Npkytck: MpkyTckoe kH. u3a-so, 1963.

61. Kaptawos A. M. BnuaHvue BogopoaHOro BO3AENCTBUSI NPU BbICOKOW TemnepaTtype 1 AaBneHuu
Ha ynpyrve cBoicTBa yrnepoancton ctanu // C6. Hay4uH. Tp. acnnpaHToB. — J1.: JINTMO, 1974. — C. 142—
145.

62. MwupoHoB B. U., EmenbsiHoB U. T, Buuyxanun [. U., 3amapaes J1. M., Oropenkoe [. A., AkoBnes
B. B. BnusiHne TemnepaTypbl HABOOOPOXMBAHMS 1 PAcTArMBaOLLErO HANPsXKeHUs Ha NapaMeTpbl NOJTHON
Aunarpammel fedopmupoaHusa ctanm 09IM2C // Diagnostics, Resource and Mechanics of Materials and
Structures. — 2020. — Ne 1. — C. 24-33.

63. ApuakoB 0. N., Tecna Bb. M. WccnepoBaHne BnvsiHsi Bogopoda Ha paboTocnocobGHOCTb
obopygoBaHna M TpyboOmpoBOAOB MNpu  ANWTENbHLIX  Cpokax  akcnnyatauum /[ [pouecchl
HedTenepepaboTkn n HedpTexmum: cb. Hayd. Tp. kK 75-neturo BHMNHedTexnma. — CI16., 2005.

64. Nelson G. Hydrogenation Plant Steels // Proceedings API. — 1949. — V. 29M. — P. 163-174.

65. API Publication 940: Steel Deterioration in Hydrogen: A Report on Corrosion Research. —
Washington: American Petroleum Institute, 1967.

66. API Publication 945: A Study of the Effects of High-temperature, High-pressure Hydrogen on Low-
alloy Steels. — Washington: American Petroleum Institute, 1975.

67. Cantwell J. High-Temperature Hydrogen Attack // Mater. Perform. — 1994. — V. 33 (7). — P. 58-61.

68. Staats J., Buchheim G. A new practical method for prioritizing equipment in HTHA service for
inspection and replacement and the challenges in obtaining process conditions to be used in the HTHA
assessment // NACE Corrosion Proceedings. — 2016. — P. 7233.

69. Sutton N. G., Time Dependent Nelson Curve Update // World Fertilizer. — 2024. — July/August.

70. Osage D. et al. E2G Technical Report 94: E2G HTHA JIP FFS. Rules for API 579-1/ASME
FFS-1, Part 15. Version 7. The Equity Engineering Group, 2017.

71. Pretorius C. C. E., Mostert R. J., Mukarati T. W., Mathoho V. M. Microstructural influences on the
damage evolution and kinetics of high temperature hydrogen attack in a C-0.5 Mo welded joint // Suid-
Afrikaanse Tydskrif vir Natuurwetenskap en Tegnologie. — 2021. — V. 40, N 1. — P. 212-223. URL:
https://hdl.handle.net/10520/ejc-aknat_v40_n1_a55

72. PanzarellaC. H., Osage D. A,, Spring D. W., Gassama E., Cochran J. The a—Q HTHA Model and
the Time-Dependent Prager Curves // WRC Bulletin 585, The Welding Research Council — New York. —
2021.

YK 621.791.019:539.421:621.039.536.4

NPOrHO3NPOBAHUE MAPAMETPOB TPELUWHOCTOUKOCTU METAJNNA PASHOPOOHbIX
CBAPHbIX COEAMHEHUW TPYBOMPOBOAOB AY800 M'UT U r'UH PY BB3P-1000 ANA
OBOCHOBAHUA NPUMEHMMOCTU KOHLUENLUWUU «TEYb NEPEQ PA3PYLLEHUEM»

H. B. BACUIIbEB?, kaHa. TexH. Hayk, M. H. TUMO®EEB', kaHa. TexH. Hayk, A. C. LUANbIFNH',
. A. XOMWY', B. A. TETPOB', kaHa. TexH. Hayk, [. ®. M'YLIEB?, kaHA4. TexH. Hayk, B. B. LLUTOB?

" HUL| «Kypuyamosckuli uHcmumymy — LIHUW KM «lMpomemeti», 191015, CaHkm-lTemepbype,
yn. LnanepHas, 49. E-mail: mail@crism.ru

2A0 «KoHuepH PocaHepzoamom», 109507, Mockea, yn. ®epzaHckasi, 25

S®unuan AO «KoHuepH PocaHepeoamomy» «Bbanakosckass amomMHasi cmaHyus», 413801,
Capamosckasi 06r11., e. banakoeo

© 2025
HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein»
http://www.crism-prometey.ru

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



http://www.crism-prometey.ru/
mailto:mail@crism.ru

MocTtynuna B pegakuuto 10.02.2025
Mocne popaboTtkm 17.02.2025
MpuHaTa k nyénukauumn 17.02.2025

MpeacrtaBneHbl pe3ynbTaThl UCCNEAOBaHUSA XapaKTEPUCTUK TPELLUMHOCTOMKOCTU MeTarnna pasHopoa-
HOro CBapHOro CoeANHEHMS NePEXOOHUKOB rMaBHOro LUpKynsaumnoHHoro Tpybonposoaa (MLUT) n natpybka
rmaBHOro UMpkynsumoHHoro Hacoca (UH). MNonyyeHHble ncxoaHble AaHHbIE HEOOXOANMbI AN BbINOMHe-
HWUsi pac4YeTHOro 0B6OCHOBaHWS MPUMEHEHUSI KOHLEMNUMM «Teyb Nnepen paspylieHnem» npu npoaneHum
cpoka cnyx6bl MUT peakTopHbix yctaHoBok BB3OP-1000 no 60 net (go 520 Tbic. W). MiccnegoBaHus npo-
BeZeHbl Ha obpasuax, Bblpe3aHHbIX U3 KOHTPOJIbHbIX CBAaPHbIX COEAMHEHWI NPUBAPKN NEPEXOOHUKOB TPY-
6onposoaa [y800 m3 ctann 10MrH2M®A « natpybky MUH n3 ctanu 06X12H34J1. Ona noctpoenus J-kpu-
BbIX MPOBEAEHbBI UCCINEA0BaHNSA TPELLMHOCTOMKOCTM MeTaria CBapHOro LIBa, BbINOMHEHHOIO Py4YHOW U aB-
TOMaTUYECKOW CBapKOW, N 30Hbl NEPEXOAHON HaMMaBKu B UCXOOHOM COCTOSIHMM M Mocre TennoBoro cra-
peHusi B nHTepBane Temnepatyp akcnnyataumm ot 100 go 290°C. Mo nporHo3npyembiM 3Ha4YeHuaM Tk (t)
[aHa oLleHKa BA3KOCTU paspyLueHus Kic (t), a Takke yaapHou Baskoctu KCV npu pacyeTHon Temneparype
290°C Ha koHeLl, cpoKa aKcnyatauumm.

Knouesbie crosa: peaktopHasa yctaHoBka BBOP-1000, rnmaBHbIN LMPKYNALMOHHBIA TpybBonposoa,
npoaneHune cpoka crnyxbbl, KOHTPONbHOE CBApHOE COeAMHEHME, MepexoHas Hannaska, TennoBsoe crape-
HUWe, BA3KOCTb paspyLUeHus, Kputuyeckasa TemnepaTypa XpynkocTu, pacdeTHoe obocHoBaHme
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Abstract—A set of studies on the influence of tempering modes on structural changes in sheet metal prod-
ucts of various thicknesses of high-strength low-carbon martensitic steel has been carried out. It has been
shown that the formation of a carbide phase in lath martensite and self-tempered martensite has a decisive
influence on the level of impact work of steel with a martensitic structure.

Keywords: high-strength steel, furnace heating quenching, high tempering, sheet metal, structure, lath
martensite, self-tempered martensite, special carbides, secondary hardening, impact work
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Abstract—The work investigates the effect of heat treatment on the formation of an a-phase layer with a
modified structure, representing polyhedral grains of different sizes, on the surface of rolled sheet products
made of high-strength low-carbon chromium-nickel-molybdenum bainitic-martensitic shipbuilding steel. Af-
ter varying the hardening and tempering modes, metallographic studies and hardness measurements from
the surface to the middle of the rolled product with a thickness of 10 mm were carried out. The deformation
capacity of the rolled sheet products was estimated based on the results of bending tests at an angle of
180°. It was shown that the duration of high tempering has a decisive effect on the formation of such a
layer. Based on the research results, a mode of heat treatment of rolled sheet products with a thickness of
less than 16 mm was proposed, ensuring the formation of an a-phase layer with a modified structure of the
smallest depth without significant changes in hardness.

Keywords: low-carbon chromium-nickel-molybdenum steel, bainite, martensite, tempering, sheet
metal surface, a-phase layer with modified structure, deformation capacity, bending
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Abstract—The paper presents the comparable study of changes in hardness and microstructure of the
0.35Cr hot rolled chromium steel after isothermal and cycle annealing. After conducting the experiment,
temperature modes of such annealing have been provided to meet additional requirements to hardness
and depth of the decarburized layer according to National Standard GOST 4543-71. The advantage of the
developed cycle annealing with soaking above the Acs critical point in terms of temperature-and-rate con-
ditions of cooling at the final cycle for formation of the uniform structure of granular pearlite and spheroidi-
zation of the carbide phase along the entire area of studied samples is demonstrated.

Keywords: 0.35Cr structural hot rolled steel, Brinell hardness, isothermal annealing, cycle annealing,
microstructure, carbide phase, spheroidization
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Abstract—The microstructure of the material of the first-stage working blade of the Siemens SGT-400 gas
turbine made of a heat-resistant single-crystal alloy was investigated in the post-operational state (after
working out the assigned resource of ~25,000 h). The structural and phase state of the heat-resistant single-
crystal nickel-based alloy after full-scale operation under conditions of long-term exposure to a high-tem-
perature gas flow and working loads was studied using electron microscopy, X-ray diffraction analysis and
differential scanning calorimetry. The regularities of the high-temperature aging process were studied, man-
ifested in the appearance of coarse porosity, precipitation of the lamellar y'-phase and local fusion of
v'- phase cells in the axes of dendrites. The microindentation method was used to study the microhardness
in different zones and structural components of the material of the locking and feather parts of the blade.

Keywords: heat-resistant single-crystal alloy, post-operational state, microstructure, dendritic struc-
ture, intermetallic phase, microhardness, high-temperature aging
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Abstract—The structure and properties of the metal of construction beams in buildings of the 19th century
have been studied: the I-beam as a load-bearing element of the Monier brick vault and the rail as the base
of the balcony. The metal of the I-beam was found as low-carbon steel, moderately contaminated with
impurities. The mechanical properties of the metal are sufficiently high at the ambient temperature. How-
ever due to the great amount of the carbon macrosegregations the metal is prone to cold brittleness. The
rail is made in England from the puddling iron. The metal is characterized by brittleness and it contains
numerous non-metal inclusions enriched with phosphorous.

Keywords: steel, iron, 19th century, buildings, vaults, balcony, I-beam, rail, properties, structure, brit-
tleness
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Abstract—Influence investigation of the angular die parameters on hydrostatic pressure during equal chan-
nel angular pressing was studied by finite element method. The channel intersection angle has been con-
sidered in the range 90-120°, and the outer die radius was studied in the range (0.05-1). The problem is
solved under the assumption of a plane-strain state using a model of an ideal rigid-plastic body. The friction
conditions with the coefficient of friction equal 0.1 are determined by Coulomb — Amonton’s law. The results
of modeling the level of hydrostatic pressure on the axis of the deformation zone are compared with the
analytical solution. The hydrostatic pressure distribution dependence at the input and output of the plastic
deformation zone boundaries on the die geometry characteristics was estimated. The hydrostatic pressure
heterogeneity in plastic deformation zone was determined.

Keywords: equal channel angular pressing, hydrostatic pressure, finite element method, die geometry,
stress field, plastic deformation zone, heterogeneity
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Abstract—In this work, a high-entropy alloy FexCosAlsNi2Si (where x = 5, 6, 8) was obtained by mechanical
alloying. The microstructure, phase and granulometric compositions of the obtained powders were studied.
The required specific energy dose for the formation of a homogeneous solid solution (D = 30 W-h/g) was
determined. Using the CALPHAD method, a phase diagram was constructed for the multicomponent
FexCosAlsNi2Si system. The FesCosAlsNi2Si alloy powder after mechanical alloying showed a saturation
magnetization of 154 emu/g and a coercive force of 53 Oe. Compact samples were obtained from the
FesCosAlsNi2Si alloy powder in a spark plasma sintering installation and annealed at temperatures of 900,
950 and 1000°C. The microstructure and phase composition of the samples after annealing were studied.
Tests of magnetic properties of samples showed that the saturation magnetization of samples ranged from
159 to 168 emu/g, coercive force — from 8.9 to 29.2 Oe. Compressive strength of samples ranged from
2190 to 2680 MPa, and microhardness — from 681 to 811 HV.
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Abstract—The paper studies formation of composite powders of the AlNiCoFeCr system at
1.6 < x £ 60 at%, suitable for coatings obtained by the microplasma spraying. The phase composition of all
combinations was investigated. An analysis of the granulometric composition, uniformity of the distribution
of elements in the synthesized conglomerates was carried out, and the Vickers microhardness of the pow-
ders was measured. For the equiatomic system, the microhardness indicators were 6—-9 GPa with a range
of values up to 16%, the morphology of the particles was round, the diameter was from 6 to 63 uym. It has
been established that for microplasma spraying it is advisable to use powders containing aluminum
20 < x <60 at%.

Keywords: high-entropy alloys, multicomponent systems, composite powder, morphology, granulo-
metric composition, microhardness
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Abstract—The article presents the results of the study of mechanical and operational properties of the
metal of the experimental model made of titanium pseudo-a-alloy PT-3V, obtained using hot isostatic press-
ing (HIP technology). The mechanical properties, as well as the performance characteristics of the experi-
mental model, fully comply with the requirements of the regulatory documentation imposed on deformed
semi-finished products of similar sections. The microstructural studies carried out in various thicknesses
demonstrate the isotropy of the compacted part compared to the deformed semi-finished product.
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Abstract—Fused deposition modeling (FDM) is one of the most common additive manufacturing technol-
ogies based on the extrusion of thermoplastic filament. The creation of composite materials for FDM-print-
ing by introducing dispersed fillers into a thermoplastic matrix allows obtaining parts with the required set
of characteristics. In this paper, an attempt was made to improve the wear resistance of PETG-based pol-
ymer composite materials (PCM) samples by modifying them with aluminum oxide micropowder. The opti-
mal content of the modifying component was determined, thus ensuring the 3D-printing process and reduc-
ing the wear of such PCM.

Keywords: FDM-printing, thermoplastics, composite polymer materials, wear resistance, thermo-
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Abstract— Experimental studies of the heating process of cured carbon, glass and organoplastics and
their components placed in an ultra-high-frequency (UHF) electromagnetic field have been performed. It
has been shown that the main influence on the kinetics of the process is exerted by the thermal and elec-
trophysical properties of the filler, as well as the absorbed radiation power. The effect of exposure time is
less pronounced and is described quite accurately by power functions. For an epoxy binder, this depend-
ence is close to linear. It has been established that the heating of carbon plastic in the first minute of mi-
crowave exposure exceeds this indicator for glass and organoplastic by 35-38%, despite an almost 4 times
lower level of absorption of radiation power. The fact of more intense microwave heating of aramid fabric
and organoplastic than fiberglass, which is manifested in an almost 2 times greater dependence of the
heating temperature on the absorbed radiation power, requires additional study and justification.

Keywords: polymer composite materials, fillers, carbon, glass, organoplastics, dielectric properties,
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Abstract—The article presents the results of a study on the recycling of polymer composite materials
(PCMs) based on reactive matrices using solvolysis. Epoxy and epoxy vinyl ester resins were used as the
matrix material, which were cured at room temperature. To optimize the selection of the solvolysis medium,
the solubility parameter of the matrix component was calculated using the method of A. Askadsky. This
method has been shown to be effective in selecting solvents for polymer matrices destruction. Based on
experimental studies, pyridine was found to be the best solvent out of those considered. Its use reduced
the time of the solvolysis process to 1 hour at boiling point (115°C). The resulting fibers had a residual
content of 20% of the original polymer matrix. The strength of these recovered fibers was found to be up to
91% of their initial strength. However, composites made from these reconstituted fibers showed a 29.7%
reduction in bending strength compared to the original composites. Despite this, the recovered fibers can
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be used to create non-essential, low-weight products. The study confirms the potential of using nitrogen-
based solvents for recycling polymer composites.

Keywords: polymer composites, epoxies, vinyl ethers, recycling, solvolysis, alcoholysis, strength, ther-
mal analysis, catalysis
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Abstract—The work investigated the effect of neutron irradiation on the aggregate- and dispersion-hard-
ened structure of composite ceramics of the composition a-Al203 + n% YSZ (ZrO2 + 3 mol.% Y20s3) (n = 0;
1; 5; 10 and 15 wt.%) obtained as a result of processing compacts with high hydrostatic pressure (HHP) —
300 and 700 MPa. X-ray structural analysis showed that neutron irradiation of two-phase ceramics did not
cause phase changes in the ceramic composite. In the course of the work it was established that the effect
of grain fragmentation in the material is observed only in relation to YSZ particles and is not observed in
relation to a-Al2O3 grains, which may be associated with the structural features of the crystal lattices of a-
Alz2O3 and t-ZrO2. The results of the research allow us to talk about the prospects for using the studied
ceramics under conditions of radiation exposure.
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radiation resistance
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COMPUTATIONAL STUDIES OF RESIDUAL AND TEMPORARY WELDING STRESSES
IN A MULTIPLE-PASS BUTT WELDED JOINT MADE OF TITANIUM PSEUDO-8-ALLOY

V.P. LEONOV, Dr Sc. (Eng), I.Yu. SAKHAROV, Cand Sc. (Eng), S.V. KUZNETSOV, D.M. NESTEROV

NRC “Kurchatov Institute” — CRISM “Prometey”, 49 Shpalernaya St, 191015 St Petersburg,
Russian Federation. E-mail: mail@crism.ru

Received March 11, 2025
Revised May 27, 2025
Accepted May 30, 2025

Abstract—Welding operations in the manufacture of marine structural parts from titanium pseudo-B-alloys
of large thicknesses inevitably lead to the occurrence of residual stresses that arise in various areas of the
weld and the weld-affected zone and contribute in some cases to the occurrence of defects and cracks.
The development of high-gradient fields of temporary and residual welding stress, occurring at various
locations within the weld joint and heat-affected zones, poses a specific risk. These stress fields can con-
tribute to the formation of defects and cracks in certain circumstances. Computer simulation of welding
processes is extensively utilized today for analyzing and predicting the performance of welded joints, as
well as optimizing the welding process. Given the substantial complexity involved in modeling welding op-
erations, mathematical descriptions of these processes have increasingly embraced numerical methods
over the past decade. These methods, grounded in Finite Element Method (FEM) software solutions, facil-
itate the resolution of thermodeformation challenges within spatiotemporal parameters. The purpose of this
work is to develop a calculation method that models the formation of temporary and residual welding
stresses during sequential filling of the weld bevel and its non-simultaneous execution along the length of
the joint.

Keywords: welding, titanium pseudo-B-alloy, residual welding stresses, finite element method
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Abstract—The results of tests of control welded joints of steels containing 2.25% Cr and 1.0% Mo with
different modes of post-weld heat treatment are presented. A decrease of the plastic characteristics of
welded joints with decreasing temperature and increasing of the duration of post-weld heat treatment has
been shown.
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Abstract—The paper offers an analytical review of theoretical and applied research devoted to high-tem-
perature hydrogen attack on steel. Advanced diagnostic techniques of hydrogen attack are examined, the
fundamental domestic and foreign developments are reviewed. The article is focused on the most promising
recent studies of HTHA damage for purposes of estimating fithess-for-service of metal equipment exposed
to hydrogen at elevated temperatures and risk/failure assessment.
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Abstract—The article presents the results of studies of the data on crack resistance characteristics of
dissimilar welded joint metal of the main circulation pipeline insert and the branch pipe of main circulation
pump. The obtained data are necessary for performing calculations to justify “Leak-before-break” concept
application at lifetime extension of the main circulation pipelines of VVER-1000 reactor to 60 years (up to
520 thousand hours). The studies were performed on specimens from manufactured control welded joints
of DN80O pipeline insert made of steel grade T0GN2MFA to the main circulation pump branch pipe made
of steel grade 06Kh12N3DL.
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Studies of crack resistance were carried out to obtain J-curves of the weld metal, made by manual
and automatic welding, and the transition weld zone in the initial state and after thermal aging in the oper-
ating temperature range from 100°C to 290°C state. According to the predicted values of Ti(t), the values
of the fracture toughness Kic(t), as well as the impact strength KCV at design temperature of 290°C for the
end of the service life are estimated.

Keywords: lifetime extension, control welded joint, transition weld zone, thermal aging, testing, fracture
toughness, critical brittle fracture temperature, J-curves, estimate justification
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