XYPHAI «BOMNPOCbI MATEPUANTOBELEHUSA», 2025, Ne 3 (123)

COOEPXAHUE
METAJINOBEQEHUE. METANNYPInA
OneHuH M. U., PomaHos O. H., MapeonuH b. 3., CopokuH A. A., 3epHos 3. A., bywyes C. B,
, UaxksaH C. A., AnuHos XK. 3. BnuaHue romoreHn3aLnoHHOro omKuUra Ha npoueccsl Kap-
6unoobpasoBaHus B NIUTOM MeTarnmne v B NokoBke 13 ctany Mapku 10X16H20M2T ... 7

Eobsinés 3. 3., CmopoxeHko U. [1., lNonos P. A. KuHetnka (popMmnpoBaHusa Ha KOHCTPYKLMOHHbIX CTansx
KapOnaoxpomoBbiX  ANDEPY3MOHHBIX  CITOEB, MOSTYYEHHbIX  KOMIMEKCHOMW  XMMUKO-TEPMUYECKON
Folo] o= 1070 1 1 (o )/ ISP UEPR R 21

CeHHukosa Jl. @., [aHeano A. H., TkayeHko B. M., Bonkosa I". K., nmasyHosa B. A., Knumosa E. X.
BrnvsHne rmapoakcTpyanm Ha CTPYKTYPY U MexaHuveckue ceorictea mean MO6, npeasaputensHo obpa-
B60TaHHON paBHOKAHANBHBIM YTNIOBBIM MPECCOBAHMEM .......eeiiureeauteeeureesreeasreessreesaseeessneessneesaneeesneesneeens 31

AdackuH A. M., bympum B. H., Kawupuee B. B., TpywHukosa A. C., [pebeHrok M. M. YrniydlweHne TeXHO-
nornyecknx cBoNCTB CNNABOB CUCTEMBI NIi—Cr ..o e e e e e e 38

PbiHdeHkos []. B., Kapsieun [. A., CmupHoe M. O., Bonkosa E. H. 3oHanbHasi MakpoCTPYKTypHas Heoa-
HOPOAHOCTb M3AENUI N3 XKapOMNPOYHbIX HUKENEBbLIX CMiaBoB, MOMyYEHHbIX METOAOM MeTannypruu rpa-
HYI, U MPUYMHA €€ OBPABOBAHUS .....eeeieeeeeeieieeeeaeeees e eeaaeeeess e aeaeeeasssssn e e e e e e eassnsssneeeaeeeaasnnsnnenenees 49

PYHKUMNOHAIbHbLIE MATEPUAIDbI
AHeenyy A. A., Mapkos M. A., Hosukoe M. M., LLikypuHoe A. 1., Hepebnbino C. A. PaspaboTka u uccne-
[oBaHue hoToNONMMEPHbIX KEpaMUYECKUX NacT 4151 CTePeoNUTorpadou4eckoro agauTMBHOIO Npor3Boa-

bypkos A. A., KoHesuyos J1. A., beiuypa A. KO. OcaxgeHne meTtannokepaMmyeckoro nokpbitua Ti—ZrBz
Ha TuTaHoBbIN cnnaB Ti—6Al-4V MeToaOM 3NeKTPOMCKPOBOro NerMpoBaHus ¢ NPUMEHeHneM Henokanu-
EcTo] == 1T To] o e Y 11T oo F= LR 69

Kpacukoe A. B., Mepkynosa M. B., Nowkodepss M. E. DkcnnyaTaumoHHble CBOMCTBA NOKPbITUN Ni—W,
Co—-W u Ni-P-W, ynpOoYHEeHHbIX 32 CHET TEPMUUECKON OBPABOTKM ....correaeeiiiiiieeae e 80

Kpacukos A. B., Mepkynosa M. B. TexHonornyeckme ocobeHHOCTU anekTpoocaxaeHus nokpbitus Ni—P
13 NUPOGOCKATHBIX N LUTPATHBIX SJTEKTPOSIATOB ...eeeeveeeeeieieeeeeieeeeeeeeeeeteseaasataaaaaaeaaaaaataaaaatataaataaatananaaaeaees 89

Kupees C. KO., Kosnos I'. B., Kupeeea C. H., SHaypasosa A. 3., Kupunura FO. H., banbibepduH A. C.
MMnynbCHble ranbBaHOCTATUYECKME PEXMMBI SMIEKTPONM3a A11S NMOBbILEHWS KOPPO3MOHHOW CTOMKOCTU
3KOSOMMYHBLIX MOKPBITUIA HA OCHOBE CMITABA OJTOBO — LIMHK ...veeeeeaviieeeeaiieaeeeiseaeeeiseaeesaiseaeestsaaeesassaaeennnns 97

MNOJIMMEPHBIE KOMMNO3NUMOHHLIE MATEPUAIbI

Tapacoea [1. H., KanumoHoea fO. B., Cusueea-lnadkuHa H. [1., Jlasapesa H. H., Oxnonkosa A. A.,
KbiukuHa FO. B., KaHaesa A. A. CTpykTypa 1M CBONCTBA NOMMMEPHBLIX KOMMO3ULNOHHbBIX MaTepuarnoB Ha
OCHOBE NONUTETPaATOPITUNEHA W Fannya3UTa PASHBIX MAPOK «.eeeeeeiieeeeeeraaeeeaaareeeereaeeesaaneneeeeeaeeaaaanns 108

Heepos [1. A., lMymuHuees B. 0., KHsasee E. B., momos A. Y., Bebep []. A. BnnaHue saHeprum koneba-
TeNbHbIX NPOLIECCOB Ha CTPYKTYPY 1 CBOMCTBA KOMMO3NLMOHHOTO MATEPUANA .....uvveeeeeeeeecirireeeaaeeeiaans 122

AbakyHosa E. B., Cmpyudkosa T. C., Apycosa C. b., [JaHunoesa C. H., lNaHaceHko A. E., Oxnornkosa A. A.,
lopduerko 1. C. XapakTepuCTUKA KOMMO3ULMOHHbIX MaTtepuanoB Ha ocHoBe TP u BonnactoHuTa
L Ec 3 o] TeTe] 2o 7 I o7 n o] 1) SR 136

Cudoposa C. A., TiopuHa C. A., PawymuH H. A., femun B. Jl., lllenkog B. A. BnusaHne npupogbl
WHEPTHOro HocuTenst Ha aPEKTMBHOCTbL MUKPOKANCynMpoBaHUa UHIrMbutopa Koppo3umn n Hakmneobpa-

e T = = T 145

ApmamoHos E. A., Psbyxa K. H., Cumbicrniosa J1. A. BnusHne gnokcmnaa KpeMHusi, Nofy4eHHoro rasogas-

HbIM CNOcobOM M METOAOM OCaXOEeHWUs, Ha CBOMCTBA HEHACLILEHHOW NONMMacUpPHOM CMONbI ............. 156

®edopos 0. KO., LLladpuHos H. B. OcoBGeHHOCTM BNUSHUS NONUCYNbdOHA Ha HU3KOTEMMNEPATYPHYHO

YOAPHYIO BA3KOCTD BMOKCULHOM CMOITBI .....tveieeeeesiaitieeteeeeseaisnseeeeteeesaaassbee e e e e e e e s nnnbneeeeeseeannrnneeeeeesanannns 164
© 2025

Hay4Ho-TexHUYeCcKuit XXypHan

HUL «KypuyaTtoBckuit nHcTUTYT» — LLHUAU KM «MpomeTein» «Bonpochl MaTepuanoBeaeHNs»

http://www.crism-prometey.ru



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

CBAPKA U POOCTBEHHbIE MPOLECCHI. CBAPOYHbIE MATEPUAIIbI U TEXHOJTIOIMNUA

puzopbes U. C., ManamkuH C. H., Bacunsesa E. A., Kaprioe B. M. \ccnegoBaHue BNNSIHUA TEPMOKUHE-
TUYECKMX YCNOBUIN oxnaxaeHus HannasneHHoro metanna tuna 09X31H8AM2 Ha bopmupoBaHue dhaso-
BOrO COCTaBa C YYETOM TEPMUYECKOMN OOPABOTKM ...eeeeeiiieiiieiiaeeee e e e e e ee e e e e e e e e e e e e e e nnneeeas 173

@®omuH I, b., Mapkosa FO. M., Moposoeckas Y. A., Tumogpeeg M. H. BnuaHne Tepmmnyeckon obpaboTkum
Ha CTPYKTYPY ¥ CBONCTBA 30HbI CMMaBeHNs aHTUKOPPO3MOHHOIO MOKPbITUS, BbIMOMTHEHHOIO UMMYbCHOW
aproHoAyroBov HanmmaBKOM, M CTANMM CI—IMO—V ..........ooiiiiiiiiiiiieiee et e e e e s e e e e e e e e 184
KOHCTPYKTUBHO-TEXHOJIOM'MYECKAA MPOYHOCTb U PABOTOCIMOCOBHOCTb
MATEPUAIOB

®omeHKo B. H., Mapzonun b. 3., LLluwkos @. J1. MeTop onpefeneHns MexaHn4eckmux CBOMCTB U UCTUHHOMN
anarpaMmmbl gedpopMmpoBaHnst Matepuana obonoyek TBANIOB NOCPEACTBOM UCMbITAaHMS KOMbLEBbLIX 06-
pasuoB. YacTb 1. AHanu3 CyLecTBYHOLLUX U Pa3pabOTKA HOBOTO METOLA ... uuuveereeaeeeaaanneeeeeeaaeeeaanneeens 196

®omeHko B. H., Mapzonun b. 3., LLluwkos @. J1. MeTop onpefeneHns MexaHn4eckmux CBOMCTB U UCTUHHOM
avarpammbl gecopmupoBaHns matepuana obornoyek TBIMOB NOCPEACTBOM MCMbITAHUSA KOMbLEBbIX 06-
pasuoB. YacTtb 2. PacyeTHasa n akcnepuMeHTanbHas BEPUMUKALME ....oevreeeieiiueieieeeaeeeaaaeeeeeeeeaeeeaeneeeees 210

Hay4yHo-TexHuM4yecknnm xypHan «Bonpocbl matepuanoBegeHusi». OdopmneHue craTem.
TTPABUIIA OJ1S @BTOPOB ....ooiiiiiiiiiiiiiiieea e e e it eeaeeesaa e eaeeetaaeseaanteeeeaeaeeaaaannteeeeeaeeeaaaannseeeeeeeesaaannnneeeeaaeesn 227

YK 669.15-194.56:621.785.3

BINUAHUE TOMOTIEHU3ALUUOHHOIO OTXKUI'A HA NPOLIECCbI KAPBEMOAOOBPA30BAHUA
B NIUTOM METAJUJIE U B NOKOBKE U3 CTAJIU MAPKU 10X16H20M2T

M. N. ONNIEHVH, a-p TexH. Hayk, O. H. POMAHOB, kaHAa. TexH. Hayk, b. 3. MAPIOJINH, a-p TexH. Hayk,
A. A. COPOKWH, kaHz. TexH. Hayk, 3. A. 3EPHOB, C. B. BYLWYEB, [6. . BEPEXKO|, kaHz. TexH. Hayk,
C. A. LLAXKAH, XK. 3. ATTIMHOB

HUL] «Kypuyamosckutli uHcmumym»y» — LIHUWN KM «lpomemed», 191015, CaHkm-llemepbype,
yn. LnanepHas, 49. E-mail: mail@crism.ru

MocTtynuna B pegakuuio 11.04.2025
Mocne popaboTtkm 11.09.2025
MpuHaTa k nydnukaumm 17.09.2025

MpuBeaeHbl 3KCNeEPUMEHTarNbHbIE JaHHbIE MO MOBLILLEHUIO YPOBHS MN1aCTUYHOCTU B NMOKOBKE U3 CTanmu
aycTteHuTHoro krnacca mapku 10X16H20M2T. YcTtaHOBNEHO, YTO Ha MOBbLILLEHWE YPOBHS NMacTUYHOCTH
npaxkTnyeckn 6e3 n3MeHeHNs YpoBHS MPOYHOCTY OKa3bliBaeT BNNSHNE FOMOrE€HU3aLUMOHHbIN OTXXUT, BbINOM-
HeHHbI Npu TemnepaType 1250°C ¢ Bbigepxkon 35 4, obecnevmBatoLLmii pacTBopeHne kapbuaos, kapbo-
HUTPUOOB M HATPUOOB TUTAHA.

Knroueable crioga: roMOreHN3aLMOHHBIN OTXUT, CTann ayCTEeHUTHOTO Kracca, pacTBopeHue Kapouaos,
obpaboTka MeTanna gaBneHueM, gedopmauus, pasnveka ctanv, meTann KpynHoraGapuTHON MOKOBKM,
MexaHu4Yeckme CBoWCTBa cTanu, kKapbuabl U KapboHUTPUaLI

DOI: 10.22349/1994-6716-2025-123-3-7-20
JINTEPATYPA

1. Ctanu 1 cnnaebl aHepreTnyeckoro obopyanosaHus. CnpasoyHuk / MNog pea. C. b. PeikoBa. — M.:
MawwnHocTpoeHune, 2008. — 960 c.

2. beckopoBariHbii H. M., KanuH B. A., lNMnatoHos 1. A., YepHoB U. N. KOHCTPYKUMOHHbIE MaTepuarnsl
SAEePHbIX peakTopos: Y4YebHuk anga By3oB. — M.: QHeproatomusgat, 1995. — 704 c.

3. Jo6pbiHmHa M. B., dunumonos I". H., MNMaenos B. H. BnusHue pexuma okoH4YaTensHoM o6paboTkm
Ha CTPYKTypy ropsiiegedopMmMpoBaHHON aycTeHuTHon cTtanu Mapkun 08X18H10T // Bonpocbl
maTepuanosefeHus. — 2012. — Ne 2 (70). — C. 25-32.

4. O3yrytoB M. A. Nnactunyeckas geopmaums BbICOKONErMpoBaHHbIX cTanen n cnnasos. M3a. 2-e.
— M.: Metannyprus, 1977. — 480 c.

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

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



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

5. OnuweHko A. K., beknemuiwieB H. H. Teopms nNpoOMbILLNEHHON KOBKM CTanu u cnnaBoB. — M.:
CnyTtHuk, 2011. — 245 c.

6. OHuweHko A. K. Merannactuyeckaa gecdopmaums n onTuManbHas BenuMynHa ykoBa CrivTkoB //
TexHonorusa metannos. — 2006. — Ne 10. — C. 12-15.

7. OxpumeHko A. M., TwopuH B. A. Teopuss npoLeccoB KOBKM CITMTKOB Ha npeccax. — M.:
MawuunHocTpoeHue, 1979. — 240 c.

8. Bornikos C. E., Bonkos A. E., 3abanyes tO. U., bBypsakosckuii . A. HemeTtannuyeckme BKMOYEHUS
1 gedekTbl B anekTpoLunakosom cnutke. — M.: Metannyprusa, 1979. — 105 c.

9. IlebepeB A.T., 1y B. C., lN'yneHko A. C, 3mmeHko [. C, KopHeeB A. E. Bo3amMoXHOCTb ynpaBneHus
XapaKTepUCTUKamun BKITHOYEHUIN HUTPUAOB N KapOOHUTPUOOB B HU3KOYINIEPOANCTON ayCTEHUTHON cTanm //
OnektpomeTtannyprug. — 2012. — Ne 1. — C. 24-29.

10. Hosukos U. . Teopusa Tepmudeckort 06paboTkm meTannos: Y4ebHuk ans sy3os. M3a. 4-e. — M.:
MeTtannyprus, 1986. — 480 c.

11. MapwwuH A. M. CTpyKTypa, NPOYHOCTb M NNACTUYHOCTb HEPXKABEHLLMX U XKapPOMpPOYHbIX CTanemn u
CNNnaBoB, NpMMeHseMbIX B cyaocTpoeHumn. — J1.: CygoctpoeHue, 1972. — 288 c.

12. Topenuk C. C., PactopryeB Jl. H., CkakoB HJ. H. PeHTreHOCTpykTypHbIn aHanu3. — M.:
MeTtannyprus, 1970. — 234 c.

13. lopbiHuH B. W., OnennH M. W. Tyt noBbilleHUs XNadOCTOMKOCTM CTaner W CBapHbIX
coegunHeHui. — CI16.: UHNN KM «[lMpomeTen», 2017. — 331 c.

14. CemeHoB E. . KoBka 1 obbemHas wTamnoBka: Y4ebHuk ana Bysos. — M.: Beicwas wkona,
1972.- 352 c.

YOK 621.785.5:621.793.6

KUHETUKA ®OPMUPOBAHUA HA KOHCTPYKLMOHHbIX CTANAX KAPBEUOOXPOMOBbBIX
OND®DY3NOHHbIX CITOEB, MOMYYEHHbLIX KOMMIIEKCHOW XUMUKO-TEPMUYECKOW
OBPABOTKOW

3. 3. BOBbINEB, kaHa. TexH. Hayk, . . CTOPOXEHKO, P. A. MOMOB

@r60Y BO «KybaHckul 2ocydapcmeeHHbIl mexHonnoaudeckuli yHugepcumemy, 350072,
KpacHodapckuli kpad, 2. KpacHodap, yn. Mockoeckas, 8. 2. E-mail: ebobylev@mail.ru

Moctynuna B pegakuuio 5.03.2025
Mocne popaboTku 3.04.2025
MpuHaTa k nydnukaumm 11.04.2025

PaccmoTtpeHa knHeTuka dopMupoBaHus Ha ctansax Ct3, 40X, 40X13, 12X18H10T anuddy3noHHbIX
crnoes, cogepxalmx kapbmabl Xxpoma u o-TBepAbIN pacTBOP, B pe3yrnbTaTte KOMMIEKCHON XMMUKO-TEPMU-
yeckorn 06paboTkn. KomnnekcHasa xMuMnko-TepMmmnyeckas obpaboTka 3aknioyaeTcs B NpegBapuUTenbHON ra-
30BOW LeMeHTauun n nocnegyowem audpdy3smoHHOM NermpoBaHMn XpoMoM B Cpeae NerkoniaBkux Xua-
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180 MuH.
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BNMUAHUE TMAPO3KCTPY3UU HA CTPYKTYPY U MEXAHUYECKUE CBOMCTBA MEQIU M06,
NPEABAPUTENBbHO OEPABEOTAHHOW PABHOKAHANBHbIM YINIOBbIM NPECCOBAHUEM
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N3yuyeHbl 3aKOHOMEPHOCTU (hOPMUPOBAHUS CTPYKTYPbI U CBOWCTB MeaM, NOMyYeHHOIN B YCIOBUSIX UH-
TEHCMBHOW NnacTnyeckon aecopmaumm nytem hopMupoBaHns CyGMUKPOKPUCTaNIMYECKON CTPYKTYpbI 3e-
PEHHOro TMna 1 nocneayroLen o6paboTkn rMAPOIKCTPY3MEN C pa3HOW CTEMNEHbLIO pa3oBor Aedopmaunn.
YCTaHOBNEHO, YTO C yBENMYEHNEM CTEMNEHN Pa3oBON rMOPOIKCTPY3UKN A0 € = 1,2 ypoBEHb NPOYHOCTU Meau
MOG He noBbILIAETCs NO CPaBHEHUIO C ee MPOYHOCTLIO NOCHe paBHOKAHANbHOMO YrioBOro NPECCOBaHUS.
OTO cBMAETENbLCTBYET O Havarne NpoLeccoB Bo3BpaTa M AMHAMUYECKON pekpucTannusaumm matepuana,
4YTO noAaTBepXAarkT CTPYKTYpPHble nccnenooBaHna € nNomMoLlbio GJ'IeKTpOHHOVI MUKPOCKONUMN Ha NpocBeT U
PEHTrEHOCTPYKTYPHOrO aHanu3a.

Krntoyesnble crioea: Medb, paBHOKaHarnbHOe YrrioBOe MPeccoBaHWe, MMAPO3KCTPY3usl, CyOGMUKPOKpPU-
cTannuyeckasl CTpykTypa, MexaHu4Yeckve CBOMCTBa
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O6ocHoBaH M pa3paboTaH pexum TepMuyeckon o0paboTKM Onsi CHWXKEHWst TBEPAOCTM Crnnaea
X65HB®T ¢ uenbto ynydweHus obpabaTtbiBaeMOCTU pe3aHmeM. YCTaHOBIEHO BNWSHME cOCTaBa cnnasa
XH50BMTHOB Ha xonoaHyt nnacTUYHOCTb. [MokasaHo, YTO NoBbILEHWE NNACTUYHOCTU AOCTUMraeTcs npu
YMEHbLUEHNN COOEPXaHUSA aneMeHToB, obpasyowux a-ady ¢ peweTtkon OLIK n ynpoyHsiowme dasbl
NisTi n NisAl.

Knrouesnsie crioga: cnnasebl cuctembl Cr—Ni, TBepoocTb. o6pabaTbiBaeMoCTb pe3aHnemM, xonogHas
NMacTUYHOCTb, TEpMMYEckas 0bpaboTka, NNacTUYHOCTb
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B MakpoCTpyKType M3genuid, U3roTOBMEHHbIX U3 rpaHys, NofnyyYeHHbIX MeTo4oM LEeHTPoBexHoro
nnasmeHHoro pacneineHus PREP (Plasma Rotating Electrode Process), npu npoBeaeHnm KoHTponsa Mak-
POCTPYKTYpbl MHOI4A MOXHO HabnoaaTh 30HbI pa3nNUYHON TPaBUMOCTU. MUKPOCTPYKTYPHbIA aHanu3 noka-
3blBaeT, YTO Bbonee TeMHble 30HbI 06YCNOBMNEHbI BOMee BbIPAXKEHHBIMU N AEKOPMPOBAHHBLIMU NOBLILLIEH-
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HbIM coepXXaHnem kapbuaos rpaHnLIaMu 3epeH. ATa MakpOHeOoAHOPOAHOCTb MMEET HacneACTBEHHbIN Xa-
pakTep, CBA3aHHbIN C MOCTENEHHbIM YBENMYEHNEM KONTMYECTBa BO3rOHOB CMa304HbLIX MaTepuarnos B aTMO-
cepe Kamephbl pacnbineHns. Kokcysack Npu rasoctaTMpoBaHuM, BO3rOHbI CO34aloT ycroBusa ans obpaso-
BaHWA OONOMHUTENbHbIX KAapGUOOoB.

Knroueesbie cnosa: metannyprusa rpaHyn, PREP, gedektbl, HEOOHOPOAHOCTb, MaKpOCTPYKTYpa, Xa-
POMpPOYHbIE HUKENEBBIE CMaBbl
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M3yyeHbl CBOMCTBA CyCneH3un ¢ nopoLlkamMu okcuaa antoMuvHUS B hOTONONIMMEPHON KOMMO3ULINK,
paspaboTaHHOM Ans nasepHon crepeonutorpadun. NokasaHo, 4To MoanLnpoBaHHbIN hboTononumep
UMNINUT 4 asnseTtca onTuManbHbIM KOMMNOHEHTOM MPU U3rOTOBMEHUU CYCNEeH3MI ANs afauTUBHOMO Npous-
BOACTBa KepaMmnyeckux aetanen Metoaom crepeonutorpadumn. MNonyyeHsl nacTbl C COAEpXXaHMeM kepa-
MuYeckoro HanonHutens 72 mac. %. NpoaemMoHCTpnpoBaHbl BO3MOXHOCTU TeparepLeBon MarHOCTUKM
NnonMMep-kepaMmnIecknx N Kepammyecknx maTepumanoB Ha pasHbiX 3Tanax npouecca Npon3BoacTBa.
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WccnenoBaHbl cBorcTBa NOKPbITUA Ti—ZrB, HaHeceHHbIX Ha TuTaHoBbIM cnnae Ti—6Al-4V meTogom
3NEKTPOMCKPOBOIO fIErMpoBaHNst HENTOKaNnM30BaHHbIM 3N1EKTPOAOM C UCMOSTb30BaHMEM TUTAHOBbLIX FPaHy
1 nopotwuka ZrB2. YcTaHOBNEHO, YTO CTPYKTYpa MOKPLITUI COOTBETCTBYET MeTanokepaMmn4yeckomy marte-
puwany, B kotopoM aTi 1 BTi BbINOMHAT poSib METANNMYECKON MaTpuubl, a ZrB2 aBnsieTcs apMmupytoLlen
¢ason, KOHLEHTpaumst KOTOPOW B NOKpbITUAX cocTaenseT oT 38 oo 92%. lNMokasaHo, YTO C NOBbILLEHMEM
KOHUEeHTpaumm ZrB2 B NOKpbLITUAX UX TBEPOOCTb MOHOTOHHO Bo3pacTaeT oT 10,79 no 15,86 [Ma, a cpegHue
3Ha4YeHMsa U3HOCA MOKPLITUA MOHOTOHHO CHUXAKTCH, YTO CBUAETENbCTBYET O XOPOLUEN CMaynBaeMocTu
yacTtuy ZrB2 pacnnaBsom TuTaHa.

Knouesnbie crioga: nokpbiTue Ti—ZrB2, anekTpouckpoBoe nermposaHue, TutaHosbli cnnae Ti—6Al-4V,
M3HOC, XKapOCTOMKOCTb
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3KCMNYATALUMOHHBIE CBOUCTBA NOKPbLITUW Ni-W, Co-W U Ni-P-W, YNIPOYHEHHbIX
3A CYET TEPMUYECKOW OBPABOTKMU
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MpeacrtaBneHbl pesynbTaTbl KOMMIIEKCHOrO MCCNeaoBaHWst OCHOBHbIX 3KCMIyaTauMOHHbIX CBOWCTB
Bonbgpamcoaepxalmx ranssaHnyeckux nokpbltun Ni-W, Co-W un Ni—-P-W, ynpo4HeHHbIX TepMuyeckom
obpaboTkon. lNMokazaHo, YTO ANA GMHapPHBIX CNNaBoB ONTUMAanbHOM SBNSETCA TepMmudeckas obpaboTka
npu 600°C, koTopasi obecneynBaeT MakCUmarbHYH M3HOCOCTOMKOCTb. [1Ns1 TPOMHON CUCTEMBI LIeNecoob-
pasHo ncnonb3oBaTtb oTkur npu 350°C, B pedynbTaTe KOTOPOro NoBbILLAETCS aAre3MoHHas MPOYHOCTb UC-
CrnefoBaHHbIX NOKpbITMIA. CaenaH BbiBOA, YTO AN 06ecneyeHns M3HOCOCTOMKOCTY AeTanein MallvH Lerne-
coobpasHo ncnonb3oBaTtb NOoKpbITUA Co-W, a ond 3awwmTbl OQHOBPEMEHHO OT U3HOCa U KOPPO3UOHHOTO
BO3JENCTBMSA B CONEHoN Boae Haubornee npnemnemMbiM sBnaeTcs nokpbitue Ni—P-W.

Knoueesnbie crioga: ranbBaHM4eckue 3almTHble NoKpbITUs, nokpbiTus Ni-W, Co—W n Ni-P-W, Tepmo-
obpaboTka, MMKPOTBEPAOCTb
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TEXHOJIOTMYECKUE OCOBEHHOCTU INEKTPOOCAXAEHNA NMOKPbLITUA Ni-P
N3 NMPO®OCPATHDBIX N LUTPATHbIX QNIEKTPOJIUTOB
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lMpoBeneHoO cpaBHUTENBHOE UCCIefOBaHUE BIMSHUSA NapamMeTpOB 3MEKTPOXMMUYECKOTO OCaXKAEHNS
nokpbITin Ni—P Ha nx cocTaB 1 BbIXog MO TOKY NpU HAHECEHNN U3 NNPOPOCEHATHOrO N LUTPATHOrO anek-
TponuToB. [Noka3aHo, 4To 06a aneKkTponuTa NPUrodHbl Anst HaHeceHus NokpbiTMA Ni—P Ha usgenusa cnox-
Hou chopmbl. [poBeaeHO cpaBHEHME CBOMCTB MOKPLITUMA Pa3nMYHOro COCTaBa, NMoMyYeHHbIX U3 3TUX 3Mek-
TponutoB. [ing nonyyeHus 6onee TBepAbIX NOKPbITUI LenecoobpasHo NCnonbL3oBaTb nupodocdaTHbINn
3NEKTPONUT, OAHAKO ANs 3aLlMThbl OT KOPPO3UM OH HEMPUTOOEH N3-3a Pa3BUTUSA MUKPOTPELLUH B MOKPLITUSX
¢ cogepxaHunem cocdopa 12 mac. % n Gonee. [ns aTtoro LenecoobpasHO MCMOMb30BaTb LUTPATHbLIN
3NEeKTPOonuT, KoTOopbi obecnedmBaeT 6eCcnopucTOCTb MOKPLITUM Aaxe Npu copepXaHun docdopa
12 mac. %.

Knrouesbie crioga: 3awuTHble NOKPbITUS, NokpbiTue Ni—P, uuTpaTHbIi anekTponuT, nupodocdaTHbIn
3MNeKTponuT
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UMMNYJIbCHbIE TAJIbBAHOCTATUYECKUE PEXUMbI SJIEKTPONU3A NS MNOBbLILLEHUA
KOPPO3MOHHOW CTOUKOCTU IKONOI'M4YHbIX NOKPbITUN HA OCHOBE CIMNABA
ONnoBO - LIUHK

C. 0. KNPEEB, a-p TexH. Hayk, . B. KO3J10B, a-p TexH. Hayk, C. H. KUPEEBA, kaHa. TeXH. Hayk,
A. 3. AHIYPABOBA, 10. H. KUPUNTMHA, kaHg. TexH. Hayk, A. C. BANbIBEPOVH
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WccnepoBaHo BNYSIHWE MMMYIBbCHBIX ranibBAHOCTATUYECKUX PEXMMOB 3N1EKTPONM3a (YHUNOMSPHOIo U
pPEBEPCUBHONO) Ha KOPPO3MOHHYI0 CTOMKOCTb U (PyHKLMOHANbHbIE CBOWCTBA 3KOJOMMYHbLIX MOKPbLITUA U3
cnrnasa OfnoBo — UUHK (Sn—Zn). B kavyecTBe anekTponuTa Mcnonb3oBanu LWenoYHon pacteop ¢ JobaBkaMu
uutpaTa u naypuncynbdgara HaTpus. YHunonspHbin pexum (5 mc, 1,5 A/gm?) obecneunn BbICOKUIA BbIXOS,
no Toky (72%) n mukpotBepgocte 950-1050 Mlla, HO npyBen K NOBbIWEHHOW nopuctocTn (7—12%). Pe-
BEPCUBHbIN pexum (5 mc kaTogHown/aHogHow dhasbl, 2,0/0,5 A/gm?) npoaeMOHCTPMpOBan MUHUMAanbHYH
nopucTtocTb (2—-4%), CHMXeHne BHYTpPeHHUX HanpskeHun (50—-80 MIa) n MakcumanbHy0 KOPPO3UOHHYIO
cTonkocTb (>1200 4 B coneBoM TymaHe). YCTaHOBMEHO, YTO aHoAHble da3bl PEBEPCUBHOMO pexXmMa Cro-
COBCTBYIOT BblpaBHNBAHWIO MOBEPXHOCTEN, CHUXKAKT AedeKTHOCTb. IMNynbCHbIE TEXHONOMMM NPEB3O0LLN
CTauMOHaPHbIN 3NEKTPONN3 N0 M3HOCOCTONKOCTM NOMyYaeMbiX MOKPbITUIA B 2—3 pasa, N0 MUKPOTBEPAOCTU
— Ha 15-25%, a Takke no nasgemocTu (yron cmaumBaHusa 12—18°). PeBEpCUBHbLIN PEXUM SMEKTPONN3a pe-
KOMEHOOBaH A1 U34EeNWUIA MOPCKOW 3NIEKTPOHMKN 1 aBUaLMK, YHUMONSAPHBIN — AN 3a4ad ¢ NpYopUTETOM
MUKPOTBEPOOCTU. Pe3ynbTaTel cnocobCTBYOT paspaboTke 3KONMOMMYHbLIX anbTepHATMB TOKCUYHBIM NMOKPbI-
TnAM B cooTBeTCTBMM C TpeboBaHmamn RoHS/REACH.

Krnroyesnie crosa: VIMFIyJ'IbCHbIIZ ANEKTPOJINI, KOPPO3NOHHAA CTONKOCTb, OJfIOBO-LMHKOBbIE NOKPbITUA,
NOPUCTOCTb, aHOAHOE BbipaBHMBaHME
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CTPYKTYPA U CBOUCTBA MOJNIMMEPHbIX KOMMO3ULMOHHbIX MATEPUANOB
HA OCHOBE NOJIMTETPA®TOPITUNEHA U TANINYA3SUTA PA3HbIX MAPOK

M. H. TAPACOBA, 10. B. KAMTMTOHOBA, kaHa. xum. Hayk, H. M. CUBLUEBA-TMAOKNHA,
H. H. TIASBAPEBA, kaHa. TexH. Hayk, A. A. OXJIOMNKOBA, g-p TexH. Hayk, HO. B. KbIYKNHA,
A. A. KAHAEBA
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VccnepoBaHo BnvsiHWE rannyasuToBbIX HAHOTPYOOK TPeX MapoK Ha U3MeHeHne PU3NKo-MexaHuye-
CKUX, TPMOOTEXHNYECKMX CBONCTB U CTPYKTYpbl NnonuteTpadTopaTuneHa. Mo cBoern npupoge rannyasut ¢
o6wen xnmudeckon popmynon Al2[Si20s](OH)4 npeactaBnsaeT cobom 3aBepHYThIN B TPYOKY kKaonuHuT. Uc-
crnegyeMble MapKu raninyasuta oTrinyalrTCs No TEKCTYPHbIM XapaKTepucTukam u pasosomy coctasy. [Mo-
KasaHo, 4YTO KOMMO3UTbl, apPMUPOBAHHbIE FrannyasuToMm, AEMOHCTPUPYIOT 3HaumTensHoe (B 400 pas) cHu-
XXEHUEe UHTEHCMBHOCTU M3HOCAa NONUTETPATOPITUIIEHA NMPN COXPAHEHMMN HU3KOIo 3HavYeHunst kKoadduum-
eHTa TpeHus (~0,20). MNpwn yBenmyeHun cogepxaHus rannyasuTa 4o 5 mac. % 3HaunTenbHO NoBbILAETCH
Moayrnb ynpyroctu matepuana. Npv BBeaeHun rannyasuta mapku AHT 811 oTHocuUTensHoe yanuHeHue B
9 pas, a N3HOCOCTOMKOCTb B 6 pa3 Bbille, YeM Mpu BBeAeHUU rannyasuta mapku AHT 3810. N3ameHeHus
nokasartenemn N3HOCOCTOMKOCTM 1 KO3dppuLMeHTa TPEHNS MMeT koppensuunto. HanbonbLien naHococTom-
KocTbto obnagaet komnosut NTO3/rannyasut AHT 811 6narogaps dopMMpoOBaHMIO N3HOCOCTOMKOIO Crost
BTOPUYHbIX CTPYKTYP Ha NOBEPXHOCTU TPEHUSA KOMMO3ULIMOHHOIo Matepuana. Tpubonormyeckme ncnblita-
HUSA NoKasanu, YTO YacTuULbl rannyasmToBbiX HAHOTPYOOK Ha HavanbHbIX 3Tanax TPEHUS BbICTYNaT B Ka-
YecTBe TBEPLOW CMas3KMu.

Knroyesnsie criosa: nonMmMepHble KOMMO3NLIMOHHbIE MaTepuarbl, I'IOJ'II/ITeTpaq)TOp(BTI/IJ'IeH, CIOUCTbIe
CuUnukarthbl, HaHOpr6KVI, rannyasut
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MpencraBneH HOBLINM cNOCOD NPECCOBaHNS KOMMNO3UTOB, MOAUMULNPOBAHHbLIX YrEepO4HbIMU HAMNOM-
HUTENSAMWU, C OOMOMHUTENBbHBIM KOMMIEKCHBIM BO34ENCTBMEM YNbTPa3BYKOBbIX KonebaHum 4acTtoToun
17 k', M HANOXEHHON HN3KOYACTOTHOW amnnnTyaHon mogynsumen 100 Ny, JaHHbn cnocob aHepreTude-
CKOro BO3aencTeust no3sonun cHuantb B 1000 pa3 MHTEHCMBHOCTb MaccoBOro M3Hoca obpasLoB KOMMOo-
31Ta B YCINOBUSAX CYXOro TPEHUS MO CpaBHEHMIO ¢ obpasuamy 13 nonnTeTpadTopaTUIEHa 1 MpU 3TOM CO-
XpaHUTb KO3 MPULMEHT TPEHMSA NCXOOHOIo nonmmepa. NokasaHo, YTO MPUMEHEHNE YNbTPa3BYKOBOrO BO3-
OencTBMsA cnocobCcTBYeT Ae3arperaumm HaHopa3MepHbIX YacTull, a UCMOoMb30BaHWe OQHOBPEMEHHO Haro-
)KEHHOMN HU3KOYACTOTHOWM aMMiUTYAHON MOAYNSALUN NPUBOAUT K YNOPSA0HEHHOMY pacnpeaenieHmio Hanor-
HUTENS B NONMMEpPHON Matpuue. Takon pexxum obecneunBaeT nonyyeHne 6e3nedekTHOM CTPYKTYpbI 3a cHET
YNIIOTHEHMS KOMMO3ULIMOHHOM CMECU M CNOCOBCTBYET YCTPaHEHMIO NOP U TPELLMH B o6beme MaTepuana.

Kroueebie crnoea: NonuTeTpadyTopaTUIIEH, MHOTOCTEHHbIE YrNEepPOAHble HAaHOTPYOKU, U3HOCOCTOW-
KOCTb, HU3KOYACTOTHAA MOOynaLUus, YNbTPasByk
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VMccnenoBaHo BNvsiHMe BONNAcTOHUTCOAEPKALLEro MaTepmana Ha CBOMCTBA MNOMMMEPHBLIX KOMNO3K-
uMoHHbIX Matepuanos (MKM) Ha ocHoBe nonuteTpadTopatuneHa (MTD3I). PaspaboTaHbl HOBbIE peLien-
TYypbl KOMMO3ULMOHHBLIX MaTepuarnoB, B KOTOPbIX coepXaHwe BonnactoHuta BapbupoBanu oT 0,1 go
2 mac. %. YcTaHOBNEHO, YTO BBEAEHWE BOMMNACTOHUTA MPUBOAUT K MOBLILIEHUID YPOBHSA MEXaHUYEeCKUX
CBOWNCTB: NPOYHOCTM NpU pacTskeHnn Ha 35% 1 OTHOCUTENBHOrO YANMHEHUS Npu pa3pbiBe Ha 47%. Kpome
TOro, 3adoMKCMPOBaHO MoBbIWeHMe nsHococTomkoctu NMKM B 67 pa3 no cpaBHEHUIO C U3BHOCOCTONKOCTLIO
ncxogHoro NT®3. MNonyyeHHble pe3ynbTaTbl KOPPENUPYIOT C pedynbTaTamMmn TEPMOANHAMUYECKUX U CTPYK-
TYPHBbIX METOAO0B MccreaoBaHus. MNokasaHo, YTo HagMmornekynsapHas cTpyktypa MNTO3 npu BBEgeHWM BO-
NnacToHNTa U3MEHSIETCA OT NEHTOYHON Ao ccheponmTonogobHon. Metogom MK-cnektpockonun 3admken-
poBaHO (bOpPMUPOBAHME BTOPUYHBIX CTPYKTYP U3 OKUCIIEHHbLIX (DYHKLUMOHaNbHbIX rpynn. Pe3ynbTathel Tep-
MOOWHaMUYECKMX NCCIIeJ0BaHUM CBUAETENBCTBYHOT O TOM, YTO YBENUYEHUE KOHLEHTpaLumM BONNacToHUTa
B NKM conpoBoxgaeTcsi NOBbILLEHNEM CTENEHN KPUCTANINTUYHOCTU U SHTaNbNUN MaBNeHus.
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MwukpokancynmpoBaHue MHIMOUTOPOB KOPPO3UK MO3BONSET NOBLICUTE 3PEEKTUBHOCTL MOANDULIN-
pPOBaHMs NONUMEPHBIX KOMMNO3ULMOHHBLIX MOKPLITUMA U TEM CaMbiM OBeCrneynTb BbICOKYH) KOPPO3UOHHYIO
CTOMKOCTb MX B TEYEHUE ANUTENBHOIO BpeMeHu. AKTyarnbHOW 3agadert octaeTcs nogbop MHEPTHOrO HOCK-
Tensi, COCTaBnNAOLLIEro TBEPAYI0 OCHOBY (PYHKLMOHANbHOM YacTuubl. B pabote paccmoTpeHbl 0cobeHHo-
CTW TBepAbIX HOocuTenen (PyHKLMOHanbHbIX A06ABOK, NPUMEHSIOWNXCA AN NOMAyYeHUs MUKpOKancyn.
[MpoBeneHo nccneaoBaHUe KMHETUKN BbICBOBOXAEHUSA UHIMOMPYIOLLIEro areHTa n3 MUKpoKarncyn CrekTpo-
doTOMETPUYECKMM METOAOM C NMOCTPOEHMEM rPaayUPOBOYHOrO rpaduka. YCcTaHOBNEHO, YTO HanbonbLLyo
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WCCINEOOBAHUE BITUAHUA TEPMOKUHETUYECKUX YCITIOBUU OXITAXAEHUA
HAMNABJIEHHOIO METAJUJIA TUNA 09X31H8AM2 HA ®OPMUPOBAHUE ®A30BOI0 COCTABA
C YYETOM TEPMUYECKOW OBPABOTKMU

N. C. TPUTOPBLEB?, C. H. TANATKWUH', kaHa. TexH. Hayk, E. A. BACUITbEBA', B. M. KAPINOB?

T HUL| «Kypyamoeckul uHcmumym» — LUHUW KM «lpomemedi», 191015, CaHkm-lemepbype,
yn. UnanepHas, 49. E-mail: npk6@crism.ru

2@rb0Y BO «CaHkm-lNemepbypeckull 2ocydapcmeeHHbIl MOpCKoU mexHU4Yeckul yHusepcumemsy,
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MpuBedeHbl pe3ynbTaThl UccnegoBaHns metogom EBSD-aHanm3a cTpykTypbl MeTanna M3HOCo-
CTOWMKOW Hannaeku anektpogamu tuna 09X31H8AM2 B MCXOAHOM COCTOSIHUMM MOCHe HanfaBky Npu pas-
NNYHOM CKOPOCTU oxnaxaeHus. PaccmMoTpeHo BnusiHMe TepMmuyeckon obpaboTku Ha nonyvaemoe npo-
LleHTHOE COOTHOLLEHne Y/0-ha3 B HannaBneHHOM MeTansne B 3aBUCUMOCTM OT NPOLEHTHOrO COOTHOLLEHUS
a/y-pa3 B COCTOSIHUM OO0 TepMuyeckon 06paboTku. MNpeanoxeHsl Nyt NoBbilweHUs paboTocnocobHOCTH
MeTanna, HannaeneHHoro Mmatepuanamm tuna 09X31H8AM2, oo Temnepatypbl 350-400°C.

Knrouesbie criosa: y3nbl nap TpeHusi, TpybonpoBoaHas apmatypa, 09X31H8AM2, aynnekcHbie
cTanu, TBepaoCTb, AunatomeTpudeckne uccnegosaHmsa, EBSD-ananua
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BNMUAHUE TEPMUYECKOW OBPABOTKU HA CTPYKTYPY U CBOUCTBA 30HbI CMNABJNEHUA
AHTUKOPPO3UOHHOI'O NOKPbLITUA, BbINONTHEHHOIO MMMYJIbCHOW APFOHOAYIOBOW
HAMJTABKOW, U CTAIIU CR-MO-V

I b6. ®OMUH, KO. M. MAPKOBA, /. A. MOPO30OBCKAA, kaHA. TEXH. HayK,
M. H. TUMO®EEB, kaHa. TexH. Hayk

HUL] «Kypuyamosckul uHcmumymy» — LIHUW KM «lpomemed», 191015, CaHkm-INemepbype,
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MpuBeaeHbl pe3ynbTaThl MeTannorpadu4yeckux UccrnegoBaHun, N3AMepEHUn MMKPOTBEPAOCTM U aHa-
n13a KapTuH gudpakumm obpaTHO paccesiHHbIX anekTpoHoB (EBSD-aHanu3) metanna 3oHbl cnnaBneHus
AHTUKOPPO3NOHHOTO MOKPLITUSA, BbINMOMHEHHOrO UMMYMbCHBIM aproHOA4YroBbiM CMocobom nnaBAWMMCS
3NEeKTPOAOM B CMEeCH 3alUUTHbIX ra3os, U Tennoycronunson Cr—Mo—V ctanu. YcTaHoBneHa B3anMoCBA3b
CTPYKTYpbl MeTarnmna nofgHan1aBo4yHom 30Hbl U 3HAYEHWUIN MUKPOTBEPAOCTU C PEXMMOM TEPMMYECKON 06-
paboTku.

Knrouesbie crioga: aHTUKOPPO3WOHHOE MOKPbITUE, MMMYNbCHAsi aproHoAyroBasl HannaBKa, 30Ha
cnnaerneHus, Tennoyctonymeag cranb Cr—Mo—V, MUKpOCTpYKTYypa, MUKpoTBepaocTb, EBSD-aHanus
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B yacTu nepBon HacTosLen paboTbl BbINOMIHEH aHanM3 CyLLeCTBYOLWMX METOAO0B onpedeneHns me-
XaHWYEeCKUX CBOMCTB TOHKOCTEHHbIX TPYOOK nMpumeHMTenbHO K obonoykam TBanoB. PaspaboTtaHbl onTu-
ManbHas reoMeTpus KOnbLEeBOro obpasua 1 cxema UCMbITaHU, a Takke MeTo onpedeneHns mexaHuye-
CKUX CBOWCTB M UCTUHHOW AnarpaMMbl gedpopMmpoBaHns MaTepuana. PaspaboTtaHHbii MeToq no3sonseT
n3bexxaTb XxapakTepHOro Ans CTaH4apTHBIX MCNbITaHWIA BAMSHWUS n3rmba KonbLeBbix 0O6pasuoB Ha onpeae-
nsiemMble CBOWCTBA M YYECTb BAUSIHUE TPEHUSA MeXQy HarpyxarLwum ycTponctsom n obpasuom. MNpeano-
XeHa aKcrnepumeHTarnbHas npoueaypa onpegeneHus KoadduuneHTa TpeHns.

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

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



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

Knroyesbie criosa: 000MNOYKM TBINOB, MEXaHWYECKNE CBOMCTBA, CXEMa MCMbITaHUA, UCTUHHAasS Oua-
rpaMmma ﬂ,e(*)ole/lpOBaHMﬂ, MeTo ] nccrnegoBaHuAa

DOI: 10.22349/1994-6716-2025-123-3-196-209
NUTEPATYPA

1. TOCT 10006—-80. TpyObl MmeTannuyeckne. MeTog UCMbITaHUA HA pacTsKeHUe.

2. TOCT 19040-81. Tpybbl meTtannuyeckme. MeToa MCNbITaHNA Ha pPacTsXKEHWE NMPU MOBbILLEHHbBIX
TemnepaTypax.

3. ASTM E 8/E8M-09. Standard Test Methods for Tension Testing of Metallic Materials.

4. ASTM E 21-09. Standard Test Methods for Elevated Temperature Tension Tests of Metallic Ma-
terials.

5. TOCT 1497-84. MeTannbl. MeToabl UCMbITAHWIA HA PaCTSKEHUE.

6. A model to describe the anisotropic viscoplastic mechanical behavior of fresh and irradiated
Zircaloy-4 fuel claddings under RIA loading conditions / M. Le Saux, J. Besson, S. Carassou et al. // Journal
of nuclear materials. — 2008. — V. 378. — P. 60-69.

7. ObopyooBaHne U METOAUKM OCNepeakTOpPHbIX WCCNeAOBaHWA MaTepuarnoB B KOMMMeEKce
3awuTHbIx kKamep AO «MPM» / J1. T1. CuHenbHukos, C. A. ABepuH, A. B. Ko3nos n ap. // AToMHasi aHeprus. —
2016.—T. 121, Ne 4. — C. 187-194.

8. Josefsson B., Grigoriev V. Modified ring tensile testing and a new method for fracture toughness
testing of irradiated cladding // Studsvik material AB. — 1996. — S-61182. — P. 10.

9. Arsene S., Bai J. A new approach to measuring transverse properties of structural tubing by a ring
test // Journal of testing and evaluation. — 1996. — V. 24, N 6. — P. 386-391.

10. Cohen A. B., Majumdar S., Ruther W. E. Modified ring stretch tensile testing of Zr—1Nb cladding
/I Summary of paper for 25th Water Reactor Safety Information Meeting, NRC office of Nuclear Regulatory
Research, Bethesda, Maryland, October 20-22, 1997.

11. Nagase F., Sugiyama T., Fuketa T. Optimized ring tensile test method and hydrogen effect on
mechanical properties of Zircaloy cladding in hoop direction // Journal of nuclear science and technology.
—2009. -V.46, N 6. — P. 545-552.

12. Samal M. K., Balakrishnan K. S., Parashar J., Tiwar G. P. Investigation of Deformation Behavior
of Ring-Tensile Specimens Machined from Pressure Tubes of Indian PHWR // Indian Institute of Metals. —
2014.-V.67,N 2. —P. 167-176.

13. Kazakeviciute J., Rouse J. P., De Focatiis D. S. A., Hyde C. J. The development of a novel tech-
nigue for small ring specimen tensile testing// Theoretical and Applied Fracture Mechanics. —2019.-V. 99,
February. — P. 131-139.

14. Kiraly M., Antok D. M., Horvath L. Evaluation of axial and tangential ultimate tensile strength of
zirconium cladding tubes // Nuclear engineering and technology. — 2018. — V. 50. — P. 425-431.

15. Nindiyasari F., Ter Pierick P., Boomstra D., Pandit A. Ring tensile test of reference Zircaloy clad-
ding tube as a proof of principle for hotcell setup // TopFuel-2018 Conf., Prague, September 30 — October
4, 2018. URL: https://old.euronuclear.org/events/topfuel/topfuel2018/fullpapers/TopFuel2018-A0254-full-
paper.pdf (nata obpalieHust 04.09.2025)

16. Kamerman D., Cappia F., Wheleer K. Development of axial and ring hoop tension testing methods
for nuclear fuel cladding tubes // Nuclear Materials and Energy. — 2022. — V. 31. — P. 101175.

17. OnpegeneHue npegena Tekydectn ctanu 3K-181 npu ucnbiTaHUax Ha pacTsKeHue KonbLeBblX
obpasuyos / M. B. JleoHTeeBa-CmupHoBa, WM. H. Namankos, A. B. KocTioxuHa n gp. // 3aBopackas
nabopartopus. [uarHocTuka matepumanos. —2016. — T. 82. — Ne 10. — C. 56-61.

18. CTO 086-288-2023. O601104KM 06My4YEHHBIX N HEODYYEHHbIX TB3S0B. BbINONHEHNE N3MEpPEHUI
XapaKTEePUCTUK MEXAHNYECKNX CBOMCTB MPU PaCTSHKEHUN KONbLEBbIX 06pa3LIoB U3 TOHKOCTEHHBIX TPYD 13
ctanu u cnnaeos, AO «HLU HAWNAP», Oumutposrpaa, 2023. — 13 c.

19. Improved evaluation of ring tensile test ductility applied to neutron irradiated 42XNM tubes in the
temperature range of 500-1100°C / B. A. Gurovich et al. // Nuclear Engineering and Technology. — 2020.
— N 52(6). — P. 1213-1221. URL: https://doi.org/10.1016/j.net.2019.11.019

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

Hay4Ho-TexHUYeCcKuit XXypHan
«Bonpocbl maTepuanoBegeHUs»



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

20. Frolov A. S., Fedotov I. V., Gurovich B. A. Evaluation of the true-strength characteristics for iso-
tropic materials using ring tensile test // Nuclear Engineering and Technology. — 2021. — V. 53 (7). —
P. 2323-2333. URL: https://doi.org/10.1016/j.net.2021.01.033

21. Tumowenko C. IN., N'yabep Ox. Teopus ynpyroctu. N3a. 2-e / MNep ¢ anrn. / Mopa pea. I. C. Wa-
nupo. — M.: Hayka, 1979. — 560 c.

YOK 621.039.54:620.17
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BbinonHeHa pacyeTHO-3KCnepuMeHTanbHas Bepudmrkaums NnpeanoXeHHoro B NepBon YacTu HacTos-
Len paboTbl MeTofa onpeaeneHns MexaHN4YeCKMX CBOMCTB M NOCTPOEHUSs UICTUHHOW AnarpaMmbl gedop-
MUpOBaHWst MaTepuanos obonoyvek TBINOB Ha 6ase pe3ynbTaToB MUCMbITAHWUI KOMbLEBbLIX 0Opa3L 0B 1 MO-
aenupoBaHusa nx aeopMnpoBaHna METOAOM KOHEUHbIX aneMeHTOoB. [1peacTaBneHbl pesynbTaThl UCMbI-
TaHW paspaboTaHHbIX KonbLeBbix 06pa3uos u3 ctanu 3M1-823 (16X12MBC®BP) B ncxogHom v o06nyyeH-
HOM COCTOSIHUSAX C UCMOMb30BaHMEM Pa3NNYHbIX CMa30K 1 6e3 CMa3sku B LULMPOKOM Avana3oHe Temneparyp.
Ha 6ase pe3ynbTaToB 3TUX UCMbITAHWI ONpeaerieHbl MeXaHU4YeckMe CBOMCTBA U UCTUHHbIE AnarpamMmbl
nedopmnpoBaHna ctanm IMM-823.

Knroueable criosa: 060M0YKM TBIMOB, KOrbLEBbIE 06pa3Lbl, MEXaHUYECKME CBOMCTBA, UCTUHHAs aua-
rpaMma AedopMMpoBaHusi, pac4eTHO-aKCNepUMeHTarnbHasi Bepudukaums
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INFLUENCE OF HOMOGENIZATION ANNEALING ON THE PROCESSES OF CARBIDE FORMATION
IN CAST METAL AND FORGING FROM 10Kh16N20M2T STEEL
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Abstract—Experimental data on increase of plastic properties in forging from austenitic class steel of
10Kh16N20M2T grade are given. It is established that the increase of plastic properties practically without
change of strength properties is influenced by homogenization annealing carried out at the temperature of
1250°C with 40 hours exposure time, providing dissolution of carbides, carbonitrides and titanium nitrides.

Keywords: homogenization annealing, austenitic class steels, carbide dissolution, metal pressure
treatment, deformation, steel casting, metal of large-size forgings, mechanical properties of steel, carbides
and carbonitrides
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KINETICS OF FORMATION OF CARBIDE-CHROMIUM COATINGS ON STRUCTURAL STEELS
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Abstract—The paper considers the kinetics of formation of coatings based on chromium carbides obtained
by the technology of complex chemical thermal treatment (CTT) on steels St3, 40Kh, 40Kh13,
12Kh18N10T. CTT consisted in preliminary cementation in vacuum and subsequent diffusion alloying with
chromium in the medium of fusible liquid metal solutions (DALMS). As a result of the research, it was found
that the concentration of chromium on the surface of the coated samples, the coating thickness and chro-
mium distribution, the phase composition of the coatings were influenced by the material grade, tempera-
ture and duration of DALMS. The coatings consisted of Cr7Cs carbides or Cr7Cs + Cr23Cs. The release of
Cr23Ce chromium carbides was observed at DALMS temperatures of 1050°C and 1070°C in the range of
180 to 480 minutes.

Keywords: steel, chemical-thermal treatment, coating, diffusion, kinetics, carbide, chromium
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EFFECT OF HYDROEXSTRUSION ON THE STRUCTURE AND MECHANICAL PROPERTIES
OF COPPER MOb, PRE-TREATED BY EQUAL-CHANNEL ANGULAR PRESSING
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Abstract—The patterns of the formation of submicrocrystalline structure of the grain type and copper prop-
erties under conditions of intensive plastic deformation and subsequent processing of hydroextrusion with
varying degrees of deformation have been studied. It was established that with an increase in the degree
of single-stage hydroextrusion to € = 1.2, the strength level of copper MOb does not increase compared to
its strength after equal-channel angular pressing. This indicates the beginning of the return processes and
dynamic recrystallization of the material, which is confirmed by structural studies using electron microscopy
and radiographic analysis.

Keywords: copper, equal channel angular pressing, hydrostatic extrusion, submicrocrystalline struc-
ture, mechanical properties
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Abstract—A heat treatment regime has been justified and developed that reduces the hardness of the
Cr-33Ni-W-V-Ti alloy and improves its machinability by cutting. The influence of the composition of the
Cr—50Ni-W-Mo-Ti—Nb-Al alloy on cold plasticity are established. It has been shown that an increase in
ductility is achieved with a lower content of elements forming the a-phase with a bcc lattice and the strength-
ening phases NisTi and NisAl.

Keywords: alloys of the Cr—Ni system, chromium-based, nickel-based, machinability, cold ductility
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Abstract—In the macrostructure of products manufactured from powder obtained by the PREP (Plasma
Rotating Electrode Process) method, when conducting macrostructure control, it is sometimes possible to
observe zones of different etchability. Studying the microstructure in the zone containing both light and dark
areas showed that in terms of grain size and shape it is typical for products manufactured by the powder
metallurgy method, however, grains from dark areas have clearly defined boundaries due to the increased
content of carbides. Additional carbides are formed during the coking of sublimates at the stage of gas-
static treatment. The finished product inherits zonal heterogeneity caused by a gradual increase in the
amount of sublimates of lubricants in the atmosphere of the spray chamber.

Keywords: powder metallurgy, PREP (Plasma Rotating Electrode Process), defects, heterogeneity,
macrostructure, nickel superalloys
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Abstract—The paper studies properties of a suspension with aluminum oxide powders in a photopolymer
composition developed for laser stereolithography. It is shown that the modified photopolymer IPLIT4 is the
optimal choice in the manufacture of suspensions for the additive manufacturing of ceramic parts by stere-
olithography. Pastes with a ceramic filler content of 72% by weight were obtained. The possibilities of te-
rahertz diagnostics of polymer ceramic and ceramic materials at different stages of the production process
are demonstrated.

Keywords: additive manufacturing, stereolithography, photopolymerization, ceramics, photopolymer
suspension
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DEPOSITION OF METAL-CERAMIC Ti-ZrB, COATING ON TITANIUM ALLOY Ti-6Al-4V
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Abstract—Ti—ZrBz2 coatings on titanium alloy Ti-6Al-4V were prepared by the method of electrospark dep-
osition with a non-localized electrode, using titanium granules and ZrBz powder. It was found that the struc-
ture of the coatings corresponds to a metal-ceramic material, where a-Ti and B-Ti act as a metal matrix,
and ZrBz is a reinforcing phase. The concentration of ZrBz in coatings was in the range from 38 to 92%. It
was shown that with an increase in the concentration of ZrB2 in coatings, their hardness increased monot-
onously from 10.79 to 15.86 GPa. With an increase in the ZrB2 content, the average wear of the coatings
was monotonously reduced. This indicates the good wettability of ZrBz particles by titanium melt.

Keywords: Ti-ZrB2 coating, electric spark alloying, wear, oxidation resistance, hardness
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Abstract—The article presents the results of a comprehensive study of the main performance properties
of tungsten-containing galvanic coatings Ni-W, Co-W and Ni-P-W, hardened by heat treatment. It is
shown that for binary alloys, heat treatment at 600°C is optimal, which allows achieving maximum wear
resistance. For the ternary system, it is advisable to use annealing at 350°C. As a result of annealing, all
the studied coatings have high adhesion. It is concluded that to ensure wear resistance of machine parts,
it is advisable to use Co-W coatings, and for protection against wear and corrosion in salt water, the most
acceptable coating is Ni-P-W.

Keywords: galvanic protective coatings, Ni-W coating, Co-W coating, Ni-P-W coating, heat treat-
ment of coatings, microhardness
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Abstract—The paper presents a comparative study of the influence of the parameters of electrochemical
deposition of Ni—P coatings on their composition and current efficiency when deposited from pyrophosphate
and citrate electrolytes. It was shown that both electrolytes are suitable for depositing Ni—P coatings on
complex-shaped products. A comparison of the properties of coatings of different compositions obtained
from these electrolytes was carried out. To obtain harder coatings, it is advisable to use a pyrophosphate
electrolyte; however, due to microcracks development in coatings with a phosphorus content of 12 wt. %
or more, it is unsuitable for corrosion protection. For this purpose, it is advisable to use a citrate electrolyte,
which ensures porosity of the coatings even with a phosphorus content of 12 wt. %.

Keywords: protective coatings, Ni—P coating, citrate electrolyte, pyrophosphate electrolyte
DOI: 10.22349/1994-6716-2025-123-3-89-96
REFERENCES

1. Azhogin, F.F., Belenky, M.A., Gall, |.E., et al., Galvanotekhnika [Electroplating]: Reference book,
A.M. Ginberg, A.F. Ivanov, L.L. Kravchenko (Eds.), Moscow: Metallurgiya, 1987.

2. Purin, B.A., Elektroosazhdenie metallov iz pirofosfatnykh elektrolitov [Electrodeposition of metals
from pyrophosphate electrolytes], Riga: Zinatne, 1975.

3. Andryushchenko, F.K., Orekhova, V.V., Pavlovskaya, K.K., Pirofosfatnye elektrolity [Pyrophos-
phate electrolytes], Kiev: Tekhnika, 1965.

4. Orekhova, V.V., Bayrachny, B.l., Teoreticheskie osnovy galvanostegicheskikh protsessov [Theo-
retical Foundations of Galvanostegic Processes], Kiev: Vyshchaya shkola, 1998.

5. Dolgikh, O.V., Sotskaya, N.V., Kravtsova, Yu.G., Sleptsova, O.V., Kataliticheskaya aktivhost
nikelevykh splavov v reaktsii vydeleniya vodoroda [Catalytic activity of nickel alloys in hydrogen evolution
reactions], Vestnik VGU, Ser. Khimiya, biologiya, farmatsiya, 2007, No 1, pp. 33-38.

6. Zhao, H.F., Electrodeposition of amorphous Ni-P alloy coatings, Trans. Nonferrous Met. Soc.
China, 1997, V.7, No 3, pp. 148-151.

7. Yuan, X,, Sun, D., Hua, Z., Wang, L., Initial electrodeposition behavior of amorphous Ni—P alloys,
Advanced Materials Research., 2011, V. 154, pp. 535-539.

8. Krasikov, A.V., Bykova, A.D., Merkulova, M.V., Markov, M.A., Issledovanie tekhnologii el-
ektrokhimicheskogo naneseniya nanokristallicheskikh pokrytiy nikel — volfram iz tsitratnogo elektrolita [Re-
search on the electrochemical deposition of nickel-tungsten nanocrystalline coatings from a citrate electro-
lyte], Voprosy materialovedeniya, 2020, No 1 (101), pp. 111-117.

9. Krasikov, A.V., Pervukhina, M.S., Tekhnologicheskie osobennosti naneseniya pokrytiy iz kor-
rozionno-stoikikh nanostrukturirovannykh splavov nikel — volfram metodom elektrokhimicheskogo osa-
zhdeniya [Technological features of applying coatings from corrosion-resistant nickel-tungsten nanostruc-
tured alloys by electrochemical deposition], Voprosy materialovedeniya, 2011, No 3 (67), pp. 117-124.

10. Yamasaki, T., High-strength nanocrystalline Ni-W Alloys produced by electrodeposition, Mater.
Phys. Mech. L., 2000, V. 1, pp. 127-132.

11. Ahmad, J., Asami, K., Takeuchi, A., Inoue, A., Effect of Sodium Hypophosphite on the Struc-
ture and Properties of Electrodeposited Ni-W-P Alloys, Materials Transactions, 2003, V.44, No 4,
pp. 705-708.

12. Cesiulis, H., Xie, X., Podlaha-Murphy, E., Electrodeposition of Co—W Alloys with P and Ni, Mate-
rial science, 2009, V. 15, No 2, pp. 115-122.

© 2025 . Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “\/oprosy Materialovedeniya”

http://lwww.crism-prometey.ru


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

UDC 621.357.74:669.6'5:620.197

PULSED GALVANOSTATIC ELECTROLYSIS MODES FOR ENHANCING
CORROSION RESISTANCE OF ECO-FRIENDLY TiN-ZINC ALLOY COATINGS

S.Yu. KIREEV, Dr Sc. (Eng), G.V. KOZLOV, Dr Sc. (Eng), S.N. KIREEVA, Cand Sc. (Eng),
A.Z. YANGURAZOVA, Yu.N. KIRILINA, Cand Sc. (Eng), A.S. BALYBERDIN

Penza State University, 40 Krasnaya St, 440026, Penza, Russian Federation.
E-mail: sergey58 79@mail.ru; Dean_fptet@pnzgu.ru

Received March 18, 2025
Revised March 27, 2025
Accepted March 31, 2025

Abstract—The influence of pulsed galvanostatic electrolysis modes (unipolar and reverse) on the corrosion
resistance and functional properties of eco-friendly tin-zinc (Sn—Zn) alloy coatings was investigated. An
alkaline solution with sodium citrate and sodium lauryl sulfate additives was used as the electrolyte. The
unipolar mode (5 ms, 1.5 A/dm?) provided high current efficiency (72%) and microhardness (950—
1050 MPa) but increased porosity (7-12%). The reverse mode (5 ms cathodic/anodic phases,
2.0/0,5 A/dm?) demonstrated minimal porosity (2—4%), reduced internal stresses (50—-80 MPa), and maxi-
mum corrosion resistance (>1200 hours in salt spray). It was established that the anodic phases of the
reverse mode level the surface, reducing defects. Pulsed technologies have surpassed stationary electrol-
ysis in wear resistance (2-3 times), microhardness (+15-25%), and solderability (wetting angle 12—18°).
The reverse mode is recommended for marine electronics and aviation, while the unipolar mode is suitable
for tasks prioritizing microhardness. The results contribute to the development of eco-friendly alternatives
to toxic coatings in compliance with RoOHS/REACH directives.
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Abstract—The paper studies the effect of halloysite nanotubes of three grades on changes in the physical,
mechanical and tribological properties, as well as the structure of polytetrafluoroethylene. Halloysite is a
kaolinite rolled into a tube and has the chemical formula Al2[Si2Os](OH)4. The studied halloysite grades
differ in textural characteristics and phase composition. It is shown that composites reinforced with hal-
loysite demonstrate a significant decrease in the wear rate of polytetrafluoroethylene (by 400 times) while
maintaining a low friction coefficient (~0.20). With an increase in the halloysite content to 5 wt. %, the elastic
modulus of the material increases significantly. It is shown that the introduction of halloysite grade ANT 811
improves the relative elongation by 9 times and wear resistance by 6 times compared to halloysite grade
ANT 3810. Changes in wear resistance and friction coefficient indices are correlated. The PTFE/halloysite
ANT 811 composite has the highest wear resistance, while the SEM method shows the formation of a wear-
resistant layer of secondary structures on the friction surface of the composite material. Despite the mor-
phology of the HNT particles, tribological tests show that the HNT particles act as a solid lubricant at the
initial stages of friction.

Keywords: polymer composite materials, polytetrafluoroethylene, layered silicates, nanotubes, hal-
loysite
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Abstract—A new method of pressing composites modified with carbon fillers is presented, with additional
complex impact of ultrasonic vibrations at 17 kHz and superimposed low-frequency amplitude modulation
at 100 Hz. Thus, impact of this kind made it possible to reduce the intensity of mass wear of composite
samples under dry friction by 1000 times compared to polytetrafluoroethylene samples and at the same
time maintain the friction coefficient of the original polymer. It is shown that ultrasonic vibrations promote
disaggregation of nanosized particles, and simultaneously superimposed low-frequency amplitude modu-
lation leads to an ordered distribution of the filler in the polymer matrix. This mode ensures the production
of a defect-free structure due to compaction of the composite mixture and helps to eliminate pores and
cracks in the volume of the material.
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Abstract—The effect of wollastonite on the properties of polymer composite materials (PCMs) based on
polytetrafluoroethylene (PTFE) was investigated. New composite formulations were developed with wollas-
tonite content ranging from 0.1 to 2 wt. %. It was found that the incorporation of wollastonite enhances the
mechanical properties of PCMs, resulting in a 35% increase in tensile strength and a 47% improvement in
elongation at break. Moreover, the wear resistance of the composites increased by 67-fold compared to
pristine PTFE. The investigations were further supported and correlated with thermodynamic and structural
ana-lyses. The supramolecular structure of PTFE changes from a ribbon-like to a spherulite-like morphol-
ogy upon the addition of wollastonite. IR-spectroscopy confirmed the formation of secondary structures
derived from oxidized functional groups. Thermodynamic studies revealed that increasing the wollastonite
concentration in PCMs led to higher crystallinity and melting enthalpy values.
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Abstract—Microencapsulation of corrosion inhibitors allows increasing the efficiency of modification of pol-
ymer composite coatings, increasing their corrosion resistance over a long period. The selection of an inert
carrier, which constitutes a solid base of a functional particle, remains an urgent task. The paper considers
the features of solid carriers of functional additives, which are used to obtain microcapsules. The kinetics
of release of an inhibitory agent was studied by a spectrophotometric method with the construction of a
calibration graph. It was found that activated aluminum oxide showed the highest loading of the inhibitory
agent and a longer release time among the considered carriers.

Keywords: microencapsulation technology, modification of polymer coatings, corrosion inhibition, cor-
rosion, scale formation, paint materials
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Abstract—The strength properties of unsaturated polyester resin grade PN-609-21M were studied de-
pending on the concentration of two types of silicon dioxide, as well as their influence on the technological
properties of the resin.

Keywords: unsaturated polyester resin (UPR), synthetic silica, compressive strength, viscosity, formu-
lation
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Abstract—The effect of polysulfones of the PSF-150 and PSF-180 grades as a thermoplastic modifier on
the impact strength of epoxy resin ED-20 in the temperature range from —60 to 20°C was studied. The
evolution of the structural and morphological organization of the epoxy composition with an increase in the
concentration of polysulfone was studied using scanning electron microscopy. It was shown that at a con-
centration of 20 phr, a phase structure is formed in which thermoplastic polysulfone becomes a continuous
matrix, which provides a significant increase in impact strength in a wide range of temperatures, including
extremely low values down to —60°C.

Keywords: epoxy resin, polysulfone, thermoplastic modifier, phase structure, impact strength, low tem-
perature
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Abstract—The paper presents the study of the structure of the deposited metal Fe0.09C31Cr8NiN2Mo at
different cooling rates. The research was carried out using the EBSD analysis method in the initial state
after surfacing. The effect of post weld heat treatment on the resulting percentage of y/o phases in the
deposited metal, depending on the percentage of Y/o phases in the before heat treatment state is consid-
ered. The ways of improving the performance characteristics of the metal deposited with materials such as
Fe0.09C31Cr8NiN2Mo to a temperature of 350—400°C are proposed.

Keywords: friction pair assemblies, pipe valves, Fe0.09C31Cr8NiN2Mo, duplex steels, hardness, dil-
atometric studies, EBSD analysis
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Abstract—The paper presents results of metallographic examinations, measurement of microhardness
and analysis of diffraction of back scattered electrons in a zone of fusing of the anticorrosive cladding, which
was executed in the pulse inert gas on heat resistant Cr—Mo-V steel by metal arc welding. Interrelation of
distribution of values of microhardness on the metal of underclad zone with its structure of parameters of
PWHT is established.

Keywords: anticorrosive deposition, pulse inert gas welding, fusion zone, heat resistant Cr-Mo-V steel,
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A METHOD OF DETERMINATION OF MECHANICAL PROPERTIES AND TRUE STRESS-STRAIN
CURVE FOR FUEL CLADDING MATERIAL BY RING SPECIMENS TESTING.
Part 1. Analysis of existing methods and development of new ones
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Abstract—Various types of specimens machined from fuel claddings are considered and methods of their
tests are analyzed. The disadvantages and advantages of existing methods are considered from point of
view of obtaining adequate mechanical properties for highly embrittled materials. On the basis of the per-
formed analysis and calculations the new ring specimen is proposed and the method of its testing and
processing of experimental data is developed which takes into account the friction between the loading
device and specimen and allows determining the mechanical properties and obtaining the true stress-strain
curve for fuel cladding materials.

Keywords: fuel claddings, mechanical properties, test scheme, true stress-strain curve, research
method
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Abstract—The numerical and experimental verification is performed of the proposed method for determi-
nation of standard mechanical properties and the true stress-strain curve for fuel cladding material by ring
specimens testing and FEM modeling of their loading (see Part 1 of the article). The tests results of the
proposed ring specimens are represented for EP823 steel (12Cr—Mo-W-Si—V-Nb-B) in the initial and ir-
radiated states over a wide temperature range when using various lubricants and without lubrication. Based
on the obtained results of these tests, the mechanical properties and true stress-strain curves are deter-
mined for EP823 steel.

Keywords: fuel claddings, mechanical properties, test scheme, true stress-strain curve, research
method

DOI: 10.22349/1994-6716-2025-123-3-210-226
ACKNOWLEDGMENTS

This article has been prepared to substantiate the national standard “Rapid assessment of radiation
resistance of structural materials irradiated in ion accelerator. Methods of testing metals”.

REFERENCES

1. Enokhovich, A.S., Spravochnik po fizike [Physics’ handbook], Moscow: Prosveshchenie, 1978,
p. 85.

2. Margolin, B.Z., Gulenko, A.G., Fomenko, V.N., Kostylev, V.I., Dalneishee razvitie modeli Prometey
i metoda Unified Curve. Ch. 2. Razvitie metoda Unified Curve [Development of the Prometey model and
method of unified curve. Part 2. Unified curve], Voprosy materialovedeniya, 2016, No 4 (88), pp. 151-178.

© 2025 . Scientific and Technical Journal
NRC “Kurchatov Institute” — CRISM “Prometey” “\/oprosy Materialovedeniya”

http://lwww.crism-prometey.ru


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

	Рефераты №3(123) 2025 (русский пакет)ред
	Рефераты №3(123) 2025(английский пакет)ред

