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MNPOT'PAMMA
20-0ii MexayHapoaHoii On-line mKkoabI-KoOH(epeHuu
uM. B.A. Kaiuna «HoBble maTepuaJnl: IlepciekTuBHbIC
TeXHOJIOTHH MOJIyYeHUs] U MeTObl HCCIeA0BAHUSD)

(JiekMH BbIIETIEHBI CepbIM (POHOM)

14 HosiOpst
OTKPBITUE 10-00
1. | O.A. banHbIx UMET IIpuBercTBue yuactaukam | 10-05
PAH KOH(EpeHIIU
2. | A A Kamn HUY ITamsiTH 3aBeyrOIIETO 10-15
MHUOU Kadeapo, 1.¢.-M.H.,
npodeccopa b.A. Kammaa
3. | M.W. Aneimo | UICMAH Pa3Butne meroma camopacmpo- | 10-30
PAH CTPAHSAIOUIETOCS  BBICOKOTEM-
MEepaTypHOTO CHHTE3a KepaMu-
YECKHX MaTepHaIOB
4. | B.B. HoukoB | BHUMHM | 3agaun paszButusi uupkonue- | 11-00
BBIX MaTEPUAIOB UL TBIIOB H
TBC peakTopoB Ha TEMIOBBIX
HEUTpOHAX
5. | M.B. BHUWHM | Pesymbratel pazpabotku u mo- | 11-30
JleontneBa- CTAaHOBKM Ha IPOM3BOJCTBO
CwmupHOBa KOHCTPYKIIMOHHBIX MaTepHAaIOB
aKTUBHBIX 30H DPEAaKTOpOB Ha
OBICTPBIX HEHTpOHAX
INEPEPBIB 12-00
6. | E.A Kymemosa | HUI] Marepuanosemaeckuii moaxon | 12-10
«Kyp4aToB- | K MPOAJICHUIO CPOKA CIYKOBI
CKMM  MH-| JEMCTBYIOLIMX M CO3IAHUIO
CTUTYT» HOBBIX TIEPCHEKTUBHBIX pEak-
TopoB Tuna BBOP
7. | A.A.Moxpymmma | HUM HITIO| TormnmBo — BbicokoTemmeparyp- | 12-40
«Jlya», HBIX Ta300XJIAXKIAEMBIX peaK-
ITomosbck | TOpoB
8. | ILIO. ITuckapes | HUMD®A, | Komnonentsl, obpamensbie k | 13-10
CIIo a3Me, ycTaHoBKM «Tokamak
Peaxropabix TexHomOrHA
IEPEPBIB 13-40

5




MATEPHAJIBI ATOMHOM TEXHUKHA

9. | K.E. KimokoBa | HUAY Onenka crernenn pekpucran- | 14-30
MHUOU, JU3allid W3JEIUA U3 LUPKO-
BHHMHMWHM | HUEBBIX CIUIAaBOB IO JAHHBLIM
Jupakuuy  dIEKTPOHOB M
PEHTI€HOBCKHUX JIyyei
10. | M. Ilerpos | HUAY 3akOHOMEpPHOCTH BbleneHus | 14-45
MUDU THIPUIHON (a3l B HaBOJO-
PO’KEHHBIX TpyDOax W3 CIUIABOB
21100nT 1 9635
11.| J.B. Cunenés | TIIY, 3amuTHbIC MOKpHITUS Ha oc- | 15-00
Tomck HOBE XpoMa s ITMPKOHHE-
BEIX CIJIABOB
12.| KA. TITY, Bnusaue TommmHbl  Xpomo- | 15-15
3unbkoBckuil | Tomck BBIX TMOKPBHITUH Ha UX CTOM-
KOCTh K OKHCIICHHIO
13.| A.E. Pybanos | HUSY 3akoHoMmepHOoCTH  (hopmupo- | 15-30
MUoOn BaHUSl CTPYKTYpPbl, KpHCTal-
norpadu4eckoil TEKCTypHl M
AHW30TPOIUH CBOWCTB B M37C-
JUSX, TOJYYEHHBIX METOJIOM
CEJIEKTUBHOTO JIa3epHOT0
CIUIABJICHUS]  MOPOIIKOB U3
crmmaBoB ¢ I'TIK, OLIK u I'TTY
CTPYKTypaMu
14.| M.E. HUAY AHanu3 9BOJIONWU  MHUKpo- | 15-45
MarBeHOB MHNoOU CTPYKTYPBI ypaH-
raJIOIMHAEBEIX TAaOJETOK B 3a-
BHUCHMOCTH OT PEXHMOB CIIe-
KaHMsI
15.| B.E. Pykocye | HUAY Kopposnonnas croitkocts | 16-00
M ®U, JUCWINLIKMLA TpUypaHa B BO-
BHUUWHM | nsHoMm mape
16.| A.C. NMET CuHTe3 HUTPUIHON Kepamuku | 16-15
UepHsiBCKUi PAH; Ha OCHOBE TBEPHABIX PACTBO-
MUOU poB Zr-U U Zr-Nb
INEPEPBIB 16-30
17.| A.A. llorexun | HUIL]J Tenaenuuu n3MeHenus | 16-45
«Kypua- CTPYKTYpHO-()a30BOTO COCTO-
TOBCKHI1 SHUS, BIMSIONINE Ha pajua-
WHCTHUTYTY; | IHOHHOE OXPYITYMBAHUE CTa-
HUAY nelt kopnyca peaktopa BBOP-
MHUOU 1000 mpu mpoUIEHHOM CpOKe
CIIyXKOBI
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18.| E.A. Opnosa HNATOD Bmmsane wonnol wnmmmanTa- | 17-00
MHUDU, UM Ha Pa3pyLLCHUE CTaIU IpU
THII ®5HU,| Teun BoabI B HATPHH.
19. OOHHHCK; Uccnenosanne xonedarensHsix | 17-00
000 CIIEKTPOB METOJIOM HEYIPYTOTO
«OPJIAH», | paccesiHust HEUTPOHOB U pacyueT
HUIT KW | TemnoBBIX XapaKTEPUCTHK MO-
HOHUTpHU/IA ypaHa
20.| A.B. Hoxpun | HHI'Y, [IpounoctHele, penakcaiuos- | 17-15
Hwxauit HBbIE€ U KOPPO3HOHHBIE CBOMCTBA
Hosropon CYOMHUKPOKPHCTAILTNICCKOM
cramm 08X 18HI10T
MeToabl NOJIy4eHHsI U CBOICTBA MOKPBITHIl M TOHKUX NJIEHOK
21.| I''M. Tapacrok | HUSY Kiacrepnass ycranoBka i | 17-30
MHNOU HAHECCHUS IIOKPBITUH, HAChI-
IIEHUSI UX BOJOPOJZOM M Tep-
MOIECOPOLIMOHHBIX N3MEPEHHUH
22.| LA HUAY W3menenne CcTpyKTypnl Iuie- | 17-45
Uepemnanosa MHUOU HOK, IIOJYYEHHBIX MarHe-
TPOHHBIM PACIBIICHUEM, IPH
HaCBIIICHUH UX BOJOPOJIOM
23.| 3.2. Opymxos | TIIY, Crartuctuueckoe monenupo- | 18-00
Tomck BaHMeE Mpolecca pocTa TOHKUX
IIEHOK TpU paboTe MarHe-
TPOHHBIX  PAaCHBUTUTEIbHBIX
CHCTEM B pEXHME BBICOKO-
CKOPOCTHOTO OCaKACHHS
24.| E.JL. TITY, [Mouck crocobo ympasienus | 18-15
Boponunna Tomck (a3oBBIM COCTaBOM TOKpBI-
THH, TOJy4EHHBIX METOJOM
MarHeTpoHHOTO  PACIBUICHUS
C pa3feneHHeM HWHEPTHOW u
peakTHBHOH artMmoctepbl Ha
mpuMepe IEHOK OKCHa METN
25.| M. A. UMET ITocnoiinerii anemeHTHHIH | 18-30
CynapunkoBa | PAH aHAJIU3 CJIOUCTBIX KOMIIO3UTOB
C TIOBEPXHOCTHBIMH CJIOSIMH
W3 THUTaHa W HUTPUIA TUTAHA,
Cc(OPMHUPOBAHHEIX ~ METOIOM
MarHeTPOHHOTO PACIIbIICHUS
26.| IO Harectan- | [lomydenme TOHKHMX TuTeHOK | 18-45
Kappamosa ckuil ['TY, | Ha OocHOBE TBEepIbIX pPacTBO-
Maxaukana | poB (SiC)1(AIN), MeTomom

MAari€TpOHHOI'0 paCnblJIICHU
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15 HosOpst

CBerI[pOBOI[HI/IKl/I H UX HCII0JIb30BaHHE

27.| B.C. BHUUKII | [epcnexruBsl ucnonb3osanus | 10-00
Beicowkuit BBICOKOTEMIIEPATYPHBIX
CBEPXIPOBOIHNUKOB
28.| E.A. HUSY Ocob6ennoctu ¢popmupoBanus | 10-30
Heprynoa MHUoUu MophoorHH 3€pEHHON
CTPYKTYPbI CBEPXITPOBOISIINX
coemuHeHnit A-15 B TexHHUYe-
CKHUX CBEPXIIPOBOJTHUKAX
CoBpeMeHHbIEe METO/IbI HCCJIEA0BAHNS PEeAKTOPHBIX MaTepPHAJIOB
29. | N.N. YepHoB HUSAY Meronas! uccinenosanus nose- | 11-00
MUDOU JIEHUS] PaJUOTEHHBIX I'a30B B
BaHaJMEBBIX CIUIaBax
30.] C.B. HUAY KomrutekcHplii ananu3 Hazo- | 11-30
Poroxxkun MHOU CTPYKTYPBI JUCIIEPCHO-
YIIPOYHEHHBIX OKCHIAaMHU CTa-
Jell METOJaMH YJIbTPAMUKPO-
CKOTINHU
31.| B.H. HUSY Hcnonp3oBanue cuHxpoTpoH- | 12-00
ITerpoBckuit MHUOU HOT'O M3JIY4EHHUs [UIsl TUarHo-
CTHKHA MAaTepualioB, MOIy4YeH-
HBIX C TIOMOIIBIO I JUTUBHBIX
TEXHOJIOTUI
IEPEPBIB 12-30
MoauduuupoBaHue MaTepUaI0B M H3Ae U
KOHIeHTPUPOBAHHBIMM NMOTOKAMH SHEPTHU
32.| A.B. Knay3 HUIL UccnenoBanue BamsHus 00- | 13-15
«Kypua- nydenus uoHamu Fe Ha HaHo-
TOBCKHUH CTPYKTYpPY JMCIIEPCHO-
WHCTH- YIIPOYHEHHBIX OKCHJAaMHU CTa-
TyT»; Jed MEeToJaMH YIbTPaMHUKpO-
HUAY CKOTIMH
MUOU
33.| O.A. Abun HUAY Bnusaue oOmyuenus monamu | 13-30
MUDU, JKele3a Ha KPUTHUYECKHUE Xa-
HUL] K1 | pakrepuctuku BTCII xommo-
—UTOO® 3UTOB
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34.| M.C. CranmsioB | HUAY Hcnonp3oBanue obOnyuenns | 13-45
MUDU,; WOHAaMHU WHEPTHBIX Ta30B IS
USD PK, HUMUTAIUNA B3aUMOJECHUCTBUSA
AnmMarsr, ra3000pa3HbIX MPOJIYKTOB Jie-
Kazaxctan | JieHUSI ¢ KOHCTPYKIHMOHHBIMH
MaTepHalaMy IIPH JITUTSITEHOM
XpaHEeHHH oTpaboTaBIIero
SIEPHOTO TOTIIMBA
35.| H.A. UMET BimsiHue uMnysbCHbIX OTOKOB| 14-00
Enudanos PAH WOHOB TeJMs U TeJIMEBOU Iia3-
Mbl Ha COCTOSIHAE MOBEPXHOCT-
HOTO CJIOSI CIJIaBa HHKOHENb 718
36.| H.A. HUAY ToBepxHOCTHAsI obpaboTka| 14-15
ITyxapesa MHOU BBICOKO3HTPOIMHHBIX CIUIABOB
MOTOKAMH  BBICOKOTEMITEpa-
TYpPHOH UMIYJIbCHOM IJIa3Mbl
CHHTe3 ¥ XMMHKO-TepMUYecKast 00padoTka
37.| A.A. Connaros | MH-T Xxu- FDM 3D-nieuars kepamude- 14-30
MHUU CHJIM- | CKHUMH ITACTaMU
katroB PAH
38.| A.W. T'aboB HUSY Cunres ¢poTtokaTaiauszatopos co | 14-40
MHUou CMEILIaHHBIMU aHUOHAMM: OK-
cuauTpua SrTi0z Ny Al 1 ok-
cucyabbuapl Ha ocHoBe Bi u Pb
39.| E.JL. HUSY Hccnenoranue u onpexaencuue | 14-50
TapakaHoB MUDU; KadecTBa MCXOJHBIX 00pa3ioB
I'oc. AKTHBHBIX DJIEMEHTOB JIa3ep-
JIa3epHbId | HOM KepaMUKH aJlroMO-
MOJTUTOH UTTPUCBOTO TpaHaTAa JICTUPO-
«Panyray, | BaHHOTO HOHAMHU HEOJMMa
Panyxusiit | (Nd3+:YAG)
40. | 10.C. NCMAH, | Iloxyuenue BwICOKOSHTpomuii-| 15-00
BepryHosa YepHoro- HBIX CIUIaBOB Ha OCHOBE TYIO-
JIOBKa miaBkux anementoB (Ti, V,
Nb, Ta, Mo, W)
41.| B.A. Bopkens | HUAY Kopposmnonnoe u smekrpoxu-| 15-15
MHUOU MUYECKOE MOBEACHUE BBICOKO-

SHTPONUHHOTO CIUIaBa
CoCrFeNiMo B  kucibix u
HEUTPAJIBHBIX  XJOPUACOAEP-

JKAIIHAX cperax
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42.| U.I'. Ily3anoBa | MUCHUC; | Cunre3 xenezocozaepxaniux | 15-30
NDOM PAH, | cBepXIpoBOAHUKOB  COCTaBa
UepHoro- FeSe,_ Teyx
JIOBKA
43.| M.E. [onos HUAY OxuciieHue BHYTpeHHeW mo-| 15-45
MU®U BEPXHOCTH AJTIOMUHUEBOM
TpyOKM B aHOMaJIBHOM TJICIO-
IIEM paspsifie ¢ LEHTPaIbHBIM
IJIEKTPOJIOM
44. | JT.A. TITY, BricokoTemmeparypaoe oxuc-| 16-00
AIIXMHUH Tomck JIHWEe ¥ MEXaHH4YecKoe IoBe-
JICHUE JIa3epHBIX CBApHBIX CO-
ennHeHni u3 crmiasa 2110 ¢
XPOMOBBIM MOKPBITHEM
IEPEPBLIB 16-15
MonepoBaHHe U IKCTIePUMEHTATIbHOE HCCJIe0BaHMe
NPOLIECCOB B TBEP/IBIX TeJIax
45. | TIL.M. CIlo TIVY,| DnekrponHoe cTpoeHue KoMm-| 16-30
Kopycenko CIlo; wiekcoB [M(Salen)]: uccneno-
Omckuit BaHHE METOJaMHU DPEHTICHOB-
I'Y, OMck; | CKOW CIIEKTPOCKONIMH C CHH-
MHUOU XPOTPOHHBIM H3JIyYEHUEM
46. | LYO. IManapun | MI'Y um. MonenupoBanue passutus| 16-45
M.B. Jlo- XPYIKOTO pa3pylleHUus Mare-
MOHOCOBa | PHAJIOB MpPH JABYXYAaCTOTHOM
Harpy)XeHHH Ha pa3HBIX Mac-
MTabHO-CTPYKTYPHBIX ~ YPOB-
HSIX
47, K onenke mpeaensHBIX cocTo-| 16-45
SSHUM MaTepualoB Ha pa3HbIX
MacUITabHO-CTPYKTYPHBIX
YPOBHSIX MpH OWUrapMoHuYe-
CKHUX PEKUMaX HarpyXeHus
48.| T'. B. Ceprees | HUAY MopnemupoBanue muddysuon-| 17-00
MHUo®U HBIX XapaKTEPUCTHK B CUCTEME
Ni-Cr B 3aBUCHMOCTH OT CO-
cTaBa
49. | H.A. Komapos | HUAY MonenupoBanue kackanos| 17-15
MUoOU ATOMHBIX CTOJIKHOBEHUH B OK-

cuje xenesa FezOy

10




50.| K.T. PDY CpaBuenue cpokoB jaerpaia-| 17-30
T'acnapsin nMm. I'.B. U U (PU3UKO-MEXaHWIECKUX
IInexaHoBa; | CBOWCTB HETKAHBIX U IJIEHOY-
NUBX® HBIX MAaTepUaIOB U3 MOJUTHU-
PAH poxcubyTHpaTa
51. | M.M. HUAY Bnusaue Tekcrypel Ha Map-| 17-45
3apumosa MU®U, TEHCUTHBIE MpEBpalllCHUusl U
HUTY MEXaHMYECKHE CBOMCTBA B 3a-
MUCuC HUKEJIEHOM HUKEINIE
THUTaHa
52.| M.B. UMET Brusane 3amuTtHO#N atMocde-| 18-00
Keneznprit PAH; pBI Ha CTPYKTYpoOOpa3oBaHHE
HUTY aycteHUTHOM cranmu 316L mpu
MUCuC; CEJIEKTUBHOM Ja3€pHOM ILJIaB-
PY]IH; JIEHUU
MITY
53.| B.K. HUAY Bnusane xomOuHHMpoBaHHOM | 18-15
Anexcanapos- | MUOU IPOKaTKU M CTapeHus Ha
CKHH CTpYKTYypHO-(a3zoBoe
COCTOSHME ¥ MEXaHH4YecKue
cBoiicTBa cruiaBa BT35
54.| B.A. HNY wnwm. Busyanuzanus mporecca| 18-30
I'mymenkos aKaJleMHKa | YIJIOTHEHUS MOPOIIKOBOM
C.II. Kopo- | KOMIIO3UIIMN B METAJUITMYECKON
JIeBa, 00oJI09Ke TOJ JeHCTBUEM T'H-
Camapa OpHTHOM HArpy3KH
55.| O.b. NMAII MexaHu3M ymapHOro Bo3mei-| 18-45
CkBOpPI1IOB PAH CTBUSI Ha CTPYKTYpYy MeTajja
NPU  DIEKTPOIUIACTUYECKOM U
BHUOpoOTIIaCTUYECOM P PeKTax
56. | B.I. NMAII Junamuueckoe mexanmdeckoe| 19-00
CrareHko PAH JIEACTBUE DJIEKTPUIECKOTO TO-

Ka B TPOBOJSIINX 3JIEMEHTAX
MOIIHOTO ~ DHEPTETHYECKOTO
00opyIoBaHuUs
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16 Hosiopst

57.| E.I. NCMAH, | IlepcnekruBbl pa3Butus Me- | 10-00
I'puropses Yepnoro- TOJIa BBICOKOBOJIETHOM KOHCO-
JIOBKA JUJALMY TTOPOIIKOBBIX Mare-
pHajoB
58.| A.H. CyukoB | HUSY OmnbiT pa3pabotku ObicTpo3a- | 10-30
MHNOU KaleHHbIX npunoes B HUAY
MU
59. | B.B. Yrmos BI'Y, Dpo3ust MHOTOCITONHBIX KPH- 11-00
MUuHCK, CTAJTHIECKO-aMOP(MHBIX TIIe-
benapycs HOK, 00JIy4eHHbBIX HOHAMH T'e-
TS
60. | A.IL HUAY EXAFS-meron — vyHukans- | 11-30
Menymenkos | MUOU HbIII METOJ  HUCCIIENOBaHUS
JIOKaJIbHOM CTPYKTYpBbI
MaTepualioB
IIEPEPBIB 12-00
61.| B. M. Xomoz BI'Y, Brusaue obmydenuss wonamum | 12-15
MTMO, renyss Ha MUKPOCTPYKTYPY U
MuHCK, (a3oBble M3MeHeHHs KapOuma
benapych; | kpemHus
usd  PK,
Hyp-
Cyanras,
Kazaxcran
62. | M.M. benos BI'Y; MukpocTtpykTypHble uccneno-| 12-30
MTMO, BaHUA OJHO(A3HBIX KOHILEH-
benapyck; | TpUpOBaHHBIX TBEPHABIX pac-
WD PK, | tBopoB Ha ocHoBe V-Nb-Ta-Ti
Hyp- Ipu OOTy4EeHUH MOHAMH KpHII-
Cynran Ka- | ToHa
3aXCTaH
63. | J.B. Peikynos | HUHAP, Obosnoyka TB371a U3 crutaBa| 12-45
Jumutpos- | 3110 0.9. ¢ XpOMOBEIM TTOKPHI-
rpaj THEM
64.| A.A. TILY, IMomumepusie MemOpanbt ¢ | 13-00
Jlaymkuna Tomck TiSIN HOKpBITUAME TSI TIPH-
JIO’)KEHU I CEp/IEUHO-
COCYJIUCTOHN XUPYpPIruu
65. | M.O. HUAY OoOpa3zoBanue mapoB Bojawel | 13-10
OTpekoBa MUDOU IpU Jerazaluyd BOAOpoJa C
MOBEPXHOCTH KaTalUTHYECKU
aKTHBHBIX 3JIGKTPOJOB €M-
kocTHeIX M/III-cencopos
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66.| A.A. Bypies HUu-T npo- | U3smenenue ¢usnueckux | 13-20
O6mem 7a- | CBOMCTB ~ TOHKHX  IIJICHOK
3epHBIX U | XaIbKOTCHHIHBIX (a3onsmMe-
nHpOpMa- | HSIEMBIX MaTCpUAIIOB  MpH
IIUOHHBIX TEPMHUYECKOM BO3/ICHCTBUH
TEXHOJIO-
ruii PAH,

[Tatypa
NEPEPBIB 13-30
KoHcoanganyusa NopomKkoB H caMOpACHPOCTPAHS IOIIHUIICSH
BBICOKOTEMIIEPATYPHBIIi CHHTE3
67.| T.C. Cry, Bosmoxknoctn UMIT B moBel- | 14-15
Capraesa Camapa IIEHUU KauecTBa W3JIENUiA, T10-
JYYEHHBIX C MOMOIIBIO aIIH-
TUBHBIX TEXHOJIOTHH
68. | J.C. HUAY Touck omnTumanbHeiX pexu- | 14-30
T'opOyHoB MU®U; MOB TIOJNy4EHHS OOBEMHBIX
HUL] «Kyp- | amopdHO-KpUCTAIINYECKHX
YaTOBCKUH CIJIABOB M3 ITOPOIIIKA COCTaBa
HHCTHTYTY; ZrysTiggBey7sCurs  meroiom
NUMET UIIC
69.| H.B. I'XTY, Peaknmonnas crnoco6nocts | 14-45
®dunarosa HBanoBo okcunoB Hukens (III) u xe-
ne3a (III), momy4eHHBIX Me-
TOJIOM TOPEHHUS B PACTBOPAX
70.| B.E. Jlecbenes | HUSY IMonyyenne kommo3uta Ha | 15-00
MUOU OCHOBE MEIX METOJOM BBI-
COKOBOJIBTHOH  3JIEKTPOUM-
MyJIBCHON KOHCOJIHIAIAH
71.| AT. 'V no 3em- | Brnusaue nobaBok rpadena | 15-15
Konuun JIeyCTPOM- Ha MEXaHUYECKHE U DJIEK-
CTBY, TPUYECKHIE CBOHCTBA KOPYH-
MockBa na
72.| T.O. Harectan- OnextpoumitynscHoe  ¢op- | 15-30
Kapnamosa ckuii I'TY, | MupoBaHue  KepaMHUYECKHX
Maxaukana | mumreHedi SiC-AIN u  wux
CBOWCTBa
73.| A.-H. NCMAH, [Tonyuenne wommno3unuoH- | 15-45
Ky6anoBa UYepHoro- HOH JIMraTypbl U3 TYIOIUIAB-
JIOBKA, KAX METaUIOB METOJaMHU
Tynbckuit HEHTPOOSIKHON CBC-
I'1Y, Uentp | metamnypruu
HCCIIeIOBA-

HUH, Au3ai-
Ha U TEXHO-
sorui, Tyna
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74.|E.B. NCMAH, Cunrte3 teppomarautHeix | 16-00
[TyrageBa UepHoromnoBka |kobanpTconepxkammx CBC-
KaTajau3aTopoB  TIIyOOKOTO
OKHCIICHUSI W TUAPUPOBAHHUSA
CO, B MarHUTHBIX IOJIIX
75. |A.B. NCMAH, [Tonyuenue Moauduiupo-| 16-15
Bononkas UYepHOTroNIoBKa | BAHHBIX KEPAMHUYECKHX Mare-
pHaToB HAa OCHOBE OOPHIOB
TuTaHa  merogoM  CBC-
9KCTPY3UH
76. |P.A. HUAY 3akoHomMepHOCTH  pas3Butus| 16-30
MHUHYIIKWH MUOU KpucTauorpadueckoil Tek-
CTYpBl JINCTOB W3 CIUIaBa
FE3SIlAl npu  xonomHoi
MIPOKATKE M TePMO0OOpaboTKe
TEPEPBIB 16-45
Cpapka n naiika
77.|C.C. ®enotoB |PXTY um. | JlazepHass cBapka crexna u| 17-00
JA.N. Menge-|cutamia ¢ pazinyarOmIMMUC
JleeBa 3HayeHusimu TKJIP
78. | A.E. Po3en [Nen3zenckuii | IkcruryaranuoHHble xapakre-| 17-10
TOCYHHBEPCH- | pUCTHKH KOPPO3HOHHOCTOM-
TeT, KHX CJIOMCTBIX MeTaJuIiue-
[enza CKHX MaTepuajioB C BHYTPEH-
HHUM [IPOTEKTOPOM
79.|E.P. HUAY Wzyuenne sBomonuu cTpyk-| 17-20
YepHasckas MHNOU TypHO-()a30BOTO  COCTOSIHUS
masueix coemunennii SiC/SiC
IIpY  BBICOKOTEMIIEPATYPHOU
TEPMHUUECKOH 00paboTKe
80. | d.A. AO Texnonmoruueckue Bo3Moxk-| 17-30
Mensenes «Kommosury, |HOCTH TudPY3HOHHOHN CBapKH
Kopones; Pa3HOPOAHBIX MAaTepHaloB B
BHUWHM YCIIOBHUAX TOpPAYEro M30CTa-
THYECKOTO NPECCOBAHMS
81. | H.C. ITomos HUAY Ionyuenne  kommo3uTHbIX | 17-40
MHUOU; MaTepuagoB Ha OCHOBE KpHU-
WH-T THAPO- | CTAJUIMYECKOTO TUTaHa |
JUHAMUKH aMOp(HOTo CIIaBa METOIOM
CO PAH; MarHUTHO-UMILYJIbCHON
HITY, Ho- | cBapku
BOCHOMPCK
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82.| I0.A. T'ypoBa, | HUAY IIpumenenne amomuamneBoro | 17-50
MUDU; npunoss CTEMET® 1502 mnst
OTU VM. | IaliKu MaKeTHBIX MhE30CUIIO-
A.®. Uodde,| BBIX 21€MEHTOB
CIlIo
83.| A.B. Abpamor | HUSY 3akonomepHoctu (opmupo-| 18-00
MHUOU BaHUsS COEAMHEHUH KOPPO3H-
oHHoctoiikoi cramun  AlSI
304 w®  BBICOKOIIPOYHOTO
AMOMUHKEBOTO cIutaBa AA
6082, mOMy4eHHBIX METOJIOM
BaKyyMHOW MaWKU C IpHUMe-
HEHHEM OBICTPO3aKaJICHHBIX
npurnoes cucreMsl Al-Ge-Si
84.| AA. HUSY Biusaune — temmeparypubix | 18-10
baxxeHos MHNOU PEXUMOB Ha CIIEKaHUE ypaH-
ragoJIMHUEBbBIX OKCHUJI0OB
85.| A.C. Beikanos | HUSY UccnenoBanne MuKpocTpyk-| 18-20
MHuou TYpbl  CIUTKOB  SIIEPHOTO
tormBa UsSl,
MNOJABEAEHUE UTOI'OB. 3AKPBITHUE 18-30

KOH®EPEHIINU
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Te3ucel
JIEKIIUU
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E.A. KVJIEHIOBA'?, B.A. TYPOBUY'
lHHll «Kypuamosckuii uncmumympy, Mockea, Poccus
2 HayuonansHolii ucciedosamenseuii s0epuwill ynugepcumem « MUDH y,
Mocksa, Poccus
*e-mail: evgenia-orm@yandex.ru

MATEPI/IAJIOBEIFIECKHFI noaxon K nPOJIEHUIO
CPOKA CJIYXBbI JEUCTBYIOLIIUX U CO3JAHUIO HOBBIX
HEPCIHHEKTUBHBIX PEAKTOPOB THUIIA BBOP

PaccMoTpensl MaTepHanoBeJUECKHe acHeKThl MPOJUICHHS CPOKa CITY>KOBI
kopmycoB peaktopoB (KP) u BHyrpukopnycHeix ycrpoiicts (BKY) kak Hecme-
HSIEMBIX 3JIEMEHTOB, ONPEJEISIONNX CPOK CIYXOBbl PEaKTOPHOHW yCTAaHOBKH B
nenoM. B ocHOBe mojxona K MPOJJICHUIO CPOKA CIYKOBI MCIIOIB3YeMbIX CTa-
nert KP u BKY u co3naHuio HOBBIX cTayel Uil MEPCHEKTUBHBIX PEAKTOPOB C
NPO/UIEHHBIM ~ CPOKOM  CIYXOBI ~ JIGKHT  H3Y4E€HHE  paJHallOHHO-
WMHIYIUPOBAHHBIX 3JEMEHTOB CTPYKTYphl M MEXaHM3MOB DPaAHUaIlMOHHOTO
OXpYMYUBAHMSA, IPUBOIAIIUX K JETPANAIH UX MEXaHNIECKUX XapaKTEPHUCTHK.

Hpe}]CTaBJ’IeHLI METOAbI UCCICAOBAHUA U UX AaHAJIUTHYCCKUC BO3MOXKHOCTH
IIPU MCCIIEOBAaHUN HAaHOPa3MEPHBIX CTPYKTYPHBIX COCTABISIOLIMX OOJIy4eH-
HBIX PEAKTOPHBIX MaTepUaJIOB.

O003HaYeHbl MEXaHM3MBI paJUallMOHHOTO OXpymuuBaHus craneit KP wu
BKY, crpykrypHble nmapaMeTpbl, OTBETCTBEHHbIE 3a JErpaslaliiio CBOMCTB, a
TaKKe MPOTHO3HBIE OIIEHKN PECYPCOCHOCOOHOCTH CTajlel MpH MPOJUICHUH CPO-
Ka CITy)KOHI eficTByromux peakropoB BBOP-1000 mo 60 u 6omnee jer.

PaccMoTpeHBI NepCreKTHBBI CO3JaHusl HOBBIX peakTopoB Tuna BBOP mo-
koneHus |1+ u IV ¢ Touxu 3peHust cTpaTeruu pa3BUTHS SACPHON SHEPTETHKH
Poccumn, paspabdortannoii 'K «Pocatom»*. OnpeneneHsl OCHOBHBIC TTapaMeTPhl
1 TpeOOoBaHU, IPEABABIAEMBIC K MaTepranaM (TeMIeparypa, 103a 00IydeHuns,
JIABJICHUE TEIIOHOCHUTENIS) MEPCIEKTUBHBIX PEaKTOPHBIX YCTAaHOBOK, CPOK
CITyOBI KOTOPBIX JOJDKEH COCTaBISITh OoJiee 60 Jer.

st craneii KP npencraBieHsl HOMONHUTENBHBIE TPEOOBAHHUS K XUMHUYeE-
CKOMY COCTaBY M CTPYKTYPHOMY COCTOSIHHUIO JUIS ITOBBIIICHUS UX TEPMUYECKOMN
U PaHallMOHHON CTOMKOCTH, a TaKXKe K JOCTIDKEHUIO OoJiee BBICOKOTO YPOBHS
npouHocTn (kateropusi mpouHoctu KII=65+ mpu Temmeparypax BIJIOTH 10
400°C) mpuMEHHTETBHO K MEPCTIEKTHBHBIM PEAKTOPaM C MOBBIIICHHBIM JIaBJIe-
HUEeM TemoHocutens. Jloctmkenue croib BbICOKMX KII BO3MOXKHO 3a cuer
3HAYUTEIHHOTO TOBBIIIeHus conepxanus Ni (1o 4-5 mac. %). Ilpu 3ToMm coBo-
KYITHOCTBh MEp TI0 OYHCTKE OT BPEAHBIX IPUMECEH, CHI)KEHHIO cofepxanust Mn
pu 00eCHeYeHNH MENKO3EPHHCTON CTPYKTYpPBI C PABHOMEPHBIM pacIpezerne-
HUEM HaHOPa3MEpHBIX KapOHIIOB BHICOKOH IUIOTHOCTH CO3/1a€T BO3MOXKHOCTH
obecrieueHHs I BBICOKOHUKENEBOH cTanu gocratouHbix 3HadeHuit KII, xpu-
THUYeCKOH TeMreparypbl xpynkoctH (Tk), a Takke HM3KOTO TeMIa paJualioH-
HOTO M TEPMUYECKOro OXpymuuBaHusi (ctanp paspaborana B AO «HIIO
«THUHUTMAII»).
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Jas craneii BKY nepcrnekTHBHBIX POCCHICKHX PEaKTOPOB PacCMOTPEHO
BIIMSIHME TOBBIIIEHHOTO (70 25 Mac.%) comeprkanust Ni Ha CHHXKEHHE YPOBHS
panuaMoOHHOTO paclyXaHHs B KayecTBe KPUTHUECKOTO IapameTpa C TOUKH
3peHHsI IPEABABISICMBIX K HUM TPEOOBAHUI 1O MOBBIIICHHOW TOBPEKIAIOIICH
JI03€ U Temneparype oOJydeHus], 4TO CII0COOCTBYET MEHbLIEMY (hOPMOU3MEH e-
HUIo 2eMeHToB BKY 1 MeHbIIMM pacTsruBaromuyM HanpspkeHusM. [lokasaHo,
4TO C yBEIMUYCHHEM MOBPEXJAIONIEH 03Bl paAUalliOHHOE pacllyXaHHe CTaHO-
BUTCS OJHUM M3 OINpPENESIoNMX (HaKTOPOB, OrPaHUYMBAIONIMM paboToCIO-
COOHOCTH U3 ETINI BKY, [IOCKOJIBKY ~ IJIOTHOCTb  paJUMalMOHHO-
WHAYOUPOBAHHBIX (pa3 W pamuanMoOHHBIX Ae(eKTOB He OyAeT 3HAYMMO YBEIH-
YUBaThCS BCIIEJCTBUE MOCTEIIEHHOTO BBIXO/A MX MJIOTHOCTH Ha HachleHue. B
cBs3u ¢ otuM cranb ¢ 25% Ni (paspaborana B HULL «KypuatoBckuii HHCTH-
Ty - [THUU KM «IIpomerteii») MOKET paccMaTpUBaThCsl B Ka4eCTBE KaHIU-
nmatHoro matepuana BKY misa mepcrnexktuBHBIX peakTopoB BBOP, B kxoTOphIX
IperoiararTcs 0ojiee BBICOKHE TEMIIEpaTyphl U CPOKH SKCIUTyaTaI[lH CBEIIIE
60 nert.

*Ctpaterus pa3BUTHSA saepHOU HepreTuku Poccun 1o 2050 1 mepcrieKTUBHI Ha Tie-
puox 1o 2100 r. Mockaa, 2018. https://www.rosatom.ru/production/generation/

E.A. KULESHOVA'? B.A. GUROVICH!
National research center “Kurchatov institute”, Moscow, Russia
2National research nuclear university “MEPhI”, Moscow, Russia

*e-mail: evgenia-orm@yandex.ru

MATERIALS SCIENCE APPROACH TO
LIFETIME EXTENSION OF EXISTING AND CREATION
OF NEW PERSPECTIVE VVER-TYPE REACTORS

Materials science aspects of lifetime extension of reactor pressure vessels
(RPV) and reactor vessel internals (RVI) as non-changeable elements, deter-
mining overall lifetime of reactor, are reviewed. Approach to the extending the
RPV and RVI steels lifetime as well as creation of new steels for perspective
reactors with extended lifetime is based on the investigating the radiation-
induced structural elements and radiation embrittlement mechanisms that lead
to the degradation of their mechanical characteristics.

Research methods and their analytical capabilities in investigating nanoscale
structural components of irradiated reactor materials are presented.

Radiation embrittlement mechanisms of RPV and RVI steels and structural
parameters responsible for properties degradation are identified as well as pre-
dictive estimates of steels resource capacity at extended service times of active
VVER-1000 reactors up to 60 years and more.

Perspectives of new VVER-type reactors of generation 111+ and 1V creation
are considered from the point of view of Russian nuclear energetic development
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strategy, developed by State Corporation “Rosatom”. General parameters and
requirements (temperature, radiation dose, coolant pressure) for materials of
perspective reactors with service time more than 60 years are determined.

For RPV steels addition requirements are provided for chemical composi-
tion and structural state in order to improve their thermal and radiation re-
sistance and to achieve higher strength level (strength category 65+ at tempera-
tures up to 400° and more) with regard to perspective reactors with increased
coolant pressure. Achievement of such high values of strength category is pos-
sible through significant increasing Ni content (up to 4-5 mas.%). Wherein set
of measures to purify from harmful impurities, to lower Mn content together
with ensuring fine-grain structure with uniform distribution of high-density na-
noscale carbides creates an opportunity for providing sufficient values of
strength category, critical temperature of brittleness (AT.) and low rate of radia-
tion and thermal embrittlement for high-nickel steel.

For RVI steels of perspective Russian reactors influence of increased (up to
25 mas.%) Ni content on the decreasing of radiation swelling rate is considered
as a critical parameter in terms of requirements for increased damaging radia-
tion dose and temperature. This facilitates less shape changes of RVI elements
and less tensile stresses. It is shown that, as the damaging radiation dose is in-
creasing, radiation swelling becomes one of the factors that limit the working
capacity of RVI elements, since density of radiation-induced phases and radia-
tion defects is unlikely to grow significantly due to density saturation. In this
regard, steel with 25% Ni content might be considered as a candidate RVI ma-
terial for perspective VVER reactors with assumed higher temperatures and
service times longer than 60 years.
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A.A. MOKPYVIIIMH, A.C. KUCEJIEB, O.1. ®EAVH
AO «HUH HIIO «JIVYy, 2. [Tooonvck, Poccus
*e-mail: mokrushinaa@sialuch.ru

TOIIVIMBO BBICOKOTEMITIEPATYPHbBIX
IF'A300XJIAXKJAEMBIX PEAKTOPOB

AHHOTAIWS: TIPEACTABICH 0030p OTCYCCTBEHHBIX U 3apyOCSKHBIX pa3paboOTOK B 00-
JIACTH SIIEPHOTO TOILIMBA JUIA Ta300XJIAXKIAEMbIX PEaKTOPOB, IKCILTyaTUPYEMbIX paHee,
ﬂeﬁCTBymmHX u l'lepCl'[el(Tl/IBHle. HpoaHaJ'[I/BI/lpOBaHbl TCHACHLINH pa3BI/ITI/I$[ TOILJIUB-
HOTO HaNpaBJICHUS U MOTEHLIUAIbHBIE 00JIACTH MCIONB30BaHUS PEAKTOPHBIX YCTAHOBOK
JTaHHOTO THMA. [IpuBeneHb! pe3yIbTaThl TEKYLIEH CTauK pa3paboTKH JAHHOTO TOILTUBA
B Poccun B mHTEpecax co3laHUsi aTOMHOW PHEPIO — TEXHOJIOTMYECKOW CTaHLMU AJs
MIPOM3BOICTBA BOIOPOA.

OCHOBHBIMU TPeOOBaHMSIMU K JIIOOOH HEPreTUUECKON CTAHIUU SIBIISIOTCS
6e301acHOCTb, SKOJIOTMYHOCTh U BbIcOKas dddexTuBHOCTh. BhIcOKOTEMMEpa-
TYpHBII razooxnaxkaaembiii peakrop (BTI'P) sBrusercs omuuMm u3 Haumbosee
MEPCTIEKTUBHBIX PEIICHNUH, KOTOPBIA MOJIHOCTBIO YOBIETBOPSET 3TUM Tpebo-
BaHMSM, TO3BOJISIONIMM, IOMHMO 3TOTO, OCYIIECTBHUTh MEPEX0] K BOJIOPOAHON
SHEPreTUKE W MPHUMEHUTH II0JIy4aeMyI0 BBICOKYIO TEMIIEpaTypy HampsMyIO B
Pa3IMUHBIX MPOU3BOJICTBAX M APYTUX NPOMBINUICHHBIX MPENPHUATHSX, CBS-
3aHHBIX C UCIIOJIb30BAHMEM BBICOKUX TemrepaTyp. COBOKYITHOCTb 3THX (pakTo-
POB TOCTIOCOOCTBOBANA PA3BUTHIO HAYYHO-HCCIEAOBATEIBCKUX M IPOEKTHO-
KOHCTPYKTOPCKUX Pa3pabOTOK TOIUIMBA, TeXHONOTHH u au3aitHoB BTIP peax-
TOPOB BO MHO>KECTBE CTPaH.

Beicokuii ypoBenb 6ezomacHoctu BTI'P peakropoB mocruraercst 3a cuér
MOIep KaHUS TEMIIepaTypsl aKTUBHOM 30HBI HIKE ITOpPOTa BBIXOJA MTPOIYKTOB
JIETICHUS] BO BCEX NPEAIOIAraéMbIX CIEHAPUSIX WHIMICHTOB, YPOBEHD yAEpKa-
HUSI KOTOPBIX Ha TOPSIKH BBIIIE [0 CPABHEHHUIO C PEAKTOPAMH JIPYTHX THUIIOB U
JIOJDKEH 00ecreyrBaThCsl BEICOKMM KadyeCTBOM HM3TOTOBJICHHS TOIUIMBA U €TO
XapaKTepUCTUKaMU TIPH HOPMaJIbHOH paboTe.

DddexruBHocTs 1 GezonacHocTh padotsl BTTP peakropoB Bo MHOTOM oripe-
JIeTsIeTcsl paboTOCTIOCOOHOCTHIO SIIEPHOTO TOILIMBA, YTO CTUMYITUPYET pa3paboTKu
Ha TIOWCKHU IIyTEH MOBBIIICHHUS KayeCTBA MHUKPOTBIIOB M ONTHMH3AINH HX KOH-
CTPYKIIMH U1 oOecriedeHHs! TIIyOOKOTO BBITOpPAaHMSI NP BBICOKOH TemIieparype
9KCIUTyaTany. Ha naHHBIii MOMEHT MHOTHE HayqHO-HCCIIEN0BATENbCKHE LIEHTPEI
BO BCEM MHUpE NMPOBOIAT uccienosanys Tommsa BTI'P, HakoruieHo MHOro 3Kcre-
PUMEHTAIIBHBIX JAHHBIX MO HCIBITAHUSAM TOIUIMBA, KaK MPU paboumx, TaK U MpU
ABAPUHMHBIX PSKUMAaX, IOATBEPKAAOIINX €r0 OE30MacHOCTb.

[TpoBeneH aHanM3 OTEYECTBEHHBIX M 3apyOeKHBIX pa3pabOTOK TOIUTMBHBIX
U KOHCTPYKIMOHHBIX MaTepualioB Ta300XJIaxJIaeMbIX peakTopoB — BI-400,
BI'M, Iluu-Bortom, ®opt-Cenr-Bpeiin, JIparon, AVR, THTR-300, HTTR,
HTR-10, HTR-PM, a Taxxe psiJ aKTyadbHBIX MaJIbIX MOIYJIbHBIX SJHEPrOEMKHIX
ycranoBok Ha 0a3ze BTI'P. IToka3ano, uTo Bce pa3pabaTeiBaeMbIe, NEHCTBYIO-
M€ W BBIBEICHHBIC M3 JKCIUIyaTalliM YCTAHOBKM 0a3sMpyIOTCS Ha OCHOBHOM
KOHIIEIIIMM — MUKPOTBIJIAX, COCTOSAIINX M3 C(HEpUUECKOro KepHa Ha OCHOBE
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KHCIOPOAHOTO TOIIHBA, MOKpbIToro BISO- umn TRISO-nmokpeituem; koTopbie
pacnpeziesieHsl B rpaMTOBOM MaTpHIIE M HCIOJB3YIOTCS B NMPU3MATHYECKHX
AKTHUBHBIX 30HAaX PEAKTOPHOM YCTAHOBKU WJIU C IIAPOBOM 3aChIIIKOM.

Ha npumepe nepseix pekropoB AVR u [Inu-borToMm mokazaHa mpHUHIUITH-
anpHas peann3yeMocTh paboTsl peaktopoB tnna BTI'P. Peakroprr Fort Saint
Vrain 1 THTR pa3Buiu moTeHIMan HCIOIb30BaHUS TaHHOTO THITA PEAKTOPOB
JIO TEIUIOBBIX MoIHOCTeH nopsaka 800 MBT.

IIpencraBineHHbIE METOBI KOHCTPYUPOBaHUs U nipou3BoacTsa TBIOB BTI'P u
Pe3yAbTaThl PEaKTOPHBIX MCHBITAHHUI MO3BOJIIIOT OXapaKTEPH30BaTh CIICAYIOLIHE
OCHOBHBIE JIOCTUTHYTHIE TIOKAa3aTeIH X Pab0TOCIIOCOOHOCTH: BpeMs OOIyIeH s 2-
5 ner, QuroeHc OvICTpBIX HeWTpoHOB AHepruer 0,18 MaB mopsmka (2-5) 10
HelTp/cM?, OTHOCHTENIbHAS MOIHOCTH (2 — 6) KBT/TBAON, MaKCHMATbHAS TeMITepa-
Typa ToIuMBa B HoMUHATEHOM pexknme (1000 — 1300) °C, Temrieparypa TOILIHBA B
aBapuitHbIX cutyarmsix (1200 — 1600) °C go 10 yacos. [JanbHefiiee pa3BUTHe pa-
60T mpeznmoarano pereHre BOIPOCOB, CBA3aHHBIX ¢ MacIITAOUPOBAHUEM IIPOU3-
BOJICTBA /IO IIPOMBIIIICHHOTO YPOBHS, aBTOMATH3alMeN TIPOU3BOICTBEHHBIX LETIO-
YeK, pa3paboTKOH METOJI0B HEpa3pyLIAIONIEro KOHTPOIIS U criocobaMy oOparieHns
C HEKOHIULIMOHHBIMU TBYIAMU ¥ MUKPOTBAJIaMH.

OCHOBHBIE HCCIIEIOBATENILCKIE pabOThI, TPOBEJCHUE PEAKTOPHBIX MCIIBITA-
HUA W TOCIIEpeaKTOPHBIX HMCCIIEA0BAaHUN ObUIM BBIMOJHEHBI B 80-bIe TOJBI
MIPOIILIOTO BeKa IS c(hepudecKoro TUIa TOMINBA, UCIIOJIb3YEMOT0 B 3aChITHOM
akTHBHOW 30He. Co3anne M 0OOCHOBAHME TOIUIMBA IS PU3MATHUECKOH aK-
TUBHOHM 30HBI, pacCMaTpHBaeMOil B COBPEMEHHBIX OTEYECTBEHHBIX IPOEKTax
BTI'P, ¢ MeHbIIMM nMAaMETPOM MHUKPOTBAJIOB U MEHbIIEH HEOIHOPOIHOCTHIO
COJIep)KaHMs TOIUIMBA B 00bEeMe TOIIMBHOTO KOMITAKTa MOTpedyeT pa3paboTKu
U CO3/IaHUSI HOBOTO 000PYIOBAHUS IS OCYIECTBIICHUS ONBITHOTO U MPOMBIII-
JICHHOTO TIPOM3BOICTBA TOIUIMBA, BOCCO3AAHMS HKCIICPUMEHTAIBHON 0a3bl, Cy-
IIeCTBOBaBIIeH B oTpacieBbix mHCTUTyTaX (AO «HUUW HIIO «JIYU», AO
«BHUMHM», AO «OKBM AdpukantoB», AO «[HIl HUUAP», AO
«IPMy), a taxxe B HUL[ «KypuaTOBCKHI HHCTUTYT» Ul PEAKTOPHBIX HCIIBI-
TaHUH TOIUIMBA, rpaduTa W MCIBITAHMA PEAKTOPHOTO 00OpyHOBaHHA (TEILIO-
obmennnkoB, CY3 u mpoduee). CeromHss KOOTepaIysi OTCYECTBEHHBIX MPEIIPH-
ATUH pa3paboTana ocHOBHI TexHoJornu Torusa BTI'P u Bexet uccnenoBanus
€ro TOBEICHMS MOJ OOJyYeHHEM C JAIBHEHIIMM MNepexoloM K CO3JaHUI0
OTIBITHO — MPOMBINIIEHHON TE€XHOJIOTMH NMPOU3BOICTBA U MOATBEP)KICHUEM Xa-
PaKTEePUCTHK, 3aJJaHHBIX Pa3pabOTINKOB PEaKTOPHON YCTaHOBKHU.

B nmanpHeifimeMm ke pacmmpenue ¢ynknunonana BTIP peakropos mpu mc-
MOJIb30BAaHWHU X C MOBBIICHHON 3((eKTHBHOCTRIO B 00MacTsAX He(TeXuMHH,
METaJUIypr'ui U BEIpaOOTKH BOJIOPO/A TpeOyeT yBeIUYEeHUs apaMeTpoB pabo-
ThI pEaKTOPHOM YCTaHOBKH, YTO BO3MOKHO OCYILECTBUTH JIUIIb TYTEM MEpexo-
Jla Ha HOBBII BUJ] TOIIJINBA - OECKUCIOPOIHOTO SAEPHOTO TOIUINBA, B YACTHOCTH
YpaH-IIUPKOHUEBOTO KapOOHUTPH/IA B KAUECTBE MaTepHajla TOIUIMBHOTO KEpHa,
M KapOuja KpeMHHUS WM KapOWaa IUPKOHUS B KAaueCTBE KOHCTPYKIIMOHHBIX
MarepHanoB TBIOB. [IpuMepamu Takux pa3paboTok sBisitorcst Energy Multi-
plier Module (General Atomics, CIIIA) u Micro Module Reactor (Ultra Safe
Nuclear Corporation, CIIIA).
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KOMITIOHEHTbBI, ObPAILIEHHBIE K IIASME, YCTAHOBKH
«TOKAMAK PEAKTOPHbBIX TEXHOJIOI' U

B nacrosmmii MoMeHT, B paMkax PepepansHoro npoekra Ne3 «PaspaboTka
TEXHOJIOTHH YIIPABJIIEMOT0 TEPMOSAEPHOTO CHHTE3a M MHHOBAIMOHHBIX I1JIa3-
MEHHEIX TE€XHOJOTHI KOMIUIEKCHOH IporpaMMEl «Pa3BUTHE TEXHUKH, TEXHO-
JIOTWil ¥ HAYYHBIX MCCICAOBAHUNA B 00JIACTH UCIIOIb30BaHUS aTOMHOM SHEPIUU
B Poccuiickoit denepamuny (OI1-3 KIT PTTH) Benércs 3¢KU3HOE ITPOEKTUPO-
Banue ycraHoBku Tokamak Peakropubeix Texwuomoruii (TPT) [1]. I'maBHBIM
koHCTpykTOpoM TPT, opranmsamnmeii, OCYIISCTBISIONICH IIPOCKTHPOBAHNE
ycraHoBkH, aBisteTess AO «HUUDDPA». OcaoBaeiMu ocodennoctsamu TPT saB-
JISTFOTCSL:

— HCHOJIb30BaHUE BBICOKOTEMIICPATYPHBIX CBEPXIPOBOJHUKOB B OOMOT-
KaX KaTyIIeK MOJIOUJAIBHOTO U TOPOUJANBHOrO MOJIS, YTO MO3BOJIMT JOCTHYL
3HaYEHUs MarHUTHOTO 101t B 8 Tt Ha ocH [2];

— HCIOJIb30BaHUE TEXHOJIOTHM «YBIIEUCHHUS TOKa» ILIA3Mbl, UTO ITO3BOJIUT
JIOCTHYb CTAl[MOHAPHOTO UMITYJbca JUITenbHOCThIO 100 cek.;

— BBICOKAs CPEIHSs INIOTHOCTh MOIITHOCTH TEIUIOBOM HArpy3KH Ha IIEPBYIO
crenky (IIC) e menee 0,2 MB1/M? [3] u nukoBas Harpyska 10 25 MBr1/mM° B
nuseprope [4], uTo OOYCIIOBJIEHO OOJBIION MOIIHOCTBIO JOIOJHHUTEILHOIO
HarpeBa 1wia3Mbel 40 MBT 1 OTHOCHTEIBHOM KOMITAKTHOCTBIO YCTAaHOBKH (TLITO-
mazap oOpaménHoi K ma3me nmosepxHoctu I1C oxono 80 Mz);

— HCIIOJIb30BAaHHE JUTHEBBIX YCTPOMCTB BHYTPH BaKYyMHOM KaMephl [5],
MTO3BOJISIFOIIUX YIIPABIATE B3aUMOJECHCTBHEM IIa3Ma-CTEHKA, CHIDKasg O00BEM
MOCTYNAIOMIUX B IJIa3My MPUMECEH, U TeM CaMbIM YBEJIUYMBAs AJTUTEIbHOCTh
paspsiaa.

HauGoiee sHeproHanpsHKeHHBIMH KOMIIOHEHTaMM KOHCTpyKuuu TPT sB-
JIIIOTCS KOMITOHEHTHI, oOpaménnsle Kk mrasme (KOII), BrIrogaromye maHen
IIC u xaccersl guBepTopa. C 1nenpio odecneueHust 3PEKTUBHOCTH IKCILTyaTa-
MM YCTAHOBKM Ha HOMHHAJBHBIX IapaMeTpax, a TakyKe BBIIIOJHCHHUS DKCIIC-
PHUMEHTAIBHOM MPOTrPaMMBbI, MPEANOIaraeTcs MOCTEICHHOES BBEICHHE B KOH-
crpykunto TPT skcriepuMeHTATBHBIX YCTPOUCTB, KaK JTUTHEBBIX [5], Tak U WH-
HOBAIIMOHHBIX JUBEPTOPHBIX YCTPOHCTB [3].

Ha mavanpHO# (aze skcrmnyataruun TPT mpeamonaracTcsi HCIONb30BAHKE
craproBoro kominiekta KOII, ocHOBaHHBEIX Ha MaTepHaliaX M TEXHOJIOTHIX
HUT3P [6, 7, 8]. IIpu aTom craptoBbiii koMIuiekT KOII n3HayanbHO IPOCKTUPY-
ercs TakuM o0pa3oM, YTOOBI IKCILIYaTUPOBATLCS B 3a[aHHBIX YCIOBHAX (Tel-
JIOBBIE HArPY3KH; B3aUMOJCHCTBUE C KUAKAM/TIapOOOPa3HBIM JTUTHEM) H CIle-
HApPHBIX HAarpy3Kax (CPBIB TOKA TUIA3MBI).
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HaubGosee sHeproHanpspkeHHBIMH daeMeHTaMu KoHcTpykimu KOII sBirs-
I0TCs 00paménneie K miasMe 3aeMenTsl (OI1D), npeacrasisiomue co0oi MHO-
TOCJIONHYIO KOMIIO3HIIMIO M3 Pa3sHOPOJHBIX MAaTEPHAIOB, 00ECIIEUMBAIOIINE
uHTEpdENC I1a3Ma-CTEHKa U BOCIIPUHUMAIOIIME BCIO ITOBEPXHOCTHYIO TEIIO0-
BYIO Harpy3Ky OT IUIa3Mbl. B xauecTBe 3amuTHON 00aMLIOBKH (00paIEHHOIO K
mrazme matepuaina) B OIID ITIC ucnoassyercs 6epummii, B OIID musBepropa
- BOJ'[I)d)DaM. I_IJ'IH CHMXCHHS YPOBHSA IMOBCPXHOCTHBIX TCPMUUYCCKHUX HAIIPSIXKEC-
HHI 0OJMIIOBKA pa3zesieHa Ha OTACIAbHbBIE IINTKH, JOYCTUMBIH pa3Mep KOTO-
PBIX OMpPENeNeH IKCIIEPUMEHTABFHO U KOHKPETHOM MapKu MaTepHala, TeX-
HOJIOT'MY COEIMHEHMUS Y 3HAYEHUs TEIUIOBOHM HArpy3ku [9].

Itk 3amKUTHON OOJIMIOBKH IIPHUCOEIMHSIOTCS Ha IOBEPXHOCTH TEILIO-
oTBOIAIICTO cJiosg ocHOBaHUS OITD MeETOIOM BBICOKOTEMIIEPATYPHOH MaWKH.
Jliis mIuToK U3 Boab(pama, B OTIIMYMU OT OEPUIUIMS, BCIEACTBHE OOJBIION
pasHUIb KO3GGUIMEHTOB JIMHEHHOTO TEPMHUYECKOTO PACIIMPEHMS, HEOOX0 UM
MPOMEKYTOUYHBINA CJIIOM, MO3BOJISIONIMN CHU3UTH YPOBEHb TEPMUUECKHUX HaAMpPsI-
JKEHHMI B 30HE COeQMHEHMS IUTMTKU ¢ ocHoBaHueM OIID. B xauectBe mpumos,
MPOCJIOWKHA M TEMIOOTBOIAIIEr0 ciosi B npoekre MTOP BriOpaHbI, 3KCIIEPU-
MEHTAJIBHO OOOCHOBAHBI M HCIOJIB3YIOTCS MaTepHajabl Ha OCHOBe menu. Mc-
MOJIL30BaHNUE JAHHBIX MarepualioB B mpoekte TPT, BcieacTBue WX HHU3KOM
KOPPO3MOHHON CTOHMKOCTH B JINTHH, OIPaHUYEHO HEOOXOIMMOCTBIO COOIroIe-
HUSL YCIOBHSL 10 HEIOIYILIEHUIO B3aUMOIEHUCTBHUS ¢ JIATHEM. Takum oOpasom,
pa3paboTKa HEPA3HEMHOTO HASHHOIO COEAMHEHHUS OOIULIOBKH C TEILIOOTBO IS~
UM CJIOEM, 00JIafaroIero BLICOKON KOPPO3HOHHOM CTOMKOCTHIO B JIUTHH (B
obnactu Temmnepatyp 200 - 500 °C) u oOecneunBaronero HaaeKHbIN TEIIOBOM
KOHTAKT IIpU TEPMOLIMUKIIMYCCKHX HArpy3kaxXx C IIHKOBBIM 3HAYCHUEM MO0 4
MBT/M> (TIC) u mo 25 MB/m? (mMBepTOD) SABISIETCS aKTYAJIbHON 3ama4eil.

Jlis ctaproBoro koMmiuiekta KOIT TPT nmpuHsTO pemenne 00 MCIOJIb30Ba-
HUHU, anpoOnpoBaHHBIX B mpoekrte UTOP, xoHcTpykmmii ocHoBanus OIID Ha
ocHoBe OmMeraiummueckorr kommnosumuu CuCrZr/316L(N)-IG, oxiaxmaemoit
Bogo#. JlIs mpemoTBpalleHus B3aMMOJEHCTBHS MEIHOIO CIIaBa C JIMTHEM,
IUIAHUPYETCSL 00ECIIEUNUTh €r0 I'epMETHYHYIO/KBA3UTE€PMETHYHYIO 3aIlUTy CO
BCEX CTOPOH TOHKOCTEHHOH (0K0JIO 1 MM) 000I0YKOI U3 HEPIKABEIOLEH CTAIN
316L(N)-IG, o6nanaromei mpuemMiIeMoii KOPPO3UMOHHON CTOMKOCTLIO B JTUTHH
[10]. Cpenn MHOrooGpasys TEXHOJIOIHI MOJYYEHHS OMMETAINIMYECKOIO CO-
emnaernss CuCrZr/316L(N)-IG paccmarpuBaroTcsa cienyromume: nuddy3noH-
Hasl CBapKa B YCIOBMSX ropsiyero msocratuueckoro npeccosannus (I'MII) [7,
11] u HamIaBKa B BaKkyymMe MEIHOIO cIuiaBa Ha cTtaib [ 12]. I[Ipumenenue pasz-
JIMYHBIX TEXHOJIOTUHA HAHECEHUS MOKPLITHS IS CO3IaHUs 3allUTHON 000JI0YKHU
paccMaTpUBAIOTCSA «BO BTOPYIO OYEPENb» [0 IPUYMHE MAJIOW TOJIIUHBL, JTU0O0
BBICOKOH ITOPUCTOCTH IIOJIY4a€EMOIO CJIOS, YTO IPHU 3HAYUTENIHHBIX ILIACTHYE-
ckux pedopmanusx ocHoBanus OIID MOKeT IPUBECTH K CKBO3HOMY PacTpec-
KHUBAHUIO WIXA OTILIEIYIIUBAHUIO CII0S MOKPBITHA. TakuMm oOpas3om, pa3paboTka
koHcTpyKuMii ocHoBanus OIID TPT, oOecmeunBaroniero TEIIOOTBOJ IOTJIO0-
MIEHHON MOIITHOCTH M 00JIQ[AFOIIEro IIPUEMIIEMON KOPPO3HOHHON CTOHKOCTHIO
B utuu (200-500 C) ¢ y4€TOM IUKINYECKUX TEPMHUYECKHX HampspKeHUil (1o
5000 OMKIIOB) TaKKe SBISIETCS aKTyaIbHO 3a1adeii.
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BBbI, YTO CTABUT Iepe/ Pa3paboTUNKaMH M UCCIICAOBATEIIAMH PsJl aKTyaIbHBIX
3a/1a4.

1. KpacunsaukoB A.B. m ap. TokamMak ¢ peakTOPHBIMH TEXHOJIOTHSIMH
(TRT): xoHIETIIHS, MUCCHH, OCHOBHBIC 0COOCHHOCTH M OXKHJacMEIC XapaK-
Tepuctukn — Pusuka miasmel, T. 47, Ne 11, 2021, ¢. 970-985.

2. O.H. bounapuyk u np. UmkeHepHO-TEXHUYECKUE aCIEKTHI DJIEKTpOMAr-
HUTHOH cucteMsl ycTaHOBKH TRT — @msuxka mnasmer, T. 47, Ne. 12, 2021,
c. 1070-1086.

3. .B. Masyas u ap. OOpaieHHbIe K I1a3Me KOMIOHEHTH Tokamaka TRT
— @usuka maasmel, T. 47, Ne. 12,2021, ¢. 1103-1122.

4. A.C. KykymikuH, A.A. [TimenoB. Pexxum paGoTel TpaJUIIMOHHOTO JUBEP-
topa B TRT — ®usuka mnasmer, T. 47, Ne. 12, 2021, ¢. 1123-1129.

5. A.B. BeptkoB u ap. CpaBHUTEIIBHBIN aHAIU3 KOHIUEIIUN JINTUEBOU IIep-
BOHM CTEHKH JUIsl TOKaMaKa PEaKTOPHBIX TeXHOJoruil — dusuka mia3msl, T.
47, Ne. 12,2021, c. 1130-1145.

6. 1.V. Mazul et. al. Technological challenges at ITER plasma facing com-
ponents production in Russia // Fusion Engineering and Design, Elsevier,
2016, pp 1028-1034.

7. I'epBamr A.A. u 1p. OTpaboTKa TEXHOJOTHH TOPSYETO M30CTATHYECKOTO
IIPECCOBAHNUA BAKYYMHO-IIJIOTHOT'O 6I/IMeTaHIII/I‘IeCKOFO COCIMHCHHA BHYT-
PHUKaMeEPHLIX KOMIOHeHTOB U TOP// HHOBAIMOHHEIE MPOEKTHI X TEXHOJIO-
CHU SJEPHOIM DHEPreTuku: ¢O. AoKIagoB V MexayHapogHOil HaydHO-
TexHU4Yecko kKoHdepeHumuu. — M.: U3n-Bo AO «HUKUIT», 2018. — c.
963-970.

8. A. Gervash et. al. The development of technology of Be/CuCrZr joining
using induction brazing // Fusion Engineering and Design, 146 (2019), pp.
2292-2296

9. L.V. Mazul et. al. Russian development of enhanced heat flux technolo-
gies for ITER first wall // Fusion Engineering and Design, Elsevier, 2012,
pp 437-442.

10. Lyublinski I.E. et. al. Numerical and experimental determination of
metals and alloys solubility in liquid lithium, lithium containing nonmetallic
impurities, lead and lead-lithium eutectic — Journal of Nuclear Materials,
224, 1995, p. 288-292.

11. P.Y. Piskarev et. al. Study of the Bimetallic Joint CuCrZr/316L(N) //
Materials Science Forum Vol. 1040, 2021 pp 8-14.

12. A. Gervash et. al. Study of Alternative SS/Cu-Alloy Joining Methods
for ITER. Fusion Eng. and Design 56-57 (2001) 381-384.

25


http://www.sciencedirect.com/science/journal/09203796
http://www.sciencedirect.com/science/journal/09203796

P.YU. PISKAREV', I.V. MAZUL, A.N. MAKHANKOV,
N.V. LITUNOVSKY, M.S. KOLESNIK
JSC «NIIEFA», Saint-Petersburg, Russia
*e-mail: piskarev@sintez.niiefa.spb.su

TRT PLASMA FACING COMPONENTS

At the moment the preliminary design of the Tokamak of Reactor Technol-
ogy (TRT) facility [1] is being developed under Federal project No. 3 (FP-3)
“Development of controlled thermonuclear and innovative plasma technolo-
gies” of the Integrated program (IP) “Development of technologies and re-
searches in the field of use of atomic energy in the Russian Federation” (DTR).
The JSC “NIIEFA” is the main designer of the TRT. The key features of the
TRT are:

— the use of high-temperature conductors in PF and TF coil windings that
will achieve the magnetic field value of 8 T on the axis [2];

— the use of plasma current dragging technologies that will achieve the
steady-state pulse with a duration of 100 s;

— the high average power density of heat load on the First Wall (FW)
which is at least 0,2 MW/m? [3] and critical heat load up to 25 MW/m? in the
Divertor [4] due to the high power of auxiliary plasma heating of 40 MW and
the relative compactness of the facility (the area of the FW plasma facing sur-
face is about 80 m?);

— the use of lithium devices inside the Vacuum Chamber [5] allowing to
control the plasma-Wall interaction by reducing the amount of impurities enter-
ing the plasma and, thus, by expanding the discharge duration.

The most energy-intensive components of the TRT structure are the plasma
facing components (PFC) including FW panels and Divertor cassettes. To pro-
vide the operating efficiency of the facility using rated parameters as well as to
perform the experimental program, it is planned to gradually introduct the ex-
perimental devices both the lithium [5] and the innovative divertor devices [3]
in the TRT structure.

In the early stage of TRT operation it is planned to use the initial set of the
PFCs based on the ITER materials and technologies [6, 7, 8]. Meanwhile the
initial PFC set is originally designed in such a way as to operate under specified
conditions (thermal loads, interaction with liquid/vapor lithium) and under sce-
nario loads (plasma disruption).

The most energy-intentive elements of the PFC structure are the plasma fac-
ing elements (PFE) which represent the multilayer composition of dissimilar
materials, provide the plasma-wall interface and take the whole surface thermal
load from plasma. As a protective armor (plasma facing material), beryllium is
used in the PFEs of the FW panels and tungsten — in the PFEs of the Divertor.
To reduce the level of the surface thermal stresses, the armor is divided into the
separate tiles which permissible dimension is specified experimentally for a
specific material grade, joining technique and heat load value [9].
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The joint of the protective armor tiles to the surface of the heat sink layer of
the PFE base is carried out using the high-temperature brazing. For the tungsten
tiles (as opposed to beryllium), due to the big difference in linear thermal ex-
pansion coefficients the intermediate layer is required which allows to reduce
the level of the thermal stresses in the area of the tile to PFE base joint. In the
ITER project the copper-based materials have been selected, experimentally
validated and are used as a brazing alloy, interlayer and heat sink layer. The use
of these materials in the TRT project is limited by the necessity to fulfil the
condition for prevention of their interaction with lithium due to their low corro-
sion resistance in lithium. Thus, the actual problem is to develop the fixed
brazed joint of the armor to the heat sink layer which has a high corrosion re-
sistance in lithium (in the temperature range of 200 - 500°C) and provides a re-
liable thermal contact uder thermal cyclic loads with a peak value up to
4 MW/m? (FW) and up to 25 MW/m? (Divertor).

For the initial set of TRT PFCs, the decision has been made to use the ITER
project validated structures of the PFE base based on a water-cooled Cu-
CrZr/316L(N)-1G bimetallic alloy. To prevent the interaction of the copper al-
loy with lithium, it is planned to provide the leaktight/quasi-leaktight protection
of the alloy from all sides with 316L(N)-1G stainless steel thin-wall (about
1 mm) shell which has a acceptable corrosion resistance in lithium [10]. Among
the variety of CuCrzr/316L(N)-IG bimetallic alloy production techniques the
following processes are examined: diffusion welding under hot isostatic press-
ing (HIP) conditions [7, 111 and deposition of the copper alloy on steel in vacu-
um [12]. The application of various coating deposition techniques for the pro-
tective shell is examined in the second place due to the small thickness or high
porosity of the resulting layer that may lead to through cracking or exfoliation
of the coating layer at significant plastic deformations of the PFE base. Thus,
the development of the structures for the TRT PFE base which provides the
heat sink of the absorbed power and has the acceptable corrosion resistance in
lithium (200 - 500°C) taking into account cyclic thermal stresses (up to
5000 cycles) is the actual problem as well.

The Russian TRT project being developed under the FP-3 of the IP DTR is
based on the foundation (approaches and technologies) created during imple-
mentation of the ITER project. However, a set of unique features of the TRT
requires the mandatory modification and further development of this foundation
which sets a number of actual problems for designers and researches.
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METO/bI UCCJIIEJOBAHUSA NOBEJAEHUS PAAUOTI'EHHBIX
I'A30B B BAHAJIMEBBIX CIIJIABAX

lenuit 1 Bomopon, oOpasyroniyecss BO BceX Marepuaiax IpH HEHTPOHHOM
00Jy4eHUN, OKA3bIBAIOT HETaTHBHOE BIMSHUC HA CBOWCTBA PEAKTOPHBIX KOH-
CTPYKIHOHHBIX MATEPUAIIOB, MPOSBISIONIEECS B YIPOYHEHHH U OXPYMTYHBA-
HUM; PAAUAIIMOHHOM (DOPMOU3MEHEHUH, B TOM YKCJIE 33 CUCTBAKAHCUOHHOTO U
ra3oBOro pacryxaHus v T.J. HecMOTpsi Ha MEHBIIYIO CKOPOCTh 0Opa3oBaHUs
Telisl ¥ BOJIOPO/ia B BAHAMEBBIX CIUIABAX MO CPABHEHHIO CO CTAISMHU Pa3jiny-
HOTO KJiacca, Teliniit U BOJOPOJ, MposiBisist 3QhexT cuHepru3Ma, aaxe npu ma-
JIbIX KOHIIGHTPALUAX, HO NPHU OMpPEAEICHHOM HX COOTHOIICHHH, KaTacTpodu-
YEeCKH YBEJIMYHMBAIOT PacllyXaHWe BaHA/Ms M ero CIuiaBoB. Bomopo, He3Hauu-
TCJIIbHO U3MCHAA NPEACbl MPOYHOCTU U TCKYYECTU BaHaIusd U €T0 CILIaBOB,
MpPHU BBICOKUX KOHIICHTPAIUSAX 3aMETHO CHIIKACT OTHOCUTEIILHOC Y/UTMHCHHE
Ha PacTsDKEHHE, IPUYEM B MPUCYTCTBHH KHCIOpOAa mposBisiercs 3ddekr cu-
HEpru3Ma — P OJWHAKOBBIX KOHIIEHTPAIMSX BOJOPOJA C YBEIHMYCHHEM KOH-
LEHTPAIMK KHACJIOPOJIa OXPYTUYNBAHUE YCHIMBACTCSI.

B cBsi3u ¢ 3THIM B HacTosIei paboTe mpeacTaBieH 0030p COOCTBEHHBIX pa-
00T MO M3YyYCHUIO BIIMSHHS JICTUPYIOIIUX 3JIEMEHTOB HAa MOBEACHHE TEIHs,
OCOOCHHOCTH PAa3BUTHS Ta30BOIl MOPUCTOCTH, KOJIUYECTBO YACPKHUBAEMOIO
BBEJICHHOTO PasHBIMH CIOCOOAMM BOJOpO/a B CiuiaBax BaHaaus ¢ Ti, Cr, W u
Ta ¢ OBICTPBIM CTaIoM HaBEACHHOUW paauoakTUBHOCTH. [lokazaHo, 4TO XUMHU-
YEeCKUIl COCTaB CILJIABOB OKAa3bIBAET CYLIECTBEHHOE BIIMSHHUE HAa HapaMeTphl
(dbopMUpYIOIICHCs TeIMEBOM MMOPUCTOCTH, 3aXBaT, yACP)KAHUE U BBIACICHUE Te-
nust ¥ Bozopoaa. OOHapy>KeHbI OJHHU U TE )K€ 3aKOHOMEPHOCTH BIIMSHUS XUMH-
YECKOT0 COCTaBa CIUIABOB HA 3aXBaT M YJACPKAaHUE BOJOPOJA HE3aBUCHMO OT
croco0a ero BBEACHUS: aBTOKIIABHOE HACHIIICHUE BOJIOPOJIOM Oe3 aedexToo0-
pa3oBaHUs WM MOHHOC BHEIPEHHE €ro ¢ 00pa3oBaHHEM PaTUAlMOHHBIX J€-
(ekToB. YCTaHOBIJIEHO, YTO HPHU JETMPOBAHUU BAaHAMSI XUMHYCCKH AKTHBHBIM
snemeHToM (crtaBbl V—Ti) 3aBUCHMOCTH Kak MapameTpoB (HOPMHPYIOLIECHCS
TeITUCBON MOPUCTOCTH, TAK U KOJMYECTBA YICPKHUBACMOTO BOJIOPOJA OT KOH-
LEHTPAIMK JICTUPYIOIIETO 3JICMEHTAa HEMOHOTOHHBIE, YTO OOBSCHEHO OCOOCH-
HOCTSIMU B3aMMOJCUCTBUS TUTAHA C IPUMECIMH KHCIOPO/a U a30Ta B BaHA M,
KOTOPbBIE BIUSIOT HA KOJUYECTBO 00pa3yIolerocs rupuaa turana. [lokazano,
YTO MPEIBAPUTEIHLHOE OOJIYYCHHE HMOHAMH TelHs YBEIUYUBACT KOJIMYECTBO
yIEpKUBAEMOT0 BOJOPO/Ia MPH MOCIEAYIOIIEM €ro BHEIPEHUN HE3aBUCUMO OT
TEMIIEPATYPhl MPEABAPUTEIHHOTO O0IyICHISI HOHAMH TeJIHsI.
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METHODS FOR STUDYING OF RADIOGENIC GASES
BEHAVIOR IN VANADIUM ALLOYS

Helium and hydrogen formed in all materials under neutron irradiation,
have a negative effect on the properties of reactor structural materials. This is
carried out in hardening and embrittlement of materials; in radiation-induced
change of the active zone constructive elements shapes by the vacancy and gas-
eous swelling et al. There is a lower rate of helium and hydrogen formation in
vanadium alloys compared with steels of various classes. But helium and hy-
drogen show a synergistic effect. They catastrophically increase the radiation
swelling of vanadium and its alloys even at low concentrations at a certain ratio
of them. Hydrogen, slightly changing the strength and yield strength of vanadi-
um and its alloys at high concentrations significantly reduces the relative elon-
gation. A synergistic effect is manifested in the presence of oxygen: embrittle-
ment increases with increasing of oxygen concentration at the same concentra-
tions of hydrogen.

In this regard, this paper presents a review of our own works on the study of
alloying elements influence on helium behavior, gaseous porosity development,
amount of retained hydrogen introduced by various methods in binary and ter-
nary alloys of vanadium with Ti, Cr, W and Ta having a rapid decay of induced
radioactivity. It is shown the alloys chemical composition has a significant ef-
fect on the parameters of helium porosity, the capture, retention and release of
helium and hydrogen. There were found the same regularities of the alloys
chemical composition influence on trapping and retention of hydrogen regard-
less the method of its introduction. Namely, introduction was made by auto-
clave saturation with hydrogen without defects formation or its introduction by
ion-implantation accompanied by the radiation defects formation. It has been
established nonmonotonic dependences of both the parameters of formed heli-
um porosity and the amount of retained hydrogen on the alloying element con-
centration when vanadium is doped with a chemically active element (V-Ti al-
loys). This is explained by the peculiarities of titanium interaction with oxygen
and nitrogen impurities in vanadium, which affect the amount of forming tita-
nium hydride. It is shown that preliminary irradiation by helium ions increases
the amount of retained hydrogen during its subsequent introduction regardless
the temperature of preliminary helium ions irradiation.
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KOMILIEKCHBIN AHAJIN3 HAHOCTPYKTYPBI .
JAUCITEPCHO-YITPOYHEHHbBIX OKCUJJAMU CTAJIEU
METOAAMMU YJIBTPAMUKPOCKOIINN

B Hactosmee BpeMs HIET pa3paboTKa pa3IMYHBIX HAHOCTPYKTYPHUPOBaH-
HeIX MarepuasioB. Cpemu HuUX 0co00€ MECTO 3aHHMAIOT JUCIIEPCHO-
ynpouyHeHHble okcugamu (JIYO) cruiaBbl U cTanyu, UMEIONIUe 3HAYUTENBHO 00-
Jiee BBICOKYIO YKapoIIPOYHOCTh MO CPaBHEHHIO C TPAJULIMOHHBIMH MaTeprasa-
MM 3a CYeT 3HaYUTEIbHOTO YHCIIa PABHOMEPHO pacIipeAeIeHHbIX OKCHIOB (CM.,
Hanpumep [1]). OOmacTp MpUMEHEHHS ATUX MATEPHAJIOB JOCTATOYHO IIHPOKA!
OT MaTepuaioB Fa3OTyp6I/IHHbIX YCTaHOBOK 10 MaTe€puajioB AKTUBHOHM 30HBI
SOEPHBIX YHEPIEeTUIECKUX YCTAaHOBOK. B mporecce pa3paboTku 3THX MaTepHa-
JIOB UJIET COBEPIICHCTBOBAHHE CTPYKTYPHO (ha30BOTO COCTOSIHUS: pa3Mepa 3e-
PCH, ONTHMU3ALUS COJEPKAIIMXCS BKIIOYCHHUIT 10 pa3Mepam, COCTaBy M paB-
HOMEpPHOCTH WX paclpeielieHnss 1o 00beMy MaTepHana. XapaKTeph3amus
HaHOCTPYKTYpHI nepcrekTUBHBIX JIYO cranel TpedyeT KOMIUIEKCHOTO aHaIn3a
C IPUMEHEHUS B3aUMOIOTIONHSIONINX METOANK HCCIICIOBAHUSL.

KomOuHnamus atomHO-30H710BO¥M ToMorpaduu (A3T) u mpocBeunBaro-
el anexTpoHHo# Mukpockormmu (II9M) mo3BoseT uccienoBarb CTPYKTYpPy
Marepuasia B IIMPOKOM JAuara3oHe: OT HAaHOPa3MEPHBIX KJIACTEPOB JI0 MHKPO-
ctpykrypsl [2]. Ilpu 3Tom 00a MeTona SIBIAIOTCS JIOKAJBHBIMH M HE IIPEIo-
CTaBISIIOT MH(pOPMAIHMIO 0 OoJblieM 00BEME HccnenyemMoro mMarepuana. Jlis
MOJyYeHUs: HHPOPMALIMK O CPETHUX XapaKTePUCTHKAaX HAHOCTPYKTYpPbI 0OJIb-
I0r0 00beMa MaTepHaza HeoOOXOIMMbI APYTHUE METO/BI, HAIPUMEP MaJOYIiIo-
Boe peHTreHoBckoe paccesHue (MYPP) [3] wunu manoyrioBoe paccesHue
Heiitponos [4]. Llensro HacTosimeil paOOTHl ABISIETCS KOMIUIEKCHBIH aHAIIN3
HAHOCTPYKTYPBI JIHCIEPCHO-YIPOYHEHHBIX OKCHJAMHU CTajled METOJaMH Mpo-
CBCYMBAIOIICH 3JIEKTPOHHOW MHKPOCKOIHUH, aTOMHO-30HIOBOW TOMOrpaduwu,
MaJIOYTJIOBOTO PEHTTEHOBCKOTO PACCEsSHHS M OLICHKA BKJIAJIOB B YIIPOYHEHHE
JAYO craneil pa3nu4HBIX IEMEHTOB HAaHOCTPYKTYpPHI. [l OLIEHKH BEJIWYHMHBI
3THX BKJIAQJIOB HMCIOJIH30BAHA MOJIEIb ANUCIIEPCHOHHOTO OapbepHOTO YIMpOUYHE-
uus (dispersed barrier hardening - DBH model).

31


file:///K:/ДИСК/_Последние12/_Школа_2022/Тезисы/SVRogozhkin@mephi.ru
file:///K:/ДИСК/_Последние12/_Школа_2022/Тезисы/Sergey.Rogozhkin@itep.ru

CpaBuenue pesynbratoB [IOM, A3T u MVYPP ananuza mo3zBossieT
HanboJiee KOPPEKTHO OTPENEIIUTh KaKre TUIIBI BKIFOUCHUH M B KAKOM KOJIHYe-
CTBE COJEPXKATCs B HCCIeyeMbIX MaTepHuanax. [lokaszaHo 4Tto B OOJBIIMHCTBE
cTalneil coaepykaTcss OKCHIHBIC BKIIIOUCHUS U KIIacTephl, oboramiennsie mo O u
Y, a taxxke o V, Ti, Al, Zr B 3aBUCHMOCTH OT cocTaBa ctaiel. MccienoBanus
Metogamu [I9M u A3T maroT AeTabHYI0 HH()OPMAIIUIO O THIIC BKIIOYCHUH, a
MeTo e MYPP mo3BonsroT Hanboiiee TOYHO OMPEAETUTh CPEIHHE TUIOTHOCTH
BKJIFOYCHUH 10 OoJybIIMM 00beMaM Marepuana. [IpoaeMOHCTpHpOBaHA BaiK-
HOCTh TPaBUJIBHOTO OMPEACICHUs THIIA BKIIOYCHHUS JJIS PacueToB YIIPOUHE-
HUS, IIPOBEIEHO CpPaBHEHHME pE3yNbTAaTOB TaKUX PAcueTOB C H3MEPEHHSIMHU
MHUKpPOTBEPAOCTH. Pacu€THbIC 3HaUEHMSI YIPOUYHEHUH B UCCIIEIOBAHHBIX CTAJIAX
nexat B npenene 2.7-4.3 T'lla, uTo Xxopomo coraacyercst ¢ U3MEpEHUsIMH MUK-
POTBEPAOCTH.

1.B. Mouawad, X. Boulnat, D. Fabrégue, M. Perez, Y. de Carlan, Journal of Nuclear
Materials, 465 (2015) 54-62

2. C.B. Poroxxkun, A.A. Xomud, A.A. boraues, A.A. Hukutun, B.B. Xopommios,
A.A. JlykpsHuyk, O.A. Pasaunpn, A.C. lllytos, A.JI. Bacuises, M.IO. IIpecHsxos,
Snepuas ¢usuka wu wmmxuaupuar, 2020, tom 11, Ne 1, c¢. 22-31. DOL:
10.1134/S2079562920010121; S.V. Rogozhkin, A.A. Khomich, A.A..

3. N. Oono, S. Ukai, Materials Transactions, Vol. 59, No. 10 (2018) 1651-1658

4. R. Coppola, M. Klimiankou, R. Lindau, R.P. May, M. Valli, Physica B 350
(2004) e545-e548
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OCOBEHHOCTH ®OPMHUPOBAHUA MOP®OJIOI'NN
3EPEHHOM CTPYKTYPBI CBEPXITIPOBOISIIAX
COEJIVUHEHHUM A-15 B TEXHUUYECKHX
CBEPXITPOBOJHHUKAX

3amava yBemuueHHs TOKoHecymiedl crmocooHocTH NDb3Sn ceepxmpoBomHu-
KOB, KOTOpBIC SIBJISIOTCS HanOoJiee UCTIONb3yeMbIMU TIPH M3TOTOBJICHUH BBICO-
KOTIOJBHBIX MarHUTOB JUTsl KPYyImHBIX MarHUTHEIX cucteM (ITER, DEMO, HL-
LHC, FCC u ap.) MoeT ObITh pelieHa IyTeM pa3paboTKH CIIOCO00B CO3IaHMs
MEJKO3EPEHHOW CTPYKTYPHI CBEPXITPOBOIAIINX CIIOCB WHTEPMETAIUINAA C MaK-
CHMAaJTbHO BO3MOXKHOHM IDIOTHOCTBIO LIEHTPOB MUHHHWHTA (urokcoumoB [1,2].
W3zBectHO, uTO Hanbonee F3(pPEKTUBHBIMY IEHTPaMH TMHHUHTA B COCIMHEHUSIX
Tuna A-15 SBISIOTCSA TPAHUIIBI 3€PEH, MO3TOMY COBEPIIEHCTBOBAHUE CTPYKTY-
PHBI SBIAETCS OTPEACIIIIONINM [UIS YBEIMYCHNS KPUTHIECKOH TUIOTHOCTH TOKA.
OcobennocThio CTpYKTYpsl ND3SN €105 B MHOTOBOJIOKOHHBIX CBEPXITPOBO/IHH-
Kax SIBJISCTCS (OPMHPOBAHHUE B IIPOIIECCE PCAKI[MOHHOW TepMOOOpabOTKH
(PTO) HeckoJIBKUX 30H, OTIMYAIOIIUXCSA HE TOJBKO pa3MepoM, HO U (opMoi
3epeH (CToJIOYaThIX U PABHOOCHBIX).

B manHOI#i paGoTe mpoBeAeH aHANN3 0COOEHHOCTEH MOP(OIOTHH 3epEHHON
CTPYKTYpPbI CBEPXIPOBOAsAIIEH (a3bl B CBEPXIPOBOJHHKAX HA OCHOBE COEIH-
HeHuM Tuna A-15, NOJy4eHHBIX Pa3HbBIMH METOAAMHU, OTIMYAIOIIMXCS KOH-
CTPYKIHEH, COCTaBOM, KOJIIMIECTBOM, (POPMOH U pa3MepoM CBEPXITPOBOISIINX
BOJIOKOH. PaccMOTpeHBI OTIIYHS Tpo1ieccoB GOPMUPOBAHIS MUKPOCTPYKTYPHI
CBEPXIPOBOIIIINX (Pa3 B TEXHHUECKUX CBEPXIIPOBOJIHMKAX Ha OCHOBE Pa3iiny-
HBIX coenrHeHnn A-15.

CpaBHUTENBHBIN aHAIM3 PE3YJIbTATOB MCCIEIOBAHUS COCTaBa M MHUKPOCTPYK-
TYpBl CBEPXIIPOBOJHUKOB IPOBENEH clieayrommmu Metogamu: TOM, COM u ¢
TIOMOIIBIO TIPOCBEUYMBAIOIIETO PACTPOBOTO NEKTPOHHOTO MuKpockoma ([TPOM), ¢
NPUMEHEHUEM SHEPTOIUCIIEPCHOHHOTO PEHTT€HOBCKOTO MUKpoaHasm3a [ 1].

[Tokazano, uto mpu TBeprodaszHol anupdy3un, B YCIOBUSIX OOCTHEHUS
OpoH30BOi Matpuibl, MHKpocTpykTypa V3Ga m NbsSn dopmupyercs mo-
pasHomy. Ipomece popmupoBanms V3;Ga B MHOTOBOJIOKOHHBIX CBEPXITPOBOJI-
HUKaX WAET Yepe3 mpeaBapuTeabHoe 00pa3oBaHue 3apoasiieii (a3bl, 3aTeM X
pocT, 00beqMHEHNE B MOHOJIUTHBIA CJIOH M TOCIEAYIONIYI0 BTOPUIHYIO PEKPH-
CTAJUTM3ALNIO, TIPUBOIIYI0 K YKPYIHEHHUIO 3epHa. B otmmume ot storo ¢op-
mupoBanue ciost NDsSn uier crutomHeiM GPOHTOM C TIOCTETIEHHBIM yBEITHYe-
HHUEM TOJIIUHBI, 0e3 00pa3oBaHUsI 3apOIbIIIei (a3bl.

YcTaHOBIIEHO, YTO 3€pEeHHAs CTPYKTypa CII0sl (OPMHUPYETCS] HE3aBHCUMO OT
CTPYKTYpbl HHOOWMEBOTO BOJIOKHA Ha TpaHHIE B3amMmojeicTBus. Ha ¢omprax
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MONIEPEYHOT0 CEUCHHUS 0OPa3OB KOMIIO3HULMOHHBIX CBEPXIIPOBOIHHKOB, HOJIY-
4yeHHbIX MeTogoM OUIL, B cronmbuaTeix 3epHax ND3Sn BhIIBICHO 3aMeTHOE
CHIDKEHHUE COJICPKaHUsI 0JI0BA M OTKJIOHEHHE B HUX MapaMeTpa PEeUIeTKH, d, OT
KyOuueckoit crpykrypsl AlS. Taxke B pabore [1] oTMeueHo, yTo cocraB
CTOJIOUATBIX 3€PEH 3aMETHO OTJIHMYAETCsl OT crexuomerpuieckoro. Camo HUO-
OueBoe BOJIOKHO B TOTOBOM cBepxnpoBoaHuke 10 PTO umeer XapakTepHyro
PEKPHCTAIUIN30BaHHYIO CTPYKTYPY C PAaBHOOCHBIMH 3€pHAaMH, pa3Mep KOTOPBIX
3HAYUTENbHO OoJbIle, 4WeM pa3mep 3epHa ¢a3sl uHTepMeTammaa. [lo-
BUIMMOMY, CKOPOCTh PEKHCTAUIM3ALMH HUOOWS 3HAYUTENBHO OOJbLIe, 4eM
CKOPOCTb POCTa CII0s1 CBEpXIPpOBOsLIeii (ha3bl, B KOTOPoil GopMHUpyeTcs OYeHb
MeJkoe 3epHO. OTMEUYEHO, YTO PEKPUCTAILIN3ALMS CHIIBHOAe()OPMUPOBAHHOTO
HHOOUEBOrO BOJIOKHA POMCXOUT TIpH Temrieparype okouo 500 °C (mpu oTKu-
re TOTOBOTO MPOBOJA ISl CHATHUS HANPSDKEHMH), YTO 3HAYUTEIILHO HUDKE TEM-
neparypbl PeKpUCTAIM3alUN HHOOUEBBIX NPYTKOB Mepea cOOPKOH MHOTOBO-
JIOKOHHOI 3arotoBku (950-1000 °C).

Ob6nactu cToab4areix 3epeH NbzSn ¢aser B npouecce PTO dopmupyrorcs
Ha I'PaHUIle ¢ OCTaTOYHBIM HHOOMEM B IIEHTPE BOJIOKHA IPH CHIDKEHHH CKOPO-
ctu aud¢y3un oJoBa yepe3 paHee 0Opa30BABIIMICSA CIOW WHTEPMETAILTHAA
IIpH OJTHOBPEMEHHOM 00OeHeHIH OpoH30Bo# MaTpuis! (Puc.1).

Kanmmeeso 1epen
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Puc. 1 — Muxpocmpyxmypa NbsSn ¢paser (COM) 6 obpasye ¢ nosvluennvim
codepacanuem SN 6 mampuye (a). I'ucmoepammel pacnpedenenus 3eper no ac-

NEeKMHOMY coomHouteHuro 0isi 0opaszyos C 14,5 (6) u 15,5 mac. % (8)

[Tpu sTtom ycraHosieHo [3], yro moBbimeHue conepxkanus Sn (ot 14,5 no
15,5 mac. %) B MaTpuIle MPUBOIUT K YBEIHMUCHHUIO O0JIACTH PABHOOCHBIX 3€PCH,
a Takke K HEKOTOPOMY CHIKEHHIO acriekTHoro cootHomenust (h/d) cronbua-
TBIX 3€PEH.

Taroke mcciaeqoBaHNEe 3epEHHONW CTPYKTYpHI Nb3Sn Ha MOIETBHBIX 00pas-
[[ax C Pa3INYHBIM PACIHOJIOKEHHEM CBEPXIIPOBOIAIINX BOJOKOH ITOKA3aJI0, YTO
npu CONMMKEHNH BOJIOKOH IPOHMCXOIUT (HOPMHpOBAHHE IPEHMYIIECTBEHHO
CTOJIOUATBIX 3€peH U3-3a yMEHBUIEHUs NMPHUTOKa oyioBa K HUM. Co3laHue KOH-
CTPYKIMH CBEPXIIPOBOHUKA C KOJIBLEBBIMH BOJIOKHAMH, B KOTOpOH anddy3ust
0JIOBa UAET KaK U3 LEHTPa, TaK U C NepU(epun BOJIOKHA, TI03BOJISIET N30eKaTh
(hopMHUpOBaHHS CTOJIOUATHIX 3ePEH C MOHMKCHHOW MJIOTHOCTHIO MEK3CPECHHBIX
rpanuy. OnHAKO Takash KOHCTPYKLUS HE MO3BOJISIET MOJYYUTh OOJIBIIOE KOJIH-
YECTBO CBEPXIPOBOAAIICH (ha3bl, YTO OTPHLATEIHHO CKa3bIBACTCS HA BEIMUMHE
0011ei TOKOHECYIIEH CITOCOOHOCTH CBEPXIIPOBOTHHKA.
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OrpaHn4eHre BO3MOXHOCTH ITOBBILICHHS COJCPIKAHHS 0JI0BA B IPOBOIHH-
Kax, MOJy4Ya€MbIX 6pOHSOBBIM METOAOM H3-3a YXYAIICHUA IIJIAaCTUYHOCTH
OpOH3BI, MPUBENI0 K MHTCHCU(PUKAIIMK Pa3paOOTKU aIbTEPHATHBHBIX METOJIOB
nsrotoByieHuss NbsSn cBepxnpoBogHuKOB. CpaBHUTENbHBI aHAIN3 B3aHMO-
CBSI3U 0COOCHHOCTEH MUKPOCTPYKTYphI Nb3Sn ¢asbl B CBEpXIIPOBOIHHUKAX, I10-
JIy9EHHBIX Pa3HBIMU METOAaMH, TAKUMH KaK OpOH30BBIH, BHYTPEHHETO MCTOY-
nuka (BUIT) u «nopomok B TpyGe» (PIT) moxasan, 4ro obecniedeHue paBHO-
MEpHOTO MPUTOKA 0JIOBAa HA I'PAHUILy C HUOOHMEM IIpH IOJYYEHHH METOJaMH
BUII u PIT, mo3BoiisieT MONYyYUTh PAaBHOOCHYIO MEIKO3EPEHHYIO CTPYKTYpY.
braronapss yBelIWYeHHIO WHTEHCHBHOCTH IU(P(Y3MOHHOTO MOTOKAa OJIOBa B
npouecce PTO ynaercst He TONBKO IONYYUTh 3HAYUTENBEHO OOJIbIIEE KOJIMYe-
CTBO CBEpXIpoBoIAMmeH (as3bl, HO U U3MEHHTH €€ CTPYKTYpy. IIpn sToMm, B oc-
HOBHOM, (pOpMHUPYIOTCS PaBHOOCHBIE 3€pHA CO CPEIHUM pa3mepoM B 1,5 - 2 pa-
3a MEHbIIIE, YeM B OPOH30BOM BapuaHTe [4]. A 30HBI CO CTOIOYATONW CTPYKTY-
POii BCTPEUArOTCs TOpas3zo Pexke, U MPEHUMYIIECTBEHHO B 001acTH auddy3uoH-
HBIX 0apbepoB. DTO MO3BOJISET CYIIECTBEHHO MOBBICHUTH TOKOHECYLIYIO CIIO-
cobHoCcTh ND3SN cBepXIPOBOIHUKOB.

'EA. Dergunova, [.A. Karateev, A.L. Vasiliev, et al., 2019, «Study of the
Specific Features of Kinetics Formation and Structure of the Superconduct-
ing Nb3Sn Phase in Technical Superconductors», 2019, Vol. 64, No. 2, pp.
233-241. |/ ISSN 1063-7745, Crystallography Reports, doi:
10.1134/s1063774519020093

2I[epryHOBa E.A., @uryposckuit JI.K., A6mroxanos .M. u np. «Pa3pabot-
Ka CBEPXIMPOBOSIIMX KOMIO3UIMOHHBIX MAaTepHajoB Ul CIEHaIbHBIX
MarHuTHBIX cuctem», «MHTK ®THU-2017». ¢. 34-43.

SE.A.Jleprynosa, .M. A6xioxanos, M.O. Kypunkus u 1p. «B3anMocBs3b
CTPYKTYpPBbI CBEPXIIPOBOJSIIMX CIIOEB ¢ KOHCTPYKLIHEHW KOMIIO3MLIMOHHBIX
CBepXpoBOAHNKOB Ha ocHOBe ND3Sn», B ¢6. « TESTMAT» BUAM 2016.
“M. V. Kryloval, | M. Abdyukhanovl, A. S. Tsapleval, E. A. Derguno-
val,et.al, “The microstructure of Nb3Sn superconductors, differing in the
number of copper inserts, at different stages of diffusion heat treatment”/
ICEC27-ICMC 2018 IOP Conf. Series: Material Science and Engeniring,
502(2019)012174, doi:10/1088/1757-899X/502/1/012174/
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HUCITIOJIB30OBAHUE CUHXPOTPOHHOI'O U3JIYYEHUSA
AJIsI TMATHOCTUKA MATEPHUAJIOB, ITOJTYYEHHBIX
C IIOMOUBIO AIJIMTUBHBIX TEXHOJIOI'NAU

AmmutuBHOE TIpom3BOACTBO (AIl) oTHOCHTCS K HabOpy mpeoOpa3yrommx
TEXHOJIOTHH, KOTOPBIE CO3Jal0T TPEXMEpHbIE 00BEKTHI IyTeM JA0OaBJICHHUS Ma-
TEpHaoB CIIOW 3a CIIOEM Ha OCHOBe ImdpoBoro mu3aitHa. B gactaocth, All ¢
UCIOJb30BAHUEM METAIIMUYECKUX MOPOMIKOB HAILIO MHOXKECTBO NPUMEHEHHN
B 001acTH OMOMETUIIMHBI, a9POKOCMHYECKON ITPOMBIIIIIEHHOCTH, aBTOMOOHIIE-
cTpoeHus 1 000poHBL. [1o cpaBHEHHIO C TPaJULIMOHHBIMH TEXHOJOTHSIMH TIPO-
n3BoJicTBa Metaia, All o61agaeT MHOTUMH YHUKAJIBHBIMH ITPEUMYILIECTBAMH,
BKJIIOYast KOPOTKUH CPOK pa3pabOTKU JI0 BBIXOJA HAa PBIHOK, KOPOTKYIO IIET0Y-
Ky IIOCTaBOK, IIPOU3BOJICTBO 3aIllaCHBIX 9aCTEW M MHCTPYMEHTOB HAa MECTE U IO
TpeOOBaHMIO, MEHbIIIEE TTOTPEONIEHNE SHEPTUM M MEHbIIEEe KOIUYECTBO OTXO-
noB MatepuaioB. Uto eme 6osee BaxkHO, All B 3HAaUNTENTFHON CTETIEHH yCTpa-
HSET OTpaHWYEHUS Ha OCHACTKY M JIaeT CBOOOIY MPOCKTUPOBAHHS W M3TOTOB-
JIEHHs JeTajeld CO CIOXHON reoMeTpuedl W yIydIIeHHOH MPOU3BOIUTEIBHO-
CTh10. 3a nmocneanue Tpu aecarunerus All ¢ ucronb30BaHUEM METaITHYECKUX
MOPOILKOB OBICTPO Pa3BHBAIOCH Oarojapsi 3HAYUTENBHBIM WHBECTHULMSIM B
TEXHOJIOTHIO KaK IOCYHapCTBEHHBIX, TaK M YAaCTHBIX I'PYIIN IO BCEMY MHUDY.
[TosiBHIIOCE MHOKECTBO Tpou3BoAuTeNel 3D-mpHHTEpOB, U, MO-BUINMOMY,
OBUIO TOCTHUTHYTO COBEPIICHCTBO TeXHUKU. OHAKO TOYHBIN KOHTPOJIb MUKPO-
CTPYKTYPHI U CBOWCTB MpPOJYKTOB, M3TOTOBJIEHHBIX C J0OaBIeHHEM H00aBOK,
OCTaeTCs CIIOKHOM 3a/auel, a KOJIMYECTBO METAIIIMYECKUX MaTepUalloB, KOTO-
pBI€ MOXKHO HCIONB30BaTh 1t All, mo-npexxHeMy OYeHb OTPaHUYEHO.

Takum oOpazoM, pemeHre GHyHIaMEHTAIbHBIX MaTepHAIbHBIX IPOOIEM SIB-
JSieTCs KJIIOUOM K PacKphITHIO Beero noTeHnuana All u3rotoBieHust MeTalIu-
geckux geranei. CylecTByeT HECKONBKO Pa3IMYHBIX METOJOB IeuaTH MeTall-
JIMYECKUX MaTepHalioB. 3a UCKIIOUEHHEM CTPYWHOIO PACHBUICHUS CBS3YIOIIE-
0, Bce Apyrue MeToabl 00pabOTKU METaUIOB BKIIOYAIOT HAHECCHUE TEIJI0BOM
SHEpPTruu Ha 06paser] ¢ MOMOIIBIO JIA3ePHBIX MM 3IEKTPOHHBIX UCTOYHHUKOB. B
TUIIMYHOM Tpolnecce COOPKH JIa3epHBIA WM AICKTPOHHBIA JIyd JOKAJIBHO
HarpeBaeT o0paseln A0 TEMIEpaTyp, MPEBBIIIAIOMNX TEMIEPATyPhl IIIaBICHUS
WK JaXke KUIEHUs METauioB. B To e BpeMs CKOpPOCTH HarpeBa M OXJaxKie-
HUsI cocTaBisitoT nopsinka 106 K/c n Beile, a ToKaJbHBIN TeMrepaTypHbId Tpa-
JMEeHT MoskeT Jierko nocturars 103 K/mm. Takue skcTpeManbHble TeMIeparyp-
HBbI€ YCIOBHUS IO3BOJISIOT HaM W3TOTaBIMBAaTh MaTEpUaNIbl C OUEHb YHUKANb-
HBIMU U ONaronmpUATHBIMH MHUKPOCTPYKTYPaMHU, KOTOpPblE€ HUKOI/IAa HE MOIJIH
JIOCTUYb paHbllle; HO, C IPYroi cTopoHsl, B Matepuanax All cymecTByer MHO-
KECTBO Je(heKTOB, BKIIOYAs MOPHCTOCTh, TPEIIUHBI, OCTATOUHbBIE HAMIPSHKECHHS,
HEKeNaTelbHbIE CTPYKTYPHI 36PEH U HEpaBHOBECHBIE (pa3bl.
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CHHXPOTPOHHbBIE PEHTTEHOBCKHE METOJIBI SIBIAIOTCS OAHUMH 13 Hamboiee
YHUBEPCATbHBIX U 3P(EKTHBHBIX METOAOB VIS XapaKTePUCTHKA MHKPOCTPYK-
Typ MaTepHanoB M UX 3BOJIIOLUH B PA3IMYHBIX MPOIECCAX U YCIOBUAX. B mo-
CIIeTHHAE TOJBI 3TH METOJbI IIPUBJIEKAIOT Bce OOJIbIIE HCClenoBaTenei, KoTo-
pBI€ TIONB3YIOTCA NPEUMYIIECTBAMHU IPEBOCXOJHOIO >KECTKOI0 HCTOYHMKA
PEHTIeHOBCKOro u3iydeHus. C MOMOINBIO COBPEMEHHOM BBICOKORHEpreTHUe-
CKOW PEHTIeHOBCKOM qudpakiuy, MUKpockonuu Jlays, KOMIIBIOTEPHOH TOMO-
rpaduu, BBICOKOCKOPOCTHBIX METOJIOB BHU3yaJIM3allMM y4YEHBIC HAYMHAIOT pe-
1aTh MHOTHE KPUTHYECKHE poOieMbl ¢ MaTtepraiamu B Al

B nanHOM moKnaze mpencTaBieH KpaTKui 0030p paboT 10 MCHOIb30BAHHUIO
CUHXPOTPOHHOTO H3JIydeHHs Ul JTUATHOCTUKH METANIMYECKUX MaTepHUalloB,
CHUHTE3MPOBAHHBIX aJIUTHBHBIMH TEXHOJIOTHSAMH.

V.N. PETROVSKIY
National Research Nuclear University (MEPhI)
E-mail: vnpetrovskij@mephi.ru

THE USE OF SYNCHROTRON RADIATION FOR THE DIAGNOSIS
OF MATERIALS OBTAINED USING ADDITIVE TECHNOLOGIES

Additive manufacturing (AM) refers to a suite of transformative technolo-
gies that build three-dimensional objects by adding materials layer by layer
based on digital design. In particular, metal AM has found many applications in
the fields of biomedical, aerospace, automobile, and defense. Compared with
conventional metal manufacturing techniques, AM exhibits many unique ad-
vantages, including short design-to-market, short supply chain, on-site and on-
demand spares and tools manufacturing, less consumption of energy, and less
generation of material waste. More importantly, AM largely eliminates tooling
constraints, and gives us the freedom to design and build parts with complex
geometries and improved performance. Metal AM has developed rapidly in the
last three decades, thanks to substantial investments in the technology from
both public and private groups worldwide. Numerous 3D printer manufacturers
have emerged, and the technique maturation was seemingly reached. However,
a precise control of microstructures and properties of additively manufactured
products remains challenging, and the metallic materials we can use for AM are
still very limited.

Therefore, solving the fundamental material problems holds the key to un-
leash AM’s full potential to revolutionize the way we build metal parts. There
are a few AM techniques for printing metallic materials. Except binder jetting,
all other metal AM techniques involve depositing thermal energy to the sample
with laser or electron sources. In a typical build process, the laser or electron
beam heats up the sample locally to temperatures higher than the melting or
even boiling temperatures of metals. In the meanwhile, the heating and cooling
rates are in the order 106 K/s and above, and the local thermal gradient can eas-

37


file:///K:/ДИСК/_Последние12/_Школа_2022/Тезисы/vnpetrovskij@mephi.ru

ily reach 103 K/mm. Such extreme thermal conditions allow us to fabricate ma-
terials with very unique and favorable microstructures that we could never
achieve before; but on the other hand, a variety of defects exist in AM materi-
als, including porosity, cracks, residual stress, undesired grain structures and
non-equilibrium phases.

Synchrotron x-ray techniques are among the most versatile and effective
techniques for characterizing materials microstructures and their evolution in
various processes and conditions. The APS has seen more and more users from
the AM community in the recent years, who take the advantages of the superior
hard x-ray source and sophisticated beamline instruments the APS affords.
With state-of-the-art high-energy x-ray diffraction, Laue microscopy, computed
tomography, high-speed imaging techniques, scientists start to address many
critical material issues in AM associated with the feed stocks, build processes,
and end products.

This report provides a brief overview of the work on the use of synchrotron
radiation for the diagnosis of metallic materials synthesized by additive tech-
nologies.
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IEPCIIEKTHUBbI PA3BBUTHS METOJIA
BBICOKOBOJIbTHOU KOHCOJIMIAIIMH ITOPOIIIKOBBIX
MATEPHAJIOB

PaccMoTpeHsl OCHOBHBIE OCOOEHHOCTH METO/Ia BBICOKOBOJIBLTHOM KOHCOJH-
JalMM IMOPOIIKOBLIX MAaTepHagoB U OOYCIOBJIEHHBIE MMM IPEUMYIIECTBA U
OrPAaHMYEHHS NAHHOIO MeToja. MeTol BBICOKOBOJIBTHOM KOHCOJMIALMHU I10-
poIKOB 3PGEKTUBEH I IPOU3BOIACTBA TYrOIUIABKMX KOMIIO3UIIMOHHBIX Ma-
TEPUAJIOB, COXPAHSIOIIMX IPOYHOCTHLIE CBOMCTBA IIPU CBEPXBLICOKUX TEMIIE-
paTypax B YCIOBHSIX arpeCcCHBHBLIX BHEIIHUX BO3AeHcTBHil. KpaTkoBpemeH-
HOCTBb BBICOKOTCMIICPATYPHOT O BO3HeﬁCTBHH B IIpoLECCe BBICOKOBOHBTHOﬁ
KOHCOJIUJIALMH ITO3BOISET COXPAHUTDh B KOHCOJIMAUPOBAHHOM KOMIIAKTHOM Ma-
Tepuaje CTPYKTYPHO-(Pa30BO€ COCTOSHHE MCXOJIHOIO IOPOIIKOBOTO MaTepHa-
1a. OcOOEHHOCTRIO JAHHOTO METOJA SBJISIETCS KOHLIEHTPALMS BLICOKOM IJIOT-
HOCTH BBIZEISIEMON SHEPIUH B 00JIaCTH KOHTAKTOB MEXKIY YaCTUIIAMH ITOPOIII-
Ka. IIpy 5TOM HCXOIHOE COCTOSIHME IMOBEPXHOCTH YACTHI] ITOPOIIKA (TOJIIMHA
A CTPYKTypa OKHMCHBIX IUIEHOK, HAJIMYHME I[IOCTOPOHHUX IpUMeced W T. II.),
(hopMa yacTHI] HOPOIIKA U UX Pa3MeEPBI CYILIECTBEHHO BIMSAIOT HA 3aKOHOMED-
HOCTH IIPOIIECCOB BBICOKOBOJIBTHOM KOHCoaumanuu. Hapsaay ¢ XxapakTepucTH-
KaMH{ IIOPOILIKa, ONPENEISIOMUMH (aKTOpaMU SBISIOTCA: CKOPOCTH BBOJA
SHEPIMH DJIEKTPOMArHUTHOTO I0JIS B IOPOLIKOBLIM MaTepua, BEJIMYMHA U Xa-
paKTeEp MEXAaHWYECKOI'O JABJIEHMS, BO3JECHCTBYIOLIErO Ha ITOPOLIKOBYIO 3aro-
TOBKY B IIPOLIECCE BBLICOKOBOJBTHOM KOHCOJIMAALMU. BBICOKas INIOTHOCTH
SHEPIHH B 30HAX KOHTAKTOB YACTHUI[ IPUBOAUT K JTOKAILHOMY M3MEHEHHMIO ar-
pEraTHOIr0 COCTOSIHUSI BEILECTBA IOPOINKA B 3THUX 30HaX. Hapsay ¢ HeoAaHO-
POIHOCTBIO HArpeBa MOPOIIKA B MEKUYACTUYHELIX KOHTAKTaX BO3MOKHO MaKpO-
CKOITMYECKHA HEOJHOPOILHOE PacIpeeIeHue INIOTHOCTH TOKa B 00beME KOHCO-
nmaaupyeMoro o6pasna. @opMupoBaHue CTPYKTYPHI MTOPOILIKOBOIO MaTepuaia
IIpU BBICOKOBOJIbTHOM KOHCOMUIAIMU OIpENeNIeTcsl pPa3HOMACIITa0OHbIMU
[IPOIECCAMH, MPOTEKAOMIMMU HA MEXYACTHYHBIX KOHTAKTaX, B YaCTHUIAX I10-
po1ka, B 06beMe Bcero o0pasia u B3auMOBIUSHUEM 3THX MPOIIECCOB.

JlanpHelilee pa3sBUTHE JAHHOI'O METOJA CBS3aHO C JETAJBHBIM DKCIIEPH-
MCHTAJIBHBIM H3YYCHUEM TCIUUIOBBIX IIPOLIECCOB IIPU BBICOKOBOHBTHOﬁ KOHCO-
JINJalnuunu HOpOLHKOB TyFOl'IJ'IaBKI/IX MaTepI/IaJ'IOB C HUCIIOJB30BAaHUCM I/IMl'[yJ'[I)C-
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HOHU dotomeTpuu. [IpoBeAeHBI dKCIIEPUMEHTAIBHBIE MCCIEIOBAHHS MapaMmeT-
POB BBICOKOBOJIBTHOTO 3JICKTPOUMITYJIBCHOT'O BO3ACHCTBHS B MPOIIECCE KOHCO-
JTUAIMKA BBICOKOTEMIIEPATYPHBIX MOPOIIKOBEIX Kommosunuit TaC u HfC. Pe-
TUCTPAIUs 1apaMETPOB BBICOKOBOJIETHOTO HMITYJIbCA TOKA M WHTCHCHBHOCTH
TEIUIOBOTO H3JIYYCHHUS KOHCOJIMIAMPYEMBIX IOPOIIKOBBIX MaTEpHAIOB OCY-
IIECTBJUIACH C TIOMOIIBI0 Pa3pabOTaHHOTO aBTOPAMH WM3MEPHTENBHOTO KOM-
riekca. JJaHHBIN KOMIDIEKC BKIFOYAET: MOSC POrOBCKOTO ¢ WHTETPHUPYIOIICH
LEMOYKOH, KOTOPBIM PErUCTPUPYET MapaMeTphl BBICOKOBOJBTHOTO HMITYJIbCa
TOKa;, (hOTOAMOIHBIC JATUYMKH, PETHCTPUPYIOIIHE WHTCHCHBHOCTH TEIIOBOTO
M3ITYYEHUs, KOTOPOE TepeaaeTcs M0 CICIMHATLHOMY ONTHYECKOMY BOJTHOBOIY
OT KOHCOJHIUPYEMBIX MOPOIIKOBBIX IMPECCOBOK; CHCTEMBI 3aIlTyCKa M CHHXPO-
HU3AIMA KOMIIOHEHTOB HM3MEPHUTEIBHOTO KOMILIEKCA. AHAaIN3 BO3HUKAIONIETO
TEIJIOBOTO 3JIEKTPOMArHUTHOTO M3JIYYCHHUS C MOBEPXHOCTH KOHCOJHIUPYEMO-
ro MOPOIIKOBOTO 00pasiia B MPOIECCE BHICOKOBOJIBTHONH KOHCOIHMIAIIUN TIPO-
BOJAUTCA B BUIMMOM [HAIla30HE W3JIy4YEHHs, B Ipeneirax oT Ar=650 HM 10
Ar=950 M. Ha pucynke 1 mpuBeneH MpUMEpP PETrUCTPallid JaHHBIM H3MEpPH-
TEJIBHBIM KOMIUICKCOM JTHHAMHUKU M3MCHEHUS MMITYJIbCHOTO ToKa (1), BO3meii-
CTBYIOIIET0 Ha KOHCOJIMIWPYEMBIH MarepHall, U HHTCHCHBHOCTH CBETOBOIO
NOTOKa (2) M3IIy4eHHst 0T 00padaThIBa€MOro MaTepHana.

Pucynox 1. /luramuka m3meHeHus Toka (1) 1 HHTEHCHBHOCTH TEIUIOBOTO
n3mydeHus (2) obpabaTeIBaeMOro MaTepuaa.

HHTEeHCUBHBIM UMITYILCHBIM anuabaTMYeCKUil HarpeB Marepuala IOpOIL-
KOBOM IIPECCOBKU PE3KO CHIKAET €€ CONPOTHMBIICHUIO IIJIaCTUUYECKOMY aedop-
MHUPOBAHMIO, U TOJ JACHCTBHEM BHEITHETO MEXaHHMYCSCKOT'O JABJIICHHS ITOPOIII-
KOBBII MaTepuaj YIUIOTHSETCS ¢ XapaKTEPHOW CKOPOCTHIO nedhopMalyi, 3aBHU-
CAIIEN OT cuCTeMBl Harpyxenusa. OxitaxxaeHne KOHCOJINIUPOBAHHOIO MaTepH-
ajia IIPECCOBKHU OCVIIECTBIIETCS 3a CUET TEIIOOTBOAA B IIPECCOCHACTKY (ITyaH-
COHBI M MaTpuily). Pe3yabTraThl 3KCIEPUMEHTAILHOTO M TEOPETUYECKOTO HC-
CIIEIOBAHMUS KMHETHKH MpoIlecca YINIOTHEHUS TMOPOIIKOBOTO MaTepHualia IpH
BBICOKOBOJIBTHOM KOHCOJIMAAIIMKA IIPUBEAEHEI B padoTe [1]. AHanmu3 mony4yeH-
HBIX PE3YJIbTAaTOB BEIABUII BOJIHOBOI XapakTep Mpoliecca YINIOTHEHHUS MOPOII-
KOBOM IPECCOBKU B IIpollecce KOHconmuaauu. IIpeacraBieHsl pe3yiabTaThl pac-
YeTOB OUHAMHUKH 3aKpBITHS (KOJulamca) MEXKYACTHYHBIX IIOP B VIIIOTHSIEMOM
Matepuane. OOCyXIaloTcs HIKCIEPUMEHTAIBHEBIE PE3YIbTaThl BEICOKOBOJIBTHOM
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KOHCOJIMJalluH ITOPOIIKOB KaD6I/I,HOB I‘ad)HI/ISI W TaHTaja, TBECPAbIX CIUIABOB U
TSKEIBIX CIUIABOB HAa OCHOBE BoJib(pama [1].

HDGL[CTEIBJ'I@HI)I PE3YIbTAaThl UCCICOAOBAHUA MAKPO- U MUKPOCTPYKTYPbI KOHCO-
JIMAUPOBAHHBIX MaTEPUAJIOB U MEXaHUYECKUX UCIBITAHAI TTIOJTYYEHHBIX 06pa3u013.
WcnoeiTanus IIpu KOMHATHOH TEMIICPATYPEC Ha CXKATHUC B HMCCICAOBAHHOM JdUalia-
30HE IMOKA3aJIH, YTO BCE KOHCOJIMIMPOBAHHBIE 00pa3Ibl BEIAEPKABAIOT CHKUMAFO-
1Iee HanpsbkeHue 6e3 paspymenus [1]. BEICOKOBOIBTHOE CIIEKaHHE CIIOCOOCTBYET
MOIEP’KAHUIO MCXOQHOM MEJIKO3EPHUCTON CTPYKTYPBI, 00jee paBHOMEPHOMY
PACHPEACIICHUIO JKEJIE30-HUKCIICBOT'O CBA3YIOIIETO M IMPAKTUYCCKU IMOJIHOMY OT-
CyTCTBI/IIO TIOPUCTOCTH B KOHCOJIMAUPOBAHHBIX MaTCpUaiax.

:‘)KCHeDl/lMeHTaﬂbelMl/I UCCICAOBAHUAMUAU BI)ICOKOBOJ'II)THOI‘/II KOHCOJIMJalluun
IIOPOLIKOBBIX MaTCpHajlOB BLISABJICHBI HeyCTOﬁHHBble PCXKUMBI, IPUBOAANINEC K
d)ODMI/IpOBaHI/IIO HEOTHOPOAHBIX CBOﬁCTB II0JIy4a€MbIX 06pa311013 Ui K pas-
PYLICHUIO HCXOJAHBIX IIOPOIIKOBBIX 3aroTOBOK H TGXHOJ'IOFI/I‘JCCKOI\/'I pece-
OCHACTKH. OHDCI[GJ'ISIIOHII/IM TEXHOJIOI'HNYECKUM dJaKTO‘pOM, KOTODLIﬁ IIPUBOAUT
K HCYCTOﬁqHBLIM pPCXKUMaM BBICOKOBOJIBTHOM KOHCOJIMJAallMHU ITOPOIIKOBBIX
MaTepUAJIOB, SIBIJETCS aMILUINTYJa BBICOKOBOJBTHOTO HMIYyJIbca Toka. Ecian
AMILIUTYIa KMITYJIbCA TOKA IMPEBBIMIACT ONPEACICHHOE KPUTHYECKOE 3HAYCHHUE,
TO IIPOLIECC BHICOKOBOJIBTHON KOHCOJIMIOALIMHA TEPSIET YCTOMYMBOCTD. JTO KPH-
THYCCKOC 3HAYCHUEC 3aBUCHUT KaK OT OaBJICHUS, BOSI{CI\/'ICTBY}OHIGFO Ha KOHCOJIU-
IAPYEMYIO 3aIOTOBKY, TaK U 3JIEKTPO(PHU3NUECKUX XapaKTEPUCTHK MOPOIIKa. B
PE3yabTaTEC MNPOBCACHHBIX 3KCIICPUMCHTAJIBHBIX U TCOPECTUYCCKUX HCCIICI0BA-
HHUM YCTAHOBJIEHBLI 3aKOHOMEPHOCTH (PU3MUYECKHMX IIPOLIECCOB, ITPOTEKAIOLIAX
npu BLICOKOBOHLTHOﬁ KOHCOJIMJaluy IOPOIIKOB, U MECXaHU3MBI, ITPHUBOAAIIUC
K (bO‘pMI/I‘pOBaHI/IIO HGYCTOfIQHBBIX PEXKHUMOB KOHCOJIMJAIIHUH. MCX&HI/BM, IIpu-
BOI[?IIIII/IfI K HGYCTOfIQHBBIM peXKUMaM KOHCOJIMWAAalluH, CBA3aH C BOJITHOBBIM Xa-
paKTepPOM Mpoliecca VYIUIOTHEHHS ITOPOIIKOBOIO Marepualia. HeycToW4YMBBIi
PEXKHUM KOHCOJIMAAIIMKU BO3HUKACT, KOI'Ja MCKYACTHUYHBIC ITOPhI 3aXJIOIIBIBAKOT-
Ccs C HapacTaHHEM CKOPOCTH B MOMCHT CXJIOIIBIBAHHS — «KYMYISTHUBHBIH pe-
xum» [2]. Ilpu 3Tom pexume, Kak MpaBwUio, GOopMHPYeTCs HEOTHOPOIHAS
CTPYKTYpa KOHCOJIMIUPOBAHHOTO MaTepuraia

YCcTaHOBIICH KpUTEPHH, ONPEACIISIONIMN IUana30H ONTUMAaIbHBIX TEXHOJIO-
THYCCKHUX ITapaMCTpOB BBICOKOBOJIbTHOM KOHCOIMAanuu Jisd CO3AaHHsA TYIrO-
IJIABKHUX BBICOKOIIJIOTHBIX MaTCPHAJIOB. H‘peL[J'IO)KeHLI BO3MOXHBIC HaIlpaBJIC-
HUs ﬂaﬂbHeﬁMHX I/ICCJ'IGIIOBaHI/Iﬁ mporuecca BLICOKOBOHBTHOﬁ KOHCOJIMJaluu
MMOPOUIKOBBIX MAaTCPUAJIOB.
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PERSPECTIVES FOR THE DEVELOPMENT OF THE
METHOD OF HIGH-VOLTAGE CONSOLIDATION OF
POWDER MATERIALS

The main features of the method of high-voltage consolidation of powder
materials and the resulting advantages and limitations of this method are con-
sidered. The method of high-voltage consolidation of powders is effective for
the production of refractory composite materials that retain their strength prop-
erties at ultrahigh temperatures under aggressive external influences. The short
duration of high-temperature exposure in the process of high-voltage consolida-
tion makes it possible to preserve the structural-phase state of the initial powder
material in the consolidated compact material. A feature of this method is the
high density concentration of the released energy in the area of contacts be-
tween powder particles. In this case, the initial state of the surface of powder
particles (the thickness and structure of oxide films, the presence of foreign im-
purities, etc.), the shape of powder particles and their sizes significantly affect
the regularities of high-voltage consolidation processes. Along with the charac-
teristics of the powder, the determining factors are: the rate of input of the en-
ergy of the electromagnetic field into the powder material, the magnitude and
nature of the mechanical pressure acting on the powder compact in the process
of high-voltage consolidation. The high energy density in the particle contact
zones leads to a local change in the state of aggregation of the powder sub-
stance in these zones. Along with the inhomogeneity of powder heating in in-
terparticle contacts, a macroscopically inhomogeneous distribution of the cur-
rent density in the volume of the consolidated sample is possible. The for-
mation of the structure of a powder material during high-voltage consolidation
is determined by processes of different scales occurring at interparticle con-
tacts, in powder particles, in the bulk of the entire sample, and by the mutual in-
fluence of these processes.

Further development of this method is associated with a detailed experi-
mental study of thermal processes during high-voltage consolidation of pow-
ders of refractory materials using pulsed photometry. Experimental studies of
the parameters of high-voltage electrical impulse action in the process of con-
solidation of high-temperature TaC and HfC powder compositions have been
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carried out. Registration of the parameters of a high-voltage current pulse and
the intensity of thermal radiation of the consolidated powder materials was car-
ried out using a measuring complex developed by the authors. This complex in-
cludes: a Rogowski coil with an integrating circuit, which registers the parame-
ters of a high-voltage current pulse; photodiode sensors that register the intensi-
ty of thermal radiation, which is transmitted through a special optical wave-
guide from consolidated powder compacts; systems for triggering and synchro-
nizing the components of the measuring complex. The analysis of the emerging
thermal electromagnetic radiation from the surface of the consolidated powder
sample in the process of high-voltage consolidation is carried out in the visible
radiation range, ranging from Ar=650 nm to Ar=950 nm. Figure 1 shows an ex-
ample of registration by this measuring complex of the dynamics of changes in
the pulsed current (1) acting on the material being consolidated, and the intensi-
ty of the light flux (2) of radiation from the processed material.

AHU =] M20us  Delayd000us
=

Figure 1. Dynamics of changes in current (1) and intensity of thermal radia-
tion (2) of the processed material.

Intense pulsed adiabatic heating of the powder compact material sharply re-
duces its resistance to plastic deformation, and under the action of external me-
chanical pressure, the powder material is compacted with a characteristic strain
rate that depends on the loading system. The cooling of the consolidated mate-
rial of the compact is carried out by heat removal to the press equipment (the
punches and the die). The results of experimental and theoretical studies of the
kinetics of the compaction process of powder material during high-voltage con-
solidation are given in [1]. The analysis of the obtained results revealed the
wave nature of the compaction process of the powder compact in the process of
consolidation. The results of calculations of the dynamics closure (collapse) of
interparticle pores in a compacted material are presented. The experimental re-
sults of high-voltage consolidation hafhium and tantalum carbides powders,
hard alloys and heavy alloys based on tungsten are discussed [1].

The results of a study of the macrostructure and microstructure of consoli-
dated materials and mechanical tests of the obtained samples are presented.
Compressive testing of specimens at room temperature in the studied range
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showed that all consolidated specimens withstand compressive stress without
failure [1]. High-voltage sintering contributes to the maintenance of the initial
fine-grained structure, more uniform distribution of the iron-nickel binder, and
the almost complete absence of porosity in the consolidated materials.

Experimental studies of high-voltage consolidation of powder materials re-
vealed unstable modes, leading to the formation of inhomogeneous properties
of the obtained samples or to the destruction of the original powder compacts
and technological press equipment. The determining technological factor that
leads to unstable modes of high-voltage consolidation of powder materials is
the amplitude of the high-voltage current pulse. If the amplitude of the current
pulse exceeds a certain critical value, then the process of high-voltage consoli-
dation becomes unstable. This critical value of the pulse current amplitude de-
pends both on the pressure acting on the consolidated powder compact and on
the electrophysical characteristics of the powder. As a result of the experi-
mental and theoretical studies carried out, the reqularities of the physical pro-
cesses occurring during high-voltage consolidation of powders and the mecha-
nisms leading to the formation of unstable modes of consolidation have been
established. The mechanism leading to unstable modes of powder consolidation
is associated with the wave nature of the compaction process of the powder ma-
terial. An unstable consolidation regime occurs when interparticle pores col-
lapse with increasing velocity at the moment of collapse - the “cumulative re-
gime” [2]. In this mode, as a rule, an inhomogeneous structure of the consoli-
dated material is formed.

A criterion has been established that determines the range of optimal tech-
nological parameters of high-voltage consolidation for the creation of refractory
high-density materials. Possible directions for further research into the process
of high-voltage consolidation of powder materials are proposed.

1. Grigoryev E., et al. // Metallurgical and Materials Transactions B: Pro-
cess Metallurgy and Materials Processing Science, 53, 1552-1563 (2022).
https://doi.org/10.1007/s11663-022-02465-x

2. Balankin S.A., Gorbachev L.P., Grigor’ev E.G., & Skorov D.M. Cumula-
tion effect in dynamic pressing of powdered materials. // Journal of Applied
Mechanics and Technical Physics, 21(4), 548-551. (1980).
https://doi.org/10.1007/BF00916493
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OIIBIT PASPABOTKHU BBICTPO3AKAJIEHHBIX ITPUIIOEB
B HUAAY MUOHU

Bonee tpuaaru et Ha kabenpe «Pusndeckue MpoOIeMbl MaTEPHAIOBIE-
HUSD» BBIIOJIHAIOTCS Pa0OTHI IO OBLICTPOMY 3aTBEPAEBAHHUIO METAJUIMYECKUX
paciiaBoB. B pesyipTaTe peanu3alMM 3TOTO TEXHOJOTMYECKOro Ipoliecca
MIPOMCXOINAT (DUKCAls METACTaOMIIBHOIO COCTOSHHS, IIPUYEM IIPH COOJroIe-
HUU OIIPENEJIEHHBIX I1apaMEeTPOB MOXKHO IIOJYYUTH Marepuan ¢ aMophOHON
CTPYKTYPOH, YTO B CBOIO OYEPENDb IPUIAET EMY KOMIIJIEKC YHUKAJIBHBIX (DU3H-
KO-XMMHUYECKUX CBOMCTB, KOTOPBIE B JaJbHENIIIEM MOXKHO HCIOJIB30BATh B 3a-
BHCHUMOCTH OT (DVHKIIMOHAILHOTO IPDUMEHEHUS.

Bo Bropoii momoBuHe XX Beka Havaad ITHPOKO IIPUMEHATH TEXHOJOTHIO
OBICTPOTIO 3aTBEPACBAHUS PACIUIABA IIPU U3TOTOBJIEHHUH IIPUIIOEB HA OCHOBE MEJIH,
Hukennss ¥ TutaHa. OOVCIIOBIEHO 3TO TEM, YTO B 3aBUCHMOCTH OT CIIOC00a OxJia-
JKJICHUST MOYKHO TIOJIVYHTH MaTepual B (hVHKIMOHAIBHO TpeOyeMoM BHIE — B (hop-
M€ IOPOIIIKAa 3aJaHHOI0 I'PaHYJIOMETPHUYECKOIO COCTaBa PACIBUICHHEM DacIljiaBa
CTpyell HHEPTHOIO ra3a, JIN00 B BUIE JIEHT ¢ (DMKCHPOBAHHBIMHM I'€OMETPUYECKUMU
rmapamerpaMy, KOTODBIE BCIIEACTBHE aMOPMHONM WM HAHOKPUCTAIUIMYECKOU
CTDVKTYDEI, JIETKO IOIBEPralOTCsS MEXaHMYECKOH 00pabOTKE — DPE3aHHIO, IITaM-
IIOBKE U T.II., YTO CVILECTBEHHO VIIPOIIAET HCIOJIL30BAHME MX KaK 3aKiIaJHBIX
9JIEMEHTOB C TOYHOM JO3UPOBKOI IIPUIIOS IS 3aII0JIHCHUS 3a30Da.

3a ronbl CYIIECTBOBaHMS JabOPAaTOPHU OBICTPO3AKAIIEHHBIX MaTePUAJIOB
KOJUIEKTUBOM aBTOPOB OBbUIM pa3pa0OTaHbl IIPUIION CTEMET®Ha ocHoge Al,
Cu, Fe, Ni, Ti, u Zr, nmpenHa3HaucHHBIE [UII BBICOKOTEMIIEPATYDHOM MANKH
(450-2000 °C) mHUPOKOro CIEKTPa MATEPUAIOB: OT METAIMYECKUX CILIABOB
10 KEpaMHUK Da3JIMYHOro cocraBa. JlaHHbIE NPUIIOU NPUMEHAIOT KaK B BHUIE
nernt (mmpwrHa 10 50 MM, TommuHa 30-70 MKM), Tak U B BHIE MOPOIIKA paz-
JIMYHOT'O I'PaHYIOMETPUYECKOTO cocTaBa B uHTepBaie 10 400 MxM.

B HacTosiiemM A0knane mpoBeaeH 0030p JaHHLIX O MPOJEIAHBIX aBTOPaMU
paboTtax 3a rocienaue 15 ner. [IpencraBiaeHsl pe3yiabTaThl Pa3pabOTKHA IIPHUIIO-
€B JUIS MalKyd [UPKOHHUEBBIX AUCTAHLUOHUDYIOMUX pemeTok (LIIP) simepHBIX
peakTopoB u3 ciuiaBa D110, anTuaeOpu3HbIX GUILTPOB M3 KOPPO3ZHOHHOCTO M-
KO crajid, DJIEMEHTOB KOMIIOHEHTOB, oOpameHHbIX K Inasme (KOII) tepo-
snepHbIX veranoBok (TAP) UTOP u JIEMO — maiika We CuCrZr-6pon3oi u
cramaMu depputHo-MapTeHcuTHOoro Kiacca DK-181 u Eurofer; marepuanos
DJIEMEHTOB JKHUJIKOCTHBIX PAKETHBIX ABurareneil us creneit I11-750 u DU-811,
Jerajeil aHOIOB PEHTIEHOBKUX TPYOOK — maiika MO u rpadura, KOHCTDYKTHB-
HEIX DJIEMEHTOB U3 KapOuna kpemuus (SiC) — kak mepcoeKTUBHOIO MaTepualia
Ui CO3JaHUs TOJEPAHTHOTO TOIUIMBA, a TAKXKE ADPYIUX U3AENHUI Da3INYHOrO
Ha3HAYEHUS U3 Pa3HOPOIHBIX MaTePHAJIOB.
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3PO3USA MHOT OCJIOMHBIX KPUCTAJIJIMYECKO-
AMOP®HBIX IIVIEHOK, OBJIYUEHHBIX NOHAMU I'EJIUS

B Hacrosimee Bpemsi pa3pabOTKa HOBBIX paJMallHOHHO-CTOMKHMX Marepua-
JIOB SIBJISICTCS Ba)XKHOU MPOOJIEMOM, KOTOpasi 0COOCHHO aKTyalbHa IS sIep-
HOW/TepPMOSIEPHON MPOMBIIIICHHOCTH, a3POKOCMHYECKON MPOMBIIUICHHOCTH
U T. 1., TA€ OOBEKTHI MOJBEPraroTcsl CHILHOMY OOJIYYEHHIO MOHAMH, HEUTpO-
HaMH, JIeKTpoHaMHU. [l 3TOro HEOOXOAMMO CO3[aBaTh MAaTEPHANIBI C OOJIb-
IIMM KOJIMYECTBOM CTOKOB JJIsl TOUYEUHBIX AE(EKTOB, TAKMX KaK JUCIOKAINH,
IpaHULBl 3epeH U MexdasHbie rpaHuibl [1]. MHOTOCIOWHBIE CHCTEMBI TEp-
CHEKTUBHBI ISl NCCIEI0BAHUH, TOCKOJIBKY MEXKCIIOEBBIE TPAHMIBI MOTYT BIIH-
ATh Ha yCTpaHEHHE paJHalMoOHHBIX NedekToB [2]. Y HUX ecTh 3HAYMTENbHBIE
Mexda3Hble 00IacTH, KOTOPBIE MOTYT NIeHiCTBOBATh KaK CTaOMIbHBIE MTOTIOTH-
TeJU 1eEeKTOB.

Mmuorocnoiinsie mwieHkn HK-ZIN/a-SigNy u HK-ZrN/a-ZrCu 6sumn copmu-
poBanbl npu 500°C METOIOM PEaKTUBHOTO MArHETPOHHOTO HANBUICHUS B Ka-
Mepe BBICOKOTO BakyyMma (6a3oBoe aaBlieHHE <10°® ITa), ocHameHHON TpeMs
KOH(OKaIHHBIMI MHIIEHSIMH ¥ KPHOT€HHBIM HacocoM (Makc. 500 ni/c). Monnas
UMILIaHTaI U1 MHOTOCJIOMHBIX IIJIEHOK mpoBOAUJIaCb HOHaAMHU Hez+ C 3HepFHeI>i
40 x3B Ha yckopurene Tsokenbix woHOB JI11-60 mpu ¢uroeHcax ot 3,0x10" 1o
1,1x10" em”.

HccnenoBanuss METOJOM IMPOCBEYMBAIONIEH DIEKTPOHHOH MHKPOCKOIUH
MHOTOCJIOHHBIX IICHOK IIOCIIE OCaXKACHMS MOKA3aJIM, YTO IUIEHKH COCTOST 3
YepeyIONUXCs CI0EB HaHOKpHCTaTHueckoro ZrN u amopguoro a-SizNy wmm
a-ZrCu. BeIsSIBI€HBI TOPU30HTAIBHBIE CIIOIIHBIE CIION C MIIOCKUMH U PE3KHMHU
rpanunamu pasnena. Crondyarast CTpyKTypa pocTa 3epeH B MHOTOCIIOMKaX HK-
ZrN/a-SisN; mpoxoauT depe3 BCe MHOIOCIOHHOE IOKpeITHE. OOpasoBaHUE
KPHUCTAJUTMUECKHX c10eB ZrN Takke HOATBEPKAAETCSI pEHTT€HOCTPYKTYPHBIMU
UCCIIEIOBAaHUSAMH.

Bbio oOHapyXeHo, YTO MHHUMAaJIbHBIH KPUTHYECKUH (uIioeHC 00pa3oBa-
HUs OnmcTepoB oOHapyxkeH s mieHkn ZrN (daroeHc 6x10" cm?). COM nc-
CIIeIOBAHMUS MOBEPXHOCTH TUICHOK MOHOHUTpHIA a-SizN4, 001ydeHHOTO HOHA-
mu He, He BbIsIBUIM 00pa3oBaHUsl ONMCTEPOB Jake IPH MaKCHMAaIbHOM
¢uroeHce. DTO CBSA3aHO C BEICOKOH pacCTBOPHMOCTHIO PaJHaIlIOHHBIX 1e(EeKTOB
B aMOp(HBIX MaTepHalax, a TAK)Ke C HU3KOU MOJIBIKHOCTBIO KITACTEPOB I'eIIHii-
BakaHcus. B 1o Bpems kak, moctpaguanuoHHei oTKUr (600°C) BISBHI 3HA-
YUATENbHOEC YBEIMUYCHHE TOABMKHOCTH JTHX KJIACTEPOB B IUIEHKaX a-SisNyg,
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oObeMHeHne MX B OOJbIIME OJHMCTEPHl M 00pa3oBaHME OJIMCTEPOB yXKe NpPU
duroence 5x10% em?,

Muxkpockormnyeckue (COM, ACM) ucciegoBaHUsI MHOTOCIOMHBIX MJICHOK,
o0myueHHBIX HOHaMK He, mokasanm, 94To pajuannoHHas 3po3usi HOBEPXHOCTH B
HaHOCIOUCTBIX cucTeMax ZrN/a-SisN, 3HaunTenpHO HKXKE MO CPaBHEHHUIO C
MOHOHHUTPHJIOM ZIN. YCTaHOBJIEHO, YTO CTENEHb PAANAMOHHON 3PO3UH MHO-
TOCJIOWHBIX TUIEHOK CHJIBHO 3aBHCUT OT COOTHOLIEHUS TOJILMH KpUCTAILIMYe-
ckoro u amopdHoTO croeB (fzy) 1 MEHUMaNBHA TpH fZ;y paBHOI 0,29. Hanbo-
Jlee YCTOWYMBBEI K PagMallMOHHOW 3PO3MM MHOTOCIOHHBIE CUCTEMBI C TOJIIHU-
HO¥ aMOpGHOTO cJos, O0JIBIIEH, YeM Y KPICTALUTNIECKOTO CIIOS.

Bb110 BEISIBIICHO, YTO OCHOBHBIM MEXaHH3MOM PaJHaIllIOHHOW 3PO3UH MHO-
TOCIIOWHBIX IJIEHOK HK-ZIN/a-ZrCu sBnsiercsi uiekunr. Komrmekcel renuii-
BaKaHCHUS M X KJIacTepsl AUGPYHIUPYIOT B aMOPGHBIE CIION U PacTBOPSIIOTCS
B HHUX ¢ 00pa30oBaHUEM ITy3bIPHKOB T€JIHs. DTO MPHBOJUT K pa30OyXxaHUIO MHO-
TOCJIOMHOM TUIeHKH 0e3 MOBEpXHOCTHOH 3po3uu. C yBeInmdeHneM KOHICHTpa-
LM MEJTM U YBEJIMYECHUEM TOJIIMHBI aMOP(HHOTO CIIOS PACTET KpUTHYECKAs J10-
3a (hrexkuHra. Ma3oBbIi cOCTaB MMOKA3all, YTO MPH OOIYUCHUHU MPOUCXOJUT Pas-
pyuenre aMmopdHOro cios ¢ oOpasoBaHHeM MeTajutnueckoi meau. st oopas-
0B HK-ZIN/a-Zr6 ,CU73 g KpHCTATIH3AIMSA MEIH TIPOUCXOIUT TPH 103 9.10"
eM. OcTasbHBIE e 0CTAIOTCs CTAGHIBHBIMHU IPH BCeX (II0SHCAX 06Ty deHHS.

1. Xinghang Zhang, Khalid Hattar, Youxing Chen et al., Progress in Materials
Science. V. 96 (2018), p. 217
2.D. Chen, N. Li, D. Yuryev et al., Sci. Adv. V.3 (2017), Ne 11, p. eaa02710
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EROSION OF MULTILAYERED CRYSTALLINE-
AMORPHOUS FILMS IRRADIATED WITH HELIUM IONS

At present, the development of new radiation-resistant materials is an im-
portant problem, which is especially relevant for the nuclear / thermonuclear
industry, aerospace industry, etc., where objects are exposed to strong ion, neu-
tron, and electron radiation. To do this, it is necessary to create materials with a
large number of sinks for point defects, such as dislocations, grain boundaries,
and interfacial boundaries [1]. Multilayer systems are promising for research,
since interlayer boundaries can affect the elimination of radiation defects [2].
They have significant interfacial regions that can act as stable defect sinks.
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Multilayer films of nc-ZrN/a-SisNs and nc-ZrN/a-ZrCu were formed at
500°C by reactive magnetron sputtering in a high vacuum chamber (base pres-
sure <10°° Pa) equipped with three confocal targets and cryogenic pump (max.
500 I/s). lon implantation of multilayer films was carried out with He?" ions
with an energy of 40 keV at a DC-60 heavy ion accelerator at fluences from
3.0x10" to 1.1x10" cm™,

Transmission electron microscopy studies of multilayer films after deposi-
tion showed that the films consist of alternating layers of nanocrystalline ZrN and
amorphous a-SisN4 or a-ZrCu. Horizontal continuous layers with flat and sharp
interfaces are revealed. The columnar structure of grain growth in nc-ZrN/a-
Si3N4 multilayers extends through the entire multilayer coating. The formation
of ZrN crystalline layers is also confirmed by X-ray diffraction studies.

It was found that the minimum critical fluence of blister formation was found
for the ZrN film (fluence 6x10'" cm?). SEM studies of the surface of a-SisN,
mononitride films irradiated with He ions did not reveal the formation of blisters
even at the maximum fluence. This is due to the high solubility of radiation de-
fects in amorphous materials, as well as the low mobility of helium-vacancy clus-
ters. While post-radiation annealing (600°C) revealed a significant increase in the
mobility of these clusters in a-SisN, films, their combination into large blisters
and the formation of blisters already at a fluence of 5x10'® cm™.

Microscopic (SEM, AFM) studies of multilayer films irradiated with He ions
showed that radiation erosion of the surface in ZrN/a-SisN4 nanolayer systems is
much lower compared to ZrN mononitride. It has been established that the degree
of radiation erosion of multilayer films strongly depends on the ratio of the thick-
nesses of the crystalline and amorphous layers (fz) and is minimal at fzy equal
to 0.29. The most resistant to radiation erosion are multilayer systems with a
thickness of the amorphous layer greater than that of the crystalline layer.

It was found that the main mechanism of radiation erosion of multilayer nc-
ZrN/a-ZrCu films is flaking. Helium-vacancy complexes and their clusters dif-
fuse into amorphous layers and dissolve in them with the formation of helium
bubbles. This leads to swelling of the multilayer film without surface erosion.
With an increase in the concentration of copper and an increase in the thickness
of the amorphous layer, the critical dose of flecking increases. The phase compo-
sition showed that irradiation destroys the amorphous layer with the formation of
metallic copper. For samples of nc-ZrN/a-Zr,s,Cu,3g copper crystallization oc-
curs at a dose of 9x10" cm-2. The rest remain stable at all irradiation fluences.

1. Xinghang Zhang, Khalid Hattar, Youxing Chen et al., Progress in Materials
Science. V. 96 (2018), p. 217
2.D. Chen, N. Li, D. Yuryev et al., Sci. Adv. V.3 (2017), Ne 11, p. eaa02710
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O EHKA CTEIIEHA PEKPUCTAJJIN3AIIAN I/I3I[EJII/H71
N3 IMPKOHUEBBIX CIIJIABOB 110 JAHHBIM )_II/I(I)FAKIII/II/I
SJIEKTPOHOB U PEHTTEHOBCKUX JIYUYEHU

OcHOBHOM (ha30ii 0TEYECTBEHHEIX IMPKOHMEBLIX CIIJIABOB SIBISETCS O--(asa,
XapaKTEPU3YIOMIAiACs TeKCaroHaJIbHOM INIOTHOYIAKOBAHHOM CTPYKTYPOH H
OIpeeIIAIoNasl aHU30TPOIINIO UX (PU3HKO-MEXaHUUYECKUX CBOMCTB. I[ToBeneHue
M3ENINH U3 CIIJIAaBOB HAa OCHOBE LIMPKOHHMS B IIPOLIECCE MX DKCILIyaTal[u CYIIe-
CTBEHHO 3aBHCIT OT CTPYKTYPHOI'O COCTOSIHHS MaTepHaja WIIM O CTEIEHU €T0
PEKPUCTAILIN3AUMH. DIIEKTPOHHO-MHUKPOCKOIIMYECKHE METOBI MCCIEN0BAHMS
XapaKTEPU3YIOTCS JTOKAJIBHOCTHIO IIPOBOIMMBIX HCCIIENOBAHHM M CBS3aHBI C
YTOHEHUEM HCCIEI0BAaHHON (POJIBIM 10 MUHMMAIBHO BO3MOKHBIX TOJIIMH, YTO
MIPUBOJUT K IIEPEPACIPENEIIEHNIO 1e(DEKTOB U CTPYKTYPHOTO COCTOSIHUS 3€PEH.
BoapmuHacTBO paboT, HAPaBICHHBIX HA OICHKY CTEIEHH PEKPHUCTAJIN3aIllH,
B HacTosIIEe BpeMs 0a3upyroTCs Ha METoJe JU(PPAKIMA 00paTHO PaCcCETHHBIX
snekTpoHoB (EBSD-Meton), M03BOIAIONIEM MOJIYYUTE UH(POPMALUIO OT OOJIb-
IIEro 4mcia 3epeH. VMcmop30BaHue PEHTICHOBCKUX METOJOB HCCIIEIOBAHUS
[T03BOJISET YBEIUYUTL U3y4aeMbIi OOBEM M IMOBLICUTL CTATHCTUYECKYIO 3HA-
YHUMOCTh IOJYy4aeMBIX Pe3ynbTaToB. K TOMY K€, PEHTI€HOBCKOE H3IyUCHHE
[I03BOJISET MOJy4aTh HMH(GOpMaLMIO s Oojee TOJCTHIX CIOEB METajla II0
CPaBHEHUIO C AIIEKTPOHHOH nudpaknueii.

B pamkax gaHHOTrO MCCIENOBaHMS OBIIM PACCMOTPEHBI M3MEHEHHUS CTPYK-
Typsl aehopMupoBaHHbIX TpyO u3 cmiaBoB 3110, 3110M u D635 B Temmepa-
TypHOM mHTepBalie oT 480 mo 640 °C. C moMOIBI0O METOJIOB 3JIEKTPOHHOM
MHUKPOCKOIIMH M PEHTI'CHOBCKOI'O aHaJIH3a IIPOBEJICHO BCECTOPOHHEE CHCTEMa-
THYECKOE H3YYEHHE IIPOIlecca pPEKpUCTAIM3anud. Ha OCHOBaHMH JKCIEPHU-
MEHTAJIBHBIX JaHHBIX IMOCTPOEHBI KOPPEIALHOHHBIE 3aBUCUMOCTH MEXKY CTE-
MEHBIO PEKPHUCTAIUIM3AIMN, OLIEHUBAEMOM JJIEKTPOHHO-MUKPOCKOIIMYECKUM U
PEHTIE€HOBCKAM METOAOM. B KauecTBe OCHOBHOIO IMapaMeTpa OLEHKH CTEIEHU
PEKPUCTAIUTM3AIMN BEIOPAHO COOTHOIIIEHWE KOMIIOHEHT TEKCTYpPhI PEKpUCTAJ-
JIU3AIMH U TEKCTYPhI IPOKATKH.
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EVALUATION OF THE RECRYSTALLIZATION DEGREE OF
PRODUCTS FROM ZIRCONIUM ALLOYS BASED ON
ELECTRON AND X-RAY DIFFRACTION DATA

The main phase of domestic zirconium alloys is the a-phase, which is char-
acterized by a hexagonal close-packed structure and determines the anisotropy
of their physical and mechanical properties. The behavior of products made of
zirconium-based alloys in the course of their operation essentially depends on
the structural state of the material or on the degree of its recrystallization. Elec-
tron microscopic research methods are characterized by the locality of the re-
search being carried out and are associated with the thinning of the investigated
foil to the minimum possible thickness, which leads to a redistribution of de-
fects and the structural state of the grains. Most of the works aimed at assessing
the degree of recrystallization are currently based on the electron backscatter
diffraction (EBSD) method, which makes it possible to obtain information from
a larger number of grains. The use of x-ray research methods allows you to in-
crease the volume of study and increase the statistical significance of the re-
sults. In addition, X-ray radiation makes it possible to obtain information for
thicker metal layers compared to electron diffraction.

Within the framework of this study, changes in the structure of deformed
pipes made of alloys E110, E110M and E635 in the temperature range from
480 to 640 °C were considered. Using the methods of electron microscopy and
X-ray analysis, a comprehensive systematic study of the recrystallization pro-
cess was carried out. On the basis of experimental data, correlation dependenc-
es were constructed between the degree of recrystallization, estimated by elec-
tron microscopy and X-ray methods. The ratio of the components of the recrys-
tallization texture and the rolling texture was chosen as the main parameter for
assessing the degree of recrystallization.
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3AKOHOMEPHOCTH BBIJIEJIEHUS THIPATHOM ®A36I B
HABOJIOPOKEHHBIX TPYBAX U3 CIIABOB D1100I1T M D635

[epcniexTrBa CyXOTO XpaHEHHS OTPAaOOTAHHBIX TOTLIMBHBIX COOPOK Tpel-
noJjiaraeT CyIIECTBEHHO MPEBBIIIAIOIIYI0 CPOK IKCIUTYaTalluu MPOJIOJDKUTEb-
HOCTPH CTaOMIIBHOW YCTOHYMBOCTH HUPKOHUEBHIX CIUIABOB K BPETHOMY BO3JEH-
CTBHIO BOjiopoza. J{iisi OlIEHKH CIIOCOOHOCTH CIUIABOB BBIJEPIKUBATH 3TO BO3-
neiicTBre HeoOxoammo obanate WHpOpManueil o0 MexaHu3MaxX U 3aKOHOMEp-
HOCTSIX 00pa30BaHMsI U POCTa TUAPUIOB NPU HACBHILICHUH U3JENUH BOAOPOJOM
[1-2].

B pabore uccnenoBano noseneHHe THAPUIHON (a3bl B HABOJOPOXKEHHBIX
Tpybax M3 OTEUECTBEHHBIX IIUPKOHMEBBIX CcIU1aBoB D635 m D110onT, a Takxke
e€ BIMSHUE HAa CTPYKTYPY U KpUCTAIIOrpapuIecKyto TEKCTYpy a-(assl ZI.

[Tpu momMomM aHann3a ONTHYECKUX METAIUIOTPadHYECKUX CHUMKOB C HC-
M0JIb30BAaHUEM Pa3pabOTaHHOTO MPOrpaMMHOTO OOecrieueHHs BBISBJICHO, YTO
YBEJIMYCHUE COJICPKAHUS BOJOPO/Ia B CIUIaBaX CIIOCOOCTBYET MOBBILICHUIO J10-
T pasuaibHO OPUEHTHPOBAHHBIX THAPHUJIOB, YTO CBSI3aHO C IOSBICHHEM CXKH-
MAroIIMX HAIPSHKEHUH B paAnalibHOM HalpaBJICHUU NPU 00pa30BaHUM TaHI'€H-
[IHAIFHO OPHUEHTUPOBAHHBIX IEPBUYHBIX THAPUAOB. DTO TAKKE MOITBEPKAACT-
Csl CTPYKTYPHBIMH HCCJIEJOBaHHUSIMH, JEMOHCTPUPYIOIIUMH CHU)KEHHUE Iapa-
MeTpa C o-ZI IpH MOBBIIICHUN COAEPKaHIsI BOJAOPOIA.

TexcrypHbIli aHaMM3 0-ZI TIOKa3aJl IIEPEOPHEHTALMIO Oa3MCHBIX HOpMaiei
n3 T- u L- HampaBnenuii B R-nHanpasnenune B crutaBe D110onT, Torna kak B
crmaBe D635 takoro s¢dexra He HAOIIOJATI0Ch, YTO MOXET ObITh BBI3BAHO aAK-
TUBalLKel ABOMHNKOBaHUA B 3€pHax d-(a3bl crasa J1100mT.

TexcTypHBIA aHAIN3 TUAPUAHONW (Pas3bl IPH TOMOIIM CHHXPOTPOHHOTO H3-
Jy4eHHsI TaKKe MoKa3al OTIMYMS B MOBEJCHUH CIUIaBOB. B wacTHOCTH, Hanmu-
gpe B ciutase D110 onT ruApuIOB ¢ YACTUYHO aKCHANBHOHN TEKCTYpHOH KOM-
noHenToit (112) o6ycioBieHo akTMBM3alMed B -(ase ABOMHUKOBAHHUS IO
miockocTam {1012} u {1011}, xoTopoe OcCymiecTBIsAeTCA TpPH TOBHIIICHHH
CKUMAIOLIUX HAPSDKEHUH BIOJIb PaAMAlIBHOTO HalpaBieHus. B nepeopueHTH-
POBaHHBIX 3&pHAX 00Pa3YIOTCS TUAPUABI B COOTBETCTBHU C M3BECTHBIM OPHCH-
TamonnbM cooTHomerneM (0001)z, || {111}5_zrp, .- B TO Bpems, kak B

pabote [3] paccMaTpuBaeTcsi BEPOSITHOCTh PeaIH3alii JOTOIHUTEIEHOTO OpH-
enTanuonnoro cootnomenus (0001),,,|| {001} 5.
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REGULARITIES OF HYDRIDE PHASE PRECIPITATION IN
HYDROGENATED TUBES MADE OF E1100PT
AND EG635 ALLOYS

The prospect of spent fuel assemblies dry storage assumes significantly
longer service life duration with stable resistance to the hydrogen harmful ef-
fects for zirconium alloys. To assess the ability of alloys to withstand this im-
pact, it is necessary to have information about hydrides formation and growth
during hydrogenation mechanisms and patterns [1-2].

The work investigates hydride phase behavior in hydrogenated tubes made
of Russian E635 and E110 opt zirconium alloys, as well as its effect on the
structure and crystallographic texture of the o-Zr phase.

By optical metallographic images analyzing using developed software, it
was revealed that an increase the hydrogen content in alloys contributes to an
increase in the fraction of radially oriented hydrides, which is associated to the
appearance of compressive stress in the radial direction during the tangentially
oriented primary hydrides formation. That is also confirmed by structural stud-
ies demonstrating the a-Zr ¢ parameter decrease with an increase in the hydro-
gen content.

a-Zr texture analysis have shown a reorientation of the basic normals from
the T- and L-directions to the R-direction in the E110 alloy, whereas no such ef-
fect was observed in the E635 alloy, which may be caused by the activation of
twinning in the a-phase grains in E110 alloy.

Hydride phase texture analysis using synchrotron irradiation have also
shown difference in the alloys behavior. E.g., hydrides with a partially axial
texture component (112) presence in the alloy E110 is due to twinning activa-
tion in the a-phase along the planes {1012} and {1011}, which occurs when
compressive stress increase along the radial direction. Hydrides are formed in
reoriented grains according to the known orientation relationship
(0001) oz, || {111} 5_zrh, o However, in [3] the probability of an additional

orientation relationship (0001) ., || {001}4 realization is considered.
1. Motta A.T. et al. // J. Nucl. Mater. 2019. Vol. 518. P. 440-460.

2. Tennmes A.B. et al. // Meramnsr. 2022. Vol. 6. P. 1-7.
3. Kiran Kumar N.A.P. et al. // Mater. Sci. Eng., 2011. Vol. 528. P. 6366-6374.
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SAIMTHBIE NIOKPBITHUS HA OCHOBE XPOMA
JJIs1 HUPKOHUEBBIX CIIJIABOB

CerosHsi akTUBHO BelyTcs pa3pabOTKH HOBOTO BHJA (TOJIEPAHTHOTO) TOI-
JIMBa, HEOOXOAWMOTO ISl TOBBIMICHMSI OE30IacCHOCTH pabOTHI JIETKOBOIHBIX
sepHBIX peaktopos [1,2]. KpaTkocpouHnas crparerus pa3pabOTKH TaKOTO TOTI-
JIMBa COCTOUT B HAHECEHNH 3aIUTHBIX MOKPBHITHH Ha Zr 000JI0YKH TETIOBHIJIE-
nsromux AneMeHToB (TB3JIoB). Usyuarotest 0ObIIoe YHCIO MaTepHANIOB I10-
kportuii (Cr, FeCrAl, CrN u mp.) ¥ METONOB MX TONYYICHHS IS CO3IMaHus TO-
JIEPAaHTHOTO TOILIMBA, CTOHKOTO TPH YCIOBUSIX, IMHUTUPYIOIINX HOPMAJIbHYIO U
aBapuitHyt0 paboThI AepHOTO peakTopa [2-4]. OnmyObnukoBaHHEIE B JINTEPATYpE
JaHHbIE MPOJEMOHCTPUPOBANIY, YTO ZI CIUIaBBl MOTYT OBITH 3((deKTuBHO 3a-
IIMIIEHB! OT OKHMCJICHHUS B TEYEHHE IMPOJOJDKUTEILHOTO BPEMEHU IPU MarHe-
TpoHHOM HaHeceHuH Cr MOKpPBHITUSI Ha MX MOBEPXHOCTh. boJblIoi moreHunan
Cr HoKpbITH TOATBEPKIACTCS YYaCTUEM KPYIMHBIX MHCTUTYTOB, TaKMX Kak
CEA (®pannuus), BHUMHM (Poccus), KIT (I'epmanusi) u 1p., B peakTOPHBIX
UCIIBITAaHHUSX TOJIEPAHTHOTO TOIUIMBA. B Hacrosieil paboTe mnpeacraBieHbl pe-
3yIbTaThl UCTIBITAHUN TUIACTHH, 000JOYEUHBIX TPYO M M3JENUH CO CBAPHBIMHU
COEIMHEHUSAMHA U3 IIUPKOHUEBOTO cruiaBa D110 ¢ MOKpHITHSAMU Ha OCHOBE XPO-
Ma, MOJTy4EHHBIMH METOI0OM MarHETPOHHOTO PacIbUICHHS.

[IpuBenén MUK UCCIETOBAHUHA M3ICTNH U3 MUPKOHUEBOTO ciiaBa D110 ¢
MOKPBITUAMH Ha OCHOBE XpOMa IPH BBICOKOTEMIIEPATYPHOM OKHCICHHH Ha
BO3/lyX€, B IOTOKE BOISHOTO Iapa, B BOJSHOM Iape MOJ JaBJICHUEM U B Cpesie
Bozoposa [5-12]. Beuto BBINOJIHEHO CpPaBHUTENBHOE M3y4YeHHE YCIOBUI oca-
KJIEHUS MOKPHITUH M3 XpoMa Ha X CTPYKTYpHBIE cBolicTBa [5,11], nanee mpo-
BEJICHbI UCIIBITAHU IUTACTUH U3 HUpPKOHKHEBOTo ciiaBa D110 ¢ Cr HoKpeITHIMU
IIPU BBICOKOTEMIIEPaTypHOM OKHCJIEHHHM B IOTOKE BojasHOro mapa mpu 900,
1050 u 1200 °C. V3mepenus in Situ npuseca 06pa3LoB MpoAEMOHCTPHPOBAIH
pa3NUYHyI0 KHHETHKY OKHCIECHHS 00pa3loB B 3aBHCHMOCTH OT TOJIIUHBI I10-
KPBITHH U MX MUKPOCTPYKTYPHL. [IpH 3anTHOM MOBEICHNH IMPKOHHUEBBIX 00-
pa3moB C XpPOMOBBIMH TOKPBITHSAMH HaOIIOAAIOCH MapaboIMdecKoe OKHCIe-
HHUE. YCTaHOBIICHO, YTO POJIb MUKPOCTPYKTYPBI Cr MOKPBITHI CHIDKAETCS C MO-
BBIIIICHUEM TEMIIEPATYPbl UCIIBITAHUH, a JUINTEIBHOCTD 3aIIUTHOTO COCTOSHUS
IUPKOHHEBOTO CIUIaBa C XPOMOBBIM IIOKPBITHEM CYIIECTBEHHO 3aBHCUT OT
muddy3un n pacrBopenus Cr B Zr cruiaBe, KOTOPBIH UCIBITBIBAET 00— f3 mpe-
BpalleHUE B XOJ¢ UCTIBITaHUK. 3a c4éT hopMHUpOBaHUS Cllosl 0-Zf, cTaOMIN3H-
POBaHHOTO KHUCIOPOJAOM, Ha rpanuie Cr IMOKpPBHITHS M HUPKOHUEBOTO CIUIAaBa
IpoucxoawIo 3ameuienne knnetuku nuddysun Cr-Zr. Pacuér koHCTaHT cKO-
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pocreil oxucieHust Cr TMOKPBITHH, HOJYYEHHBIX IIPU PA3JIMYHBIX YCIOBHAX
OCaKACHUS, TIO3BOJIMI YCTAHOBUTH POJIb THUIA OCAKICHUS MOKPHITUH Ha HX
CTOWKOCTh K OKHCIICHHIO. [Toka3aHo, uTo 00pa3iibl Cr MOKPBITHIA, MOTyYCHHBIC
MYJIBTHKATOJAHBIM MarHEeTPOHHBIM PaclbUIEHHEM, XapaKTepU30BaINUCh 3HEPT H-
eil aktuBaimu okucieHus 249 kJx/MoJib, 4TO CPAaBHUMO C TAHHBIMH 0 OKHC-
JICHUIO XpPOMOBBIX TTOKPbITUH (240 K/[/MOJIb), TTONTy4aeMbIX KoJuleKTHBOM J.C.
Brachet 8 CEA [4].

Amnanus noBeaeHust 00pa3oB 000IO0YEYHBIX TPYO ¢ XPOMOBBIMHU ITOKPBITH-
SIMU TIPY BBICOKOTEMIIEPATypHOM OKHCIICHHH B ITOTOKE I1apa B COOTBETCTBHU C
tpeboBarmsmu U.S. NRC RG-1.222 RG-1.223 moaTBepIust BEICOKYIO KOPPO-
3MOHHYIO CTOMKOCTH XPOMOBBIX ITOKDPBITHH, IOJIy4aeMbIX MYIbTHKATOIHBIM
MarHeTpoHHBIM paclbUICHHEM. B Xozae MchbITaHMi yCTaHOBIEHO, YTO 000JI0-
4yeyHble TPyOBl MOTYT MMETh 3aIUTHOE MOBEICHHUE MPU ABYCTOPOHHEM OKHC-
JieHuu B TedeHre He Meree 3600 ¢, coxpasss MPU ATOM OCTATOYHYIO TUIACTHY-
HOCTbh HE MeHee 2% Tpu UCTIBITaHUIX Ha cxkaTue. C 1enblo YCTaHOBJICHHUS MaK-
CUMaJIbHON JUTUTETFHOCTH 3aIIMTHOTO MOBEIEHUS ITUPKOHUEBOTO crutaBa J110
¢ Cr mokpbITUSIMH OBUIM BBINIOJIHEHBI JIONIOJHUTEIBHBIE DKCIIEPUMEHTHI 10
OKHCJIEHUIO ZT CIIIaBa B BUJE IUIACTHH C 00BEMHBIM HAIbUICHHEM Ha BCIO UX
noBepxHOcTh. [Toka3aHo, UTO 3amKTa HUPKOHUEBOTO CILIABA C MOKPBITUAMU U3
XpoMa MoKeT ObITh TmpojyieHa g0 7200 ¢ B moToke BoasHOTO mapa mpu 1200
oC.

ITomyueHHast TEXHOJIOTHSA OCaKAECHHMSI XPOMOBBIX MOKPBHITHH ObLIa arpoOu-
poBaHa JJIsl 3aIIUTHI CBAPHBIX COEAWHEHUH W3 IMUpPKOHUEBOoro cruiaBa D110,
IIOJIyYE€HHBIX METOJAMU JIa3€pHOM JIydeBOM M KOHTAaKTHOM CTBIKOBOW CBapKu
[7,9,12]. Beino BBIMOIHEHO 3 CEpUM UCTIBITAHUI HAa OKHUCIICHHUE:

- B IOTOKE BOJIIHOTO napa nipu Temnepatype 400 °C u nasnenuu 105 atm;

- B IIOTOKE BOJSIHOIO Hapa npu Temmepatype 1200 °C;

- Ha BO3/yXe MpHu u3oTepMudeckom okucnenuu (1100 °C);

- B cpene Bogopoaa (2 atm) mpu 360, 450 u 900 °C.

[Tpn BBICOKOTEMIIEPATYPHOM OKHCIEHHHM 0Opasipl u3 ZI craBa 0e3 mo-
KPBITHH JJOCTaTOYHO OBICTPO OKHUCIISUTMCH BBHIY HE3AIIMIIEHHOTO TOBEICHUS
OKCHJa IUPKOHMUS, (POPMHPYIOIIETrocs Ha MOBEPXHOCTH 00pasoB, NPH BBICO-
Kux Temreparypax. HaOmiomanoch yCKOpeHHOE OKHCIICHHE 00pasloB, IMOIy-
YeHHBIX JIa3ePHOM CBapKoi, B 00MacTu cBapHOTO mBa. Hammume a3ora B OKHC-
JUTEIBHON aTMOC(epe BBI3BIBAIO YCKOPEHUE OKHCICHHS, a TAKKE MPUBOIHIIO
K TOBBIIICHUIO HEOJHOPOJHOCTH OKHCIICHHS MO IONEPEYHOMY CEHYEHHIO 00-
pasuoB. M3-3a GopMupoBaHMs 3aMTUTHON TUIEHKHA OKCHJIA XpOMa Ha IMOBEPXHO-
CTH MUKPOCTPYKTYpa IIIBOB HE NpeTepIeBaa 3HAYUTENbHBIX U3MCHEHUH B 00-
JIaCTH CBApHOTO IIIBa M 30HBI TepMHueckoro BozzaekcTBus (3TB). McnbiTanus
CBapHBIX COEAMHEHUH C XPOMOBBIMH IOKPBITUSIMU B YCIOBUSIX OKHCIICHHS B
nape nox aasiexueM (105 atm) moxaszanu, 4To (GOPMHUPYIOIIMKCS Ha MOBEPX-
HOCTH 00pa3LoB CJIOH OKCHAA XpOMa 3HAUUTENBHO IM0JIaBisieT okucienue. O0-
pasibl CBAPHBIX COCIUHEHUH, OTYYEHHBIX KOHTAaKTHON CTBIKOBOM M JIa3epHOU
JydeBOW cBapKoM, 0e3 MokpbIThst uMenu npusec 155,4 n 206,3 mr/nm? mocie
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180 cyTok okmcieHHus, 00pa3lbl C XPOMOBBEIMH TMOKPHITHSIMH — 6,8 m 8.3
MT/IM°, COOTBETCTBEHHO.

HOKa3aHO, YTO HAaHCCCHUC TMOKPBITHUA Cr MoXeT 3aMCIJINTh CKOPOCTH I10-
TJIOLICHUS] BOJIOpOJa oOpas3laMu JIa3epHBIX JIy4eBbIX IIBOB U3 ciutaBa 110,
MOCKOJILKY SHEprusl akTHBalMK rorioinenus: Bogopona (70 k/x/Moub) Beie,
yeMm y o0Opa3noB 0e3 mokpeitus (61 k/[k/Moib). PocT ruipuioB 3aBUCUT OT
YCIOBUII HAaBOJOPOXKMBAHMS W HMCXOJAHOW MHUKPOCTPYKTYPHI CBapHBaeMOIO
CIJIaBa B Pa3IUYHBIX 30HaX. IHIEHTHPOBaHNE M MCTIBITAHHS HA TPEXTOUCUHBIN
M3rud IMOKAa3bIBAaIOT, YTO (pOpMHpOBaHME THAPUAOB B CBAapHBAaEMOM CIIIAaBE
MOXET BBI3bIBATH €0 YIPOUYHEHHUE U MOTEPIO TUIACTUIHOCTH.

KitoueBast mpobnema npumeHerns Cr MOKPHITHN A 3aIIUTHL ZI' CIUTaBOB
IPH BBICOKOTEMIIEPATYPHOM OKHCJIEHHH COCTOMT B B3aUMHOH mudpdy3uu Cr u
Zr ¢ obpa3zoBanueM sBTekTudeckoro Cr-Zr ciost u pacrsopenus Cr B Zr crinase
[8,10]. Takum ob6pazom, Mexkay Cr HOKPHITHEM H CILIABOM JOJDKCH OBITh HaHEe-
ceH OapbepHBIM CIIOH, a TOJIIMHA TaKOTO CJIOS JIOJDKHA OBITh JIOCTATOYHOM C
yu€ToM pa3BUTOH MOP(OJIOTHUH MOBEPXHOCTH 000JIOYEK U CBApHBIX COCIMHe-
Huii. B naHHOW pabote B kadectBe A (y3MOHHBIX 0apbEpPOB PacCMOTPEHBI
Marepuassl Ha ocHoBe MetaiutoB (Mo u Ta) u HUTPHIOB/OKCHIOB METAIIOB
(CrN u ZrO,).

HccnenoBanne BHINOIHEHO Npu ¢uHAHCOBOM momuepxke PODOU u TIoc-
Koproparun «Pocatom» B pamkax HaydHoro mpoekTa 20-21-00037.
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BJIMSHUE TOJIIIUHBI XPOMOBBIX MOKPBITHIA
HA UX CTOUKOCTbBb K OKUCJIEHUIO

XpOoMOBbIE IOKPBITUSI PACCMaTPUBAETCS B Ka4eCTBE 3aIMTHOIO MaTepHaa
LUPKOHMEBOI 000J104KK TeruoBbLAEIsOMKX demeHToB (TB3JIos). Beibop B
MOJIb3Y XpoMa OOYCJIOBJIEH TaKMMH CBOWCTBAMH KaK BBICOKash TeMIlEpaTypa
TUTaBJICHHS, BBICOKAs KOPPO3WOHHAs CTOWKOCTh B BoJie W mape (Omaromaps
(OpPMHPOBAHUIO IUIOTHOM 3ammTHON 1EHKKM okcuaa xpoma (Cr,Oz) Ha mo-
BEPXHOCTH), YTO BHJHO U3 (ha3zoBoii muarpammsl Cr — O, ¥ K03 GHULINEHT TeT-
JIOBOTO PACIINPEHHs, aHATOTHYHBIA MPKOHNUEBBIM cIUTaBaM. JIJIs yCIIeITHOTO
BHEJIPEHHUsS B TNPOM3BOACTBO IIPOIlECcCa HAHECEHUS] XPOMOBBIX MOKPHITHH Ha
mupKoHUeBble 00omoukn TBDJIoB HEOOXOMMMBI JaHHEIE, ITOATBEPKIAIOLINC
CIOCOOHOCTh JAaHHBIX MOKPBITUH HPOTHBOCTOSITH OKHCIEHHIO. B uacTHOCTH,
HEOOXOAMMO MOJYyYCHHE 3aBHCUMOCTU CTOMKOCTM IIMPKOHHEBOTO CIUIaBa K
OKHCJICHHUIO OT TOJIIIMHBI XPOMOBOTO MOKPHITHs. Takum 00pazom, LeNbo JaH-
HOW paboThlI SBISIETCS MOJYYEHHE JAaHHBIX O BIMSHUU TOJIIUHBI XPOMOBBIX
IOKPBITUN HA CTOMKOCTh LIUPKOHUEBOIO CIUIABA K OKHCIICHUIO.

B Hacrosei pabore HaneceHne Cr MOKPBITHH OCYIIECTBISUIOCH C ITOMO-
IIBI0 JTyaJIbHOTO MAarHeTpOHHOTO JHOAa C TOpsided MHIIEHBIO (IUIOTHOCTH
MOIITHOCTH pa3psiga - 19 BT/CMZ, IUIOTHOCTh TOKAa MOHOB Ha TMOJUIOKKY - 1,6
MA/CMZ, nmoTeHInan cMeineHns Ha moiokke — (-100) B). TpensaputensHo,
nepesl HaHECEHUEM TTOKPBITHH, BaKyyMHas KaMepa IporpeBanach M IPOU3BO-
JVJIach MOHHAsI YMCTKA TTOJUTOKEK C MOMOIIIBI0 HOHHOTO HCTOYHHKA C 3aMKHY-
TBIM Jpei(oM 3/1eKTPOHOB. B kauecTBe Marepuaa MoaIoKeK HCIOIb30BaJICs
upkonueBsit crras D110. [Ipu HOHHOM OYMCTKE M MTOCIEAYIONIEM OCaXKICHUN
MOKPBITHH MOJIIOKKH BPALAIKCH IIAHETAPHO CO CKOPOCThIO 1,25 00/MuUH.

B pesynbrare paboThl OBUTH IMOJIy4e€HBI XPOMOBBIE TOKPBITHSI TOJIIIWHOM
2,1, 4,0 u 10,8 MxM. PeHTreHOCTpYKTYpHBIH aHaIN3 MOKa3aj, YToO MpeuMylie-
ctBeHHBIH pocT Cr moxpeiTust Habmronaercs B Hanpasienuu Cr (200). IMomyde-
HBI JIaHHBIE O BJIMSHUM TOJIIMHBI CI MOKPBITHS Ha CTOWKOCTh LIMPKOHHEBOTO
crmaBa D110 x armocdepHoMy okucneHuro npu temreparype 1100 °C B Teue-
uue 20-80 MuHyT. BBIITO YCTaHOBIIEHO, YTO MPH BBICOKOTEMIIEPATYPHOM OKHC-
JICHUW XPOMOBBIE MOKPHITHSA ¢ TeKCcTypor Cr (200) sBISIOTCS 3aIIUTHBIMH IS
UpKOHUEBOTO criaa D110 mpu cienyomux yeIoBHsX:

- mokpsITHe TomuHoM 10,8 MkM — 6onee 80 MuH;

- mokpsITHE TommuHOK 4,0 MkM — MeHee 40 MuH;

- TIOKpBITHE TOMIUHOM 2,1 MKkM — MeHee 20 MuH.
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Pucynox 1. (crneBa) 3aBUCUMOCTb CKOPOCTH ocaxieHns1 CI HOKPBITHH OT MIIOT-
HOCTH MOIIHOCTH PacIbUICHUS; (ClipaBa) KWHETHKA OKHCIICHUS Ha BO3IyXe
(1100 °C) Zr crunaBa ¢ Cr MOKPBHITHAMH Pa3IHYHOMN TOJIIMHEL

HccenenoBanue BBIIIOJIHEHO B paMKax BbINOJIHEHUA rpanrta IIpesunenra PO
(mpoext Ne MK-3570.2022.4).
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AHAJIN3 3BOJIOLIIUN MUKPOCTPYKTYPbI YPAH-
I'AJOJIMHUEBBIX TABJIETOK B 3ABUCUMOCTH OT
PEKUMOB CIIEKAHUS

IToBbIIeHHE TPOU3BOAUTEILHOCTH KOMMEDPUYECKUX SAECPHBIX PEAKTOPOB 3a
CUET YBEIMYEHHS MPOJOJDKUTEILHOCTH TOIIMBHOM KaMIIAHUHU SIBISETCS Ile-
JIbI0, IIPECIIEYEMOM C CaMOro Hayaja MCIOJb30BaHHUS SACPHOM 3HEPIETHKH.
CaMbIM ONTHMAJILHBIM BHJIOM IOIJIONIECHUS M30BITOYHON PEAKTUBHOCTU OBLIO
MIPUHSATO HCIIOJIh30BAHKME BHITOPAIOIIECTO MMOTTIOTUTENIS, TOMOTCHHO CMEIIaHHO-
ro ¢ TOILUIUBOM sifiepHOrO peaktopa. OKCHJI TaloIMHKS SBJISCTCS OJHUM M3 OC-
HOBHBIX BHJIOB BBITOPAIOIIErO MOIJIOTUTENSA, IPUMEHSIEMOI0 B aTOMHBIX peak-
topax. ITopomok Gd,O3; myTeM CyxXoro MEXaHHYECKOTO CMEIIMBAHMS COEIUHS-
ercs ¢ nopomkom UQ,. Takoil cnoco® M3roToBIEHUS ITOMUMO TEXHOJIOIHYE-
CKHUX OOCTOHMHCTB HUMECT CyH_[eCTBCHHBIﬁ HCIOCTAaTOK, KaK BPCIHOC BJIMAHUC
Gd,0; ma tpamunuonHoe noseaeHue crnekanus UQO,. JunaroMeTpHyecKuii
aHaJIN3 IMOKa3bIBaeT, YTo 10 Temieparypsl 1200°C ypaH-ragoJMHUEBOE TOILIH-
BO BejeT cebs Tak ke, Kak 1 UQO,, 0HAKO, IPU IMOBLIIIEHHH TEMIIEPATYPhI
(oxomo 1200-1400°C) ycaaka rpanyn UO,- Gd,O; 3amemisgercs, CKOpOCTb
CIICKaHHS YMEHBIIIACTCS, a YIDIOTHCHHE CMeIaeTcs K 0oJjiee BRICOKMM TeMIIe-
parypawm [1,2].

H3BecTHO, 4TO Kak TpaaunuoHHOe TomauBo u3 UQO,, Tak U TOIUIMBO C BbI-
TOparOUMMH MOTJIOTUTEISAMH CIICKAIOTCS B BOCCTAHOBUTENIBHOM atMocdepe Ho.
B pa6ore [3] roBopurcst 0 ToM, 4to crnekanue uncroro UQO, mpoBOOUTCS B
okucautenpHo arMochepe (cmeck CO / CO2) u ycunuBaeTcs 3a CYET IMPUCYT-
cTBUs KaTHOHOB U5+, 4TO NpUBOIUT K yBeNUYeHUIO Muddy3noHHO# cr1ocoo-
HOCTH KaTHOHOB.

Opnako B auteparype [4,5] coobmaercs, uto yxyamenue crexkanus UO,-
Gd, 03 TomMBa 3HAYUTENBHO XYXK€E IIPH CIIEKAHWH B OKHUCIMTEILHOM atMoche-
pe. Tak ke, B JaHHBIX Pab0OTax paccCMaTpUBAETCS BOIIPOC 00 00pa30BaHUU 3a-
KPBITBIX IIOP IPU CIEKAHWH YpaH-TaJ0JMHUEBOr0 TOILIMBA. VcciemoBaTenn
MIPEAIOIOKHUIN, YTO H3-3a PA3HMIBI B CKOPOCTIX YIUIOTHCHHS MEKIY YacTH-
mamu UO, u Gd,03 00pa3yrorcss JOBOJIBHO OOJBIINE 3aKPBHITBIE MOPBL. TakuMm
00pa3oM, MOphI MOCJIE OKOHYAHMS I[UKJA CIIEKAHHS OCTAIOTCS 3aKPBITHIMH U
KaK pe3y/bTaT CHIDKAIOT KOHEUHYIO MJIOTHOCTh TOILUIMBHOIO KOMITakTa. B pa-
oote [5] ObIO OTMEUEHO, YTO C YBEIWYEHHEM KHCIOPOIHOTO IMOTEHIMAa B
arMocdepe CIeKaHus IUIOTHOCTL CIIEYEHHOI'O YpaH-TaJ0JIMHUEBOTO TOILIMBA
CHIDKAeTCs, 1 B 00JacTsIX C BBICOKMM cojepkanneM Gd oOpasyrorcsi HOBbIE
IIOPBI.
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IIpu cnexkanuu npeccoBok 3,35 % Gd,O3 ¢ BBIAEPKKOH 8 4 OTCYTCTBYIOT
MHKPOTpEIMHLI. PasMep 3epHa cocraBiiseT 2-5 MKM, a Ha CKOJaxX IIPHCYT-
CTBYIOT 00JIaCTH C pa3MEPOM KPHUCTAIIJIMTOB MeHee | MKM M BLEICOKOI ITOPHUCTO-
cThio. B Tabnetke ¢ comepxxanuem 3,35 % Gd,03 He HaOMIOAACTCSI MUKPOTpE-
LUH.

VceraHoBlIeHAa CBSI3b MEXKIY CPEOHHM DPasMEpoOM 3€pHAa M BPEMEHEM BLI-
nepxku. [TomydeHHas 3aBHCHMOCTh TOBOPHUT O TOM, YTO YTO pa3Mep 3epHa 3a-
BHMCHT JIMHEMHO OT BPEMEHH U30TEPMHUUYECKOMN BBIIEPIKKH.

HauGospias mioTHOCTH AOCTUINIHM TabneTku ¢ 3,35 % Gd,0s3, cieyeHHbie
co ckopocThio Harpesa 4 K/mun — 10,00 r/ cm3. HauMeHbIe# I0THOCTEIO 00-

nanarot Tabnetku ¢ 10 % Gd,03, 1 KOTOpBIE CHIEKATHCEH CO CKOpocThio 8 K/mun
- 9,08 r/cM3.
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nology and utilization. PROCEEDINGS OF INTERNATIONAL SYMPOSIUM,
15-19 September, 1986, Stockholm. Anais... Vienna: IAEA, 1987. 621 p. p. 481-
491. (IAEA-SM-288/23)

4. Yuda, R.; Une, K. Effect of sintering atmosphere on the densification of UO,-
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for the sintered density decrease of UO,- Gd,O5 pellets under an oxidizing atmos-
phere. J. Nucl. Mater., v. 288, p. 92-99, 2001.

6. Palanki B. Fabrication of UO,- Gd,O3 Fuel Pellets // Journal of Materials Sci-
ence and Chemical Engineering. — 2016. — VVol.4. — P. 8-21

7. Durazzo M., Riella H. G. Effect of mixed powder homogeneity on the UO,-
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ANALYSIS OF THE EVOLUTION OF THE
MICROSTRUCTURE OF URANIUM-GADOLINIUM PELLETS
DEPENDING ON THE SINTERING MODES

Increasing the productivity of nuclear reactors by increasing the duration of
the fuel campaign is a goal pursued since the very beginning of the use of nu-
clear energy. A burnable absorber, homogeneously mixed with the fuel of the
reactor, is considered to be the most optimal way to absorb an excess reactivity.
Gadolinium oxide is one of the main burnable absorbers utilized in atomic reac-
tors. The Gd,O5; poweder is mixed the powder of UO, by a dry mechanical mix-
ing. Such a manufacturing method has a significant disadvantage, as the detri-
mental effect of Gd,O5 on the conventional sintering behavior of UO,. Dilato-
metric analysis shows that uranium-gadolium fuel behaves in the same way as
UO, up to a temperature of 1200°C, however, at a higher temperature (about
1200-1400°C), the shrinkage of UO,- Gd,O5 granules slows down, the sintering
rate decreases, and densification shifts to higher temperatures [1,2].

It is known that both the traditional UO, fuel and the fuel with burnable ab-
sorbers are sintered in a reducing atmosphere of H,. In [3], it is reported that the
sintering of pure UQ, is carried out in an oxidizing atmosphere (CO/CO, mix-
ture) and is enhanced by the presence of U5+ cations, which leads to an in-
crease in the diffusion capacity of cations.

However, it is reported in the literature [4, 5] that deterioration in the sinter-
ing of UO,- Gd,O5 fuel is much worse during sintering in an oxidizing atmos-
phere. The issue of the formation of closed pores during the sintering of urani-
um-gadolinium fuel is also considered in these works. The authors suggested
that the difference in compaction rates between the UO, and Gd,O5 particles
leads to the formation of rather large closed pores. Thus, the pores remain
closed after the end of the sintering cycle and, as a result, the final density of
the fuel compact is reduced. It was noted in [5] that with an increase in the ox-
ygen potential in the sintering atmosphere, the density of sintered uranium-
gadolinium fuel decreases, and new pores form in regions with a high Gd con-
tent.

During sintering of compacts with 3.35% Gd,03; with holding for 8 hours,
microcracks were not observed. The grain size is found to be 2-5 um, while ar-
eas with a crystallite size of less than 1 um and high porosity are found on the
chips. No microcracks are observed in a tablet containing 3.35% Gd,0s.

Moreover, a relationship between the average grain size and holding time
has been established. The result suggests that the grain size depends linearly on
the isothermal holding time.
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The highest density was achieved for pellets with 3.35% Gd,O;, sintered at
a heating rate of 4 K/min - 10.00 g/cm®. Tablets with 10% Gd,O5 have the low-
est density, and they were sintered at a rate of 8 K/min - 9.08 g/cm®.
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3AKOHOMEPHOCTHU ®OPMUPOBAHUA CTPYKTYPBbI,
KPUCTAJLJIOTPA®UYECKOMN TEKCTYPBI U
AHM30TPOIIUM CBOMCTB B U3AEJUAX, IIOJTYYEHHBIX
METOAOM CEJIEKTUBHOT O JIASEPHOTI' O CIIVIABJIEHU A
INOPOUIKOB M3 CIIVIABOB C I'IK, OLIK U I'TTY
CTPYKTYPAMU

Meto/ CeNeKTUBHOrO J1a3epHOr0 CIUIABJIEHHUS IMOPOIIKA MO3BOJSET IONY-
YyaTh AETalli CIOKHOU (hopMbl [1], KOTOpEIE HENb3sS U3TOTOBUTH C MOMOIIBIO
TPaJUIIMOHHBIX TEXHOJIOTUH Mpou3BoacTBa. DopMupoBaHue JaeTaiu IPOUCXO0-
JIAT TyTEeM IOCJIEI0BATECIBHOIO HAHECEHHUs CIOEB METaUIMUECKOTO MOPOIIKa 1
€ro CIUIABJICHUS TOJT BO3JACHCTBHEM Ja3epHOro u3yyucHwus. JlazepHbId ny4
JIBIDKETCS 110 CEUCHHUIO (OPMUPYEMOM JEeTaald B COOTBETCTBHU C BBIOpAaHHOM
cTpaTerueii CKaHupoBaHMs (OJHOIPOXOHOM, MaxMaTHOH U T.1.) B Toxke Bpe-
MsI MaTepHall, IoJIydaeMblii TAKUM CIIOCOOOM, 00J1aaeT CI0KHON CTPYKTYpOi
13 MHOYKECTBA MEPEKPHIBAIOIIUXCS TPEKOB OT OT/C/IBHBIX ITPOXO0B Ja3ePHOTO
ny4a. [ToaToMy €ro cTpykTypa CHIBHO OTJIMYAETCSs] OT MaTEepPHaJOB, MOTY4eH-
HBIX TPAIUIMOHHEIMU criocobamu [2].

HccnemoBano BiusiHuE GOPMBI A€TaId U IapaMeTPOB Mpoliecca meyaTH Ha
KpucTaorpahuvecKylo TeKCTypy, (ha30BbId cocTaB, GOPMUPOBAHHUE MaKpO-
HaNpsDKEHWH M aHU30TPOIHMI0 MEXaHHMYECKHUX CBOMCTB B oOpasliax U3 aycTe-
HUTHOH ctanu 316L, turanoBoro cmiaBa BT1-00, HuKeIeBOTo KaporpoYHOTO
craBa Inconel 718 pazanuHoit GopMBl.

VYcTaHoBIeHO, YTO Ha (OPMHUPOBAHHE KPHUCTAIOTPAhUUECKON TEKCTYPHI
OKa3bIBaeT BIMSHKUE (hopMa IleyaTacMoil JeTalli, CTpaTerus CKaHUPOBaHUs, KO-
OopJIMHATa 110 OCH Z BJIOJIb HampasiieHus pocta [3]. Ilpm kpucrammmzanuu u3
BaHHBI pacIulaBa OT MPOXOJa JIA3ePHOIro Jyda HampapieHus <100> opueHTH-
PYIOTCS BAOJb HOPMaNH K (POHTY KPUCTAJUIM3ALMK, a UTOrOBas TEKCTypa 3a-
BHCHUT OT XapakTepa IEepeKphITHS TPEKOB. B pe3ynbTaTe U3MEHEHUs TeMIiepa-
Typsl MaTepuajia B IIMPOKOM HMHTEpBaJIc B IPOIIECCe IEUaTd B MaTepHalie
(hOpPMHPYIOTCS YIPYTHe OCTaTOYHbIE MaKpOHAINPSHKEHHsI, pacrpeiesieHue KO-
TOPBIX 3aBHUCUT OT NPHMEHSIEMOH CTpaTeruy CKaHUPOBaHUA. B HHUKeIeBOM
CIlJIaBE€ MPHU TepMOOoOpaboTKe (3aKallka W CTapeHHE) IMPOUCXOIUT BBIACICHHC
YIPOYHSIONUX (ha3, KOTOPBIC JOTOJHUTEILHO MOBHIIIAIOT YPOBECHb MEXaHHYEC-
CKHX CBOWMCTB, HO HE CKa3bIBAIOTCS Ha 3aKOHOMEPHOCTSX (hOpMUpOBaHHS KPH-
cTauiorpadUuecKoi TEKCTYPHI.

63


file:///K:/ДИСК/_Последние12/_Школа_2022/Тезисы/toly.rubanov@yandex.ru

OOHapyXeHa aHM30TPONHNS MEXaHMYECKUX CBONCTB, BBI3BAaHHAS HATHIHEM
0oCTpOM Kpucramiorpaduyeckoil Tekctypsl [4]. IIpu sToM, u3-3a BausHus Gop-
MBI JIETalI M PEXHUMA TIeYaTH Ha KPUCTaUIorpadMyecKyo TeKCTypy (1, cieao-
BaTeJIbHO, aHU30TPOIINIO CBOWCTB) HEJIb3sl HAIPSIMYIO MCIIOJIb30BaTh JAaHHBIE O
AQHM30TPOITMM MEXaHWYECKHX CBOMCTB CIUIOIIHOTO MaTepHana sl JeTanei
CIOXHOM (opMbl. Il OIEHKH MEXaHWYECKHMX CBOMCTB JAeTaleil CI0KHOM
(OpMBI (SIMEUCTBIX KOHCTPYKIIMA) TMPEATIOKEH CIIocod pacyera MEXaHWIECKUX
CBOMCTB l'[yTéM YUCJIICHHOT0 MOJCIIUPOBAHUA IPHU HUCIIOJIB30BAHWU JaHHBIX O
Kpuctamorpadpuueckoit Texcrype. IlpoBeneHa BepudHKalys MOJEIH O pe-
3yIbTaTaM HCIBITAaHUH SYEUCTHIX KOHCTPYKIIMH Ha CXKaTHe, YCTaHOBJICHO, YTO
CIPOTHO3UPOBAHHOE MTOBEJCHUE SUCHCTONH KOHCTPYKIMHM ITpH JedopManuu Xo-
POLIIO COTJIACYeTCs ¢ SKCIEPUMEHTAIBHBIME pe3yabTaTaMu [5].

Wcnionb3oBanHas nI/ITepaTypa:

1. Maconachie T., Leary M., Lozanovski B., Zhang X., Qian M., Faruque O., Brandt
M.SLM lattice structures: Properties, performance, applications and challenges. Ma-
ter. Des., 183 (2019), pp. 108-13

2. Kunze K., Etter T., Grasslin J. et al. Mater.Sci & Eng. A, 2015, 620, 213-222

3. Isaenkova M.G., Perlovich Yu.A., Yudin A.V., Rubanov A.E. Formation of crys-
tallographic texture in samples with different geometry from VT1-0 alloy, obtained
by selective laser melting powder method / Tsvetnye Metally, 2018, (16), pp. 69-74
4. IsaenkovaM.G., Perlovich Yu.A., Rubanov A.E., Yudin A.V. Anisotropy of the
mechanical properties of austenitic steel products obtained by selective laser melting
/ CIS Iron and Steel Review, 2019, 18, pp. 64-68

5. Isaenkova M.G.,Yudin A.V., Rubanov A.E., Osintsev A.V., Degadnikova L.A.
Deformation behavior modelling of lattice structures manufactured by a selective la-
ser melting of 316L steel powder / Journal of Materials Research and Technology,
2020, 9(6), pp. 15177-15184
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REGULARITIES OF FORMATION OF STRUCTURE,
CRYSTALLOGRAPHIC TEXTURE AND ANISOTROPY OF
PROPERTIES IN PRODUCTS OBTAINED BY SELECTIVE

LASER ALLOYING OF POWDERS OF ALLOYS WITH FCC,
BCC AND HCP STRUCTURES

The method of selective laser melting allows obtaining parts of complex
shape [1], which cannot be produced by traditional production methods. The
part is formed by successive layers of metallic powder and its fusion under the
influence of laser radiation. The laser beam moves along the cross section of
the part to be formed according to the chosen scanning strategy (single-pass,
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checkerboard, etc.) At the same time, the material obtained by this method has
a complex structure of multiple overlapping tracks from individual passes of
the laser beam. Therefore, its structure is very different from the materials ob-
tained in the traditional way [2].

Influence of a part form and printing process parameters on crystallographic
texture, phase composition, formation of macrostresses and anisotropy of me-
chanical properties in samples from austenitic steel 316L, titanium alloy BT1-
00, nickel heat-resistant alloy VZh159 of various forms was studied.

We observed that formation of crystallographic texture is influenced by
shape of printed part, scanning strategy, Z-axis coordinate along building direc-
tion [3]. During crystallization from the melt bath from the passage of the laser
beam, directions <100> are oriented along the normal to the crystallization
front, and the resulting texture depends on the pattern of overlapping tracks. As
a result of changes in material temperature in a wide range in the printing pro-
cess, elastic residual macrostresses are formed in the material, whose distribu-
tion depends on the applied scanning strategy. In nickel alloy during heat
treatment (hardening and aging), hardening phases are released, which increase
the mechanical properties but do not change the crystallographic texture.

Anisotropy of mechanical properties caused by the presence of a sharp crys-
tallographic texture was found [4]. However, due to the influence of the part
shape and printing mode on the crystallographic texture (and hence the anisot-
ropy of the properties), the data on the anisotropy of the mechanical properties
of solid material cannot be used directly for parts with complex shapes . In or-
der to evaluate the mechanical properties of complex-shaped parts (lattice
structures), a method for calculating mechanical properties by numerical simu-
lation using data on the crystallographic texture is proposed. Verification of the
model by the data of compression tests of lattice structures was carried out, it
was established that the predicted behavior of the lattice structure during de-
formation agrees well with the experimental results [5].

Sources:

1. Maconachie T., Leary M., Lozanovski B., Zhang X., Qian M., Faruque O., Brandt
M.SLM lattice structures: Properties, performance, applications and challenges. Ma-
ter. Des., 183 (2019), pp. 108-13

2. Kunze K., Etter T., Grasslin J. et al. Mater.Sci & Eng. A, 2015, 620, 213-222

3. Isaenkova M.G., Perlovich Yu.A., Yudin A.V., Rubanov A.E. Formation of crys-
tallographic texture in samples with different geometry from VT1-0 alloy, obtained
by selective laser melting powder method / Tsvetnye Metally, 2018, (16), pp. 69-74
4. IsaenkovaM.G., Perlovich Yu.A., Rubanov A.E., Yudin A.V. Anisotropy of the
mechanical properties of austenitic steel products obtained by selective laser melting
/ CIS Iron and Steel Review, 2019, 18, pp. 6468

5. Isaenkova M.G.,Yudin A.V., Rubanov A.E., Osintsev A.V., Degadnikova L.A.
Deformation behavior modelling of lattice structures manufactured by a selective la-
ser melting of 316L steel powder / Journal of Materials Research and Technology,
2020, 9(6), pp. 15177-15184
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KOPPO3UOHHASI CTOMKOCTb JUCUINIAJA TPUYPAHA
B BOJASIHOM IIAPE

B Hacrosmee BpeMs B pamMKax MpOTpaMMBl IOJYy4EeHHUS TOIUIMBA,
YCTOWYHMBOTO B aBapUHUHBIX CUTYalUsIX, AUCHINONA TPHYpaHa paccMaTpUBacT-
csl KaK MepcrekTUBHOe TomuBo. OnHAKO ero KOppo3HOHHAs CTOMKOCTH B BO-
JITHOW Cpefie MOXKET MPEICTaBIATh COO0H pobIeMy.

B nmanHo#t paborte paccMoTpenu croco0 mosydeHHus oOpasloB H3
JUCWINIHMAA TpUypaHa METOJaMK IIOPOLIKOBOH MeTaurypruu. McxonHsie
CIUTKU JUCUIMIMIA TpUypaHa IMOJIydyalld METOJOoM AyroBoii miasku. Koppo-
3MOHHYI0 CTOHKOCTb MOJYYEHHBIX OOpa3IOB MCCIECIOBATH B CPEAE BOASHOTO
napa. XapakTepuCTHKH CTPYKTYphl U (pa30BOTO cocraBa 0Opa3loB M3ydalld C
IIOMOIIBIO PACTPOBOM 3JIEKTPOHHOM MHUKPOCKOIIMM U MHKPOPEHTIE€HOCIEK-
TpanpHOTrO aHanu3a. [lokaszanum, gro mpu Temneparype 350°C oOpasubl coxpa-
HSIOT CBOIO ()OPMY M IUIOTHOCTb, B PAJE CIIydacB HAONIOAAETCS HE3HAUYUTEIb-
HO€ OCBINIaHHE KpacB. BBIABUIIM, YTO NpH MOBBIIIEHUM TEMIIEPATyphl BBILIE
400°C oOpa3sipl OBICTPO (parMEeHTHPYIOTCS 10 COCTOSIHHSI OpPOIIKa He Oojee
ueM 3a 1 gac. 13 pesynsratoB MPCA BHIHO CHM)KEHHE KOHIEHTPALUU KPEM-
HUs B oOpaslax, Ipu 3TOM CHUXeHHe Bo3pacTaeT (10 2 %) ¢ MOBBIIICHHEM
TEMIIepaTyphbl MCHBITAHUH, YTO MOKET CBHIETEILCTBOBATH O MEPEXOJE KpeM-
HUS B BOJSIHYIO CpELy.
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CORROSION RESISTANCE OF TRIURANIUM DISILICIDE
IN VAPOR

Triranium disilicide is currently being considered as perspective fuel now
within the program of receiving the accident tolerant fuel. However, its corro-
sion resistance in the water environment can be a problem.

In this paper, a method for obtaining samples from triuranium disilicide by
powder metallurgy methods was considered. Initial ingots of uranium silicide
turned out by method of arc melting. The corrosion resistance of the obtained
samples was studied in a vapor environment. Characteristics of structure and
phase structure of samples were studied using scanning electronic microscopy
and X-ray microanalysis. It was shown that at a temperature 350°C samples
keep the form and density, in some cases there is a slight shedding of the edges.
It was found that when the temperature rises above 400°C, the samples quickly
fragment to a powder state in no more than 1 hour. The results of X-ray micro-
analysis show a decrease in the concentration of silicon in the samples, while
the decrease increases (up to 2%) with an increase in the test temperature,
which may indicate the transition of silicon into the water environment.
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CHUHTE3 HUTPUIHOM KEPAMUKHA HA OCHOBE
TBEPABIX PACTBOPOB Zr-U U Zr-Nb

Hutpuas! mepexomHBIX METAUIOB HOATPYNIBI TUTAHA B OTJIMYHE OT OKCH-
JIOB M KapOHMJOB MUMEIOT MEHBIIYIO CIIOCOOHOCTh K CreKaHuio. [IpoBoauMeble
HCCIIEIOBAaHMS TIOKA3BIBAIOT, YTO KEPAMUKY C IUIOTHOCTHIO Bbime 90% moiry-
YUTH JOCTATOYHO CJIOKHO. [IpH 3TOM TpaguIMOHHbBIE CIOCOOBI KOMIIAKTHPOBa-
HUS HUTPUJIOB UMEIOT psia orpaHuueHuil [1-3]. Upe3BbuaiiHO BaXXHBIM YCIIO-
BHEM TIPOBENICHMS Mpoliecca CIIEKaHus SBISETCS MoA00p PeakIHOHHON aTMo-
chepwr [4]. Cnekanue B armocepe a3oTa MOIABISACT Pa3IOKCHHUE HUTPUIA
ypaHa, IUCCOLMAINS KOTOPOTO MPOUCXOHUT BO BCeX aTMoc(epax KpoMme a3oT-
HO# [5-7]. B manHO# paboTe MpemIokKEeH HOBBIA MOIXOJ, MO3BOJISIOIINN B
IpoIiecce MOJHOW HUTPHUIM3ALUK CHHTE3MPOBAaTh KEPAMHUKY B BHAE 00pas3IoB
mo0oi Hamepen 3amaHHOM ¢opmel [8]. Panee Obuta mosdydeHa OJXHOKOMITO-
HEHTHas HUTPHUIHAs OObEeMHasi KepaMHKa, YCTOWYMBas K MOHU3UPYIOIIUM H3-
mygeHusM [9-10]. KorTpommpyeMslii ofHOCTaAUHHEIN Tpoliece MOTyIeHus Ke-
paMUYECKMX HM3IeNUi HUTpUIu3anueil TBepapix pactBopoB Zr-U u Zr-Nb sB-
JSIETCSI COBEPIICHHO HOBBIM TEXHOJIOTHUECKHM IIpoIieccoM (opMupoBaHHS
00bEeMHOHN KepaMHKH 0e3 NMPHUBJIEYECHUS! TPAAUIMOHHBIX MMOPOLIKOBBIX TEXHO-
JIOTUH.

B pabore mccienoBan rnpouecc HUTPUANU3ANUN KOHCTPYKIIMOHHBIX CIIJIABOB
Zr-Nb (0,1; 2,5; 5,0; 7,5 u 10,0 macc. % Nb) u Zr-U (2 u 5 macc. % U). Ipo-
necc (hOpMHPOBAHUS HUTPUAHONW KEPaMUKH ITPH TEMIIEpaType CHHTE3a HIDKE U
BBIIIIE TEMIIEPaTyphbl IUIABJICHHS CIUIaBa B COOTBETCTBUHM C (DA30BBIMHU JHa-
rpammamu cucteM Zr-Nb u Zr-U. HuTpuauzanuio mpoBOJUIN PE3UCTUBHBIM
HarpeBoM B atMocdepe azota 0co6oit urcToThl Mapku «6,0» (TOCT 10157-79)
B TeueHne 180 muH. Temmeparypy peakuuyu KOHTPOJIHUPOBAIN ONITHICCKUAM TTH-
pomerpom Luma Sense IMPAC ISR 50-LO.

Ha pucynke | mpuBeneHbl PEHTTCHOBCKHE IU(PPAKTOrpaMMbl HMCXOIHBIX
CIJIaBOB Ml HUTPUIHOW KEPaMHKH Ha OCHOBE cocTaBa Zr- Nb (2,5% u 7,5%).

IMporecc HuTpuaU3anuu TBepAbix pactBopoB Nb B Zr ¢ pasubiM comepika-
arem NbD xapakrepu3yercst MOCIen0BaTeIbHOCTBIO CTPYKTYPHBIX W3MEHEHHUIA,
OTpaXkaroUIMX dTanbl 00pa3oBaHus (a3 pasHOro cocTaBa OT MeTaJIOKepaMHYe-
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CKHMX KOMIIO3UTOB m0 HuTpuaa coctaBa ZriNb,N. B xoxe BbicokoTemmepa-
TYPHOTO HacChIleHHs TBepAbIX pacTBopoB Nb B Zr a3oToM 06pa3yroTcs KoMITo-
3uthl TUna Zry NbN — (ZrNy,/B-1B. p-p Zr 8 Nb) — Zr1-xNbxN wiu kepamuxa
Ha OCHOBE CTEXHOMETPUICCKIX HUTPHUIOB LIUPKOHUS i HUOOHSL.
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Pucynoxk 1 — PentreHoBckue audpakTorpaMmbl kepamuk (a) Zr -
2,5%Nb, (6) Zr - 7,5%Nb: antpuasl cuate3uposansl mpu 1700 °C (1), 1900
°C (2), 2400 °C (3); ucxoaubIii cruias (4)

500 . . ) . vt
0.02 * 5 . -
001 $ - - " 1
o - — —

Pucynox 2 — 3aBHCHMOCTH MacChI Pucynok 3 — Mopdosorus mo-
MOTJIONIEHHOTO a30Ta OT BPEMEHN HUT-  BEPXHOCTH IUIH(A HUTPUIU3ZHPO-
puansanuu tBepaoro pacresopa Nb B Zr Bausoro nipu 1900 °C obpasma

npu temneparype 1900°C TBepIoro pacteopa Zr — 2.5% Nb:
(a) yacruunast HUTpUIE3AIWsL; (0)
TIOJTHAST HUTPU/IM3AIIHS.
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PI/IcyHOK 4 Mop(bonornﬂ HOBerHOCTI/I mnmba HI/ITpI/IZ[a TBep,I[Ol“O
pactBopa: Zr — 0.1 macc. % Nb (a), Zr — 5 macc. % Nb (6), Zr — 10 macc. % Nb
(8) nocine nurpuausannu npu 2400°C B teuenue 180 mun: (6) — nudpsl xapak-

Tepusyiot conepkanre Nb (% ar.)

B Hutpraax tBepabix pactBopos 7,5 mace. % n 10 macc. % Nb npu 1700°C
n 1900°C, copmepxaHue HHOOUS, CErpEerMPOBaHHOTO MEXIy KPHCTAJUIMTAMHU
OCHOBHOU (a3bl, yBenuuuBaercs. HuoOuit 0HOpPoIHO pacripe/iesieH B o0beMe
MaTepuaia. B HEKOTOpBIX 00NacTsx B IEHTpe obOpasia comepkanue Nb 92
at. % (puc. 40).

Pucynox 5 — Mopdomnorus mo- Pucynox 6 — 9JICM€HTHO€ KapTHpOBaHHe

BEPXHOCTH HUTH(A HUTPUAN3U-  BKIIOUYEHHN C BRICOKHM COJIEPKAHUEM ypaHa
posansoro npu 2100 °C 06- B LIEHTPAILHBIX 00J1aCTAX KEPAMUKU
pasiia TBepIoro pactBopa
Zr-5% U

B cBsI3M ¢ BBICOKHM CPOJCTBOM LIPKOHHS K a30TY, IPOLIECC HUTPUIU3ALHH
TBepabiX pacTBopoB U B Zr ¢ pasHbIM coaepxannem U xapakrepusyercst oOpa-
30BaHKMeM (ha3bl HUTPUIA LIUPKOHHUS C cerperupoBanueM (asbl ypaHa Briyob
obpasua. KonuenrpupoBanue U B OTIETIBHBIX BKIIOUYCHHIX B LIEHTpe oOpasiua
npocturaet g0 95,5 mace. % (puc.6). Ilpu 3ToM BHEIIHHE OOJIACTH KEPaMHKH
MIPE/CTABILIIOT CO00M mpenmMymiecTBeHHO a3y ZrN.
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HccnenoBanue BBINOJIHEHO 32 cyeT rpaHTa Poccuiickoro HayuHoro (oHza
(mpoext Ne 20-13-00392) (DenpepanpHOE TOCYAapCTBEHHOE OIOKETHOE ydpe-
JkaeHue Hayku MHcTuTyT Metamnypruu u matepuanoseneHus uM. A.A. baiiko-
Ba Poccwuiickoii akageMun HAyK).
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TEHAEHIUU UBMEHEHUSA CTPYKTYPHO-®A30BOI'O
COCTOAHMA, BIIUAIOUIUE HA PAIUAIIMOHHOE
OXPYITUUBAHUE CTAJIEA KOPITYCA PEAKTOPA

BB3P-1000 ITPU MTPOJAJTEHHOM CPOKE CJIYKBbI

PaccMoTpeHbl M3MEHEHHSI CTPYKTYPHO-()a30BOTO COCTOSIHMS CTajell KopIry-
coB peaktopoB (KP) BBOP-1000 npu npoanéHHOM cpoke ciry>kObl B Teuenue 60-
TH JIeT 1 OoJiee. B ocHOBe moaxo/1a K MPOUICHHIO CPOKa CITY>KOBI UCTIOIB3yeMbIX
craeii KP nexur u3yueHue TCHICHIMNA HM3MEHEHHH OOBEMHOW IUIOTHOCTH W
CpeIHNX Pa3MEpOB PaJNallMOHHO-MHAYLUPOBAHHBIX 3JIEMEHTOB CTYKTYpBI, pa-
JMAMOHHBIX Ae(EKTOB M MEXaHW3MOB PaAMIMOHHOTO oxpymunBaHus. [Ipose-
JIEH KOMIUICKCHBIM aHaJN3 MMEIOIINXCS JIMTEPATyPHBIX U IKCIIEPHMEHTATbHBIX
JIaHHBIX 00 M3MEHEHWsIX CTPYKTYpHO-(a3zoBoro cocrosiHust MarepuaioB KP npu
oOnmydennu. [IpuBeneHsl paciIMpeHHbIE JT030BbIE 3aBUCUMOCTH M3MEHEHUS Ia-
pamMeTpoB cTpykTypsl MatepuanoB KP. Taxke moka3zaHo, 4To TeMI pocTa 3epHO-
TPAaHUIHOM cerperanuul ¢pochopa yMEHbIIACTCS PH TPUOTIKEHIH K PaBHOBEC-
HOH KoHIeHTpatH. OnpenenéH XapakTep H3MEHEHHS IPOYHOCTHBIX XapaKTepH-
CTUK U KPUTHYECKOH TeMIepaTypsl Xpynkoctu MarepuaioB KP Bciencteue 06-
nyuenus. Ha ocHoBaHMM aHain3a TEHASHLMH N3MEHEHUs CTPYKTYPHO-(ha30BOTo
cocrosiHus Marepuanos KP BBOP-1000 Ha cpokax skcruryatanuu B TedeHue 60-
TH ¥ 00JIEE JIET MOYKHO CJIETIaTh cJeAyIole BbIBOIbI:

e Ha cpokax skciuryaranuu B Tedenue 60-Tu u OoJiee JIeT TeMI pocTa 3epHO-
rpaHn4HOi cerperanuu (ocdopa 3HAUMTENBHO 3aMeIseTCs, TPHUOINKASCH K
YPOBHIO PaBHOBECHOH CETperamyy. JTO MPUBOAUT K YMEHBUICHUIO BKJIaJa HE-
YIIPOYHSIOIIET0 MEXaHN3Ma B PAUAIIIOHHOE OXPYUMBAHNE;

e Temn pocra cpemHero pasMepa M OOBEMHOH ILIOTHOCTH paaMalliOHHO-
WHIYLHPOBAHHBIX MPELUNUTATOB 3aMEMIACTCA, TOra Kak 00bEMHAs MIOTHOCTD
JIWICIIOKAIIOHHBIX TIETENb MPOIOIDKAET PacTh. JTO MOXKET MPHBECTH K TOMY, UTO
HpezeNt TeKy4eCTH NPOAOIDKAT PACTH, XOTSI TEMII €TO YBEIIMISHHUS CHUZHTCS;

e Takum 00pazoMm, cleayeT 0KUAaTh, YTO BKJIAJ YIPOYHSAIOLIEr0 MEXaHN3Ma
B PaJMaIlIOHHOE OXPYIMUMBAHNE HA CPOKAX dKCILTyaTanuu 6osiee 60-Tu aet Oy-
JIET MPeo0aiaTh;

e Cnemyer OXHIaTh, YTO TEMII POCTAa CIBUTa KPHUTUYECKOW TEMIIEPATyphI
xpynkocTH (ATK) Ha ZOJNTHX CPOKAX AKCIUTYaTAI[IH TAKXKeE 3aMeTISeTCS;

e PacuéTHOo-3KCIIepUMEHTAIbHBIM METOJ0M MoKazaHo, uto aius KP BBOP-
1000 BO3MOXHO MPOJUICHNE UX CPOKA IKCILTyaTalluu cBbIme 60 JIeT Kak 3a cueT
J0ATTECTAINH, TaK H, B PsIZIC CITydaeB, 3@ CIET BOCCTAHOBUTEILHOTO OT)KUTA;

e Pemenne 0 IPOMICHUN CPOKa CIYXKOBI Kakaoro kKoHKperHoro KP momxHO
MPUHUMATHCSI HHANBUTYAIBHO.
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TENDENCIES OF CHANGES IN STRUCTURAL-PHASE STATE
AFFECTING RADIATION EMBRITTLEMENT OF
VVER-1000 REACTOR PRESSURE VESSEL STEELS
AT EXTENDED LIFETIME

Changes in structural-phase state of VVVER-1000 reactor pressure vessel
(RPV) steels at extended lifetime of 60 and more years are reviewed. Approach
to the extending the RPV steels service time is based on the investigating the
tendencies of changes in volume density and average sizes of radiation-induced
structural elements, radiation defects and radiation embrittlement mechanisms.
Complex analysis of existing literature and experimental data for changes in
structural-phase state of RPV materials under irradiation was performed. Ex-
tended dose dependencies of changes in structural parameters of RPV materials
are given. It is also shown that growth rate of grain boundary phosphorous seg-
regation is decreasing while approaching the equilibrium concentration. Rate of
changes of strength characteristics and critical temperature of brittleness for
RPV materials due to irradiation was determined.

Based on analysis of tendencies of structural-phase state changing of
VVER-1000 RPV materials at service times of 60 and more years the following
conclusions can be made:

e At service times of 60 and more years rate of grain boundary phosphorous
segregation is significantly decelerated, while approaching the equilibrium seg-
regation level. This leads to reducing the input from non-strengthening mecha-
nism into the radiation embrittlement;

e Growth rate of radiation-induced precipitates average size and volume den-
sity is decelerated, while volume density of dislocation loops continues to grow.
This may lead to the continued yield strength growth, although its growth rate
will be decreased;

e Thus, the input of the strengthening mechanism in radiation embrittlement
at service times of 60 and more years might prevail;

o Growth rate of critical temperature of brittleness shift (AT,) is also expected
to decelerate at long-term operations;

e By calculation-experimental method it was shown that the lifetime of
VVER-1000 RPVs can be extended beyond 60 years by means of re-assessment
and, in some cases, by recovering annealing;

¢ Decision to extend the lifetime of every particular RPV should be done in-
dividually.
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BJIMSTHUE HOHHOM UMILJIAHTAIIAA HA PA3PYILIEHUE
CTAJIA [IPU TEYH BOJIbI B HATPUI

B OpIcTpBIX peakTopax ¢ HaTpueBbIM TeruoHocuteneM (tuna BH) B aByx
KOHTYpax TEIUIOHOCUTENEM SIBISICTCSI HAaTpUil, B TPEThEM KOHTYpPE — BOJSHOU
nap. [1py nosiBIIeHUH HETUIOTHOCTH MEX]Ty TPETHHM M BTOPBIM KOHTYpPaMH BOJIsS-
HOMH ap 1o/ 60JIbIIMM JIaBJICHHEM MPOHHUKAET M3 TPETHEr0 KOHTYpa BO BTOPOH U
MPOMCXOIUT 3K30TEpMUYECKasl peakius ¢ oOpasoBanueM (akena ropenus. [Ipu
3TOM XapaKTepHCTHKHU peakTopos THia bH obecnieunBator oTcyrcTBHE Nepexoaa
Masioii Teun motoka Bojpl 0,01-10 1/c B GobIIyIO Teub (pa3pylICHUE COCETHEH
TpyOsI) [1]. CormacHo [2] Wi CEKIIMOHHOTO TaporeHeparopa OOHapyKeHHe Ma-
JI01 Teun, OTKITIOUCHNE U CYIIKA CEKIIUK Oy/IeT MeHee
15 - 25 c¢. Koppo3uoHHBIi Tporiece Py TeYH BOJIBI B HATPHUH MOXKET OBITH TIpea-
CTaBJICH KOPPO3HUEH B OTHOM M3 CaMbIX arpECCHBHBIX CPEl, PEATH3YIOIINXCS IPH
3ToM. B KadecTBe Takoii cpessl MOXKHO BHIOpATh HATPUH C IPUMECHIO THAPOKCH-
Ja.

Ha pucyHke mpencraBieHbl pe3yiabTaThl 0)Ke-CIEKTPOMETPUH CTaJI MApKU
X18H9 ¢ npenBapuTeabHON UMITIaHTAUEN Si'u20"¢ sHeprueit 40 k3B, no3zoit
10" nor/cm? ¥ Ge3 MMIUTAHTALMH TOC/IE CTATHIECKHX H30TEPMHUUECKUX HCITHITA-
auii B Na + 30% NaOH + 5% Si B Teuenne 500 gacos mpu 973 K. B pesynbrare
UCTIBITAHUH OOHapyKEHO HECYIIECTBEHHOE CHIDKCHHE COZepKaHus keje3a (Ha
riyOuHy MeHee 1 MKM) Ha 00pasiie CTaiy, He MOJBEPrHyTOM HOHHOM UMILIAHTa-
UM U CYIIECTBEHHO OoJibliiee (Ha riyOMHY Oojiee 5 MKM) Ha oOpasiie CTald ¢
Npe/IBapUTENBHON MMITIaHTalyel. [Ipu 5ToM HaOMIONAIOCh TaKKE CYIIECTBEH-
HOE BHEJpEHHE HATpHs IPH NpeABapUTEIbHOW MOHHOW MMIUIAHTAIlMH, YTO 3a-
METHO Takke Ha MerauiorpaduueckoM nummde, TA€ 30HA, NPOTpPaBICHHAS
HaTpueM, cocTaBiiIa 125 MKM Juis peiBapuTENbHO UMIUIAaHTHPOBAHHOTO 00pas3-
na cramu Mapkn X18H9 (B 5 pa3 Gosnbliie HEMMIUIAHTHPOBaHHOTO 00pasiia) mo-
clle IONMOJIHUTENBHBIX UCccieIoBaHui B TeueHnu 4 yacos mpu 1000 K.

Takum 0Opazom, npeaBapuTeIbHAs HOHHAS UMIUIAHTAIMS CTAIN HE TpUBE-
JIa K MOJIOKUTENILHOMY PE3yNIbTaTy B arpECCHBHOM cpelie, rae obmacTh moBpe-
JKICHHS CTajMl CYIIECTBEHHO NPEBBIMACT TIyOMHY MMIUIAHTAIlMM HWOHOB, H,
HA000POT, YyCHIIHIIA TOBPEXKACHUE BCIICICTBHE MOSBICHUS HAPSHKCHUI.
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1 2 3 4 nkm

[Tpoduip koHIEHTpaKHK 311eMeHTOB cTany Mapku X 18H9 ¢ npensapu-
o o At + o o~ 17 2
TenbHOM nMmiutanTanueit Si° u 207 ¢ sHeprueii 40 k3B, no30ii 10°" HoH/cM”
a TaKkXKe C MMIUIaHTanue 1 0e3 NMITTTaHTalluH MOCIIe CTATHIECKUX H30Tep-
muyeckux ucnbiTanuii B Na u B Na + 30% NaOH + 5% Si B teuenue 500 uacos
mpu 973 K o pe3ynbraTaM 03Ke-CIIeKTPOMETPHH.

Ne ni/m | Ananusupyemsiit | Umnmantanus Sit u Cpena ncrsITaHuH
B CTaJIM 3JIEMEHT 20"

1 Fe — Na + 30% NaOH +5% Si
2 Fe +
3 Fe + Na + 30% NaOH +5% Si
4 Na + Na + 30% NaOH +5% Si
5 Cr +
6 0 - Na + 30% NaOH +5% Si
7 Ni +
8 Ni + Na + 30% NaOH +5% Si
9 O +

10 O + Na + 30% NaOH +5% Si

11 Na — Na + 30% NaOH +5% Si

[1] POPLAVSKY V.M., KOZLOV F.A. Safety of sodium-water steam generators,
Energoatomizdat, Moscow (1990).

[2] POPLAVSKY V.M., KUZNETSOV I. A. Under the general editorship of the
corresponding member of the Russian Academy of Sciences V.l. Rachkov/ Fast neu-
tron NPP safety. M.: 1zdAt, Moscow (2012).
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EFFECT OF IONIC IMPLANTATION ON STEEL
BREAKDOWN IN SODIUM WATER LEAK

In fast reactors with sodium coolant (BN type) in two circuits, the coolant is
sodium, in the third circuit - water vapor. When leakage occurs between the
third and second circuits, water vapor under high pressure penetrates from the
third circuit to the second and exothermic reaction with sodium occurs to form
a combustion flare.

At that, characteristics of reactors of BN type ensure absence of transition
of small leak of water flow 0.01-10 g/s to large leak (destruction of adjacent
tube) [1]. According to [2] for the sectional steam generator, detection of a
small leak, disconnection and drying of the section will also be less than 15 —
25s.

The corrosion process when water leaks into sodium can be represented by
corrosion in one of the most aggressive media realized in this case. Sodium
with an admixture of hydroxide may be selected as such medium.

Figure 1 shows the results of auger spectrometry of Cr18Ni9 steel with pre-
liminary implantation of Si + and 20 + with an energy of 40 keV, a dose of
10" ion/cm?® and without implantation after static isothermal tests in Na + 30%
NaOH + 5% Si for 500 hours at 973K.

As a result of the tests, an insignificant decrease in iron content (to a depth
of less than 1 um) was found on a steel sample not subjected to ion implanta-
tion and significantly greater (to a depth of more than 5 pm) on a steel sample
with preliminary implantation.

At the same time, significant sodium introduction was also observed during
preliminary ion implantation, which is also noticeable on the metallographic
section, where the sodium etched zone was 125 pum for the pre-implanted sam-
ple of Cr18Ni9 steel (5 times larger than the original sample) after additional
studies for 4 hours at 1000 K.

Thus, the preliminary ion implantation of the steel did not result in a posi-
tive result in an aggressive environment where the area of damage to the steel
significantly exceeds the depth of implantation of the ions, and, conversely, in-
creased the damage due to the appearance of stresses.
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4

The concentration profile of auger spectrometry was Cr18Ni9 with prelimi-
nary implantation of Si + and 20 + with an energy of 40 keV, a dose of 10*
ion/cm?, as well as with and without implantation after static isothermal tests
in Na and in Na + 30% NaOH + 5% Si for 500 hours at 973K.

4 mkm

Order | The elementin | Implantation Test environment

Ne Steel Si*u 20"
1 Fe — Na + 30% NaOH +5% Si
2 Fe +
3 Fe + Na + 30% NaOH +5% Si
4 Na + Na + 30% NaOH +5% Si
5 Cr +
6 0 - Na + 30% NaOH +5% Si
7 Ni +
8 Ni + Na + 30% NaOH +5% Si
9 0 +

10 0 + Na + 30% NaOH +5% Si

11 Na — Na + 30% NaOH +5% Si

[1] POPLAVSKY V.M., KOZLOV F.A. Safety of sodium-water steam generators,
Energoatomizdat, Moscow (1990).
[2] POPLAVSKY V.M., KUZNETSOV I. A. Under the general editorship of the
corresponding member of the Russian Academy of Sciences V.l. Rachkov/ Fast neu-
tron NPP safety. M.: IzdAt, Moscow (2012).
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HNCCIIEAOBAHUE KOJIEBATEJIBHBIX CIHEKTPOB
METO/JOM HEYIIPYT'OI'O PACCESIHUSI HEUTPOHOB U
PACYET TEIIVIOBBIX XAPAKTEPUCTHK MOHOHUTPUIA
YPAHA

MeTtonoM HEynpyroro paccessHusl TEIJIOBBIX HEHTPOHOB Ha HEHMTPOHHOM
cnextpomerpe JJMH-2 mpoBeneHs! 3KCIIEpUMEHTANbHbIE UCCIEJOBAHUS HUTPU-
na ypana UN, mpeaHazHaueHHOTO 1151 paObOTHI IIPH BRICOKOI TeMIeparype.

W3mepenus npoBoaunuck mpu teMneparypax 293 K, 623 K, 923 Ku 1273 K.
W3 5KCIEpMMEHTAIBHBIX CHEKTPOB PACCEIHHBIX HEHTPOHOB IOTY4YEHBI ILIOT-
HOCTH ()OHOHHBIX COCTOSIHMI (CIIEKTPBI YaCTOT), UCIIOIH30BAHHBIC JUISl BEIUHC-
neHus TeroéMkocTH. Ha 6a3e skcrieprMeHTaNbHBIX CIIEKTPOB ObLIa MOJTydeHa
MOJIENb CIEKTPa YacTOT, OOCCHEYNBAIOIIAsl XOPOIIEe ONMMCAHNE 3KCIEPHMEH-
TaJbHOM TEMIIEPATYPHOU 3aBUCUMOCTH. METOIOM HEYIIPYroro paccesHus Tell-
JIOBBIX HEHTPOHOB Ha HeHTpoHHOM cnekTpomerpe JAWH-2 Opimm mpoBeneHb
9KCIIEPUMEHTANIbHBIE HCCIEJ0OBAHUs TOIUIMBHOIO MaTepualla HUTpUIA ypaHa
UN, npeaHa3Ha4eHHOTO U paboTHI IPH BBICOKOW TeMImepaType. M3mepenus
MIPOBOAMIINCH TIPH TeMIteparype TeroemkocT UN Bo BceM nHTEpBaie TeMIe-
patypst g0 1500 K.

Cp=55.77 +4.98-10>T — 8.79-10° T?, xJI/(mMoms-K),

rae T — remmepatypa, K

PaBHOBecHOe maBneHHE a30Ta HAI HUTPUAOM ypaHa, PACCUUTAHHOE MO I0-
Ty4eHHBIM B pe3yibTaTe HEUTPOHOrpaUIeCKUX HCCICAOBAHUN 3HAYCHHIO
termoemMkoctd 1o peakuu: UN=U+N,, HaxoauTcsi MeXy €ro 3Ha4eHHSIMH,
MOJTyYCHHBIMA APYTHUMH METOJaMU, U TIOAIUHICTCS 3aBUCHMOCTH (PUCYHOK 1):

, MITa=2- 107e—684000/T’

rae T — remmeparypa, K.

BennunHa nocrosepHocty annpokcumaryu — R = 0,997.

3HaveHHs CTaHAAPTHHIX TEPMOJMHAMHYECKUX XapaKTEPUCTHK HHUTPHIOB,
WCIIOJIb30BAHHbIE ISl pacueTa paBHOBECHOTO JIABJICHUS a30Ta HAJ HUTPHIAMHU
ypaHa, Marausi, IUPKOHHUSL, B3ATHI U3 CIIPAaBOYHOTO M3aHus [2]
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Puc. 1. PaBHOBecHOE naBiieHue a30Ta Haj HuTpuaamu p (MITa) = 10™
1 -MgsN,[2];2-UN[3];3-UN[1];4-UN[2];5-UN[4]; 6 - ZrN [2]

Pe3ynprar npencraBiseT HHTEpEC I OLEHKH paboTOCIOCOOHOCTH TBIJIOB
¢ U-Pu aurpuaaeiv (CHVYII) TomnmmBoM, MiIaHUpyeMbIM K HCITOJIB30BAHHIO B
OBICTPBIX peaKkTopax.

[1] O.A. OyboBckuii, A.B. Opnos, B.A. CemenoB // ®usuka TBepaoro tena, 53
(2011) B.9. 1861-1871.
[2] Bepsitun V.[., Mammupes B.I1., Pa6ues H.I'. / TTox pen. 3epuposa A.IT. — M.

Atommsar, 1965.
[3] Hayes S.L., Thomas J.K., Peddicord K.L.// Journal of Nuclear Materials 171

(1990) 300-318.
[4] Tagawa H. // Journal of Nuclear Materials 51 (1974). C. 78-89.
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STUDIES OF URANIUM MONONITRIDE OSCILLATORY
SPECTRA BY METHOD OF INELASTIC NEUTRON
SCATTERING AND ITS THERMAL CHARACTERISTICS
CALCULATION

By inelastic scattering of thermal neutrons on the neutron spectrometer
DIN-2, experimental studies were carried out on the fuel material of uranium
nitride UN, designed for operation at high temperature.

Measurements were carried out at a temperature of 293 K, 623 K, 923 K
and 1273 K under direction of V.A. Semenov. From the experimental spectra of
scattered neutrons, the densities of phonon states (frequency spectra) used to
calculate heat capacity were obtained. On the basis of experimental spectra, a
model of the frequency spectrum was obtained, which provides a good descrip-
tion of the experimental temperature dependence of the heat capacity UN
throughout the full temperature span up to 1500 K.

C,=55.77+4.98-10>T - 8.79-10>T?, kJ/(mol-K),

where T — temperature, K.

The equilibrium pressure of nitrogen over uranium nitride, calculated from
the value of heat capacity obtained from neutronographic studies by the reac-
tion: UN = U + Nj, is between its values obtained by other methods and obeys
the relationship (Figure 1):

P, MPa=2- 107e—684000/T,

where T — temperature, K.

The value of validity of approximation R? = 0.997.

The values of standard thermodynamic characteristics of nitrides used to
calculate the equilibrium pressure of nitrogen over nitrides of uranium, magne-
sium, zirconium are taken from the reference edition [2].
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Fig. 1. Equilibrium pressure of nitrogen over nitrides p (MPa) = 10™
1- MgsN; [2]; 2- UN [3]; 3- UN [1]; 4- UN [2]; 5- UN [4]; 6- ZrN [2]

The result is of interest for assessing the operability of fuel elements with
U-Pu nitride (SNUP) fuel planned for use in fast reactors.

[1] Dubovsky O.A., Orlov A.V., Semenov V.A. //Solid state physics, 53 (2011), v.9.
1861-1871.

[2] Veryatin U.D., Mashirev V.P., Ryabtsev N.G. /Ed. Zefirova A.P. - M.: Atomiz-
dat, 1965.

[3] Hayes S.L., Thomas J.K., Peddicord K.L. // Journal of Nuclear Materials 171

(1990) 300-318.
[4] Tagawa H. // Journal of Nuclear Materials 51 (1974). C. 78-89.
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INPOYHOCTHBIE, PEJIAKCAIIMOHHBIE
U KOPPO3HMOHHBIE CBOMCTBA
CYBMHUKPOKPUCTAJIJIMYECKOM CTAJIH 08X18H10T

HccnenoBana MUKPOCTPYKTYpa, MEXaHUUECKUE CBOMCTBA IIPU KOMHATHOM U
MIOBBIIIEHHON TEMIEpaTypax, peNlaKCallHOHHAs CTOWKOCTh W KOPPO3HMOHHAS
cToiKOoCTh 00pa3noB yabTpaMmenkozepHucTor (YM3) cramum 08X18HI10T, mo-
Jy4eHHOM MeTOJ0M paBHOKaHaJIBHOTO yrjoBoro mnpeccoBanusa (PKVYII) mpu
temmeparypax 150 u 450 °C. B HCXOZHOM COCTOSHHH CTalb UMEET ayCTEHHT-
HYI0O MHKPOCTPYKTYPY € BbiaeneHusMu dactull o-deppura. ITocine PKVYII crans
AMeEeT OJTHOPOIHYI0O YM3 MUKPOCTPYKTYPY € pazMepoM 3epeH aycrenuta 0.3-
0.7 mxm. Meronom POA mnokasano, yro npu PKYII npoucxoaut obpaszoBanue
MapTeHcuTa aedopMaiuu — B CTpykType YM3 cramm nocine N = 4 1mukios
PKVYII mpu T = 450 °C conmepxanue MapTeHcuTa aedopMalyu 10ocTuraer 17—
18 %.

YM3 cranb 06naaeT NOBBIIIEHHBIMH MEXaHHYECKUMH CBOWCTBAMH — I10-
cine N = 4 nuxnos PKVYII npu temneparype 150 u 450 °C Bennuuna npenena
npovyHocTr ctamu coctasisieT 1100 MIla u 1020 MIla, cootBeTcTBeHHO. Oc-
HOBHOM BKJIaJ B NOBbIIEHHE TpoyHOCTH cTanu npu PKYII BHOCUT yBennueHune
IUTOTHOCTH JUCIIOKAINHA ¥ M3MENbYCHUE 3€PEHHON CTPYKTYpPBI 10 CyOMHKpPOH-
Horo ypoBHs. Ha kpuBbIx pactsokenust o(g) o6pasuoB YM3 cramu mpu KoM-
HaTHOW TeMmIeparype NPHCYTCTBYET CTaaWsl MPEpBIBUCTOrO TedeHus 1o Jlio-
JIepcy W CTaIusi PaBHOMEPHOTO IUIACTHYECKOTO TeueHus. M3mombl 0OpasioB
HMMEIOT BSI3KUI XapakTep.

Omxur YM3 cranu npu Temneparypax 6ojee 700 °C npuBOAMT K Hayany
MPOIIECCOB PEKPHUCTAIUIN3AIMN, KOTOPBIH COMPOBOXKIACTCS YMEHBIICHHEM
00bEeMHOH 10711 MapTeHcUTa Ae(OpPMALMK U BBIACICHHEM CBETJIBIX HAaHOMET-
POBBIX YaCTHII, KOTOPBIE MPEATIONOKHUTEIBHO SBISIOTCS O-(hazoil. DHeprus ak-
THBAIMH MTpoliecca Murpanuu rpanuil 3epeH (6.0-8.3 kKT,,) okassiBaercs Ha 20—
30 % mHmxe, yeM dHeprust akTuBauuu AU Gy3uN 10 rPaHNIAM 3€PEH ayCTEHH-
Ta. CHMKEHHE SHEPTHM aKTHBALMK OOYCIIOBICHO NPHUCYTCTBUEM Ha HEPABHO-
BECHBIX IPaHHLIAX 3€PEH U30BITOYHOH IUIOTHOCTH IEPEKTOB.

YM3 cranp 00J1a1aeT MOBBINICHHOHN PeaKCallMOHHOM CTOMKOCTRIO — 0oJiee
BBICOKOM BEIMUYHMHON Mpenena MakpOympyrocTH U MEHbIIEH BEITMYMHOMN ITy-
OuHBl penakcauuu (IpU 3aJaHHOW BEJMYHMHE IPUIIOKEHHOTO HAIPSHKESHUS).
[ToBbImeHHas penakcaloHHasi CTOMKOCTh YM3 cranu o0ycioBieHa 0coObIM
MEXaHW3MOM pEeJaKCallui BHYTPEHHUX HaNpsOKECHHUH, CBSI3aHHBIX C B3aUMO/ICH-
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CTBHEM PEIICTOYHBIX TUCIIOKAINH ¢ HEpaBHOBECHBIMHU T'paHHUIIaMH 3epeH Y M3
crany. Bropoii BepoATHON NPUYMHON MOBBIIIEHUS PEIAKCAUOHHON CTOMKOCTH
YM3 cranm MoOXeT OBITh MPHUCYTCTBHE OoJjiee MPOYHBIX YACTHI] MAPTEHCUTA
nedopmanny, B KOTOPBIX 3aTpyIHEHa aKKOMOJALMOHHAsS IEPECTPONKa JIHCII0-
KAallMOHHOM CTPYKTYPBI.

ITponecc PKVYII npuBoIUT K CHUKEHUIO KOPPO3UOHHON CTOMKOCTH aycTe-
HUTHOW CTaJi — HAaOJI01aeTCs OBBIIIEHNE CKOPOCTH OOIIEH KOPPO3HH U yBe-
JIMYEHNE CKIOHHOCTH CTAIH K MeXKpHucTaunTHON Kopposun (MKK). CHmxe-
HHE KOPPO3HMOHHOW CTOMKOCTH OOYCIIOBJIEHO, B MEPBYIO OYepelb, HATHMUHEM
YacTUI] MapTeHCUTa AedopMaIliii, KOTOPBIE UMEIOT OOJBIIYI0 CKOPOCTH pac-
TBOpeHus. [IpucyTcTBHE YacTHIl MapTeHCHTa Ie(OpMaIy IPUBOAUT K TTOSIB-
JICHUIO B MHUKPOCTPYKTYPE CTaIH MHKPOTAIBbBAHUYECKHX Map «MapTCHCUT —
ayCTEHHUT», 110 TPAHUIIAM 3€PEH KOTOPBIX BO3MOXKHO YCKOPEHHOE MPOTEKaHNE
MEXKPUCTALNIUTHON KOPPO3HHU.

BaxxHO mpH 3TOM OTMETHTH, YTO, HE CMOTpPSI Ha HEKOTOPOE CHIDKEHHE KOP-
PO3HOHHOM cTOMKOCTH YM3 cTanu, ee XapaKTepUCTHKH IMO-TIPEKHEMY COOT-
BETCTBYIOT BCEM TpeOOBaHUSIM HOPMATHBHOW JOKyMEHTaUWu (HaIpuMep,
I'OCT 9.914-91) no crotikoctu mpotiB MKK.

Pa6ora BeinonHeHa npu nopuepxke PH® (rpant Ne22-19-00238).
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KJIACTEPHASI YCTAHOBKA VIS HAHECEHUSI
IOKPBITUHU, HACBILNEHUA UX BOAOPOAOM U
TEPMOJECOPBIHNOHHBIX U3MEPEHUU

HccnenoBanne BOJOpoAa B TOHKHX IUICHKAX IPEJCTABISCT MHTEpPEC VIS
MHOTHX TEXHOJOTHYECKHX NPHIOXKEHHH. OXHUM W3 METOIOB HCCIEAOBAHUS
sBisieTcs TepmoaecoponronHas cnekrpockonus (THC). bonpmuHCTBO padoT
10 HaNbUICHHIO IUIEHOK, UX HachleHuto BojopoaoM 1 TJIC BBINOIHEHO C Ie-
peHOCOM 00pa3loB MEXIY COOTBETCTBYIOIIMMH YCTaHOBKaMH II0 BO3IYXY.
[Tpu 3TOM MOTYT HENpeICKa3yeMo MEHSATBCS YCIOBHS Ha MOBEPXHOCTH IUICHOK,
KOTOpBIE MOT'YT CKa3aThCsl HAa KMHETHKE abcopOunu U gecopOunu Bojgoposa. B
JTAaHHOW paboTe ommcaHa KJIacTepHasl yCTAaHOBKA, B KOTOPOH TepeHoc 00pa3IioB
MEXIy KaMepaMy HalbUICHHs, HACHIIEHNS W TEPMOAECOPOLIMH TPON3BOIUTCS
B BakyyMe 0e3 BbIHOca 00pasiioB Ha aTMocdepy. YcTaHOBKa CO3/1aBalIach B Iie-
puon 2019-2921 rr, u B HacTosIIee BpeMs Ha HEl HadaThl HKCIIEPUMEHTHI C
TOHKMMH IIJICHKaMH BOJOPOJAKTUBHBIX METAIJIOB IPUMEHUTEIBHO K 3ajade
CO3JIaHHMs TBEPJOTEIHHOTO JIGHTOYHOTO HAKOITUTEIS BOJOPOIA.

[TpyHOMNMATBHO YCTAaHOBKA COCTOMT M3 YETBIPEX OCHOBHBIX Ka-
Mep: 3arpy3049HO-Pa3qaTOYHOM, HABUINTEIBHON, HACBIIIIEHUSI U TEPMOJECOpO-
IIMOHHO. Bce kaMepbl MMEIOT CBOM CpeJcTBa OTKAa4YKHU U OTIENCHBI OT pasza-
TOYHON KaMepbl MPOXOJHBIMHU KIIAIlaHAMH, 4Yepe3 KOTOpble oOpasel MepeHo-
CHUTCS C TTIOMOIIBIO JINHEHHOTO BBOJA JIBM)KEHMsI. Pa3jaTouHas kamepa CIyKuUT
JUIsl 3arpy3ku oOpasia ¢ arMocdepsl 1 Ui (UKcauy odpasna MnpH ero nepe-
MEIICHAN MEXTy KMepamu. B Hell ycTaHOBIICHA IEHTpabHAs BpaIaroNIascs
wiatpopma, Ha KOTOPOH KpemuTcs y3el ¢ AepikareneM oOpasma. Jrta miaTt-
(opMa MOKET BpalarhCsi, OPUEHTUPYSCh OTHOCUTENIBHO OJJHOM U3 TpeX pado-
YUX KaMmep AU IepeMelneHus Jepxkarens oOpasna. Ha Bpems mepememnienus
OTKPBIBAETCSI COOTBETCTBYIOIINIT TPOXOJHOM KJiIaraH.

Kamepa HanbuieHHs OCHaIlleHa TPeMsi MarHETPOHAMHM, IPEZEIbHOE JaBiie-
Hue B Heil 5%10° MOap, pabodee MaBIIeHUE TIPU HAIBUICHUN TPUMEPHO 5x107
Mmbap. Kamepa Haceimenns nMeer o0beM 1 11, BOOJOPOA HAITyCKAeTCsl B HEE /10
nasnerus 10 Gap, Temreparypa oOpasiia IpHu HACHIIIEHHMH MOXET TOIAePKHU-
Batbes 10 400°C. Kamepa TJIC umeeT npenenbHOe JaBiICHHUE 5x10™"° MOap u
OCHAILIEHA KBA/IPYIOJIEHBIM MAacC-CHEKTPOMETPOM U CHCTEMOW €ro KajauOpoB-
K, KOTOpast UCTIOJIb3yeTCs TIOCIIe KaKAO0TO M3MEPEHHS ISl TOYHOTO OIpeee-
HUS ero nmokazaHuid. OOpasel HarpeBaeTcs JIMHEHHO 10 3alaHHOW TeMIepary-
psI BrutoTh 10 1000°C.
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Pucynox 1 — CxeMa yCTaHOBKH.

Ha pucynke 2 i npuMepa moKa3aHbl CIIEKTPhI TEPMOICCOPOIUK BOIOPO-
na u3 ieHok Mg85Til5, HaHeCeHHBIX B aproHE IMOCIE HACKHIIIECHHUS X B BOJO-
poze Teuenue 3 yacoB npu AasieHun 10 Oap npu paszHoi Temneparype. OObru-
HO BBIXOJ BOJOPOJa U3 THAPUPOBAHHBIX METAJJIOB PACCMATPUBAETCS KakK I10-
CJIEZIOBATENIEHOE PA3JIOKEHHE NUTHAPHIA M THAPHIA, YTO JaeT JBa OCHOBHBIX
nmuka TJIC. U3 pucyHka 2 BUIHO, 4TO CHEKTPHI BECbMa IUPOKHE C OOJBIIMM
KOJIMYE€CTBOM IMKOB, YTO CBUAETEILCTBYET O CJIOKHOW KMHETHKE BbIXOJA BO-
JIOpoJia U3 TOHKHX IIJICHOK.
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Pucynoxk 2. CrniexTpsl TepMojecopOiiu Bojopoa u3 mienok Mg85Til5

Ha pucynke 3 nmokaszano cpaBaenne TC n3 mreHok Mg85Til5S u Mg95Tis
C pa3HBIM COAEPKAHWEM MarHus W TUTaHA. BHIHO, YTO MpM MEHBIIEM KONHUYe-
CTBE THUTaHa B IIJICHKE TEMIIEpaTypa BBIXOJa BOJAOPOAA YMEHBINAETCS, YTO
BIIOJIHE OKHMJIA€MO, MOCKOJIbKY THTaH MMeeT OoJibIliee OTpUIATEIbHOE 3HaUe-
HHE SHTAIBINN 00pa30BaHUs THIPUAA.
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Pucynox 3 — Crextpsl TAC o6pa3moB Mg85Til5 u Mg95Ti5
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CLUSTER INSTALLATION FOR COATING, HYDROGEN
SORPTION, AND THERMAL DESORPTION SPECTROSCORY

The study of hydrogen in thin films is of interest for many technological
applications. One of the research methods is thermal desorption spectroscopy
(TDS). Most of the work on the deposition of films, their sorption with hydro-
gen, and TDS was carried out with the transfer of samples between the corre-
sponding installations by air. In this case, the conditions on the film surface can
change unpredictably, which can ultimately affect the kinetics of hydrogen ad-
sorption and desorption. In this work, a cluster setup is described where sam-
ples are transferred between sputtering, sorption, and thermal desorption cham-
bers in vacuum without exposing the samples to the atmosphere. The installa-
tion was created in the period of 2019-2021, and at present, experiments with
thin films of hydrogen-active metals have begun on it in relation to the task of
creation of a solid-state tape type storage of hydrogen.

Basically, the installation consists of four chambers: loading and distribu-
tion, deposition, absorption, and thermal desorption. Each of these chambers
has its own pumping system and is separated from the distribution chamber by
vacuum gate valves, through which the sample is transported by linear feed-
throughs. The distribution chamber is used to load the sample from the atmos-
phere and to hold the sample when it is moved into and out of the chambers. It
has a central rotating platform on which the assembly with the sample holder is
attached. This platform can rotate with respect to one of the three working
chambers to move the holder into or out of the chamber. During the movement,
the corresponding gate valve opens.

Fig. 1 — Installation scheme.

The deposition chamber is equipped with three magnetrons, the ultimate
pressure is 5x10° mbar, the operating pressure during sputtering is approxi-
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mately 5x10° mbar. The saturation chamber has a volume of 1 |, hydrogen
working pressure of 10 bar, the temperature of the sample during sorption can
be maintained up to 400°C. The TDS chamber has the ultimate pressure of
5x10™° mbar and is equipped with a quadrupole mass spectrometer. The spec-
trometer has a calibration system, which is used after each measurement to ac-
curately determine its readings. The sample is heated linearly to a predeter-
mined temperature up to 1000°C.

For example, figure 2 shows the spectra of thermal desorption of hydrogen
from Mg85Ti15 films deposited in argon and saturation in hydrogen for 3 hours
at a pressure of 10 bar at different temperatures. Typically, the yield of hydro-
gen from hydrogenated metals is seen as the successive decomposition of dihy-
dride and hydride, giving two main TDS peaks. Figure 1 shows that the spectra
are very broad with a large number of peaks, which indicates the complex ki-
netics of hydrogen release from thin films.

Figure 2 shows a comparison of TDS from Mg85Til5 and Mg95Ti5 films
with different contents of magnesium and titanium. It can be seen that with a
smaller amount of titanium in the film, the hydrogen release temperature de-
creases, which is quite expected, since titanium has a higher negative enthalpy
of hydride formation.

Samples Ned, Ne5, NeG v Ne23 with different sorption temperatures Samples Ned, No5, Ne& w Ne23 with different sorption temperatures
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Figure 2 - Spectra of thermal desorption of hydrogen from Mg85Ti15 films
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Figure 3 - TDS spectra of samples Mg85Til5 and Mg95Ti5
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N3MEHEHUE CTPYKTYPhI INIEHOK, ITIOJTYYEHbBIX
MATHETPOHHBIM PACIIBIJIEHUEM, ITPU HACBILNEHUN
X BOJOPOAOM

Co3zanre BOJOPOIHBIX aKKYMYJISTOPOB SBJSICTCS aKTYaJbHOW MaTepHasio-
BeJueckoi 3amaueii. s moBeimeHus 3h(hEKTHUBHOCTH HAKOIUICHHS BOIOPOa
M TOCJIEYIOMIEr0 €ro OTAaYd HEOOXOIMMO pa3o0paThCs C MEXaHW3MOM €ro
HAKOTUICHHSI ITyTEM PACTBOPCHHS B METAIUIMYECKHUX CTPYKTYpaxX M IO CIEAYIO-
miero npotekaHus $Ha3zoBBIX IpeBpamieHnii. lanHas paboTa MmocBsIeHa uccie-
JIOBAHUIO M3MEHEHH CTPYKTYphl IuieHoK Mg, Ti u crutaBoB Mg-Ti, Hanecen-
HBIX MArHeTPOHHBIM METOJOM Ha CTAJbHYIO MOJUIOKKY, B pE3yiabTaTe HX
HACBIIICHUS BOJIOPOJOM. [Ipy HaHECEHHH IJICHOK BapbHPOBAIKCH MapaMeTPhI
pexxuma: atmocdepa B pabodeli kamepe, JaBlicHHUE, U T.II. PEHTreHOBCKHI aHa-
nm3a mpoBoauics Ha audpakromerpe D8 Discover ¢ ncmonbp30BaHHEM MEIHO-
ro u3IydeHus, 3epkanga ['€oenst n nmuueiHoro 1D-merexkropa LYNXEYE. HUc-
[IOJIB30BaHbl pa3jIMuHbIe BUABI chbeMKU: 0-20 (0 - Oparrosckuil yroma); pacmo-
JIOXKCHHE MEPBUYHOTO IMy4YKa MOJ| YIJIOM CKOJBKCHHS 3° M HEMPEPBIBHO JIBH-
KYIIUIACS IETEKTOP, a TaKXKe CheMKa MPSIMBIX MOJIOCHBIX (uryp. s uaeHTu-
¢ukanmu a3 HCIONB30BANIOCH TporpaMMHOe obOecredeHne BrukerAXS
DIFFRAC.EVA v.4.2 u mexayHnaponHas 6a3a ganusix ICDD PDF-2. O6pa-
00TKa SKCIICPUMEHTAJIBHO IOJYYCHHBIX CIIEKTPOB OCYIIECTBIISIACH B MPO-
rpammHoit cpene DIFFRAC. TOPAS v.5.0.

[MomyyeHHBIC MU(PPAKINOHHBIC CIIEKTPHI IUICHOK MPEACTaBICHBI OTPAXKCHU-
SIMA OT Oa3MCHBIX TUIOCKOCTEH IeKCaroHaJbHBIX ILIOTHOYIIAKOBAHHBIX CTPYK-
Typ. TuTaH 1 MarHAil XapaKTepPU3yIOTCS TeKCarOHaJIHHBIMH PEIIeTKaMH U B CO-
OTBETCTBUH C JUArpaMMOW COCTOSIHUH THTaH HE pacTBOPSETCS B MarHwu, a
npejeNbHas KOHIEHTPAIMs PACTBOPEHUsI Maruus B o- T1 cocrasiser 1,6 at. %
u B B-Ti— 2,4 atr %. Hanuuue eMHCTBEHHOM JIMHUY B criekTpe (6e3 ydyera oT-
pakeHu# OoJiee BEICOKOTO MOPSIKA) MPensITCTBYeT uaeHTudukanuu ¢asel. s
OTIpe/ICTICHNsI CHHTOHUM CTPYKTYPHI (POPMHUPYIOMIETOCS MOKPHITHS HCIIONB30-
BaH TEKCTYpHBIM aHaimm3. Iloka3aHo, 4TO MCCIeIOBaHHBIE MAarHETPOHHBIE IO-
kpbiTiss Mg u Ti o6magator pernerkamu [TIY u XapakTepH3ylOTCsS OCTPOU aK-
cuanpHOU Kpuctamiorpadguueckoit Tekcrypoii (0001). B pesynbrate Hachimie-
HUSI TIOKPBITHH BOJOPOIOM HaONIONACTCs MOSBICHUE TUIAPUAHBIX (a3, Hacie-
nmyrortux opueHtanuio ['TIY ¢aspr. KomndecTBo ruapuaHbIX da3 CymieCTBEHHO
3aBHCUT OT COOTHOIICHHUS MAarHHUA W THTaHA B CIUIaBe U OCOOSHHOCTEW CTPYK-
TYpBl HAHOCHMBIX METAJUTMYECKHX IUICHOK, M, CJIEOBATENBbHO, OT PEKUMOB
HaHECEHUS IIOKPBITHH.
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CHANGES IN THE STRUCTURE OF FILMS PRODUCED
BY MAGNETRON SPUTTERING AS A RESULT OF THEIR
SATURATION WITH HYDROGEN

Creation of hydrogen accumulators is an urgent material science problem.
To increase the efficiency of hydrogen accumulation and its subsequent release,
it is necessary to understand the mechanism of its accumulation by dissolving
in metal structures and subsequent phase transformations. This work is devoted
to the study of changes in the structure of Mg, Ti films and Mg-Ti alloys depos-
ited by the magnetron method on a steel substrate as a result of their saturation
with hydrogen. When applying the films, the parameters of the mode were var-
ied: the atmosphere in the working chamber, pressure, etc. X-ray analysis was
carried out on a D8 Discover diffractometer using copper radiation, a Goebel
mirror, and a LYNXEYE linear 1D detector. Various types of shooting were
used: 6-20 (6 - Bragg angle); location of the primary beam at a grazing angle of
3° and a continuously moving detector, as well as shooting direct pole figures.
The phases were identified using the BrukerAXS DIFFRAC.EVA v.4.2 soft-
ware and the ICDD PDF-2 international database. The experimentally obtained
spectra were processed in the DIFFRAC.TOPAS v.5.0 software environment.

The obtained diffraction patterns of the films are represented by reflections
from the basal planes of hexagonal close-packed structures. Titanium and mag-
nesium are characterized by hexagonal lattices and, according to the state dia-
gram, titanium does not dissolve in magnesium, and the limiting concentration
of magnesium dissolution in a-Ti is 1.6 at. % and in B-Ti— 2.4 at %. The pres-
ence of a single line in the spectrum (ignoring higher-order reflections) pre-
vents phase identification. Texture analysis was used to determine the sym-
metry of the structure of the emerging coating. It is shown that the studied Mg
and Ti magnetron coatings have hcp lattices and are characterized by a sharp
axial crystallographic texture (0001). As a result of the saturation of the coat-
ings with hydrogen, the appearance of the hydride phases, which inherit the
orientation of the hcp phase, is observed. The amount of the hydride phases
significantly depends on the ratio of magnesium and titanium in the alloy and
the structural features of the deposited metal films, and, consequently, on the
modes of coating deposition.
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CTATUCTHYECKOE MOJEJUPOBAHHUE INTPOLHECCA
POCTA TOHKHUX IJIEHOK ITPU PABOTE MATHETPOHHBIX
PACIIBIJIMTEJIBHBIX CUCTEM B PEXKUME
BBICOKOCKOPOCTHOI'O OCAKAEHUA

[oBbImeHnEe CKOPOCTH OCAXKICHUS HPU HCIIOJIB30BAHMHM MAarHETPOHHBIX
pactbunTensHBIX cucteM (MPC) MokeT OBITH JOCTHTHYTO ITYT€M HCIOIB30-
BaHWS SHEPTUH IUIa3Mbl JJIsI HarpeBa BEUIECTBA MUIIEHH, BCIEACTBHE YETO K
PacHbUINTENPHON KOMIIOHEHTE OCaXXJAEMBIX JaCTHIl JOOABISIETCS MOTOK CyO-
JUMHPOBAHHBIX JTHOO NCTap&HHBIX aTOMOB [1].

B pamkax paboThbl CTATUCTUYECKHE METO/bI MOJAEIUPOBAHUS HCIIOJIB3YIOTCS
JUIS BBISICHEHUSI 0COOEHHOCTEH (DOPMUPOBAHUS CTPYKTYPHBIX CBOMCTB IOJTyda-
€MBIX MOKPBITHH. BX0oAHBIE JaHHBIE MOJETMPOBAHUS ONPECISUINCh U PacCUH-
THIBAJINCh Ha OCHOBE DKCIIEPUMEHTAJIbHBIX HalOdroneHuit padoret MPC. [lns
peliieHus 3a1a491 OBLUT MCTIOB30BaH makeT moaeauposanus NASCAM [2].

Br110 paccMOTpeHO HECKOJIBKO PeXKMMOB pabOTHI MATHETPOHHBIX PACTIbUIH-
TEJIFHBIX CHCTEM C Pa3HBIMU XapaKTEPUCTUKAMHM IUIOTHOCTH IOTOKA OCa)aae-
MBIX YaCTHUIl U UX DOHEPIrE€TUYCCKOTO CIICKTpa. Br110 PacCMOTPEHO BJIMSAHUC BbI-
COKO3HEPreTHYeCKOl KOMIOHEHTHI MIPU MOoJade OTPUIATEIBHOTO MMOTEHIHANa
CMEILEHHS Ha TTOAJIOKKY.

ITomyueHs! naHHBIE MO IUIOTHOCTH, IIEPOXOBATOCTH M HMOPUCTOCTH HCCIE-
JIYEMBIX IJIEHOK.

1. T'.A. bneiixep, A.B. IOpneBa, /1.B. Cuznenés, 10.H. IOpres, B.A. I'pynunus.
I/ICCJIG,IIOBaHI/Ie (byH,HaMeHTaJ'ILHI)IX ACIICKTOB pEXKMUMa CaMOpaCIbUICHUA IIPpU pa60Te
MAardi€TpOHHBIX PaCHbUINTECIIBHBIX CUCTEM C HCHAPAIOIIHUMUCA MHUUICHAMHU H €ro
BIMSHUE Ha CBOWCTBA OCa)kAaeMBbIX MOKpbITUil // Utoroserit otaér mo HUP, per. Ne
HUOKP AAAA-A18-118011090005-2. Tomck, TITY - 2019. -39 c.

2. NASCAM (NAnoSCAle Modeling) - Université de Namur [DekTpoHHBI# pe-
cypc] — Pexxwum nocryma:
https://www.unamur.be/sciences/physique/ur/larn/logiciels/nascam (Jlara o6parie-
Hus: 24.10.2022)
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MOUCK CIIOCOBOB YIIPABJIEHUSI ®A30BbIM
COCTABOM MNOKPBITUI, TOJYYEHHBIX METOJOM
MATHETPOHHOT' O PACHILIJIEHUS C PA3JAEJIEHUEM

WHEPTHOI U PEAKTUBHOM ATMOC®EPHI HA IPUMEPE
MJIEHOK OKCUJIA MEJIH

B nacrosiei padote npuBeAeHbI JaHHLIE O BIMSHHH IIapaMeETPOB IPOILEC-
Ca MarHeTpOHOIO OCAXICHHS, PEaTU3yeMOTO B META/UIMUYECKOM DPEKHUME, Ha
(ha30BbIi ¥ daeMeHTHEINA coctaB HOKpeITHS CUO,. B CBS3u ¢ 3HAYUTEILHBIM
pacrpocTpaHeHueM (DYHKIHMOHAIBHBIX HOKPBITHH CO CIOKHBIM (Da30BBIM CO-
craBoM [1-3], akTyaJIbHBIM SIBIISIETCS BOIIPOC ITOKMCKA M (DOPMHUPOBAHHUS CIIOCO-
0O0B yIIpaBJIEHHS CTEXHOMETPHUEH TaKUX MOKPBITHHA. )11 X HAaHECEHMS Ha JaH-
HBIA MOMEHT Pa3pabO0TaHbl M aKTHMBHO MPHUMEHSIOTCS Pa3InYHbIe METOJbI Ba-
KYYMHOI'O OCaXXJCHHS, CPEAM KOTOPBIX BBIJICISIOTCS JIA3€PHOE HMITYJIbCHOE
OCaXIEHNE, TEPMUUYECKOE MCIApEHHE W MarHETPOHHOE PEAKTHBHOE OCaXKIe-
HUE, HOCHeHHI/Iﬁ METO/ SIBJIACTCA Han60nee IIPUBJICKATCIIBHBIM B CBA3U C IIHU-
POKHMM BBEIOOPOM OCaKJAEMBIX MATEPHAJIOB, CPABHUTEILHO BBEICOKHUMH CKOPO-
CTSAMH OCaXKIEHHS M MHOroOOpasyveM YIPaBIISION[UX TEXHOJIOTHYECKUX Iapa-
MeTpoB. B manHOI paboTe KauecTBe MOAEIBLHOIO MOKPBITHS, IOJIYy4aeMOro Me-
TOJIOM MAarHETPOHHOTO PEAKTUBHOIO OCAXICHHS B METAJUIMUYECKOM PEKUME
BbIOpansl coenuHeHrss CU u O. MarHeTpoHHbIH UCTOYHUK (OPMHUPYET MOTOK
MeTalljla ¢ MMOBEPXHOOCTH MUIICHU B CTOPOHY IOMJIOKKH, JUISI JUCCOILUALIMH U
HOHHM3AIUH MOJICKYIISIPHOTO KHCIIOPOJa B PabOTE MCIIOJIL30BalICS BHICOKOYA-
CTOTHBIM T€HEPATOD C MHAYKTUBHO CBSA3aHHOM Iu1azmoi [4].

B xome MarHeTpoHHOTo ocakaeHus mokpeituii CUO,, MPOIECCH pacIbliie-
HHSI MMILIEHHM M OCAXKIECHHMSI ITOKPELITHS OBLIM IIPOCTPAHCTBEHHO PA3elICHbI 11Y-
TEM DPA3AENbHON MOJaYd PEAKTHBHOIO M MHEPTHOI'O ra3oB B 00beMe paboueii
KaMepbl, U4TO MMO3BOJIMIO H30ekKaTh OKHMCIICHMS MUIIECHU U IOIIAEPKUBATEL €€
CcTabUIbHOE PACIBUIEHHE B METAIMYECKOM pexkume. Llear paGoTel 3akiroua-
JIaCh B YCTAHOBJICHUU 3aBHCHMOCTH MEKIY (Pa30BLIM M SJIEMEHTHEIM COCTaBa-
mu nokpeitiii CuOy ¥ mapaMerpaMyd MarHeTPOHHOIO OCAXIECHHS: CKOPOCTHU
IIOTOKa MOJIEKYJISPHOTO KHCIOPOJa, MOIIHOCTH PACHBUIIEMON MHUIIIEHH W CKO-
POCTH IUIAHETAPHOTO BpalleHUs 00pa3ioB (MoI0KeK). sl MOoNydeHusT JaH-
HBIX O (ha30BOM M 3JIEMEHTHOM COCTaBE HCIIOJIB30BAINCH METOJBI PEHTTCHOB-
CKOM T PaKTOMETPUU U DHEPTOAUCIIEPCHOHHOM CITEKTPOCKOIIHH.

BbIsIBJICHO, YTO IPHU MOCTEIICHHOM M3MEHEHUH TEXHOJOTHYECKHX IapameT-
POB MAarHETPOHHOIO PEAKTUBHOIO OCAXKJEHHS (ha30BLI COCTaB OCAXIAEMBIX
IMOKPBITUH M3MeHsICs 1Mo ciaexyromei cxeme Cu,0O — CuO u CuO — Cu,0,
9TO 0OYCIIOBJIICHHO Pa3IMYHBIM COOTHOIICHHE IIOTOKOB MU U KUCIOPO/Ia, Mo-
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CTYHAIOUMX Ha CIWHMIY ILIOIaAM IOBEPXHOCTH IOUIOKKH. Hampumep, B
cilydae CKOPOCTH IOTOKa Kuciaopoza (puc. 1) 10 cM’/MuH B MOKPBITHN O0Ha-
pyxensl peduiekchl Cu,O (da3el, KoTopas IpH JATLHENIIEM YBEIMYEHHH ITOTO-
Ka Kuciopona 1o Beanduasl 40 cM’/MHUH moiaHOCTBIO cMmeHserca (asoi CuO.
Jiist Bcex TPEX cepuil HKCIIEPUMEHTBI ObUIN HAMJIEHbI PEXXUMBI MOJTYYESHUs 110~
KPBITHS OJJHOM (ha3bl.
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MOCJIOMHBIN YJIEMEHTHBIN AHAJIN3 CJIOUCTBIX
KOMITO3UTOB C MOBEPXHOCTHBIMHU CJIOSIMHA
N3 TUTAHA U1 HUTPUJIA TUTAHA, COOPMHUPOBAHHBIX
METOJ0OM MATHETPOHHOI'O PACIIBUIEHUSA

HayuHo-uccnenoBarenbckas padoTa NocBsieHa GOpMUPOBAHHIO METO-
JIOM MarHeTPOHHOI'O pPaclbUIeHHUs (yHKIIMOHAIBHBIX CIOUCTHIX KOMIO3UIHO H-
HBIX MaTE€pPHAJIOB HA OCHOBE M3 IIOMHHHEBOTO M TUTAHOBOTO CIUIABOB C II0O-
BEPXHOCTHBIMH YEPETYIOIMMHUCS CIIOSIMU U3 THTaHa M HUTpHUAa THTaHa. Clou-
CThle KOMIIO3UIIMOHHBIE MaTepualibl COYETaroT B cebe CBOHCTBAa MaTepralia oc-
HOBBI U MOBEPXHOCTHBIX CJIOEB, HE NPUCYILINE KaKIOMY MaTepually B OTHEINb-
HocTH. Ha cTpyKTypy M CBOWCTBa (pOpPMHPYEMBIX HMOBEPXHOCTHBIX CIOEB U
KOMITO3UTOB B LIEJIOM, IOJYYEHHBIX METOJOM MAarHeTPOHHOTO PACHbLICHHUS,
BIMSIOT W TapaMeTphl PacHbUICHHUS (BpPEMS paclbUICHHE, PACCTOSHHE MEKIY
MIOJ/UIOKKOW W MHMIIEHBIO, COOTHOLICHHWE PEaKTUBHOTO M HMHEPTHOTO Ta3oB,
BOJIbT-aMIIEPHBIE XapaKTEPUCTHUKH), U TIPUPOJIa MATEPHaa OCHOBBI-TIOJIOKKH,
Ha KOTOpo# ¢opMupyIoT qaHHbIe ciou [1-3]. B manHO#t pabote B KauecTBe Oc-
HOBBI pacCMaTPHUBAETCS TUTaHOBBIM cruta cucteMbl Ti-Nb-Mo, koTopsrit mep-
CIEKTUBEH B KQUECTBE MaTe€pHalia Il UMIUIAHTATOB M MIPEBOCXOAUT TPaJUIIH-
OHHO HCIIOJIb3yeMbIC MaTepHallbl THIIA TUTaHa Mapku Grade 4 w THTaHOBOTO
craBa BT6 1o cBOMM MeXaHWYECKMM XapaKTepHCTHKaM, OJHaKo obianaer
MEHbLIEH KOPPO3UOHHOM CTOMKOCTBIO [4]. A Takxke allOMHHUEBBIH nedhopMu-
pyemsiii ciaB /{16, mpuMeHsieMBIil B y37laX TPEHHUS CKOJBKEHHS Oiaromaps
CBOMM MEXaHHUYECKHM CBOMHCTBA, IO3BOJLIOMIMM YBEIHUYUTH HATrPY30UHYIO
CIOCOOHOCTh M3JETHs, HO 00Iafaomuil cabbIMi TPUOOIOTHUECKUME XapaK-
TepuctukamH. Llens paboThl 3aKimovanach B HCCIIEIOBAHUH BIMSHUS PUPOIBI
TIOJUIOKKH M COOTHOIIEHUS] pabO4MX T'a30B Ha CKOPOCTH (POPMUPOBAHUS MO-
BEPXHOCTHBIX CJIOEB M €r0 AJIEMEHTHBIH COCTaB IpU (POPMHUPOBAHUU HOBEPX-
HOCTHBIX CJIO€B U3 TUTaHA M HUTPHUJA TUTaHA METOJOM MAarHETPOHHOTO PACIIbI-
JICHUS Ha IOCTOSSHHOM TOKE.

C noMoIIp10 aTOMHO—3MHUCCHOHHOIO CIIEKTPOMETpPA C TJICIOIIHUM pa3psi-
JIOM OBLIO OCYIIECTBJIEHO HCCJIEOBaHHE MOCIOWHOrO 3JIEMEHTHOTO COCTaBa
KOMIIO3MTOB HA OCHOBE QJIOMUHMEBOTO cIuiaBa /(16 u TuTaHOBOTO cIijiasa T i-
10Nb-3Mo ¢ MOBEPXHOCTHBIMH CIIOSIMH W3 THTaHa, TIOJyICHHBIMH B TCUCHHE
30 MuHyT U 50 MUHYT, HUTPUJIA TUTAHA U YEPEAYIOIUXCS CIOEB TUTAHA U HUT-
pHUia TUTaHa, MOJYYEHHBIMHU MPH COOTHOMICHUH Ta30B Ar/N,=2,5 u Ar/N,=1,2,
B TedyeHue 30, 50 u 60 MUHYT NpPH OJUHAKOBOM 3HAYEHHUU MOCTOSHHOIO TOKA
865 MA ¥ JuCTaHIIUK MEXTY MOIJI0KKONW U MUIIIEHBIO 150 MM.

B pesynbTaThl MCCIENOBAHUN MOCIOWHOTO JIEMEHTHOTO COCTaBa KOM-
MO3HUIMOHHBIX MaTepraoB OBIIO BBIABIEHO, YTO MPH (POPMHPOBAHHUH MOBEPX-
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HOCTHBIX CIIOCB U3 THTaHa Ha OCHOBE M3 AIFOMUHHEBOTO CIUTaBa (JOPMHUPYETCS
MEePEXOIHBIN CI0U (CIOH, COCTOSIIUN U3 MaTepuaga OCHOBBI U TIOBEPXHOCTHO-
r'o CJIOS1) TOJIIMHON 4,5 MKM, a JUI1 KOMIIO3UTa Ha OCHOBE TUTAHOBOTO CILJIaBa
— 1,7 mxM. CropocTb hopMHpOBaHHUsI TOBEPXHOCTHOTO CJIOSI M3 TUTaHA B peak-
THBHOMU cpeze (mpu cootHomenuu TaszoB Ar/N,=1,2) ¢ obpasoBanneMm Tmepe-
XOJHOTO CJI0sl cocTaBmiIa He Oosee 70 HM/MUH, 9TO MEHbBIIIE CKOPOCTH (HOpMHU-
pOBaHHUs TUTaHA B MHEPTHOH cpene Ooiee yem B 2 pasa. [loncnoii u3 TuTana
mo3BoJIsieT (POPMHUPOBATH OOJIee HACKIICHHBIH a30TOM MOBEPXHOCTHBIH CIIOH U3
HUTpHUJA TUTaHA.

PaboTs1 BeIMoIHEHa py o iepkke npoekra PH® Ne 21-79-10256.
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LAYER-BASED ELEMENTAL ANALYSIS OF LAYERED
COMPOSITES WITH SURFACE LAYERS OF TITANIUM
AND TITANIUM NITRIDE FORMED BY MAGNETRON
SPUTTERING

The research work is devoted to the formation by magnetron sputtering of
functional layered composite materials based on aluminum and titanium alloys
with surface alternating layers of titanium and titanium nitride. Layered compo-
site materials combine the properties of the base material and surface layers that
are not inherent in each material separately. The structure and properties of the
formed surface layers and composites as a whole obtained by magnetron sputter-
ing are also influenced by the sputtering parameters (sputtering time, distance be-
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tween the substrate and the target, the ratio of reactive and inert gases, current-
voltage characteristics), and the nature of the base material. the substrate on
which these layers are formed [1-3]. In this paper, a titanium alloy of the Ti-Nb-
Mo system is considered as a basis, which is promising as a material for implants
and surpasses traditionally used materials such as Grade 4 titanium and VT6 tita-
nium alloy in its mechanical characteristics, however, it has a lower corrosion re-
sistance. resistance [4]. As well as aluminum wrought alloy D16, used in sliding
friction units due to its mechanical properties, which make it possible to increase
the load capacity of the product, but has poor tribological characteristics. The
purpose of this work was to study the influence of the nature of the substrate and
the ratio of working gases on the rate of formation of surface layers and its ele-
mental composition during the formation of surface layers from titanium and tita-
nium nitride by the DC magnetron sputtering method.

Using a glow-discharge atomic emission spectrometer, we studied the layer-
by-layer elemental composition of composites based on aluminum alloy D16
and titanium alloy Ti-10Nb-3Mo with surface layers of titanium obtained with-
in 30 minutes and 50 minutes, titanium nitride and alternating layers of titanium
and titanium nitride, obtained with the ratio of gases Ar/N2=2.5 and
Ar/N2=1.2, for 30, 50 and 60 minutes at the same value of direct current 865
mA and distance between the substrate and the target 150 mm.

The results of studies of the layer-by-layer elemental composition of com-
posite materials revealed that during the formation of surface layers of titanium
on an aluminum alloy base, a transition layer is formed (a layer consisting of
the base material and the surface layer) with a thickness of 4.5 um, and for a
composite based on a titanium alloy - 1.7 um. The rate of formation of a sur-
face layer from titanium in a reactive medium (at a ratio of gases Ar/N2=1.2)
with the formation of a transition layer was no more than 70 nm/min, which is
less than the rate of formation of titanium in an inert medium by more than 2
times. The titanium sublayer allows the formation of a more nitrogen-rich sur-
face layer of titanium nitride.

The work was carried out with the support of the RSF project No. 21-79-10256.
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MHOJYYEHHUE TOHKHUX IIVIEHOK HA OCHOBE TBEPbIX
PACTBOPOB (SiC);x(AIN)y METOJAOM MATHETPOHHOI'O
PACHIBUUVIEHUSA

IMony4eHre TOHKUX MICHOK Ha OCHOBE TBepAbIX pacTBOPOB (SiC)yy(AIN),
MPE/CTABISIET TOPa3ao OOJNBIINI HMHTEPEC. JTO CBSI3aHO C BO3MOXKHOCTHIO HX
NPUMEHEHHs B KauyecTBe d((EKTUBHBIX HCTOYHUKOB CBeTa B cHHed U YO —
00JIacTSX CIEKTpa U B KaYeCTBE 3aIUTHBIX MOKPhITHH. [lonydeHne snuTakcu-
AJBHBIX CIIOCB 3THX MAaTEPHAJIOB MPOBOJWIM METOJOM MarHeTpoHHoro u BU-
MarHeTpoHHOTo pachbuieHus [1], npudyem BY MarHeTpoHHOE paclblieHUE HC-
MOJIb30BANIK JUTS MOJYYEHHUsI CIIOEB C BhICOKUM cojepxanueMm AIN, tak kak
MUILEHH, TTOJYYEHHBIC JIEKTPOUMIYJIBCHBIM CIEKaHHEM, C OOJIBIINM CONEp-
JKAHUEM HUTPU/A ATIOMHUHUSI OUYSHb BHICOKOOMHBI.

Jus monydyenust mwiéHok (SiC)y(AIN), wucmons3oBagach BakyyMHas
YCTAaHOBKA, MOJEPHHU3MPOBAHHAS C Y4ETOM OCOOCHHOCTEH TNpeanosaraeMoit
Mmeroauku mojiyuenus. [lomyuennsie miaeHkn (SiC)y4(AIN)y, uccremoBamuch
pentreHoandpaknnoaasiM MetomoM (XRD) Ha mmdpakromerpe Shimadzu-
7000 ¢ CuK,—u3nyyeHuemM aauHON BOJHBI A,~=1.54051 A. PenrreHosckue -
(bpakTorpaMMbI MOJIYYaTH KaK OT MOAJIO0XKH, TaK U OT SMUTAKCHATLHOMN IMJICH-
ku. O6 o6paszoBanuu TBepaoro pacreopa (SiC)i(AIN), cymmim mo u3MeHe-
HUIO MECTOTIOJIOKCHHS TU(PPAKIIHOHHBIX MAaKCHMYMOB OTHOCHUTEIILHO MaKCH-
MymoB SiC moamoxkku (puc.l). Kpucrammaeckoe COBEPIISHCTBO MOIOKKHA U
3C tBepmoro pactBopa (SiC)i(AIN)y oleHHBaNMM MO MOIYIIHPHHE TUKOB JH-
(dpakTorpamMmel.

X

D (SIC),_ (AIN)

Intensity, arb.units

6H-SiC

35,00 35‘.._’..5 35‘.50 3_‘_\:75 36‘.()0 36:25 36,50
20, deg.

Puc. 1. Judpakrorpamma ot ctpyktypsl 2H-(SIC)g 35(AIN)g 64/6H-SIC
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Kax BumHO 13 prcyHka 1 Ha ¢one muka ot momioxkn 6H-SIC pacnonara-
ercst Manblii K 26=35.89°. BO3HUKHOBEHHE MPOMEKYTOYHOTO MHKA MEXKIY
CTaHIapTHBIMK yrioBbiMu 3HaueHusMA 0T 6H-SIC u 2H-AIN (PDF card) csu-
JIETeNLCTBYET 00 0Opa3oBanuu 1wieHku TBepaoro pactsopa (SiC)i(AIN)y. Mo
BBIYMCIIEHHOMY 3HAYEHMIO MEXKIIOCKOCTHOro pacctosHus 0=2.50013A 6bun
ompenencH (M0 SKCTPAMOJUPYIOMIEH JHHUK CTAHJAPTHBIX 3HAYCHHH IS
dsic=2.5159 u dan=2.49) mapamerp Kpucrammueckoil pemerku ¢=5.0026
tBepaoro pacteopa (SiC)g6(AlN)ges. BeIIO 3aMeUeHO, YTO B UCCIIENOBAHHBIX
obpasiax crpykrypa tBepaoro pacrsopa (SiC)i4(AIN)y mpu cocraBe x=0.21
HMEET MEHBIIYIO KPUCTAIUTMYHOCTE, 4eM Ipu coctaBe x=0.64.

W3 pe3ynbTaToB CKaHUPYIOIIEH TYHHENbHOW MMKPOCKOIIMM y4acTKa I10-
BepxHOCTH MieHKH TBepmoro pactBopa (SiC)oss(AIN)ges (prc.2) B Hamparie-
Huu 0001 OBUIO yCTaHOBJIEHO, YTO TBEPABIH PAacTBOP MMEET IIECTUTIPAHHYIO
(hopMy CTPYKTYpHI CBSI3el B KPHUCTAJUIMYECKOH pellleTKe, CBOHCTBEHHOE IeKca-
roHanxpHOM Moandukarym (2H).

nm 0

Puc. 2. CTM-u3o6paxenune noBepxuoctu rmieHKH (SiC)g 35(AIN)g g4

CnoxHbIi po(HIb MOBEPXHOCTH MJICHKH OOBSICHACTCS MHOTOKOMIIOHCHT-
HOCTBIO COCTaBa IUICHKH, €€ IOJUKPUCTAJUIMYHOCTBIO, @ TAKKE€ BO3MOYKHBIM
HAJIMYMEM Ha TIOBEPXHOCTH OKCHJIHBIX IUICHOK, aJICOPOMPOBAHHBIX aTOMOB U

zp.

1. B.A. bunanos, I' K. Cadapanues, I'.J[. Kapaamosa, M.A. ['utuk4ues,
A.C. Axmenos, T.O. AGnymnaeB. MoHHO-ITy4eBOE a30THPOBaHHE ITOBEPX-
HocTH cardupa st GOpMUPOBaHKST HAHOPA3MEPHBIX CJIOEB HUTPHJIA AJTIO-
MUHUSL. // «DNEKTPOBaKyyMHasi TEXHUKA M TEXHOJIOTHs», TPyl MeKIyHa-
POJHOTO MOCTOSTHHO-JEUCTBYIOLIEro ceMuHapa. [lon pepakiueii pykoBou-
tenst Cemunapa A.B. Topuna. — M.: HOBEJUIA. — 2018. — C.56-58.
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OBTAINING THIN FILMS BASED ON SOLID SOLUTIONS (SiC);
(AIN),BY MAGNETRON SPUTTERING METHOD.

Obtaining thin films based on solid solutions (SiC)i4x(AIN), is of much
greater interest. This is due to the possibility of their use as effective light
sources in the blue and UV spectral regions and as protective coatings. The
preparation of epitaxial layers of these materials was carried out by the method
of magnetron and HF magnetron sputtering [1], and HF magnetron sputtering
was used to obtain layers with a high content of AIN , since the targets obtained
by electropulse sintering with a high content of aluminum nitride are very high
resistance.

To obtain films (SiC),4(AIN),, a vacuum installation was used, modernized
taking into account the features of the proposed method of obtaining. The ob-
tained films (SiC).,(AIN),, were studied by X-ray diffraction method (XRD)
on a diffractometer Shimadzu -7000 with Cu K , radiation of wavelength A ,
=1.54051 A. X- ray diffraction patterns were obtained from both the substrate
and the epitaxial film. The formation of a solid solution (SiC);x(AIN), was
judged by the change in the location of the diffraction maxima relative to the
maxima of the SiC substrate (Fig. 1). The crystalline perfection of the substrate
and the ES of the solid solution (SiC);(AIN), were estimated from the half-
width of the diffractogram peaks.

(SIC), (AIN),

Intensity, arb.units

6H-8iC

35,00 35,25 35.50 35,75 36,00 36,25 36,50
20, deg.

Fig. 1. Diffraction pattern from the structure 2H-(SiC) 35(AIN)g 64 /6H-SiC

As can be seen from Figure 1, against the background of the peak from the
6 H - SiC substrate, there is a small peak 2 § =35.89 ° . Occurrence of an inter-
mediate peak between the standard angular values from 6H - SiC and 2H - AIN
(PDF card) indicates the formation of a solid solution film (SiC), 4 (AIN),. From
the calculated value of the interplanar distance d = 2.50013A, we determined
(from the extrapolating line of standard values for dgic = 2.5159 and dan =
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2.49) the crystal lattice parameter ¢ = 5.0026 of the solid solution (SiC) (3
(AIN) g4 . It was noted that in the studied samples, the structure of the solid so-
lution (SiC);4(AIN), with the composition x = 0.21 has a lower crystallinity
than with the composition x = 0.64.

From the results of scanning tunneling microscopy of the surface area of the
(SiC)o.36(AIN)g 64 solid solution film (Fig.2) in the 0001 direction, it was found
that the solid solution has a hexagonal bond structure in the crystal lattice,
which is characteristic of the hexagonal modification (2H).

nm 0

4 nm

Fig. 2. STM image of the film surface (SiC)g.35(AIN)g64-

The complex profile of the film surface is explained by the multicomponent
composition of the film, its polycrystallinity, as well as the possible presence of
oxide films, adsorbed atoms, etc., on the surface.

1. B.A. Bilalov , G.K. Safaraliev , G.D. Kardashova, M.A. Gitikchiev , A.S.
Akhmedov , T.E. Abdullaev. lon-beam nitriding of a sapphire surface for the for-
mation of nanosized layers of aluminum nitride. //"Electro-vacuum technique and
technology", Proceedings of the international permanent seminar. Under the editor-
ship of the head of the Seminar A.V. Gorin.—M.: NOVELLA. - 2018 . - P.56-58.
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HCNOJIb30BAHUE OBJTYYEHUSI HOHAMU UHEPTHBIX
'A30B JIJIsl UMUTALIUU B3AUMOIEMCTBUS
I'A300BPA3HBIX IPOJAYKTOB JEJEHUS
C KOHCTPYKIIMOHHBIMHM MATEPUAJIAMU
MPU JJINTEJILHOM XPAHEHUM OTPABOTABIIETO
SIIEPHOT'O TOIJIUBA

IIpoBenensl uccaenoBaHusA (GOPMUPOBAHUSA MUKPOCTPYKTYPBI CTAIH (ep-
PUTHO-MApPTECHCUTHOI'O KJiacca, I/IMHHaHTHDOBaHHOﬁ HMOHaAMHM KpPHUIITOHA, ABJIA-
JOIIIeHCs B HacTosee Bpems MarepuaioM uexiia TBC peakrtopo BH-600 u
BH-800, a B OymymeM, IIpu IUCIIEPCHOM €€ VIIPOYHEHHUH, — BO3MOKHBIM 3aMe-
HUTENEM 000I0YeuyHON aycTeHUTHOH cramu YC-68. AKTyalpHOCTE PadOTHI
00ycoBIIeHa BO3MOXKHOU Jerpafganneii MUKPOCTPYKTYPHI M, COOTBETCTBEHHO,
CBOMCTB KOHCTPYKIHOHHBEIX MarepuaioB OTBC mpm mINTENIRHOM XpaHEHHH
oTpabotaBmiero saepHoro TorumBa (OST) mpu B3aumoneiicTBuu ¢ ra3o00pas-
HBIMH ¥ JIETKOJIETYIrMH Tpoxykramu nemesus (I'TI).

Wmnranns Hakorutenus ['T1J] B ctany mpoBOANIOCH ITyTEM HOHHOTO 00IY-
gerns Ha yckoputene JI[-60 B MAD Kazaxcrana mpu temmepartype 350 °C,
KOTOpas HAXOIMTCA B IMANA3OHE TEMIEPATYP XPAHEHHA OAT. 916n}£qune
MpOBOIMIIOCH HoHaMH — Kr~" ¢ sHepruei 300 k3B mo ¢mroernca 1-107 M.

HccnenoBanue CTaOMIBHOCTH MHKPOCTPYKTYPBI CTaIM IO BO3ACHCTBHEM
HMOHOB KPUITOHA, MMUTHPYIOUTNX HakoruieHue 11/], mpoBoamiiocs B AByX HMU-
TAI[MOHHBIX 3KCIIEPUMEHTAX, KOTOPHIE MPOBOJMINCH HA OJHOM U TOM K€ 00-
pasue. Ctanb OblIa B COCTSIHMM IITATHON TEPMOOOOPaOOTKH (HOpMaIH3amus +
BBICOKHH OTIyCK). CxeMa 3KcIIieprMeHTa IIpuBeIeHa Ha puc. |.

OanoBpeMeHHO Krl5, 350 °C, 70 u

3TA CTOPOHA 2 —_— —

OTAHIACTCH NPH

350°C, 70 4 (Croponal) Puc. 1. Cxema obnydeHus
' ¥ OTXHra 00pasia cTaiu
Odpazen nepesopaunsacrca Ha 180° 16X12B®TaP B JIBYX
OKCIICPUMCHTAaXx.
O/IHOBPEMEHHO

pa Kr's, 350 °C, 70 u
O0JIVYHCHHAH * *
cropona 1 — | (E—

OTHHIAETCH NPH (Cropona 2)

350°C, 704
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[Toka3zaHo, 4TO B Mpolecce MOHHOTO BHEJAPEHHUsS] KPHUIITOHA B YCKOPHUTENe
JAL-60 mpu Bakyyme 710" Ia B 06nacTH MUIICHA MIPOUCXOUT CUJIbHENIIee
OKHCJICHUE MOBEPXHOCTH CTaJH, M0-BHIMMOMY, BCICJICTBUE OANTUCTUUECKOTO
addekra («BOMBaHHE» aTOMOB KHCJIOPOJa HAJICTAIOUIMMU MOHAMH KPHUIITOHA
BCJICACTBHE HEJOCTATOYHO BBICOKOIO BaKyyma), IOCKOJIbKY HEOOIyueHHas
cTopoHa o0pasia rmpu Beiepxkke B Tedenue 70 9 mpu 350 °C He oxucasercs.

He cMoTpst Ha crioco0 moaroToBku 00pasLoB Juist o0IydeHus (crangapTHas

TepMoOoOpabOTKa, a IMEHHO — HOPMAJIM3aIHs + BBICOKHHA OTITYCK MO0 OT)KHUT

npu 350 °C B Teuenue 70 4) oOydeHrEe HOHAMU KPUIITOHA BBI3BIBAET IPUMED-
HO OJIMHAKOBOE M3MEHEHNE MHKPOCTPYKTYPHI.

[Tocne moHHOTO OONydeHHUS B ciioe TONMMUHON okoiio 100 HM, HaumHas C
riryounsl ~100 HM OT 0OIyYeHHOW MTOBEPXHOCTH, pa3BUBAETCS ra3oBasi MOpPH-
CTOCTb (pucC. 2), IpU4eM CTeNeHb pacmyxanus He npessimaet 0,5 %. Ha ocHo-
BaHMUH 3TOTO MOJXKHO ClieNlaTh BBIBOJ O TOM, 4To mpu xpaneHuu OAT B mrat-
HBIX YCJIOBHUSIX HE JIOJDKHBI BO3HHMKATh HANpSDKEHHsS B 000JI0YKax O0TpaboTaB-
IIMX TBAJIOB 32 CUET ra30BOTr0 pacIyXaHHsl.

Puc. 2. O0wuii BUa MUKPOCTPYKTYpBI 00pasiia, 00Jy4eHHOTO HOHAMH KPUIITO-
Ha (@ — CropoHa 1): MyHKTHpHAS JINHUS — TIOBEPXHOCTH 00pasIa, CTpesika —
HarpaBJieHne BHeIpeHHs MOHOB; (6 — CtopoHa 2): 1 — OKCHIHBIH CIIOH,

2 — OCHOBHOM MeTaJLI).

[pu mpeaBapUTEIEHOM OTXKUrE 00Tyd4aeMbIX 00pa3IOB MENIKast HOPHCTOCTh
pa3BuBaeTCcI U B 00pa3oBaBIICHCS B Tpoliecce OOMydeHHsS OKCHIHOHN IIICHKE
(cwm. cioit 1 Ha puc. 2 Ha CTOpoHE 2).

Mexnay oOpa3oBaBIICHCS OKCHAHOW IUIEHKOW M OCHOBHBIM METaJJIOM
c(hOpPMHUPOBAITUCH OOJIBIINE B3aUMOCBSI3aHHBIC MOJOCTH (CM. pPUC. 2), KOTOPHIC
MPHUBOJAT K €€ OTIICTYIIUBAHUIO U 00pPa30BaHUIO HA MOBEPXHOCTU OCTPOBKO-

BOH CTPYKTYpBI.
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USE OF IRRADIATION BY INERT GASE IONS TO SIMULATE
THE INTERACTION OF GASEOUS FISSION PRODUCTS
WITH STRUCTURAL MATERIALS DURING LONG-TERM
STORAGE OF SPENT NUCLEAR FUEL

It has been studied the formation of the microstructure of ferritic-martensitic
steel implanted by krypton ions, which is currently the material of the shell of
fuel assemblies for BN-600 and BN-800 reactors, and in the future, with its
dispersed hardening, will be a possible material for fuel cladding instead of aus-
tenitic ChS-68 steel. The relevance of the work is due to the possible degrada-
tion of the microstructure and, accordingly, the properties of the structural ma-
terials of spent fuel assemblies (SFA) during long-term storage of spent nuclear
fuel (SNF) in the interaction with gaseous and volatile fission products (FP).

The accumulation of FP in steel was simulated by ion irradiation in the DC-
60 accelerator of INP of Kazakhstan at a temperature of 350 °C, which is in the
SNF storage temperature range. Irradiation was carried out by 300 keV 3*Kr***
ions up to a fluence of 1-10 m?,

The study of the steel microstructure evolution under the influence of kryp-
ton ions simulating the accumulation of fission products was carried out in two
simulation experiments on the same sample.The steel was in the state of
standart heat treatment (normalization + high tempering). The scheme of the
experiments is shown in Fig. 1.

This side 2 s+ 38() o
annealed at\ wh
350°C,70 h
simultaneously (Side 1)
Fig. 1. Scheme of irradiation

T'he sample is flipped 180° and annealing of

0.16C12CrVWTaB steel
Kr's+,350°C,70h  Sample in two experiments.

{mmsss———

( Side 2)

The irradiated
side 1

annealed at
350°C,70h
simultaneously

It is shown that in the process of krypton ions injection in the DC-60 accel-
erator at a vacuum of 7-10™ Pa, the strongest oxidation of steel surface occurs
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apparently due to the ballistic effect (“driving in” of oxygen atoms by krypton
ions due to insufficiently vacuum) since the non-irradiated side of the sample
does not oxidize when exposed for 70 h at 350°C.

Regardless of sample preparation method for irradiation (standard heat
treatment, namely, normalization + high tempering or annealing at 350°C for
70 h), irradiation with krypton ions causes approximately the same develop-
ment of the microstructure.

After ion irradiation, in a layer with a thickness of about 100 nm, starting
from a depth of ~100 nm from the irradiated surface, gaseous porosity develops
(Fig. 2), and the degree of swelling does not exceed 0.5%. Based on this, it can
be concluded that during storage of SNF under standard conditions, stresses
should not arise in the cladding of spent fuel rods due to gaseous swelling.

Fig. 2. General view of the sample microstructure after irradiation byh krypton
ions ((a) is Side 1): dotted line is sample surface, arrow is direction of ion pene-
tration; ((b) is Side 2: 1 is oxide layer, 2 is base metal).

After preliminary annealing of sample for irradiation, fine porosity develops
in the forming oxide film also (see layer 1 in Fig. 2 on Side 2).

Large interconnected cavities formed between the oxide film and the base
metal (see Fig. 2) which lead to its exfoliation and the formation of an island
structure on the surface.
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BJIMAHUE OBJIYUYEHUS NOHAMM KEJIE3A HA
KPUTHNYECKHUE XAPAKTEPUCTHUKMU BTCII
KOMITIO3UTOB

CoBpeMEHHBIE KOMIIO3UTHBIE BBICOKOTEMIIEPATYpPHBIC CBEPXIPOBOIHUKI
(BTCII), B wactaoctr, BTCII-1eHTEI BTOPOrO MOKOJIEHHS HAa OCHOBE COEIMHE-
uuii peaxux 3emens (REBaCuO, rioe RE — peakas 3emist) 001a0ar0T BHICOKUMU
3HAYEHUSIMA KPUTHYECKOr0 TOKa, OJiarofapsl 4eMy OHM Ha JaHHBIA MOMEHT IIIH-
POKO HCIIOIB3YIOTCS B IIEPBYIO OYEPEIb B O0JACTH DJIEKTPOIHEPIETHKH, IT03BO-
JIA CO3/1aBaTh BHICOKOA(M(EKTUBHBIE JUHUN JJIEKTPOIIEPENaYr, MOTOPBI U I'eHe-
paropsl. B cuny toro, uto BTCII-koMIo3uThl Takke 00J1aJal0T BBICOKMMU 3Ha-
YEHUSIMM TJIOTHOCTH KPUTHUYECKOTO TOKA B CUJIBHBIX MarHUTHBIX IIOJISIX, 9TO Je-
JIaeT UX KpailHe MepCIIEKTUBHBIM MaTeprajioM I MCIOJIL30BaHHA B YCKOPHUTE-
JIIX M TOKaMaKaX, MHIYKIIHOHHBIX HAKOIUTEJIAX SHEPTHIX, BEICOKOIIOIbHBIX HC-
CIEIOBATCIbCKUX MarHuTax. /[l DOBBIINIEHUS TOKOHECYIEH CIIOCOOHOCTH
BTCII-j1eHTEI B CBEPXIIPOBOAAIIEM CJIOE CO3JAIOT JOIMOJHHUTEIbHBIE JAE(PEKTEI,
KOTOPKIE CITY:KaT UCKYCTBEHHBIMHU LieHTpamMu nuHHuHra (WLIIT) Buxpeit AGpuko-
coBa. Pasnmmunbie Tunel m koHueHTparms MIIII Moryr okaswsIBaTh pasindHOE
BJINSIHHE HA TOKOHECYIIYIO CIIOCOOHOCTBH JIEHTBI, HAIIpUMEP, YMEHBIIATh BEJIH-
YUHY KPUTHYECKOTO TOKA OTHOCHUTEIHHO HEMOMUMUIIMPOBAHHOM JIEHTHI IIPU
temriepatype 77 K B coOCTBEHHOM MarHWTHOM TIOJIE, HO YBEIMYHMBATH IPH TEM-
niepatype Hwke 40 K Bo BHeTHeM MarHuTHOM 1oste cBbimie 10 To.

B mansoi1 padote ULIII 6sum co3mans! B npoMsinuieanoil BTCII nerre 2oro
[IOKOJIEHUsI OONy4EHHMEM HOHAMH >Kelle3a Fe?* ¢ sHepruer 5,6 MsB mpu
T=300 K u dmoencamn B muanasone 2,0x10% — 5.0x10"™ cm? BbiGop noHoB
)KeJie3a 00yCIOBIEH HAIMYMEM YV HMX MarHUTHEIX CBOMCTB. Ilepes Bo3neiicTBEM
C HOBEPXHOCTH 00Pa3lloB METOJAMH XHMHYECKOTO TPABJICHUS YIAISUINCH CIOM
MeIW, a Ha JacTh oOpasnoB U cioii cepebpa. ITydok MOHOB momamaer Ha CIOH
BTCII TtommuuHOM ~ 2 MKM, a B IIOJIOBHHE 00Pa3LOB IIPEABAPUTEIILHO IIPOXOIUT
cioit cepedpa TommuHoi ~ 1,5 MrMm. Jliig Kakaoro oopasia Ha BHOPAIHOHHOM
MarHeroMeTpe ObliIa M3MepPEHa 3aBUCUMOCTh MATHUTHOTO MOMEHTA OT BHEIIIHETO
MAarHuTHOIO 1oJig B auamnazone temmeparyp 5 — 77 K. Iloka3aHo yiydiieHue To-
xoHecymeld crnocoonoctn BTCII-nentsr, 00nyuéHHOM 4epe3 ciioii cepedbpa ¢
(hirroercom 2,0X1013 CM'Z, n gerpamamuro oopasma ¢ otkpeITeiM BTCIT cioewm,
00IyueHHOro ¢ TeM ke diroencoM (puc. 1,2). MozaenupoBaHnue 00JydeHus B mma-
kere SRIM mnokaseiBaer, uto npu Hamuuuu cepedpsHoro cios B BTCII cioe
MIPOUCXOIUT 3HAYMTENILHAS UMIUIAHTALIAS HOHOB JKeJle3a, a B CIy4ae OTKPBITOTO
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BTCII cnos Ooibliias 4acTh HOHOB HMMIUIAHTHPYETCS B CIOSX IOIJIOKKH, a B

BTCII ciioe co3narorcs nedeKThl B BUIE BAKAHCUI.
0,04 T T T T T T

*— UcxopHas neHTa
0.03 I -~ 2E13 I
+— 2E13 yepes Ag

o o
o o
= [N}
T T

MarHuTHbIN MOMEHT (emu)
- =)
o
o
T

-001 | 4
0,02 | 4
0,03 | 4
-0,04
-3 -2 -1 0 1 2 3
HoH (T)

Puc. 1 3aBHCMMOCTHE MAarHUTHOIO MOMEHTA OT OT BEJIMYMHEI BHEIITHETO

MAardUTHOTO IOJIA IS Pa3iIMuHbIX 00pasuos npu 77 K
77K
1w4 T T T T T T T

—S— UCXOQHaA neHTta

1.2 —e—2E13 .
—a— 2E13 yepes Ag
10 —v—3E13 .
—+— 3E13 yepes Ag
Sos ——5E13
g
&
5 06
04
0.2
0,0 :
0,0 05 1,0 1,5 2,0 25 3,0
uH(T)

Puc. 2 3aBucumMocTs HOPMHUPOBAHHOTO KPUTUYECKOTO TOKA OT BEITMUHHBI
BHEIIHETO MarHUTHOTO TOJIS TS Pa3lTuIHbIX 0Opa3ios mpu 77 K.

UccnenoBanue BbIIOAHEHO npu GuHaHcoBoi noauepxkke PODPU u Poca-
TOMa B paMKax Hay4yHoro mpoekra Ne 20-08-00811. (. A. Pyaues)

PaGora mommepxana IocyaapCTBEHHBIM HAy4YHBIM 3aJaHHEM (IIPOEKT
FSWU-2020-0035) npu noaaep:xke MUHHCTEPCTBA HAYKHA U BEICIIETO 00pa3o-
Banus Poccuiickoit @enepanuu. ([.A. Adbun, M.A. Ocunos).
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INFLUENCE OF IRRADIATION WITH IRON IONS ON THE
CRITICAL CHARACTERISTICS OF HTS COMPOSITES

Modern composite high-temperature superconductors (HTS), in particular,
second-generation HTS tapes based on rare earth compounds (REBaCuO,
where RE is rare earth) have high critical currents, due to which they are cur-
rently widely used primarily in the electric power industry allowing the creation
of highly efficient power lines, motors and generators. Due to the fact that HTS
composites also have high critical current densities in strong magnetic fields,
this makes them an extremely promising material for use in accelerators and
tokamaks, induction energy storage devices, and high-field research magnets.
To increase the current-carrying capacity of the HTS tape, additional defects
are created in the superconducting layer, which serve as artificial pinning cen-
ters (APC) of Abrikosov vortices. Different types and concentrations of APC
can have different effects on the current-carrying capacity of the tape, for ex-
ample, reduce the critical current relative to the unmodified tape at a tempera-
ture of 77 K in its own magnetic field, but increase it at temperatures below 40
K in an external magnetic field above 10 T.

In this work, APC were created in an industrial HTS tape of the 2nd genera-
tion by irradiation with Fe?* iron ions with an energy of 5,6 MeV at T = 300 K
and fluences in the range of 2,0x10*° — 5,0x10* cm™. The choice of iron ions is
due to the presence of their magnetic properties. Before exposure, the copper
layer was removed from the surface of the samples by chemical etching, and on
some samples, the silver layer as well. The ion beam hits a HTS layer ~2 pm
thick, and in half of the samples the beam first passes through a silver lay-
er ~ 1.5 um thick. For each sample, the dependence of the magnetic moment on
the external magnetic field was measured on a vibrating magnetometer in the
temperature range 5-77 K. An improvement in the current-carrying capacity of
an HTS tape irradiated through a silver layer with a fluence of 2,0X1013 cm?
and degradation of a sample with an open HTS layer irradiated with the same
fluence is shown (fig. 1,2). Simulation of irradiation in the SRIM package
shows that in the presence of a silver layer on the tape, a significant implanta-
tion of iron ions occurs in the HTS layer, and in the case of an open HTS layer,
most of the ions are implanted in the substrate layers, and defects in the form of
vacancies are created in the HTS layer.
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Fig. 1 Dependence of the magnetic moment on the magnitude of the exter-
nal magnetic field for various samples at 77 K
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Fig. 2 Dependence of the normalized critical current on the magnitude of
the external magnetic field for various samples at 77 K.
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BJIMAHUE UMITYJIBCHBIX IIOTOKOB MOHOB I'EJINS 1
TEJIJMEBOM IIJIA3MbI HA COCTOSTHUE
HOBEPXHOCTHOT O CJ1OA CIIVTABA HHKOHEJIb 718

HccnenoBaHo M3MEHEHHE COCTOsHUsI moBepxHocTHOro ciosi ([IC) cruiaBa
Wukonens 718, NpUrOTOBIEHHOTO NO aJAUTUBHOW TEXHOJOTHH METOJIOM Ce-
JIEKTUBHOTO JIA3€PHOTO CIIIABICHUS C MOCIEAYIOMEH TepMHUYecKord oOpaboT-
KO, B YCIIOBHSIX MHOTOKDATHBIX HUMITYJbCHBIX BO3JEHCTBHI IOTOKOB HOHOB
reaust (M) u renueBoii miasmsl (177). XKaporpouHbIil CIIaB Ha HUKEIEBOM OC-
HoBe MHKOHenb 718, Onaromapsi KOMIUIEKCY BEICOKMX MEXaHHUYECKUX M KOppO-
3HOHHBIX CBOWCTB, KOTOpbIE OH COXpaHSeT NPH BBICOKHX TeMIlepaTypax
(BI10TH 710 ~ 1000°C), mIMpOKO IpUMEHSETCS B aBUAKOCMUYECKOH 1 HedTexu-
MHUECKOH OTpacisix MPOMBIIUICHHOCTH. B nureparype oOcyxaaercs BOIpOC
00 HCIOIb30BaHNH BEICOKOHHMKEIIEBBIX CIUIABOB B KaueCTBE KAHAWAATHBIX Ma-
TEpUaJIOB Uil 000JI0YEK TEIJIOBBIICISIONINX 3JIEMEHTOB M YEXJIOB TEIUIOBbIJIE-
nAIomuX cOOpOK SAEpHBIX peakTopoB. OOmydeHne oOpas3loB IMPOBEACHO B
ycranoBke [lnasmennsiii ¢okyc «Buxpb» (puc.l) B IByX pexuMax: B MATKOM
peXHMe C IUIOTHOCTHIO MOITHOCTH M3Iy4eHUs ( = 2 -10® Br/em? P JJINTENb-
HOCTH MMITylTbca 7 = 50 HC U B KECTKOM pekume ((o = 1,5-10° Br/em?, 7 = 25

HC). Uncno UMITyIbCHBIX BO3JAEHCTBUN B SKCIiepuMeHTax coctapiisiio N = 10 u
20.

B BcraBka HUobuit  Mnasma BakyymHas

Kamepa
Ocb Z

\ Ob6pazeL

Puc.1. Cxema obnmyuenust oOpa3ios ciuiaBa Mukonens 718 B ycraHoBke «BUXpb»

IToka3aHo, YTO B KaXJIOM PEKUAME OOJYYCHHUS MPOUCXOIUIN IPOIIECCHI
pacmbuteHus u ucnaperust [/C ciiaBa, a TaKkKe ero IUIAaBJICHUE H KPUCTAITN3a-
WSl pacIiaBa ¢ BBICOKOH CKOpPOCThIO. [IpH 3TOM MOBEPXHOCTH CILIaBa MPHOO-
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perasia BOIHOOOpa3HbIit penbed (cM. Puc.2 u 3). B Msrkom pexume o0aydeHus
B MUKpocTpykrype [IC Habmoaamu nopel, a npu 6ojiee KECTKUX dHepreTHye-
CKHX BO3ICHCTBHUSX IOSBIBUINCH TAK)KE [TOBEPXHOCTHBIC MUKPOTPEIIHHBI U
6mmcTephl ¢ Pa3pyLICHHBIMU 000JI0YKaMH.

i ' - y .< { 0 W,
K f s T / S
(AT 2 i . 1 QL (4
Pl e TN ik
(S (B ST W O : e
Puc.2 MukpocTpyKTypa y4aCTKOB IOBEPXHOCTHOTO cos cinaBa MHk.718,
00JIy4eHHOTO B MATKOM peXrUMe (OTITHIECKass MUKPOCKOITHS ).

5*%

4 il g 3
o Pl
Puc.3 MuKpocTpyKTypa y4aCTKOB IOBEPXHOCTHOTO o5 ciaBa MHk. 718,
00JY4EeHHOTO B )KECTKOM PEXKUME (ONITHYCSCKAsT MUKPOCKOTIHS).

MeroaMu CKaHHPYIOLIEH 3IeKTpOHHOH MuKpockonuu (COM) BBISBICHBI
ocobeHHOCTH (DOPMUPOBAHUS STYEUCTOW MHUKPOCTPYKTYpHl [IC mcciemryeMoro
CIUTaBa MPU PeaM30BaHHBIX peXuMax oOmydenus nmotokamu M1 u [11. Coe-
mudrKka paccMaTpuBaeMON MHUKPOCTPYKTYpBI 3aK/IIOYaeTcs B TOM, YTO OHA
MIPEACTABISIET COOOH COBOKYIHOCTb MApALIENBHBIX IIOCKOCTEH, COCTOSIINX
U3 MEJIKUX s49eek pazmMepoM ~ 200 HM. B oTaensHBIX y4acTKax crjiaBa HaOIro-
JIAIOTCSI PacIlONIOKEHHBIE TapalIeNbHO APYT APYTY CTOJIOLBI, MpEACTaBIsIO-
e coOO0H PSR IETTOYeK U3 METKUX sUeek (puc.4).

WHKoNent 3 cu, 10 umn s 101 Hikonens 3 cm, 20 uh

Puc.4 MukpocTpyKTypa y4acTKOB HOBerOE:T.l“O_(.:}IOHHJ'IaBa Mnk.71 8,
ob6myuenHoro notokamu M1 u I'T] B xectkoM pexxume (COM).
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[Tpu aHanu3e MUKPOCTPYKTYPHI 00Iy4EHHON TTOBepXHOCTH MeTogamu COM
B pame ydactkoB [/C HaOMOMANUCh JHHUU CcKoJbkeHUs (Puc.5), ceumerens-
CTBYIOIIHE O MIPOTEKAHUU Tpoliecca miacTudeckoit nedopmarmu (/7). Haubo-
Jiee MHTEHCHUBHO [[/] TipoTekana B IEHTPAIFHOW 30HE OONydeHHUs CIUIaBa, TIC
BCTPEYAIOTCSl YYACTKH C TPEMsl CHCTEMaMHM JIMHHH CKOJIbkeHHs (puc.5 0,B).
[Mnactuueckas aedopmarust B obayueHHbix [/C crjiaBa mpoTekaia Mmoj Jieit-
CTBHEM BO3HHKABIINX MPU OXJIAXKICHUH TEPMHUYCCKUX HANPSIKCHUH, W B pas-
JIUYHBIX JIOKANBHBIX yyacTkax [/C 3aBUcesa OT OPUEHTHUPOBKH MUKPOKPHUCTAI-

JIMTOB OTHOCUTEIIBHO OCH ITPUIIOKEHHOTO HAITPSKECHUA.

- wan ; T
e & — S | Mnsonens ., 10 waen. o

Puc.5 MI/IKpOCTpYKTyp; YJaCTKOB MOBEpXHOCTH ciiaBa MHK.718, o0mydenHo-
ro notokamu M1 n I'T1 B msrkom pexxume, ripu N =10, coneprkaruast JMHUN
ckopkenus. (COM)

Crenenp 3pO3uM CIUIaBa 3a CYET UMIYJIbCHOTO HMCHAPEHUs U paclbUICHUS
OTIpe/IeIsUTH B3BEIIMBAHUEM 00pa3iia-MHIIEHH JI0 U Tocie o0mydeHus. Pe3ynb-
TaThl OIIEHOK TOJIIMHEI cios h, ymanensoro motokamu M1 w I'T] 3a OnuH MM-
MyJabC TpejcTaBieHbl B Tabnuie 1. V3 TaOmuIpl BUIHO, YTO WHTCHCHUBHOCTD
9PO3WH CIIIaBa YBEIMUMUBACTCS C POCTOM IIOTHOCTH MOIITHOCTH ITaJaloIIero Ha
00pazell-MUulllieHb U3IydeHHs. B TO ke Bpems B Mpeienax OJHOTO Pexuma o0-
JYYEeHUsI C POCTOM YHCJIa HMITYJIECOB HAOMIONACTCS CHUKEHNE BETHYHHBI h.

Tabmuna 1. Oposus crutaBa Makonens 718 npu odmydennn U u I'TT

Pexum Homep Uucno | Iotepst maccsl | Tonmuna ucna-
00TydeHHs oGpasia HMIIL. 3a UMILYJIbC peH. ciios 3a OAUH

Bo3a. N (Am/N), ¢ AMITyItsC h,

MKM/HMII.
MATKHI 1 10 8,5%107 0,13
2 20 4,0x10® 0,04
JKECTKUH 3 10 1,8x10™ 0,27
4 20 1,6x10™ 0,16
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THE EFFECT OF HELIUM IONS AND HELIUM PLASMA
PULSED FLUXES ON THE SURFACE LAYER STATE
OF THE INCONEL 718 ALLOY

The alteration of the Inconel 718 alloy surface layer (SL), prepared by addi-
tive technology by selective laser fusion with subsequent heat treatment, under
conditions of multiple pulsed effects of helium ion fluxes (HI) and helium
plasma (HP) was investigated. The heat-resistant nickel-based alloy Inconel
718, due to a complex of better mechanical and corrosion properties, which it
retains at high temperatures (up to ~1000°C), is widely used in the aerospace
and petrochemical industries. The exploitation of high-nickel alloys as candi-
date materials for the fuel elements shells and fuel assembly’s covers of nuclear
reactors is discussed in the literature. Sample irradiation was performed in the
Plasma focus "Vortex" device (Fig. 1) in two regimes: the soft one (radiation
power density q =2 -10° W/cm?, pulse duration z = 50 ns) and the harsh one
(radiation power density go = 1,5 -10° W/cm?, pulse duration 7 = 25 ns). The
number of pulse actions in the experiments was N = 10 and 20.

Niobium inset Plasma Vacuum
Cathode chamber

Fig. 1. Scheme of Inconel 718 alloy samples irradiation in the PF "Vortex" de-
vice

It is shown that in each irradiation mode, the processes of atomization and
evaporation of the SL, as well as its melting and crystallization of the melt at a
high rate, took place. At the same time, the surface of the alloy acquired an un-
dulating relief (see Fig. 2 and 3). In the soft irradiation mode, pores were ob-
served in the microstructure of the PS, and with more severe energy effects,
surface microcracks and blisters with destroyed shells also appeared.
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l 1 ! & m7 59 m(u v
Fig.2. Microstructure of sections of the surface layer of Inc.718 aIon irradiated
|n soft mode (optical microscopy).

U

Fig.3. Microstructure of sections of the surface Iayer of Inc.718 aIon irradiated
in harsh mode (optical microscopy).

Scanning electron microscopy (SEM) methods revealed the features of the
formation of the cellular microstructure of the PS of the alloy under study under
the realized modes of irradiation with HI and HP streams. The specificity of the
microstructure under consideration is that it is a collection of parallel planes
consisting of small cells with a size of ~200 nm. In some sections of the alloy,
columns located parallel to each other are observed, representing rows of
chains of small cells (Fig.4).

Mukonens 3 cm, 10 umn.

Fig. 4. Microstructure of the sections of the surface Iayer of Zinc.718 alloy ir-
radiated by HI and HP flows in the harsh mode (SEM).

When analyzing the microstructure of the irradiated surface by SEM meth-
ods, slip lines were observed in a number of SL sections (Fig.5), indicating the
course of the plastic deformation process (PD). PD proceeded most intensively
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in the central irradiation zone of the alloy, where the areas with three systems
of sliding lines are noticed (Fig. 5 b, c). Plastic deformation in the irradiated SL
of the alloy proceeded under the influence of thermal stresses arising during
cooling, and in various local sections of the SL depended on the orientation of
microcrystallites relative to the axis of the applied stress.

Fig. 5. The microstructure of the surface areas of the Inc.718 alloy irradiated
by HI and HP flows in the soft mode, at N = 10, containing sliding lines. (SEM)

Erosion degree of the alloy due to pulsed evaporation and sputtering
was determined by weighing the target sample before and after irradia-
tion. The results of the estimates of the thickness of the layer h removed
by the HI and HP flows in one pulse are presented in Table 1. It can be
seen from the table that the intensity of erosion of the alloy increases
with an increase in the power density of the radiation incident on the
target sample. At the same time, within the same irradiation mode, a de-
crease in the value of h is observed with an increase in the number of
pulses.

Table 1. Erosion of Inconel 718 alloy under HI and HP irradiation

Irradiation Sample | Number Weight loss Thickness of the
regime number | of puls- per shot vaporized
es, N (Am/N), g layer per shot h,
um/pul.

soft 1 10 8,5x10° 0,13

2 20 4,0x10° 0,04

harsh 3 10 1,8x10™ 0,27

4 20 1,6x10" 0,16
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NCCIIEAOBAHUE BJIMAHWA OBJIVHEHUA MOHAMU Fe
HA HAHOCTPYKTYPY AUCIEPCHO-YIIPOUHEHHBIX
OKCHUJIAMU CTAJIEM METOJAMU YJIbTPAMUKPOCKOITUH

JlucnepcHO-yIIpOYHEHHBIE OKCHAAMH CTallkl SBISIOTCS MOTEHIMAIBHBIMA
KOHCTPYKIIMOHHBIMA MaTepualaMH aKTHBHON 30HBI CIIEAYIOIIETO TOKOJICHHS
peakTopoB Ha OBICTPBIX HelfiTpoHax. Ilpenmomnaraercs, 4YTo OHHM JOJDKHBI BBI-
JIEp)KUBATh PaJMallMOHHYIO HAarpy3Ky 0 HOBPEXKIAIOMINX 103 OOIydeHHUs 10
150 cmemenuii Ha atom (cHa) ipu Temmeparypax 400—700 °C. Takas Harpy3ka
MOXeET OBITh BBIAEPKaHA MATEPUATIOM, B CTPYKTYpPY KOTOPOTO BXOJST OKCH[-
HbIe YacTull. VI3BeCTHO, 4TO NPUCYTCTBHE B Marepuaje OOJIBLIOTO YKhCiIa Mallo-
Pa3MEepHBIX OKCUIHBIX YaCTHIL IPUBOJHUT K YIYUIICHUI0 MEXaHUUECKHX XapaK-
tepuctuk JIYO cramu [1,2].

Jlna ananmza 3BOJIIOIUM pacTipesie/IeHUs] OKCUIHBIX BKIIIOUEHUH B MaTepHa-
Je B mpouecce oOiydeHust, ObUIM MTPOBENEHbl UMUTAIMOHHBIE YKCIIEPUMEHTHI
mo obmyuenuto obpasnos YO cramu 10Cr ODS, KP-3 ODS u Eurofer ODS
nonamu Fe” ¢ smeprueii 5,6 MaB 110 noBpexmaiomux 103 3, 6 i 30 cHa mpu
temreparype 350 °C u g0 go3sl 100 cHa npu temmeparype 500 °C. Uccneno-
BaHHUE MPOBOIMIOCH C HCIOJIb30BAaHUEM COBPEMEHHBIX METO/IOB yIbTPaMHKPO-
CKOTIMM: TIPOCBEUYMBAIOIICH 3JIEKTPOHHOW MHKPOCKOIIMM M aTOMHO-30HJIOBOH
Tomorpacduu [3].

B ncxonHoM coctosiHuM cTaneii 0OHapy)KeHbl OKCHIHBIC BKJIIOYEHHS U Kila-
crepbl. CpeqHuil pa3Mep OKCHIIOB BapbUPOBAJCS OT 3 10 8 HM, UX 00ObEMHAs
IIOTHOCTH cocTaBsia ot 2 X 102 M o 13 x 10% M. O6BEMHAS TIOTHOCTD
KJIACTEPOB BapbUpOBaNach oT 2 X 102 M3 1o 4 x 102 m>, [Ipu yBenuuenuun
koHneHtpanun Tigo 0.3 ar. % HabmogaeTcs TEHACHIUS YMEHBIICHHUS pa3Mepa
KJIaCTEPOB U OKCHJIOB, a TAKXKE YBEIWIECHUS HX 00BEMHOM TIoTHOCTH. [lokaza-
HO, uTO Ti B OoNbBIIeH cTeNeHn cIocOOCTBYET (POPMIPOBAHUIO KIIACTEPOB, YEM
VuZr [4].

OGHapyXeHO, YTO NPU HOHHOM OOJYYCHHH MPOMCXOJIUT YaCTUIHOE pac-
TBOPEHHUE KJIACTEPOB U YXOJ 3JIEMEHTOB B MaTpHIly. AHAIN3 XUMHUYECKOTO CO-
CTaBa KIIACTEPOB TOKa3all, YTO C YBEIMICHUEM JI03bI OOIyUEHHUs CYIIECTBEHHO
yMmeHbIaercst conepxkanre Cr 1 V B Kiacrepax, npu 3ToM KoHueHrtparus Ti,
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Y, O coxpansercs B mpejeiax MOTPEIIHOCTH, YTO TOBOPHUT O CTaOMIIBHOCTH
kiactepoB Thmna Ti-Y-O. [IpoaeMOHCTpUPOBaHO, YTO OKCHIHBIE BKIIIOUCHHS B
cramu Eurofer ODS Gonee cTaOuiibHBI K HOHHOMY 0OJTydeHHIO 10 1036l 30 cHa
npu 350 °C, yem Bxitouenus B craisix 10Cr ODS n KP-3 ODS .

UccnenoBanus, oonyuéunsix 10 100 cua mpu 500 °C oOpasios, moka3aim
pe3K0oe YMCHBIICHHE 00BEMHON TUIOTHOCTH OKCHIHBIX 4YacTuIl B ctamsax 10Cr
ODS 1 KP-3 ODS ¢ (13 £2)x 102 M2 10 2+ 1)x 10 M2 m ¢ (9 £2)x 10% M
o (2 £ 1)x 10%? M3 cootBercTBenHo. B crane Eurofer ODS 06b8MHast IWIOT-
HOCTH OKCHJIHBIX YaCTHI[ He H3MECHWIACH B IIpejeiaX morpemHocTa (0T (4 £ 1)
x 102 M 1o (3 + 1) x 107 M'3).

KoMmiekc wmcciienoBannii mokasan, dro craib Eurofer ODS ummeer cra-
OWMIIPHBIC YaCTHIBI HE TOJBKO B OONACTH HIDKHEW TPAHHIBI TEMIIEPaTypHOTO
WHTEpBANa SKCIUTyaTalliHd, HO U MPOMEXKYTOYHBIX TEMIIEpaTyp JKCILTyaTa-
IIUH.

Hccenedosanue svinonneno 3a cuem zpanma Poccuiickozo nayunozo gponoa
(npoexm Ne 22-29-01279)»

1. B. Mouawad, X. Boulnat, D. Fabrégue, M. Perez, Y. de Carlan. Tailoring the mi-
crostructure and the mechanical properties of ultrafine grained high strength ferritic
steels by powder metallurgy, Journal of Nuclear Materials, 465 (2015) 54-62, DOI:
10.1016/j.jnucmat.2015.05.053.

2. Xu S., Zhou Z., Jia H., Yao Z. /I Steel research int. 2018. V. 90. P. 1800594.
DOI:10.1002/srin.201800594

3. Michael K. Miller. Oak Ridge National Laboratory, P.O. Box 2008, Building
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STUDY OF THE INFLUENCE OF Fe ION IRRADIATION
ON THE NANOSTRUCTURE OF DISPERSION-TRENGTHENED
OXIDES STEELS WITH ULTRAMICROSCOPY METHODS

Dispersion-strengthened oxide steels are potential core materials for the
next generation of fast-neutron reactors. They are expected to withstand radia-
tion loads up to damaging of up to 150 displacements per atom (dpa) at temper-
atures of 400-700 °C. Such a load can be withstood by a material whose struc-
ture includes oxide particles. It is known that the presence of a large number of
small oxide particles in the material leads to an improvement in the mechanical
characteristics of ODS steels [1,2].

To analyze the evolution of the distribution of oxide inclusions in the mate-
rial after irradiation, simulation experiments were performed to irradiate 10Cr
ODS, KP-3 ODS and Eurofer ODS steel samples with Fe** ions at 5.6 MeV to
damaging doses of 3, 6 and 30 dpa at 350 °C and to a dose of 100 dpa at 500
°C. The study was carried out using modern ultramicroscopy methods: trans-
mission electron microscopy and atom probe tomography [3].

Oxide inclusions and clusters were detected in the initial state of the steels.
The average size of the oxides ranged from 3 to 8 nm and their densities ranged
from 2 x 102 m™ to 13 x 10 m™, The density of the clusters ranged from 2 x
102 m™ to 4 x 10 m. The increase of Ti concentration up to 0.3 at. %, lead
to a decrease in size of clusters and oxides and to increase their density. It was
also shown that Ti contributes more to the formation of clusters than V and Zr
[4].

It was discovered that ion irradiation causes partial dissolution of clusters
and activates movement elements from clusters into the matrix. Analysis of the
chemical composition of the clusters showed that the content of Cr and V in the
clusters decreases significantly with increase of irradiation dose, while the con-
centration of Ti, Y, O remains within the error range, which indicates the stabil-
ity of the Ti-Y-O type clusters. It was demonstrated that oxide inclusions in Eu-
rofer ODS steel are more stable to ion irradiation up to 30 dpa at 350 °C than
inclusions in 10Cr ODS and
KP-3 ODS steels.
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Studies of samples irradiated up to 100 dpa at 500 °C showed a sharp de-
crease in the density of oxide particles in 10Cr ODS and KP-3 ODS steels from
(13 £2)x 102 m* to (2 £ 1)x 10% m™® and from (9 + 2)x 10% m* to (2 £ 1)x 10%
m™ respectively. In Eurofer ODS steel, the density of oxide particles did not
change within the margin of error (from (4 + 1) x 10 m®to (3 + 1) x 102 m’®).

The complex of studies showed that Eurofer ODS steel has stable particles
not only in the area of the lower limit of the operating temperature interval, but
also at intermediate operating temperatures.

The study was funded by a grant from the Russian Science Foundation
(Project No. 22-29-01279).
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INOBEPXHOCTHAS OBPABOTKA
BBICOKOOHTPOIIMUHBIX CINTIABOB IOTOKAMHA
BBICOKOTEMIIEPATYPHOU UMITYJIbCHOHU ITIJIA3MbI

BricokosuTponuiineie ciuiaBbl (BOC) npencraBiasaor co00i HOBBIH KiIacc
MHOTOKOMIIOHEHTHBIX CINIABOB, KOTOPBIE IIPUBIIEKAIOT BCE OOJIbIIIEe BHUMAHUE
marepuanoBenoB. C TepMOAUHAMUYECKON TOUKHU 3peHus, BOC noimkHbI 00I1a-
JaTh TOpa3no OOJBIIEH 3HTPONHEH CMCIICHHUS 10 CPaBHEHHIO C OOBIYHBIMU
CIUTaBaMU, YTO MOXKET IMIPUBECTH K MOJIABIICHUIO 00pa30BaHMsI YIIOPSIOYCHHBIX
HHTEPMETAJUTMICCKUX COCTUHEHUH, CIIOCOOCTBYS OOpa3oBaHHIO OJHO(A3HBIX
TBEPHBIX PACTBOPOB C MPOCTHIMH KPUCTAILTMUSCKUMHE CTpyKTypamu [1]. OnHa-
KO, DKCTIEPIMEHTAIEHBIC UCCIICAOBAHIS TOKA3aJH, YTO OOJBIIMHCTBO U3 CILIa-
BOB HE UMCEIOT OHO(DA3HOW MUKPOCTPYKTYPHI, H B JIOTIOJIHEHUE K HEYIIOPSIO0-
YEHHBIM TBEPIBIM PAcTBOpPaM 00pa3yIOTCs HHTEPMETAIUIMYCCKUE COCAMHEHIS,
Takue Kak (asbl JIaBeca, o-dassl wum dasel Tuna B2 [2,3].

Jlobutsca dopmMupoBaHus OgHOMDAZHONW CTPYKTYPHI BBICOKODHTPOIIHIHOIO
CcIUIaBa MOKHO ITYTEM IIOJYYEHHS CINUIaBa METOJOM HCKPOBOTO INIA3MEHHOI'O
cunexanusa (UI1C), MarHETPOHHOTO OCAXKICHUSA WIM IIYTEM 00paOOTKHA KOHIIEH-
TpupoBaHHBIMU noToKaMmu 3Heprud (KIID), B yacTHOCTH, MOTOKAaMHM BBICOKO-
TeMmneparypHoii umMnyiscHo# miasmsel (BTUII). Lenp paboTsl 3aKirodanach B
HCCIIEOBAHUU BO3MOYKHOCTH ITOJYYEHHUST OQHO(MA3ZHOM CTPYKTYPHI BHICOKODH-
TPOMMUHBIX cIUIaBoB TyroriaBkux MetamuioB AICrMoTaTi u AICrNbTaTi my-
TeM oOpabotkamu motokamu BTUIL. B kadectBe 1mra3mooOpasyromero rasa
BBICTYITAJIN Q30T U T'EIINH.

BrrsiBiieHs! n3MeHeHns B (ha30BOM COCTaBeE 0 UM MOCIe 00padOTKH IMOTOKa-
MH IIJIa3MBl METOJIOM DPEHTIT€HOCTPYKTYPHOTO aHanu3a. CIuraBel B M3HAYAIb-
HOM COCTOSIHMM MMEIOT MHOro(Ma3HyI0 CTPYKTYPY, COAEPIKAIIYIO TBEPIABII pac-
TBOp M MHTepMeTauMALl. OO0paboTKa reIMeBOl TUIa3MOM YIEIBHON dHEPTHENR
IIOTOKOB 26 ,Z[)K/CM2 IPUBOAUT K (hopMupoBanuio oguodaszHoro OLIK-TBepmoro
pacTBopa, B TO BpeMsl, Kak 00paO0TKa a30THOM IIJIa3MOM C YAEIBLHOM dHEPrUEH
18 m 21 Z[)K/CM2 MPUBOAUT K 00Pa30BaHHIO HOBBIX HUTPUAHBEIX (a3 B MPUIIO-
BEPXHOCTHOM CJIOE€, YTO CBS3aHO C B3aMMOJENCTBMEM a30Ta C aTOMaMU CILIa-
BOB.

1. YehJ, Chen Y.L, et al. High-entropy alloys — a new era of exploitation. // Mater
Sci Forum, 560 (2007) https://doi.org/10.4028/www.scientific.net/MSF.560.1

2. Gao M et al. High entropy alloys: fundamentals and applications. Cham: Spring-
er International Publishing, 2016.

3. Miracle DB, Senkov ON. A critical review of high entropy alloys and related
concepts // Acta Mater, 122 (2017). https://doi.org/10.1016/j.actamat.2016.08.081.
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SURFACE TREATMENT OF HIGH-ENTROPY ALLOYS
BY HIGH-TEMPERATURE PULSED PLASMA FLOWS

High-entropy alloys (HEAS) represent a new class of multicomponent al-
loys that are attracting more and more attention from materials scientists. From
a thermodynamic point of view, HEA should have a much higher entropy of
mixing compared than conventional alloys, which can lead to the suppression
of the formation of ordered intermetallic compounds, contributing to the for-
mation of single-phase solid solutions with simple crystal structures [1]. How-
ever, experimental studies have shown that most of the alloys do not have a
single-phase microstructure, and in addition to disordered solid solutions, in-
termetallic compounds are formed, such as Laves phases, c-phases or B2-type
phases [2,3].

It is possible to achieve the formation of a single-phase structure of a high-
entropy alloy by obtaining an alloy by the method of spark plasma sintering
(SPS), magnetron deposition, or by processing with concentrated energy flows
(CFE), in particular, high-temperature pulsed plasma flows (HTPPF). The pur-
pose of the work was to study the possibility of obtaining a single-phase struc-
ture of refractory high-entropy alloys AICrMoTaTi and AICrNbTaTi by treat-
ment of HTPPF. Nitrogen and helium acted as the plasma-forming gas.

Changes in the phase composition before and after the treatment of plasma
flows by X-ray diffraction analysis were revealed. Alloys in their original state
have a multiphase structure containing a solid solution and intermetallic com-
pounds. Treatment with helium plasma with a specific energy of flows of 26
Jlem? leads to the formation of a single-phase bcc solid solution, while treat-
ment with nitrogen plasma with a specific energy of 18 and 21 J/cm? leads to
the formation of new nitride phases in the near-surface layer, which is associat-
ed with the interaction of nitrogen with atoms of alloys.

1. YehJ, Chen Y.L, et al. High-entropy alloys — a new era of exploitation. // Mater
Sci Forum, 560 (2007) https://doi.org/10.4028/www.scientific.net/MSF.560.1

2. Gao M et al. High entropy alloys: fundamentals and applications. Cham: Spring-
er International Publishing, 2016.

3. Miracle DB, Senkov ON. A critical review of high entropy alloys and related
concepts // Acta Mater, 122 (2017). https://doi.org/10.1016/j.actamat.2016.08.081
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FDM 3D-TIEYATHb KEPAMUYECKUMHA ITACTAMU

Ha ceroansiiunuii nenp 3D-neyaTh KEpaMUKOW SIBISIETCS MEPCHEKTUBHBIM
HaIpaBJICHUEM Pa3BUTHSI JTUTUBHBIX TEXHOJIOTUI. AKTHBHO pa3BHUBAIOIIEECs
HalpasJIeHUE, TI03BOJIIET JOCTUTHYTh HOBBIX KauecTB MaTepuala U pa3BUBaTh
HOBBIE HaIlPaBJICHUs B Pa3JIMYHBIX cepax npruMeHeHus. B paboTax akajemMuka
B.41. llleBuenko mpeasioxkeHa ujesk UCIOIb30BaHUsI KEPAMUYECKUX MaTepUajIoB
CO CIJIOKHOM TOMOJNOruel Asl yCIOBHI SKCTpeMalbHbIX Harpy3ok [1]. Co3zpats
TaKue U3eIHs BO3MOXKHO TOJIBKO C HCHOJdb30BaHueM 3D mewatn.

Oxcuj aXIOMUHHS SBISIETCS OJHMM M3 CaMbIX PaclpoCTPaHEHHBIX
KepaMHUYEeCKUX MaTepuanoB. I TaBHBIM HEAOCTATKOM U3rOTOBIECHUS U3ENUN U3
KOpYyHIa, SBIISIETCS €ro BBICOKas Temreparypa crekanus (1800°C). [ms
CHIDKEHHUSI TEeMIIepaTypbl CHEKaHWs KOPYHIOBBIX H3JENUNA HCIOJIB3YIOT
MOPOIIKK CO CHeKaromuMu nobaBkamu. OCHOBBIBasch Ha pabote [2], B
Ka4ecTBE CIEKAIOMINX 100aBOK OBUIM BBIOpAHBI MEeTaJUIMYECKHe mopoku Ti 1
Mn.

Kpowme BrIOOpa criekarorieid Jo0aBKH HEOOXOIMMO BEIOpPATh METOX Ui €&
PaBHOMEPHOTO pacCIpesielieHUus] B HCXOJHOM CMeCH, TaK KaK pacHpereluTh
3 Macc% paBHOMEPHO OYEHb CJIOXHO. B nmaHHO#M paboTe, Uil paBHOMEPHOTO
pacnpezenenuss 100aBkM ObUT BBIOpaH METO]| TUIAKMPOBaHMS IMOPOILIKOB, C
MIOMOIIBIO Ta30TPAHCIIOPTHBIX PEAKNUH. JTOT METOJ MO3BOJIIET PABHOMEPHO
pacnpenenuTh 100aBKM II0 BCEH ITOBEPXHOCTH KOPYHJOBOTO IIOpPOLIKA H
MHTEHCU(UIIMPOBATH IPOLIECC CIIEKAHUSI.

[TnakupoBaHue TOPOLIKOB NMPOBOIAMIM HA YCTAaHOBKE, M300paKeHHOH Ha
pucynke 1. Meroauka BKIIOYaeT B cedsl ClieTyIONINe Ollepaluy: J03UpOBaHNE
U cMemeHne ocHOBHOro kommnoHeHTa (AlO3), mmakupytromero meramia (Ti,
Mn) u #ona; 3arpy3ka cMecu (1) B repMeTHYHBIH KBapueBbld peaktop (3);
BaKyyMHPOBaHNWE M TPOMBIBKA PEAKTOpa aproHOM; CO3JaHHE B PEAKTOPE
HEoOX0AMMOH Ta30Boil aTMOC(EpHI; 3arpy3Ka peakTopa B pa3orperyro mneds (2)
U BJIEpP)KKA B TEUCHHE 3aJaHHOTO BPEMEHH; OXJIAXACHHE pEakIopa, ¢
MOCIIEAYIOMIEH ero pa300pKO U BRITPY3KOH TPOTYKTOB.

B xkawectBe wMmarepuanoB s 3D-medatm B paboTe HCIOJIb30BAaHBI
KEepaMHUECKNE TacThl - IUIMKEP, MPEACTABIAIONNE CO00I CMech MOPOIIKOB
KOpyHIa ¢ nokpeiTusiMu 11 1 Mn ¢ mapadpuuom (X 15 macce.%).

120


mailto:*e-mail:%20dolgin.andrey@inbox.ru

Pa3paOoTaHHBIil  IKCTpyaep [UIs I€YaTH KEPaMHUKOH COCTOUT U3
kommpeccopa (1), xotoperid moma€r pasorpetsiid 10 Temmeparypsl 80°C
Marepuai u3 pesepByapa (2) B sxkcrpynep (3) FDM 3D-npuntepa (prcyHok 2).

[TomyueHHsle TOCIIE TEYaTH W3JACIAMS II0 CBOMM CBOICTBAM HHYEM
CYIIECTBEHHO HE OTIMYAIOTCS OT 3arOTOBOK, IMOJYYaeMBIX TPaAWUIMOHHBIMHU
METOJIaMH IIJIMKEPHOTO JIUTh. [loaToMy HMX nanmbHedInylo o0paboTKy
MPOBOAWIIN TIO TPAAMIMOHHOW TEXHOJIOTHHU: CYyIIKa 3aroTOBOK (MEIJICHHBIN
HarpeB 10 200°C) u mocnemyroliee CrekaHue ChIpiia (TeMIieparypa CrieKaHus
1400°C u BBIOEpKKa 2 Haca).

:;:’\L\

I~

]—tﬁd_‘—

Pucynox 1 - Cxema ycTaHOBKH ISt Pucynok 2 — FDM 3D-nipunTep
ra3oBOro TpaHcnopra: 1 — cmech C OKCTPYAEPOM ISl TI€HaTH
Pp€arcHToB, 2— OJICKTPUYCCKAA I1€Yb KEpAaMHUYCCKNMU ITaCTaMu:
CONPOTHBIICHHUS, 3 - KBapLEBBIH 1 — xommpeccop, 2 — pe3epByap ¢
peakrop, 4 — BakyyMHbIi1 Hacoc, KEepaMHUYECKUMH [1aCTaMH,
5 — GanyoH ¢ aprorom, 3 — akcrpynep 3D-mpunTepa.

6 — MaHOBaKyyMMETP.
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CHHTE3 ®OTOKATAJ/IMN3ATOPOB CO CMEIIAHHBIMHA
AHUOHAMM: OKCUHUTPU/J SrTiO;N,:Al, OKCUCYJIb®HN /bl HA
OCHOBE Bi 41 Pb

DOTOKATATMTHYIECKOE PACIIECIUICHAES MOJICKYJI BOJIbI T1OJ BO3/ICUCTBUEM COJI-
HEYHOTO CBETA SBJISIETCS OJHHMM U3 CHOCOOOB HCIIOJIb30BAHKS COMHEYHOMN dHEp-
run. [lomydeHHBIH (QOTOKATAIMTHYECKMM METOJIOM BOZIOPOA, KOTOPBIH 3aTeM
MOXET OBbITh MCIOJIb30BAaH B KaueCTBE TOIUIMBA, OTJIMYAETCSI YUCTOTOM, a cama
peakiys He TpeOyeT NOBBIIICHHOM TeMIIepaTyphl WX JaBjieHus. B ocHoBe 3Toro
nporecca Jiexar (HOTOKATAIH3aTOPhl, KOTOPBIE JODKHBI YAOBICTBOPATH CIIEIY-
IOIIUM TPEOOBaHMSM: ITOJIOKEHHUSI TPAHMI 3aIPEIIEHHON 30HBI COOTBETCTBYIOT
MOTEHIMAIaM peakuuii 00pa3oBaHMsl BOJIOPOJa M KHCIOPOa, TeHepanus U pas-
JIeJICHHEe HOCHUTENe! 3apsijia IPOXOUT ¢ BBICOKOW 3(h(heKTUBHOCTBIO, & CaM Ma-
Tepua CTabuiIeH B BOJE U HE CKIOHEH K ObICTpoit merpagauuu. K Hacrosimemy
MOMEHTY, C [EJIbI0 HCIIOJIb30BaHUSI COJHEYHOW SHEPTHHU JUTS PACIICIUICHHS BOIbI
pa3paboTaHO MHOXECTBO PA3TUUYHBIX (HOTOKATATH3ATOPOB, OJHAKO OOJBIIUH-
CTBO W3 HUX HECIIOCOOHBI OCYIIECTBIISTH ATOT MPOLECC MO BO3JCHCTBHEM BH-
JIIMOTO CBeTa. boJblne Tpynnbl UcciielyeMbIX MaTepHalioB MPECTAaBISIOT OK-
cugpl (BaTiOs, SrTiO3 u ip.) 1 okcucyabduasl. OHH U3 MMPOKO UCCIIETYEMBIX
MOAXOJIOB sl co3aHus (JOTOKATAIM3aTOPOB — CO3/IaHHUE MATEPHAIOB CO CMe-
[IAHHBIMH aHHOHAMH, KOTOPbIE MMEIOT TAKUM OOpa30M HU3MEHEHHBIH YPOBEHb
BAJICHTHOW 30HBI, YTOOBI (poTOKaTAMM3aTOp OB CIIOCOOCH TeHepHPOBaTh HOCH-
TEJH 3apsija 1oJ| BO3JEHCTBHEM BHIMMOTO CBeTa. B menom, peanu3anus Takoro
MOJAX0/Ia OCYIIECTBIISIETCS ABYMSI METOJaMH: JIONTUPOBaHUE (OTOKATaIM3aTopa
AHMOHAMH C COXPAHEHUEM €ro MepBOHAYAIBHONW CTPYKTYPHI (Harpumep, 3aMeHa
YaCTH aHHOHOB KUCJIOPO/Ia B OKCH/IaX aHHOHAMH CEePbI WIIM a30Ta) UM CO3IaHUE
COEIMHEHUIM CO CTPYKTYpOH, cojep)kaieil JBa wix Oojiee THIA aHHOHOB
(HarpuMep, OKCHHUTPU/IBI, OKCUCYIb(UIBI).

B xone paboTbl IPOBEICHBI SKCIIEPUMEHTHI 110 CHHTE3Y THIPOKCHIIA U OKCH-
HUTpUAa Ha ocHOBe okcuaa SrTi0z:Al momMpoBaHHOTO ATIOMUHHEM, a TaKkKe
okcrcynbdumos Ha ocHoe Bi n Pb. Coenmnennst SrTiOz Hy: Al u SrTiOs 4N, Al
MOJTyYEHBI TI0 CIIEAYIOIEeMy ITyTu: TBepaodasHas peakius st cuatesa SrTiOs3,
peakiysi B paciulaBe COJICH JUIsl JIOTIMPOBAHUS IIOMUHHEM, PEaKUUsl OKCHUAA C
THAPUIOM KallbLUsl TSl TIOJTyYEHHsI THIPOKCHIA, ¥ aMMOHOJIM3 JUIsl TIpeBpariie-
HUSI THIPOKCHIA B OKCHHUTPHJ. PacCMOTPEHO BIHSHHE KOJIMYECTBA aTFOMHHUS
Ha cofieprkanue Bogopoa. [IpoBeieHbl SKCIIEPUMEHTBI IO CUHTE3y HOBBIX OKCH-
cynbdunoB Ha ocHOBe Bi 1 Pb. OnpoOoBaHbl myTn cuHTE3a depe3 TBEpIOPaz-
HBIE PEaKIMU W PeaKkuuH B paclulaBe cojei, KOTOpble HE MO3BOJIWIN JIO0CTHYb
JKEaeMbIX CTPYKTYp. B HacTosimuii MOMEHT HPOBOIATCS 3KCIIEPUMEHTHI 110
CHHTE3Y 3THX COEIMHEHUI1 IPH BHICOKOM JABJICHUH.
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MIXED ANION PHOTOCATALYSTS SYNTHESIS: SrTiOs4N,:Al
OXYNITRIDE, Bi AND Pb BASED OXYSULFIDES

Solar water splitting is one of the ways to use solar energy. Produced by the
photocatalytic method hydrogen, which can then be used as a fuel, is pure, and
its production does not require elevated temperature or pressure. The key of
this process lies in photocatalysts, which must satisfy the following require-
ments: the valence and conduction bands correspond to hydrogen and oxygen
evolution potentials, the charge carrier’s generation and separation are highly
efficient, and the material is stable in water and does not degrade easily. To
date, many different photocatalysts for water splitting have been developed, but
most of them are unable to carry out this process under the visible light. Large
groups of studied materials are oxides (BaTiO3, SrTiO3, etc.) and oxysulfides.
One common approach to obtain such photocatalysts is to create mixed anion
materials that have the valence band level altered in such a way that the photo-
catalyst is capable of generating charge carriers when exposed to visible light.
In general, this approach includes two methods: doping the photocatalyst with
anions while preserving its original structure (for example, replacing part of the
oxygen anions in oxides with sulfur or nitrogen anions) or creating compounds
with a structure containing two or more types of anions (for example, oxyni-
trides or oxysulfides).

This work shows experiments on the synthesis of hydroxide and oxynitride
based on SrTiOs:Al oxide doped with aluminium, as well as oxysulfides based
on Bi and Ph. The compounds SrTiO3,H,:Al and SrTiO3,N,:Al were obtained
by the following route: solid-state reaction to synthesize SrTiOs, flux reaction
to dope it with aluminium, reaction of oxide with calcium hydride to obtain
hydroxide, and ammonolysis to converse hydroxide to oxynitride. The effect of
different amount of Al doping on H content was explored. Experiments were
carried out to synthesize new Bi- and Pb-based oxysulfides. Synthesis routes
employing solid-phase reactions and flux reactions were tested, but they did
not lead to the desired structures. At the moment, experiments on the synthesis
of these compounds at high pressure are being carried out.
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HNCCJIIEAOBAHUE U OIIPEJAEJIEHUE KAYECTBA
HNCXOJHBIX OBPA3LOB AKTUBHbBIX 2JIEMEHTOB
JA3EPHOM KEPAMHUKHW AJTIOMO-UTTPUEBOI'O TPAHATA,
JETUPOBAHHOI'O MIOHAMH HEOJIUMA (ND**:YAG)

B pabote mpeacTaBieHbl PE3YIbTAaThl SKCIIEPUMEHTAIBHBIX HCCACAOBAHUI
KayecTBa HCXOJMHBIX OO0pa3sllOB AKTHBHBIX JJIEMEHTOB Ja3epHOW KEepaMUKU
ATTOMOUTTPHUEBOIO TpaHaTa, JETHPOBAHHOTO HMOHAMH HEOIMMA (Nd3+:YAG),
n3rorosieHnble Ha OKIT «'JIIT «Pamyra» [1]. Ompenenenne mMoIHBIX IOTEPE B
oOpasiax akTHMBHBIX DJEMEHTOB ONMpPAIOCh Ha paboty [2]. Jua mposemeHus
SKCIIEpUMEHTOB ObLI HCIOJIB30BaH BOJIOKOHHBIM Jazep JIK-100-JITI-OM-B.
Jlast ompenesieHus MOJHBIX MMOTEPL B AKTHBHOM JJIEMEHTE, Oblla M3MEPEHa
MOIIHOCTE M3JIYYEHHSI UTTEPOMEBOrO Jiazepa M MOIIHOCTL M3IYYEHHS IOCIIE
€ro IIPOXOXKIACHUA YCpE3 aKTHBHbIﬁ DJICMCHT. 3KCHCDI/IMGHT IIPOBOJUIICA C
Ka)KIbIM M3 aKTUBHBIX sementoB Nd*":YAG. Buauase 6bu1 MpoM3BeAEH pac-
yeT K03 (HIEeHTa IPOMYCKaHUs aKTUBHOI'O JjeMeHTa. Jlaiee paccunTan Ko-
3¢ GUIHEHT MOIHBIX TOTEPh M1 000HX 00pa3noB. B pe3ynbrare IpoBeAeHHBIX
BBIYMCJICHUHN, CPEIHME 3HAUCHUS IOJIHBIX ITOTEPh OIS 00pa30B aKTUBHBIX 3JIE-
mentoB Nd*':YAG, ¢ Y4eTOM MOTPEIIHOCTH [3], MPHHAMAIOT IOIyCTUMBIC
3HAYEHUS.

Ornpenenenne KauecTBa HaHECEHHBIX TIOKPLITHH TaK)Ke OMUPajIoch Ha pabo-
Ty [2]. KauecTBO HaHECEHHBIX ITOKPBITHII Ha TOPIAX AKTUBHOI'O JJIEMEHTA
onpenensercs KodhPUuHeHTOM oTpakeHus. s sToro Obla U3MeEpeHa MOIII-
HOCTh H3JIy4eHHs HTTEPOMEBOTO j1a3epa, KOTOPOE MagaeT Ha Topel o0pasia ak-
THBHOTO JIEMEHTA, ¥ MOILIHOCTL OTPAXKEHHOTO OT TOPLA AKTUBHOIO dJEMEHTa
HU3IyUYCHHUS. DKCICPUMEHT HIPOBOIUIICSA C aKTUBHBIMH 3JIEMEHTAMH Nd&*":YAG.
Cpenuue 3HaueHUus KO3(OPUIHEHTOB OTPaKEHHUS HA JiauHe BOJHEBL 1,07 MKM Ha
rpaHMuax s o6pasia akTuBHOrO 3nmementa Nd*:YAG ¢ y4€TOM TOTPEUIHO-
CTU IPUHUMAIOT JOIIYCTHMBIE 3HAUCHUS.

Ompenenenrie kod(hdUIMEHTA TACCUBHBIX IMOTEPL OMMPANOCh Ha paboTy
[4]. KosdhdummenT macCUBHBIX MOTEPH ONPENENIETCS Ha OCHOBE DKCIIEPHMEH-
TaNbHBIX JAHHBIX KO3(h(HUIIMEHTa IPOIYCKaHUsS 00pa3loB Nd3+:YAG, K02h-
(UIMEHTOB OTpakEHUs M3JIYUYEHUsT Ha rpaHunax cpem. s onpeneiaeHus Ko-
¢ PuIeHTa TACCUBHLIX IIOTEPh M3IY4YEHHs ObUI paccuuMTaH Kod(POHUIMEHT
MIPOITYCKAHUs M3JIYIEHHMs Ha rpaHulle cpeiabl. B pe3yasTare aHanu3a moJIydeH-
HBIX DKCIIEPUMEHTANILHBIX JAHHBLIX OINpPECNIEHBl 00IKe OTEPA 00pasLoB ak-
TUBHBIX 3JIEMEHTOB M KO3((PHULIMEHT aCCUBHBIX moTepb. OOpa3ibl ¢ KOHIEH-
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Tpamuei B 2% HeoanMma HMMEIOT IMMOKa3aTelab OOIIMX MOTEPh M KOIP(PHUIIMEHT
IMACCUBHBIX ITOTEPH 00JIEE YEM B TPHU Pa3a MEHBIINI, YeEM Y 00pas3IioB ¢ COaED-
kaHueM Heoguma B 1%. 1 nipu 3ToM KOd(DOUIMEHT TPOMYCKAHUS aKTHBHOTO
snmemenTa ¢ 2% Heommma HeMHoro Beiare (Ha 0,1), yem y oOpasmoB ¢ 1%
Heoanma. Takum 06pasom, oGpasusl nasepoii kepamuku Nd°WYAG ¢ Gois-
meil KoHueHTpanuen (2%) AeMOHCTPUPYIOT MEHbBINIHNE 3HAYCHHUS ONTHUECKUX
MOTEPbh, UYTO CBUJCTEIBCTBYET O JIYYIIEM Ka4eCTBE TAKUX 00pa3IioB.

1. B. B. bezotocHsiii, B. B. banamos, B. /I. bynaes, A. A. Kamunckuii, A.
1O. Kanaes, B. b. KpaBuenko, A. B. Kucenes, 1O. JI. Konsinos, A. JI. Ko-
pomsicioB, O. H. Kpoxun, K. B. Jlonyxun, C. JI. JIeicenko, M. A. ITankos,
K. A. Tloneos, 0. M. Tlonos, E. A. Yemes, Y. M. Tynuupis, “I'enepanu-
OHHBIC XapaKTEPUCTUKU HOBBIX JIA3CPHBIX KEPAMUK OTEYECCTBEHHOI'O IMPO-
u3BojcTBa”, KBantoBas anekrponmka, 48:9 (2018), 802-806 [Quantum
Electron., 48:9 (2018), 802—-806]

2. Solid State Laser, Edited by Amin H. Al-Khursan p. cm. ISBN 978-953-
51-0086-7.

3. JlaboparopHble 3aHaATHsA 10 pusmke: YueOHoe mocoome/I ompaun JILJIL.,
Uromnn @.®., Kozen C.M. u ap. Ilox pen. I'onpauna JIJI. - M.: Hayka.
I'naBHas penakums pU3MKO-MaTeMaTn4ecKon Turepatypsl, 1983. - 704 c.
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INVESTIGATION AND QUALITY DETERMINATION OF
INITIAL SAMPLES OF ACTIVE ELEMENTS OF LASER
CERAMIC YTTRIUM ALUMINUM GARNET DOPED WITH
NEODIUM IONS (ND*:YAG)

The paper presents the results of experimental studies of the quality of initial
samples of active elements of laser ceramics of yttrium aluminum garnet doped
with neodymium ions (Nd**:YAG), manufactured at the FSE “SLP Raduga” [1].
The determination of total losses in samples of active elements was based on the
work [2]. An LK-100-LP-OM-V fiber laser was used for the experiments. To de-
termine the total losses in the active element, the radiation power of the ytterbium
laser and the radiation power after it passed through the active element were
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measured. The experiment was carried out with each of the Nd®*":YAG active el-
ements. First, the transmittance of the active element was calculated. Next, the to-
tal loss factor is calculated for both samples. As a result of the calculations, the
average values of total losses for the images of Nd*":YAG active elements, taking
into account the error [3], take on acceptable values.

Determining the quality of the deposited coatings was also based on the work
[2]. The quality of the applied coatings on the ends of the active element is de-
termined by the reflection coefficient. To do this, we measured the power of the
ytterbium laser radiation, which falls on the end face of the sample of the active
element, and the power of the radiation reflected from the end face of the active
element. The experiment was carried out with Nd**:YAG active elements.The
average values of the reflectlon coefficients at a wavelength of 1.07 pum at the
boundaries for the Nd**:YAG active element sample, taking into account the er-
ror, take acceptable values.

The determination of the passive loss factor was based on the work [4]. The
passive loss coefficient |s determined on the basis of the experimental data on the
transmittance of the Nd**:YAG samples, the coefficients of reflection of radiation
at the boundaries of the media. To determine the coefficient of passive radiation
loss, the transmission coefficient of radiation at the boundary of the medium was
calculated. As a result of the analysis of the obtained experimental data, the total
losses of samples of active elements and the passive loss coefficient were deter-
mined. Samples with a concentration of 2% neodymium have a total loss index
and a passive loss factor more than three times lower than samples with a neo-
dymium content of 1%. And at the same time, the transmittance of the active el-
ement with 2% neodymium is sllghtly hlgher (by 0.1) than that of samples with
1% neodymium. Thus, samples of Nd**"YAG laser ceramics with a higher con-
centration (2%) demonstrate lower optical losses, which indicates a better quality
of such samples.
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51-0086-7.

3. JlaboparopHble 3aHsATHS 10 ¢u3snke: YueOHoe nocodue/Tonmpaun JIJL.,
Urommmn @.®., Kozen C.M. u np. Ilox pen. IN'onmpmuna JLJI. - M.: Hayka.
I'maBHast pemakius Gu3nKo-MareMaTHdeckon mteparypbl, 1983. - 704 c.

4. 3genrro O. Ipuanmmne! nazepos / Ilep. mox Hayd. pen. T. A. [IImaoHOBa.
4-enzn. — CII6.: UznarensctBo «Jlauby, 2008. — 720 ¢ : wi. - (YdeOHbIC
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MOJYUYEHHUE BBICOKOSHTPOIIMIHBIX CIIVIABOB HA
OCHOBE TYTI'OIIVIABKUX 3JIEMEHTOB (Ti, V, Nb, Ta, Mo, W)

BeicokosuaTponmiiaeie cruiassl (BOC) npusiekaloT BHUMaHNE, Kak HOBBIN
KJIacC MaTepuasioB ¢ ocoObIMU cBoiicTBaMu. [1o cpaBHEHHIO ¢ OOBIYHBIMH XKa-
porpounbiME criaBamMu BOC Ha OCHOBE TYTOIUIAaBKHX METALIOB OOIagaroT
0oJtee BBICOKOH TeMIlepaTypoil IJIaBJICHUS, XOPOIIMMH MEXaHUUYECKHMH CBOM-
CTBaMH IPU BBICOKHX TEMIIEPATYpaX M CTOWKOCTBIO K H3HOCY, OKHCIECHHUIO H
KOPPO3HH.

Mexannueckoe cruaienue (MC) i Mmexanndeckas aktupanus (MA) mo-
POIIKOB METaJUIOB IMO3BOJIICT CHHTE3MPOBATH MHOTOKOMIIOHEHTHBIE CIIIIaBhI C
PaBHOMEpPHBIM pacIpe/ieIeHHEM BCEX 3JIEMEHTOB, YTO SBJAETCS IpeuMyIle-
CTBOM JIAHHOTO METOJIa TT0 CPAaBHEHHUIO C METOaMu JINTh [ 1-3].

B nanHOi#1 paboTe BBICOKOIHTPOIHMIHBIE CIUIABBI HA OCHOBE TYTOIIABKHX
metamioB (Ti, V, Nb, Ta, Mo, W) Obuti TOJIy4eHBI B pe3ylbTaTe MEXaHWde-
CKOTO CIUIABJICHHSI CMECH TIOPOLIKOB B IUIAHETAPHOH IIApOBOH MeNbHUIIE «AK-
THUBATOP 25».

Just momydennst 06beMHBIX BOC mpoBOIMIM KOHCOJIMAAIMIO TTOPOIIKOB
CIUTaBOB METOAOM HCKpoBoro rmasMmenHoro crnekanus (UIIC) B Bakyyme npu
temnepatype 1300 °C u TpaJuIIMOHHBIM CIICKaHUEM B apTOHE.

HccnenoBanus numgoB MOTYYEHHBIX MTOPOLIKOB MeTooM POM mokazanmu,
910 OmHO(Ma3HBIH TBepAblii pacTBop ¢ OLIK cTpykTypol ¢ paBHOMEPHBIM pac-
npejierieHreM Bcex aieMeHToB B cuctemax Ti-V-Nb-Mo-Ta, Ti-V-Nb-Ta-W
obpazyercs mocine 180 MUHYT MEXaHUYECKOH aKTHBAIIUH.

[TonmydeHHsle TIpH CHEKAHUM TPAKTUYECKH OECHOPHUCTHIE MaTepHajbl CO-
xpassumi OLIK cTpyKkTypy TBEpABIX PacTBOPOB.

Cpennue 3Ha4eHUsT MUKpoTBepaocTH cruraBoB TiVNbMoTa u TiVNbTaW,
cneueHHbIx nocie 180 munyr MA, coctaBunu coorBeTcTBeHHO 6 u 8,5 I'Tla.

Hccneoosanue evinonneno npu @urancogoi noodoepoicke Poccuiickoeo
Hayunozo ¢onoa (npoexm Ne 20-13-00277).
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OBTAINANCE OF HIGH-ENTROPY ALLOYS BASED ON
REFRACTORY ELEMENTS (Ti, V, Nb, Ta, Mo, W)

High entropy alloys (HEAS) are attracting attention as a new class of raw
materials with useful properties. Compared with conventional high temperature
alloys, refractory metal HEAs have a higher melting point, good mechanical
properties at high temperatures, and resistance to wear, oxidation, and attack.

Mechanical alloying (MA) or mechanical activation (MA) of powder metals
makes it possible to synthesize multicomponent alloys with a uniform combina-
tion of all elements, which is an advantage of this method compared to the cast-
ing method [1-3].

In this work, high-entropy alloys based on refractory metals (Ti, V, Nb, Ta,
Mo, W) were found as a result of mechanical alloying of a mixture of powders
in an Activator 2S planetary ball box.

To obtain bulk HEAs, the concentration of powders is carried out by the
method of spark plasma sintering (SPS) in vacuum at a temperature of 1300 °C
and sintering in argon is observed.

The study of thin sections of powders by SEM measures that a solid solu-
tion with a single-phase BCC structure with a uniform consumption of all body
elements in Ti-V-Nb-Mo-Ta, Ti-V-Nb-Ta-W affects after a 180-minute activa-
tion reaction.

Practically pore-free materials obtained during baking preserve the BCC
bones of solid solutions.

The average microhardness values of the TiVNbMoTa and TiVNbTaW al-
loys sintered after 180 minutes of MA were 6 and 8.5 GPa, respectively.

The study was supported by the Russian Science Foundation (project no.
20-13-00277).
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KOPPO3HMOHHOE 1 JIEKTPOXUMHYECKOE MOBEJEHUE
BBICOKODHTPOITUITHOT'O CIIJIABA CoCrFeNiMo
B KACJIBIX M HEMTPAJILHBIX XJIOPUICOEPKALLIMX
CPEJAX

B Hacrosiiee BpeMsl aKkTHBHO IIPOJIOJDKAIOTCS MCCIIEIOBaHKE U pa3paboTKa
BBICOKODHTPOIMUIHEIX MaTepPHaaoB, B TOM uncie criaBos cuctemsl CoCriFeNi.
Jlns manbHelier pa3paOOTKH BBICOKOSHTPONMMHBIX ciiaBoB (BOC) ¢ Toukn
3pEHMS MPAKTHYECKOTO HCIOJIB30BAHUS HEOOXOAMMO IIYOOKOE IMOHUMAHUE UX
CBOWCTB, a TaK’K€ BO3MOKHOCTH IIPOrHO3UPOBAHUS MTOBEACHUS 3THX Marepua-
JIOB B JOJICOCPOYHOM IlepcrekThBe. TeM He MeHee, Ha JaHHBIM MOMEHT OCHOB-
HBII YIIOp B UCCACAOBAHUAX CACIAH HA YCKOPEHHBIC UCIIBITAHUS, & CHCTEMaTH-
3UPOBAHHBIC JAHHBIC O BIMSHHUH OTACIbHBIX KOMIIOHECHTOB CPE/Ibl HA KOPPO3H-
OHHVIO CTOHKOCTH BBICOKODHTPOINMHBIX CIIABOB OTCYTCTBYIOT [1-9]. Llennio
JIaHHOW pPa0OTHhI SBISICTCSA OIpPEACIICHHE KOPPO3WOHHOM cTroiikoctu BOC
CoCrFeNiMo mo pesyasTaTaM [QJIUTENBHBIX HCIBITAHWA B KUCHIBIX H
HEWTpaIbHEIX XJIOPHACOJAEPKAIIMX CPeAaX B OTCYICTBUM U IIPHUCYTCTBHHU
OKHUCITUTEIIS, & TAKIKE OICHKA BO3MOXKHOCTH MPOTHO3UPOBAHMS KOPPO3UOHHOM
CTOMKOCTH I10 PE3YIbTaTaM YCKOPEHHBIX MCIIBITAHNH.

B nacrosmeii pabore xopposuonnas croiikocts BOC CoCrFeNiMo, mony-
YEeHHOI'0 METOJ0OM BaKyyMHO-IYrOBOM IIIaBKH M OTOxOKeHHOro mpu 900 °C B
TeueHue 1 4daca [4], ucciaemoBana ¢ MOMOIIBI0 TPaBUMETPHUECKUX UCITBITAHUIA,
AIIEKTPOXUMHUICCKHAX M3MEPEHHUH, a TaKkKe METOJAMH PEHTT€HOBCKOH mu(ppak-
TOMETPHUHU U 3JICKTPOHHOM MHKPOCKOITHH.

ITo pe3ynapTaTaM TrpaBUMETPUYECKMX HCIBITAHMH IIOKA3aHO, YTO CILIaB
CoCrFeNiMo o006aaer BBICOKOH KOPPO3UOHHON CTOMKOCTBIO B HEMTPAILHOM
u xkucioM pacteopax NaCl (ckopocts Koppo3uu He Beimie 1 Mkm/rox). Compo-
THBJIEHUE KOppo3un cHmxkaercs npu Aobasiennu 0,01 M H,O, B Kucnslii pac-
tBop NaCl (ckopocTs Koppo3uu — oxosio 21 mxm/ron). Kopposnonnas croii-
KOCTh 3HAUMTEILHO MafaeT B pacTBope cuinbHOro okuciurens FeCls (ckopocth
koppo3suu okojo 0,26 mm/roxn). ITo pe3yiabrataM HCCIIENOBAaHUS ITOBEPXHOCTEN
00pa3I0B MOCJC UCIIBITAHUI MOKa3aHO, YTO (ha3bl, B OCHOBHOM IIOJIBEPKEHHEIC
KOppO3uHn, 00eTHEHBI XPOMOM U MoJOaecHOM. Da3pl, 000raleHHbIe XPOMOM U
MOJIMOJICHOM, CTAHOBSTCS KOPPO3HOHHO IOBPEXKICHHBIMH B IPHUCYTCTBHH
FeCl; wmu npu cuiibHOM aHOIHOM HoJIspu3aly B KucioM pacteope NaCl, co-
nepxamiem 0,01 M H,0,.

Ilo pe3yapTaTaM 3JIEKTPOXMMHUYECKHX HM3MEPEHUM IMOKa3aHO, YTO CILIAB
CoCrFeNiMo oOmamaer 0o0Jiee BBICOKOH KOPPO3HUOHHON CTOMKOCTBIO B
HelTpabHBIX cpenax. CyIeCTBCHHBIX H3MEHEHHUI B AJIEKTPOXUMHUYECKOM I10-

129



BeseHunu cruiaBa npu nobasnennu 0,01 M H,0, B kucinsiii pactBope NaCl e
HaOII0IaeTCs.

Tax, coriacHo pe3ynbTaTaM YCKOPEHHBIX HCIIBITaAHUM, 00Jee 3HAUUTENHHOE
BIMAHUE Ha KOPPO3UMOHHYIO cToMKkocTh criaBa COCrFeNiMo oxaseiBaer pH
pactBopa. Tem He MeHee, ¢ TeUeHHEeM BpEMEHH HATHYHE CHILHOTO OKMCIUTEIS
B CpeJIc CTAHOBUTCS 00JIee CYIIECTBCHHBIM (PAKTOPOM.
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CHHTE3 KXEJE30COIEPXKXAIIINX CBEPXITPOBOJHUKOB
COCTABA FeSe;_Te,

Jliist ceMeiicTBa BHICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJIHMKOB Ha OCHOBE JKe-
Je3a B 00JacTH BOJIM3M CBEPXIPOBOIALIETO Iepexoia ObUTH 0OHapyKEeHBI He-
KOTOPBIC aHOMAJIUH, KOTOPHIC TIOKa HE UMCIOT TOCIICAOBATEIIFHOTO TEOpETHY C-
CKOTO OOBSCHEHHS, B CBS3M C YEM AaKTyallbHBIM SIBIIICTCS HCCICIOBAHUC
HanOoJIee MPOCTHIX MO CTPOCHHUIO JKEIE3HBIX CBEPXIIPOBOJIHUKOB. Tarke Baxk-
HBIM aCIEKTOM SIBJISIETCS] BO3MOKHOCTD MCCIICAOBaHMSI IPHYNH BOSHUKHOBCHHS
1 0COOEHHOCTEH CBEPXIIPOBOJISIIECTO COCTOSIHHS B KJIacCE€ CBEPXIIPOBOTHUKOB
Ha OCHOBE jKeJie3a, KOTOPbIe UMEIOT MEPCHEKTHBHI IS TPOMBIIUICHHOTO TPH-
MEHEHHSI.

FeSe — ouenp ynoOHas cucrema Juisi SKCIEPUMEHTAILHOTO U3y4EHHsI DIICK-
TPOHHBIX CBOWCTB CBEPXIIPOBOJHUKOB Ha OCHOBE jkene3a. FeSe umeer camyro
MPOCTYI0 KPUCTAJUTMUECKYIO CTPYKTYPY CPEAU BCEX JKEJIE3HBIX CBEPXIPOBO -
HUKOB U 00J1aJIa€T TOCTATOYHON YCTOMUNBOCTBIO.

CunTtaercs, YTO 3HAYUTEIFHOE YBEIIMYCHUE TEMIIEPATyPhl CBEPXIIPOBOJIS-
IIEro Tepexosia MpH 3aMeIleHWH ceJieHa OoJiee KPYIHBIM TEITyPOMMOXKET
OBITH CBSI3aHO C UCKaXKEHUEM CTPYKTYPHI «XUMHUYCCKUM cxatuem» Fe-Se tet-
pasapoB, CXOMHBIM ¢ (pusmdeckuM  ckaTreM. OU3HIEcKOe CKATHE CTPYKTYPHI
FeSe ¢ momormpio THAPOCTATHYECKOTO JABJICHUS MPHUBOAUT K MOYTH PEKOP/I-
HOMY YBEJHUYEHHIO TEMIIEPATypHl IEpexo/ia B CBEPXIIPOBOMSAIICE COCTOSHUE
[1].

Kpucramnsr FeSe,,T€y Obur mOIydeHB METOIOM CHHTE3a B COJIEBOM pac-
IUIaBe, a TAK)Ke [PU OMOIIM Ta30BOr0 TPAHCIOPTa B 3aMKHYTBIX LIMJIMHIPUYE-
CKUX PEaKIMOHHBIX COCY/aX U3 KBAapIEBOTO CTEKJIa B TOPU30OHTAILHOM TEMIIe-
parypHOM TpajaueHTe. B kayecTBe TPaHCHOPTHOI'O peareHTa HMCHOJIb30BAJICH
AICl;, AIBr; npu mpyMeHEHHH METOJAa Ta30BOTO TPAHCIOPTa ObLI BIEPBBHIC
yIa4HO WCIOJB30BaH B KaUueCTBE TpaHCHOPTHOTO peareHTa PCls 1 MOHOKpH-
craioB coctaBa FeSe _ Te,.

Jns monyaernnoro obpasma FeSeqsTep4 ObUH TIpOBEACHBI MOAPOOHEIC H3-
MEpEHUS TaTbBaHOMETPHUCCKIX CBOWCTB W TEMIIEPATYPHON 3aBHCHMOCTH KO-
s dunreHTa AmacTope3ecTuBHOTO dpdexra [2].

1. Abdel-Hafiez M. et al. Temperature dependence of lower critical field H ¢ 1 (T)
shows nodeless superconductivity in FeSe //Physical Review B. 2013. T. 88. Ne.
17. C. 174512.

2. Ovchenkov Y. A. et al. Multiband effect in elastoresistance of Fe (Se, Te) //EPL
(Europhysics Letters). — 2020. — T. 131. — Ne. 5. — C. 57001.
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OKWCJIEHUE BHYTPEHHEH NOBEPXHOCTH
AJIIOMUHUEBOM TPYBKHA B AHOMAJIbHOM TJIEIOIIEM
PA3PAJE C HEHTPAJIBHBIM JJIEKTPOJI0OM

3amuTa BHEIIHUX M BHYTPEHHUX IOBEPXHOCTEH TEIUIOBBIICISIOMIUX 3Jie-
MEHTOB SICPHBIX PEaKTOPOB OT KOPPO3UH OCTACTCS aKTyaJbHOH 3amadeil Kak
JUIS CYIIECTBYIOIUX, TaK U AJIsl IPOEKTUPYEMBIX peakTopoB. Eciu HaHeceHue
3aIMTHl Ha BHEIIHUE MOBEPXHOCTH MOXHO NPOBOAUTH PA3HOOOPA3HBIMHU CIIO-
cobaMu, TO 3aIllMTa BHYTPEHHEHW MOBEPXHOCTH TPYOKH OrpaHHYeHa B MHCTPY-
MEHTaJIbHBIX BO3MOKHOCTAX. OHUM M3 CIIOCOOOB 3aIIUTHI SIBISETCS HaHECE-
HHUe OappepHOTo MH((HY3MOHHOTO CIIOS, HAPUMEp OKcuaa amoMuaus. OxHIM
U3 BAPUAHTOB CO3JJAHUS TAKOTO CIJIOSI SABJIAETCS HAaHECCHUE TOHKOTO CJOS allfo-
MUHHS U €r0 MOCJIEAYIoNIee OKUCICHNE B KUCIOPOIHOH TIIa3Me.

B nanHO# pa®oTe BBINOJIIHEHBI AKCIIEPUMEHTHI 110 IUIa3MEHHOMY OKHCIIE-
HUIO BHYTPEHHEH ITOBEPXHOCTH AIOMHHHEBOW TPYOKHM, M3TOTOBICHHOH W3
TOHKOH airomMuHHeBoW (onbru. Ha pucyHke nmpuBesneHa cxema ycTaHOBKH. B
Hel pacronaranach aqfOMUHHEBas TpyOKa, KOTOpasl CIy:KWJa aHOJIOM, U ICH-
TpaNbHBIN 2JEKTPOJ HA €€ OCH, KOTOPBIHM CILY’KUJI KaTOJIOM.

()
=

Puc. 1 — CxeMa OCHOBHBIX y3710B YCTAaHOBKHU: |-BakyyMHas KaMepa;
2- xiamnas; 3- GopBakyyMHbBIN HacOC; 4-0aJIIOHBI C ra3aMu; 5-
PEIYKTOPHI; 6- HATEKATENH; 7- TOKOBOJBI, 8-0JIOK MUTaHUS; 9-TaTINKA
nasienus; 10-TpyOka-aHOI U IIEHTPaIbHBIN KaTO/I.

Kamepa otkauuBanack 10 7x1073 mGap. 3aTeM B Heil 3aKurancs TIEONUH
paspsin B Kuciopojae npu maaBineHun 1.25 mOap. Ilocie okoH4aHUs 00pabOTKU
o6pasel ocThIBal 10/l BAKYyMOM japjienus 7X 1073 mbap B TeueHue 3 4acos.

B mponiecce 06paboTKH B IU1a3Me HANPsDKEHHE Ha paspsiie BO3pacTaio, KaK
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MOKa3aHo Ha pucyHke 2. biok nmuranHus paboTan B pekuMe MOCTOSIHHON MOII-
HOCTH, ¥ YBEJINYEHHUE HAMPSHKCHUS] COOTBETCTBOBAIO YMEHBIICHHIO TOKa. JTO
MOIJIO CBHJIETEJILCTBOBATh 00 IOCTEIIEHHOM OKHCIICHHH ITOBEPXHOCTH, CKO-
POCTh KOTOPOTO YMEHBIIAIACh BO BPEMEHU M3-3a YBEIWYEHHS TOJIIHNHBI OKCH-
JTHOU TIEHKH, HO HE MPEKPAIIaIoch COBCEM.
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Puc. 2 — 3aBucuMoCTb HaNpsDKEHUS HA pa3psae OT BpEMEHH

V3mepeHnsi METOIOM PEHTIEHOBCKOH (POTOINEKTPOHHON CIIEKTPOCKONNH
CBUIETEIBCTBYIOT O (POPMHUPOBAHHUHN CTEXHOMETpHIeckoro okcumaa Al203. Us3-
MEpEeHHsI METOJJOM SHEProIUCIIEPCHOHHOTO aHalIn3a, OKa3aHHbIE Ha PHCYHKE
3, CBUAETEIBCTBYIOT 00 YBENWYCHUH COJEPIKAHUSA KUCIOpOJaa IMpuMepHo B 14
pa3. Eciu Bech KUCIIOPO CBSI3aH B OKCHJIBI, TO MOKHO CUUTATh, YTO TOJII[MHA
OKCHJIHOTO cJiost BeIpocia B 14 pa3. Eciam make ecTecTBEHHBIN COi OKcHaa
TIOMHUHUS TOJIIMHON 2-5 HM mpesacTaBisieT co0oit addexTnBHBIN Gapbep st
i dy3un Kuciopoa u aTOMHHUS, TO MOKHO CUUTATh, YTO CJIOM, CO3/IaHHBIN
IUTAa3MEHHBIM OKHCJICHHEM, SBISIETCS BechbMa 3(QQEKTHBHBIM OaphepoMm st
muddy3un, ¥ Takas TEXHOJOTUS MOJXET NPEJCTaBISATh WHTEPEC VIS 3alUThI
BHYTpEHHEH moBepxHOCTH TpyOok TBIJL.
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Puc. 3 — I'paduk 3aBUCUMOCTH OTHOIIEHUS COACPKaHMsI KUCIOpOaa B 00-
paboTaHHOM 00pas3ile K KCXOJAHOMY COJIEPKAHUIO OT BPEMEHU
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OXIDATION OF THE INNER SURFACE OF AN ALUMINUM
TUBE IN AN ABNORMAL GLOW DISCHARGE WITH A
CENTRAL ELECTRODE

Protection of external and internal surfaces of fuel elements of nuclear reac-
tors against corrosion remains an urgent task for both existing and projected re-
actors. If the application of protecting layers to external surfaces can be carried
out in a variety of ways, then the protection of the inner surface of the tube is
limited in instrumental capabilities. One of the methods of protection is deposi-
tion of a diffusion barrier layer, for example, aluminum oxide. One of the op-
tions for creating such a layer is the deposition of a thin layer of aluminum and
its subsequent oxidation in oxygen plasma.

In this paper, experiments on plasma oxidation of the inner surface of an
aluminum tube made of thin aluminum foil have been performed. Figure 1
shows the installation scheme. An aluminum tube, which served as an anode,
and a central electrode on its axis, which served as a cathode are installed in a
vacuum chamber of the installation.

8
[l
|1{) | 2 %
9

Fig. 1 — The installation for plasma oxidation: 1- vacuum chamber;

2- valve; 3- vacuum pump; 4- gas tanks; 5- reducers; 6- leak valves; 7-

current leads; 8- power supply unit; 9- pressure gauges; 10- tube-anode
and central cathode.

The chamber was pumped out to 7x10~3 mbar. Then oxygen was injected
into it to a working pressure of 1.25 mbar, and a glow discharge was ignited.
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After finishing the treatment, the chamber was pumped out to a pressure of
7% 1073 mbar, and the sample cooled under vacuum for 3 hours.

During plasma treatment, the discharge voltage increased, as it is shown in
Figure 2. The power supply operated in power stabilization mode, and the in-
crease in voltage corresponded to a decrease in current. This could indicate a
gradual oxidation of the surface, the rate of which decreased over time due to
an increase in the thickness of the oxide film, but did not stop altogether.
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Fig. 2 — Dependence of the discharge voltage on time

Measurements by X-Ray photoelectron spectroscopy indicated the for-
mation of stoichiometric oxide AI203. Measurements by energy dispersion
spectroscopy, the results of which are shown in Figure 3, indicate an increase in
oxygen content by about 14 times. If all oxygen is bound into oxides, then we
can assume that the thickness of the oxide layer increased by 14 times. Even if
a natural layer of aluminum oxide with a thickness of 2-5 nm is an effective
barrier for the diffusion of oxygen and aluminum through it, then it can be con-
sidered that the layer created by plasma oxidation is a very effective barrier for
diffusion, and such a technology may be of interest for protecting the inner sur-
faces of fuel rods.
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Fig. 3 — The time dependence of the ratio of oxygen content in the sample to
the initial content
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BBICOKOTEMIIEPATYPHOE OKUCJIEHUE N
MEXAHUYECKOE ITOBEJEHUE JIASEPHBIX CBAPHBIX
COEJIMHEHUI U3 CILJIABA 3110 C XPOMOBBIM
IHNOKPBITUEM

I_II/IDKOHI/leBbIe CIIJIaBbI UCITIOJB3YIOTCA B KAYCCTBC OCHOBHOI'O KOHCTPYKIIU-
OHHOI'O MaTepHaja TEILIOBLIAEISIONINX COOPOK BOJO-BOASHBIX JHEPreTHUE-
CKHX PEaKTOPOB 0J1aroaapsi COOTBETCTBUIO MX MEXaHMYECKUX CBOICTB, pajaua-
LMOHHOM CTOMKOCTH, CTOMKOCTH K OKHMCIICHHMIO NPH HOPMAILHBIX YCIIOBHSIX
skcnyatanuu (360 °C, 18,6 MIla) marepuanaM akTHBHOKH 30HBI. OIHAKO B
YCIIOBHSX aBapuHy Ha SAEPHOM PEAKTOPE BO3MOKEH HArPEB €ro aKTUBHOM 30HBI,
MPUBOIALIUNA K OKHUCIACHUIO U IOCIEAYIOIIEMY Pa3pyLIEHUI0 OTBETCTBEHHBIX
9JIEMEHTOB, BEIIIOJIHEHHBIX U3 Zf ciiaBoB. Oco0oe BHUMaHUE CIEAYET YAEIUTh
CBApHBIM COCAMHCHHUSAM, T.K. IPOILIECC MX OKHCIEHHS MIPOXOJHUT C OOJbIICH
ckopocThio [1,2]. HacTosimas paboTa HalpaBiieHa Ha M3ydeHHUE CTOMKOCTH Jia-
3€pHBIX CBAapHBIX COEAMHEHMHI HUPKOHHEBOro cimiaBa D110 ¢ XpoMOBBIM ITO-
KpI)ITI/IeM K BBICOKOTEMIICPATYPHOMY OKHCIICHUIO U UX MCXaHHYCCKHUX CBOﬁCTB.

Brmoimeno ocaxkaenue Cr MOKPHITHII HA MOBEPXHOCTH Ja3€pPHEIX IIIBOB
METOJI0OM MAarHeTPOHHOI0 PaCILUIEHHS, IPOU3BENECHO UX OKUCICHUE HA BO3AY-
xe npu temneparype 1100 °C B teuenne 2, 10, 30, 45, 60 1 90 mun. Ha ocHoBe
W3MEPEHHBIX 3HAYCHUH MAacCHl 10 M MOCIe OKUCICHHUS OBUT PacCUUTaH KOppo-
3WOHHBIN MpuBec 00pa3mos (puc. 1).
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Pucyrok 1. 3aBHCHMOCTE KOPPO3HOHHOTO MPHUBECA JTa3ePHBIX IIIBOB OT BpeMe-
HU OKHCIeHUs. [IpuBeeHbI ONTHYECKHE H300pasKeH ST MEKPOCTPYKTYPHI 1O~
MEPEYHOTO CEUEHHS 00Pa3IoB.
C MOMOIIBIO ONTHYECKOW MHUKPOCKOTIMH BBITIOJHEH aHAIM3 MHKPOCTPYKTY-
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PBI TIOTIEPEYHOTO CCUCHHUSI JTa3epPHBIX IBOB. YCTaHOBIICHO, 9TO CI MOKpHITHE
MOBBIIIAET CTOWKOCTD JIa3¢PHBIX IBOB K BBICOKOTEMIIEPATYPHOMY OKHCJICHUIO
B TeueHue He MeHee 90 MUHYT. 3HAUCHHS KOPPO3HMOHHOTO MPHBEca 00pas3IioB
0e3 MOKPBITUS TPU UTUTETLHOCTH OKHUCTeHHUS 2 U 10 MUH 3HAYUTENBHO Tpe-
BBIIIAIOT 3HAa4YeHUs Uit oOpas3ioB ¢ Cr nokpeithem. M3mepena TBEPIOCTH B
Pa3IMYHBIX 30HAX (30HE 0OBEMHOTO CIUIaBa, 30HE TEPMUUECKOTO BO3ICHCTBHS
(3TB) u 30He cBapHOTO mIBa). Ha OCHOBAaHMM TONYYCHHBIX JAHHBIX MTOCTPOCH
FDad)I/lK 3aBUCUMOCTH TBéD}IOCTI/I O6D33110B OT BPEMECHU UX OKHCIICHHUSA (DI/IC. 2,
a). BrImoHEeHBI HCIIBITAaHMS IBOB Ha TPEXTOUYECUHBIN M3TH0, U MOCTPOEHBI KPH-
BEIE 3aBUCHMOCTH «Harpy3ka-niepemernierune» (puc. 2, 6). O06pazer 6e3 mMoKpbI-
THS TIOCTIC OKUCIICHHSI B TEUCHUE 2 MUH TPECHYN Ipu Harpyske ~0,8 krc, 00-
pa3is! ¢ Cr TOKPHITUSME UMEJH MTOBEICHUE, THITMYHOE IS TUTACTHYHBIX MaTe-
puanoB. IIpoJEMOHCTPUPOBAHO YIPOYHEHHWE CBAapHBIX COCTUHEHUH u3 Zr
ctaBa ¢ Cr HOKPBITHEM ITOCTIC X OKUCIICHHUSL.
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Pucynoxk 2. TBEpAOCTH JIa3€PHBIX IIIBOB B PA3IMYHBIX 30HaX B 3aBUCHMOCTH OT
BPEMEHHU OKHCJICHUS (2) U JaHHBIC «HArpy3Kka-nepemMeiieHuey (0) mpu Tpéxro-
YEUYHOM HM3TrHO€ IIIBOB.

INokazano, yto Cr MOKpBITHE NMOBBIMIAET CTOHKOCTh K OKUCICHHUIO JIa-
3epHBIX LIBOB U3 IUpKOHUEBOro cmiaaBa J110. M3MeHeHHe MUKPOCTPYKTYpPbI
IIBOB B TIOIIEPEYHOM CeueHnH, o0ycioBieHHoe popmupoBanueM o-Zr(O), npu-
BOJUT K YIIPOUHEHHIO CBAPHOTO COCTUHEHUS.

HccnenoBanue BBIIOIHEHO MpH Moaepkke Poccuiickoro HaydHoro GoHza,
mpoekt Ne19-79-10116.

1. Sidelev D.V., Kashkarov E.B., Grudinin V.A., Krinitcyn M.G. // High-
temperature oxidation of Cr-coated laser beam welds made from E110 zirconium al-
loy, Corrosion Science, 195, (2022) 110018,
https://doi.ora/10.1016/j.corsci.2021.110018

2. Tao, W.; Cai, C.; Li, L.; Chen, Y.; Ling Wanag, Y. // Pulsed laser spot welding of
intersection points for Zircaloy-4 spacer grid assembly, Mater. Des. 2013, 52, 487-
494, https://doi.org/10.1016/j.matdes.2013.05.037
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QJEKTPOHHOE CTPOEHHUE KOMIUIEKCOB [M(SALEN)]:
HCCJIEJJOBAHUE METOJIAMUW PEHTTEHOBCKOM
CHHEKTPOCKOIIMA C CUHXPOTPOHHBIM U3JIYYHEHUEM

DVYHKIMOHAIBHBIE TOIUMEDPHBIE MATEPUAIIBLI, MOJYYEHHBIE DIEKTPOXUMHU-
YeCKOM IMOIMMEPHU3alHMeEN KOMIUIEKCOB IIEPEXOAHBIX METAIIOB C JIMTAaHIAMU
cairegosoro tuma [M(Salen)] (M=Ni, Co, Cu), akTUBHO H3Y4alOTCS B CBSI3HU C
MEPCICKTUBAMH MX MPUMCHEHHUS B KAa4eCTBE OCHOBBI DJICKTPOJOB HOBBIX HC-
TOYHHKOB XpaHEHUs U IIPeoOpa3oBaHus sHeprud [11].

B nmannoi pabore ObLIO MPOBEACHO KOMILIEKCHOE HCCIIEIOBAHHE JIOKAJb-
HOM aTOMHOM M DJJEKTPOHHOH CTPYKTYDBI MOHOMEDHBIX KOMILJIEKCOB
[Ni(Salen)1, [Co(Salen)], [Cu(Salen)] u cBoGoxuoro canena H,Salen ¢ mpume-
HEHHEM KOMOMHAIIMHA PEHTIEHOCIIEKTPAIBHBIX METONOB aHanu3a — Ultraviolet,
Valence band u core-level photoemission spectroscopy (UV PES, VB PES u
XPS); X-ray Absorption Spectroscopy (NEXAFS), nomonHeHsIX pacueraMy B
paMkax Tteopuu GvHKmoHana ruiotHocty (Density Functiol Theory — DFT).
OCHOBHBIC M3MEPCHHS OBLIH BBITIOJHCHEI C MCIIOIB30BAaHUEM HU3MEPUTEIEHON
cranim HAHO®OC kanana K6.5. Kypuatosckoro Ilenrpa CH.

B pe3ynbrare NpoBeNEHHBIX HCCIIEN0BAHUI OBUIO YCTAHOBIIEHO, YTO BEPXHUE
3aIoJTHEHHBIE MOJIEKYIIIpHBIE opouTamu (MO) monekyibl Ho(Salen) oGpa3viores
B PE3V/IbTATE CHJIBHOI'O IEPEMEIMBAHNS BAICHTHBIX aTOMHBIX opouTanei (AQO)
aromoB juradga (C, N, O), a B ciryuae [Ni(Salen)], [Cu(Salen)] u [Co(Salen)] —
pe3yabTare CUIbLHOM rHOpuan3anuy BajaeHTHBIX AQ aToMOB MeTajlla U aTOMOB
mmragna. IIpsmoe cpaBHeHne VB PE cniekTpoB M MOJIHOM INIOTHOCTH 3aHSTBIX
cocrosauil (DOS) Ha ocHoBe DFT pacueToB MOKa3bIBAET, YTO UX CIEKTPAILHEIE
npoduiau NOoK00HBI APYT ADYIY M0 KOJUYECTBY CTPYKTYD U UX DHEPIETUYECKUM
[O3UIMAM. B 11€710M pacyeTsl 3a0aHEHHBIX MIEKTPOHHBIX COCTOSHUI B BAIEHT-
HOI1 30HE 11 Bcex KoMiniekcoB [M(Salen)] 1ocTaTouHO XOPOIIO OMMCHIBAIOT MX
skcnepuMmenTansaele VB PE cnexrpel. TakuM o6pa3om, mokasano, uro M 3d-
DJIEKTPOHBI UI'PAIOT BAXKHYIO POJIb B (DOPMHUPOBAHUU IIIEKTPOHHOM CTPYKTYDBI
MOJIEKYIIIPHBIX KoMInIekcoB [M(Salen)]. XPS crekTpsl 03BOIMIN OXapaKTepu-
30BaTh XMMHUYECKHE COCTOSHHS aTOMOB B KOMIUIECaX. B CBOIO oOuepep,
NEXAFS crekrpbl MCHOIL30BaHbl I HOJNYYEHHs MHGMOPMALMU O CBOMCTBAX
HE3aHSATHIX MIEKTPOHHBIX COCTOSHUAX B MCCIIEI0OBAHHBIX CUCTEMAX.

Hccneoosanue gvinonneno 3a cuem epanma PH® Ne2 1-72-10029.

1. Li M., Jiao H., Zhang H., Jiao S. // International Journal of Electrochemical Sci-
ence, 10 (2015) 8797-8806.
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ELECTRONIC STRUCTURE OF [M(SALEN)] COMPLEXES:
INVESTIGATION BY X-RAY SPECTROSCOPY WITH
SYNCHROTRON RADIATION

Functional polymeric materials obtained by the electrochemical polymeriza-
tion of transition metal complexes with salen-type ligands [M(Salen)] (M=Ni,
Co, Cu) are actively studied due to the prospects of their application as new en-
ergy storage electrodes [1].

In this work, a comparative study of the local atomic and electronic struc-
ture of monomeric complexes [Ni(Salen)], [Co(Salen)], [Cu(Salen)] and free
salen (H,Salen) was carried out by a combination of X-ray spectral methods -
Ultraviolet, Valence band and core-level photoemission spectroscopy (UV
PES, VB PES and XPS); X-ray Absorption Spectroscopy (NEXAFS), supple-
mented by Density Functiol Theory (DFT) calculations. The main measure-
ments were performed using the NANOPES station, channel K6.5. Kurchatov
Center for SI.

As a result of the studies, it was found that the upper occupied molecular
orbitals (MO) of the Hy(Salen) are formed by strong mixing of the valence
atomic orbitals (AO) of the ligand atoms (C, N, O), and in the case of
[M(Salen)] (M=Ni, Co, Cu), by strong hybridization of valence AOs of metal
and ligand atoms. A comparison of the VB PE spectra and the total DOS based
on DFT calculations shows that their spectral profiles are similar to each other
in terms of the number of structures and their energy positions. In general, DFT
calculations of states in the VB for all [M(Salen)] complexes describe their ex-
perimental VB PE spectra quite well. Thus, it has been shown that M 3d elec-
trons play an important role in the formation of the electronic structure of mo-
lecular complexes [M(Salen)]. The XPS spectra were used to determine the
chemical states of atoms in complexes. In turn, NEXAFS spectra were used to
obtain information about the properties of unoccupied electronic states in the
studied systems.

The study was supported by the Russian Science Foundation grant No. 21-
72-10029.
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K OLIEHKE MPEJAEJIbHBIX COCTOSHUN MATEPHUAJIOB
HA PA3HBIX MACIHITABHO-CTPYKTYPHBIX YPOBHSX
IIPU BUTAPMOHHMNYECKUX PEXKUMAX HAI'PYKEHUS

3amaua MOJENMPOBAHUS PA3BUTUSA MpoOIlecca yCTAIOCTHOTO Pa3pyIICHUS
mpu OUTapMOHHUYECKOM MHOTOIIMKIOBOM HArpyXCHHH SBIISICTCS aKTyallbHOU
npoOIeMOH ITpU OLEHKE JIOJITOBEYHOCTH MHOTHX 3JIEMEHTOB MHKEHEPHBIX CH-
creM. Takue HarpyXeHusl SIBJISIOTCS SKCILTyaTallMOHHBIMU PEKUMaMU 3J1EMEH-
TOB YHEPreTUYECKOro 000PYJ0BaHHMS, JIOTIATOK U JMCKOB TYpOOHACOCHBIX arpe-
raToB aBUALIMOHHBIX U PAKETHBIX IIBUraTellel, BHYTPUKOPIIYCHBIX YCTPOMCTB
SHEPreTUYECKUX PEaKTOPOB, MaporeHeparopos u Ap. IIpu Teoperndyeckom onu-
CaHUM MCIOJB3YIOT SMIIMPUUECKUE KPUTEPHUATbHbIE COOTHOLICHMS, Kilaccude-
ckue Teopur npoyHoctu. Llupokoe pacnpocTpaHeHue MOTy4YrUId MOAEIU KOH-
TUHYaNbHBIX TeOpuil moBpexxaeHHoCTH. IIpu 3TOM B pesynbTaTe aHamu3a pe-
3y/lbTaTOB AKCHEPUMEHTAIbHO-TEOPETUUECKUX MCCIEAOBAHUNA 3aKOHOMEPHO-
cTell pa3BUTHUS OOHAPYKUBAETCS, YTO YCTAIOCTHOE Pa3pylIEHHE SBISETCS pas-
HOMACIITAa0HBIM CITyJaifHBIM TPOIIECCOM IIOCIIEAOBATENFHOTO IPOXOXKICHHS
ONPEAEIECHHBIX CTPYKTYPHBIX YPOBHEW U HE ABISETCS MPOLECCOM HAKOIICHHUS
noBpexaeHui. JlocTuxkeHrne mpeiesibHbIX COCTOSHUM ONpeeNnsieTcs CTaTUCTH-
KOH pacmpeescHrs HEOJHOPOIHOCTEH BO BceM 00beMe Tea, a He HaKOTUICHHU-
€M NOBpexaAcHu. B 60JbIINHCTBE KOHTHHYAJIBHBIX TEOPHH MOBPEXKICHHOCTH
OTCYTCTBYET COOTBETCTBHE MEXIY 3HAUCHMAMH (DYHKIMH MOBPEKICHHOCTH H
COOTBETCTBYIOIIIMM COCTOSIHUEM CTPYKTYpbl Marepuana. OgHUM U3 cylle-
CTBEHHBIX HEIOCTAaTKOB MOJENEH SBIIETCS TO, YTO MaTepHajbHbIe (ByHKIHH
ONPEAEISIOTCA 10 MOJHOMY pa3spyLICHHI0. AHAIU3 3aKOHOMEPHOCTEH pa3BU-
THUSI TIPOILIECCOB pa3pylIeHHs NPUBOJUT K HEOOXOAMMOCTH €ro OINUCAHHs B
paMkax (eHOMEHOJIOTHYECKHX MHOTOYPOBHEBBIX MOICIICH.

B nanHoO# paboTe Ui ONMUCaHUS Pa3BUTHS XPYNKOTO pa3pylICHHS IPH
CHUMMETPHYHOM TEPUOJUICCKOM OHUTaPMOHUYECKOM TIIpOIlecce HATPYKEHHUS
ucrnomub3yercsa noaxon [1,2], cormacHo KOTOpoMy pa3pylIeHHe paccMaTpUBaeT-
Cs KaK MEpapXUUYECKUU CIy4yailHbIH MpoIecC Ha MUKPO-, ME30- U MAKPOYPOB-
HaX. CMeHa cTaauil pa3BUTHUS YCTAJIOCTHOIO Pa3pyLIECHUs XapaKTepU3yercs
CMeHON (u3nuecKkux MexaHu3MoB. OOpa3oBaHue Ne(PEKTOB KaKIOTO YPOBHS
MIPOUCXOJUT B PE3YJbTATE MOCIEIOBATEIBLHOTO 3aPOKIACHMS, Pa3BUTHS U CIU -
HUsL 1eheKTOB MPenbIAYIINX ypoBHEH. DYyHKIUS pacnpe/iesieHHs: BEpOSTHOCTEH
JIOCTHKEHUSI IPEJENIbHBIX COCTOSIHUM KaXK/I0TO YPOBHS 3a/1a€TCsl B BUJIE UHTE-
rpanbHoro oneparopa I'uns6epra-llImuara Ha mporecce HarpyXeHusl.
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CTpouTCs CHCTeMa OIPEICIISIONINX COOTHOMEHHH 151 QYHKIUH pacmipeme-
JMCHUS BEPOSATHOCTEH pa3pylIeHUs Ha KaXIOM MAacIITabHO-CTPYKTYPHOM
YPOBHE, B KOTOPBIE BXOAST MOMEHTHI BPEMEHHU JTOCTIKEHUS MPEAETbHBIX CO-
CTOSHUH AedeKTaMu MpensIIyInuX ypoBHEH. Haxoasarcs KpuBbIe ycTamocTu 1Mo
ypoBHsM aedexTHocTH [3]. [Ipr MByX4acTOTHOM HATPYKEHHH SAPO oIepaTopa
COJICP)KUT JIBE COOCTBCHHBIC (DYHKIHMH W JBa COOCTBEHHBIX 3HaucHHs. CoO-
CTBCHHBIC 3HAUCHHsSI OTIEpaToOpa OMPEACISIOTCS MO JAHHBIM OJHOYACTOTHOTO
Harpy»eHusl ¢ y4eTOM pPe3ylbTaToB (PU3NYECKHX HCCIEeOBAHUN 1O Pa3BUTHIO
XpynKuX TpemuH. Moaens npumensiercs s 0.23% yrimepoaucroii cranu [3,4]
IIPU JABYXYaCTOTHOM IEPUOJUUECKOM HarpyxeHuH. CTposiTcs KpUBbIE yCTalo-
CTH TI0 YPOBHSM JIe(EKTHOCTH JJIsI OMHOYACTOTHOTO HArPY)KCHHUS CTallH, OTIpe-
JIENSIOTCS COOCTBEHHBIC 3HAYCHUS OIepaTopa. Y CTaHABIMBACTCS YHIOBJICTBO-
PUTECIBHOEC COOTBCTCTBUC OIIBITHBIM JaHHBIM IIPHU 3aJJaHHOM OTHOIICHUH Ya-
CTOT M JIBYX YPOBHSAX aMILTUTYJ IO HU3KOHM 4acToTe, a TaKKe U ABYX ypPOB-
HEW aMIUIMTYJ MO BBICOKOW 4YacToTe. TeopeTHuecKue 3aBUCUMOCTH MEXIY
MpeNeTbHBIMI aAMIUTUTYIAMH TIPH 33JJaHHOM YHCIE ITUKIOB COOTBETCTBYIOT
OTIBITHBIM JTAHHBIM.

[Toka3eiBaeTcsi, YTO €CIM PACCMOTPETh SKBHBAJICHTHOE OIHOYACTOTHOE
Harpy>keHue ¢ CyMMOM aMILUTUTYA, TO MPeIesibl YCTaJl0CTU MPU COOTBETCTBYIO-
IIMX YUCIIaX ITUKIOB OKAa3BIBAIOTCS HIDKE, YEM IIPH pacdeTe UL JBYX9IaCTOTHO-
r0 Harpy»KeHus, T.€. TAKOE paCCMOTPEHHUE UJET B 3aac MPOYHOCTH.

1. 3aBoitunHckas 3.b. O0mKe 3aKOHOMEPHOCTH M KPUTEPUHU Pa3pyLICHHS TBEPIBbIX
TeJ Ha PasHBIX MACIITA0HO-CTPYKTYPHBIX YPOBHSX IMPH JUUTEIHHOM HArpyXEHUU
(obo0bmaromast craths)// 3aBoackas abopatopus. Juarnoctuka marepuanos. T. 8.
Ne 7.2022. c. 48-62. DOI1:10.26896/1028-6861-2022-88-7-48-62

2. Zavoychinskaya E. A Stochastic Theory of Scale-Structural Fatigue and Structure
Durability at Operational Loading //Understanding complex systems. Springer Na-
ture Switzerland AG. 2021. pp. 71-89. DOI: 10.1007/978-3-030-50302-4

3. IManapun W.}O. MonenupoBaHue XpylnKkoro ycTaJOCTHOTO pa3pyIIeHUs cTajiel
MPH JIByX4YaCTOTHOM HarpyxeHu# //MexayHapoaHas HaydHas KOH(PEpEHIHs CTy-
JIIGHTOB, aCIHUPaHTOB M MOJoABIX yueHBIX «JIOMOHOCOB-2022» M.. MAKC
Ipecc. 2022. 138583 _uid678970_report.pdf (lomonosov-msu.ru)

4. Yamada T., Kitagawa S. Investigation of Fatigue Strength of Metals under Actual
Service Loads // Bulletin of JSME. V.10. N 38. 1967. — pp. 245-252
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MOJEJIMPOBAHUE JU®DPY3NOHHBIX XAPAKTEPUCTHUK
B CUCTEME Ni-Cr B3ABUCHUMOCTHU OT COCTABA

3aBucuMocTh (PP Y3HOHHBIX XapaKTEPUCTHK OT COCTaBa M3Yy4aeTcs JUIs
cuctembl Ni-Cr ¢ moMomp0 MOAU(PUIIMPOBAHHOTO METO/a MOJICKYISIPHO#
cratuku [1]. Baxxapie ocoOeHHOCTH 3TOH Moaenu — pacuérHas stueiika (PS)
OKpYy)KE€Ha YIpyroi 0O0JIaCThIO, CMEUICHUS aTOMOB KOTOPOW M KOOPAMHATHI
aTOMOB OCHOBHOH P HaxomsTCcs caMOCOrIacOBaHHBIM 00pa3oM B XOJIE UTEpPa-
LUOHHOM mpoueaypsl. Ha nepBom artare paboThl onpenessuinch SHepruu oopa-
30BaHuUs BakaHcwil U sHeprud murpanuu atromoB Ni u Cr. Ilpu a3ToM ucnons-
30BaKCch noteHmansl EAM [2]. 3ateM ObutH mOJTydeHBI KO3(DGUITUCHTHI ca-
momupdysun mis Ni m Cr Ha ocHOBe MM(DPY3MOHHBIX XapaKTEPUCTHK,
HaliieHHBIX paHee. Jlanee ObLIM paccyuTaHbl KOXPQUIMEHTH! B3auMHOM aud-
(by3un C HCIOJIB30BAHMEM pPE3YIbTATOB aIbTEPHATUBHON TEOPUH B3aUMHON
muddysun [3]. IIpoBeneHO cpaBHEHHE C SKCIHEPUMEHTAIBHBIMH JIaHHBIMH U
TIOJTyIEHHBIMH paHee 3aBUcHMOCTsIMH st cuctembl Fe-Ni u Fe-Cr.

1. A.V. Nazarov, I.V. Valikova Simulation of characteristics determining
pressure effects on self-diffusion in BCC and FCC metals. Phys. Metals and
Metallography. 109, p 220-226 2010.

2. G Bonny et al Interatomic potential for studying ageing under irradiation
in stainless steels: the FeNiCr model alloy. Modelling Simul. Mater. Sci.
Eng. 21 085004, pp 15 2013.

3. AV. Nazarov, K.P. Gurov Kinetical theory of interdiffusion in binary-
system. Vacancy concentration during interdiffusion. Phys. Metals and
Metallography 37(3), p 41-47 1974.
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MODELING OF DIFFUSION CHARACTERISTICS
IN Ni-Cr SYSTEM DEPENDING ON COMPOSITION

We study dependence of diffusion characteristics on composition for the Ni-
Cr system using a modified molecular statics method [1]. Important features of
this model are that the computational cell(CC) is embedded in an elastic con-
tinuum, and also that the atomic structure and displacement of atoms surround-
ing the CC to be found in a self-consistent way during the iterative procedure.
At the first stage of the work, we determine the of the vacancies formation en-
ergy and the migration energy of Ni and Cr atoms. In this case, the EAM poten-
tials [2] are using. The self-diffusion coefficients for Ni and Cr are obtain using
the diffusion characteristics obtain from the simulation at the atomic level. Fur-
ther, the coefficient of interdiffusion are calculate using the results of the alter-
native theory of interdiffusion [3]. The results are compare with experimental
data and previously obtain dependences for the Fe-Ni and Fe-Cr systems.

1. A\V. Nazarov, I.V. Valikova Simulation of characteristics determining
pressure effects on self-diffusion in BCC and FCC metals. Phys. Metals and
Metallography. 109, p 220-226 2010.

2. G Bonny et al Interatomic potential for studying ageing under irradiation
in stainless steels: the FeNiCr model alloy. Modelling Simul. Mater. Sci.
Eng. 21 085004, pp 15 2013.

3. AV. Nazarov, K.P. Gurov Kinetical theory of interdiffusion in binary-
system. Vacancy concentration during interdiffusion. Phys. Metals and
Metallography 37(3), p 41-47 1974.
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MOJEJIMPOBAHUE KACKATOB ATOMHBIX
CTOJIKHOBEHHHU B OKCHUJIE KEJIE3A Fe;0O,

Hcnonp30BaHre MOBEPXHOCTHBIX OKCHAHBIX CIOEB IIPEICTaBISIET COOOM
MEPCIEKTUBHYIO TEXHOJIOTHIO KOPPO3HOHHO 3aIUTEI dbepputHO-
MapTEHCUTHBIX CTaJIEll B peakTopax Ha OBICTPBIX HEWTPOHAX, MOCKOJIBKY ITO-
0OHO€E MOKPBLITHE MO3BOJISIET IIPEAOTBPATHTE IIPSIMOM KOHTAKT CTaJM C arpec-
CHBHOH OKDPYKarolled cpenoil (TermmonocureiieMm). OQHAKO NP dKCINTYaTalun
B VCIIOBHSX aKTHBHOM 30HBI pEaKTOpa 3alllUTHBIE IOKPBITHS OYAYT IIOIBEP-
raTbCs BO3JECUCTBUIO HEHTPOHHOIO OOJIyYEHHUS, CO3AIOLIEIO PaJaHallMOHHEBIE
MOBPEXKIACHUS, KOTOPBIE B CBOIO OYEPEIh MOT'YT BBI3LIBATH 00OPA30BAHUE CTPYK-
TYPHBIX 1ehEKTOB U MOCIEAVIOIIee U3MEHEHNE CBOMCTB MOKPLITHA. [losToMy
Ba)KHO HMMETh KOJUYECTBEHHBIE OLIEHKH 3(MMEKTUBHOCTH CO3JAHUS Pagually-
OHHBIX ITOBPEXKIECHUH IPH OOJYYEHHMH OKCHIOB, MCIIOJIB3YEMBIX B KaueCTBE
3aIUTHBIX HOKPBITUHA crayd. s m3ydeHnss MexaHu3MoB (OPMUPOBAHHUA Da-
NHUAUOHHBIX Ae(EKTOB I0J BO3AECHCTBHEM HEUTPOHHOI'O OOIYYEHHS IMIpUMeE-
HSETCSI KOMITBIOTEPHOE MOJISTMPOBAHKE, TaK KaK OIIEHUTh Takue JAe(eKThl dKC-
MePUMEHTAIHHBIMI METOIAMU 3aTPYIHUTEIBHO.

Ilenpr0 HACTOSIIETO HCCIEIOBAHHUSA SBIUIACH KOJMYECTBEHHAs M Kade-
CTBEHHAsI OIIEHKA DaJHAllMOHHBIX ITOBPEXICHUM, BO3HMKAIOIIUX IIPH 00pa3o-
BaHHUHU PAgUAMOHHO-UHIYIIUPOBAHHELIX KACKAJI0B aTOMHBIX CMEIIEHNH B IIPEI-
CTABJIAIOIIEM IPAKTUYECKUIl MHTEpec okcuue xenesa FesO, (MarueTur) ¢ uc-
MMOJIB30BAHUEM METOJIa MOJIEKYIIAPHOM nuHaMKKX. [IpoBeaeHo MOIeIMpoOBaHme
CTaTUCTUYECKHA 3HAYMMOI'O0 KOJHMYECTBA KACKaIOB CMEIIEHUH, MHUIIMUPYEMBIX
B JUaIa3oHe 3Hepruil nepBuyHo BeIOUTHIX atoMoB (IIBA) ot 1 1o 4 xoB. B ka-
YyeCTBE MIEPBUYHO BBIOUTHEIX ATOMOB PACCMOTPEHBI KaK aTOMBI KMCJIOPOJA, TaK U
aTOMBI JKeJIe3a, ¥ MPOAEMOHCTPUPOBAHO BIMUSHAE XUMHUYECKOM mTpupoasl [IBA
Ha CTPYKTYPY KAaCKaJo0B, a TAaK)Ke KOJIMYECTBO M THUII CO31aBAEMBIX IIEPBUUYHBIX
paauaMoOHHbBIX MOBPeXAeHni. TToka3aHo, uro yxe npu 3Hepruu [IBA 4 k3B
(st TIBA 000oMX THIIOB) IIPOMCXOIUT SIBHO BRIPAKEHHOE pPa3OHeHNE KaCKaloB
Ha cyOkackanbl. IIpyu 3TOM Kackaipl, co3naBaeMble Oojiee JIEFKMMH aTOMaMH
KHCIIOPO/Ia, KaK IIPAaBUIIO 00JIee MPOTHKEHHBIE U XapaKTEPU3YIOTCA MEHBIIIUMUA
pa3MepaMu CYOKacKaJoB II0 CPaBHEHHUIO C KacKajgaMH OT 0oJjiee TsHKENbIX aTo-
MOB KeJie3a IIPY cpaBHUMOM HavansHOH SHeprun IIBA. Ilpencka3anHbie 3aBH-
CHMOCTH KOJHMYECTBA CO3[aBAEMBIX aTOMHBIX CMEIEHNI OT THUIIA ¥ HavaJbHOU
KuHeTru4YecKoi sHeprun IIBA MoOryT OBITH HCIIOJIB30BaHbI B paMKaX KOMIUIEKC-
HOTO MHOTI'OYPOBHEBOTO ITOJX0Ja JUIs OLIEHKH KOJMYECTBA CO31aBAEMBIX DPaiH-
aIMOHHBIX MTOBPEXKIECHUI B YCIOBHUIX PAOOTHI MOKPLITHI B PEAKTOPHBIX YCIIO-
BHAX C yIETOM OCOOCHHOCTEI KOHKPETHOTO HEUTPOHHOTO CIIEKTPA.
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SIMULATION OF ATOMIC COLLISION CASCADES
IN IRON OXIDE Fe;0O,4

The use of surface oxide layers is a promising technology for the corrosion
protection of ferritic-martensitic steels in fast neutron reactors, since such a
coating prevents direct contact of the steel with an aggressive environment
(coolant). However, when operating in a reactor core, protective coatings will
be exposed to neutron irradiation, which creates radiation damage, which in
turn can cause the formation of structural defects and subsequent changes in the
properties of the coating. Therefore, it is important to have quantitative esti-
mates of the effectiveness of creating radiation damage during irradiation of ox-
ides used as protective coatings. To study the mechanisms of formation of radi-
ation defects under the influence of neutron irradiation, computer simulation is
used, since it is difficult to evaluate such defects by experimental methods.

The aim of this study was to quantitatively and qualitatively assess the radi-
ation damage that occurs during the formation of radiation-induced cascades of
atomic displacements in iron oxide Fe;O,4 (magnetite), using the molecular dy-
namics method. A statistically significant number of displacement cascades ini-
tiated in the primary knocked-on atom (PKA) energy range from 1 to 4 keV has
been simulated. Both oxygen and iron atoms are considered as primary
knocked-on atoms, and the influence of the chemical nature of PKA on the
structure of cascades, as well as the number and type of primary radiation dam-
age created, is demonstrated. It is shown that even at a PKA energy of 4 keV
(for PKA of both types), a pronounced division of the cascades into subcas-
cades occurs. In this case, the cascades created by lighter oxygen atoms are
more extended and are characterized by smaller subcascades in comparison
with cascades from heavier iron atoms at a comparable initial PKA energy. The
predicted dependences of the number of generated atomic displacements on the
type and initial kinetic energy of the PVA can be used within the framework of
an integrated multilevel approach to estimate the amount of radiation damage
created under the conditions of operation of coatings in reactor conditions, tak-
ing into account the specific features of a particular neutron spectrum.
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CPABHEHHME CPOKOB JAEI'PAJAIIMU 1 ®U3UKO-
MEXAHHUYECKHUX CBOMCTB HETKAHBIX U IIJIEHOYHbIX
MATEPHAJIOB U3 INOJUTUNAPOKCUBYTHUPATA

B mannO# paboTe OBLTO WCCIENOBAHO PA3I0KEHHE B MOYBE IUICHKH M BO-
JIOKHA W3 TONUTHApoKcHOyTupata. [ng ymydmenus GU3NKO-MEXaHUIECKUX H
JIPYTUX KeJJaeMbIX CBOMCTB J00ABISIOT pa3lNYHbIEC BemiecTna [1]: moamuMepsl,
HAHOYACTHUIIbI, METAILIbI, TNIACTU(GUKATOPBI, IPOYHE T00ABKH.

Marepuain u3 [1I'b u3roTaBiuBaiu NPsIMBIM MTPECCOBAHUEM U 3JCKTPOQOp-
MoBaHueM. [locne nonyueHus MaTepuagoB Mbl IPOBENIH HCCIEIOBAHUE CKOPO-
CTH Pa3JI0KEHUS B MOATOTOBJICHHON TIouBe [2].

[Tnenka [II'b maxoaumack B mouse 90 gHEH, naee MBI ONUIIEM PE3yIIETaThI
OTIBITOB:

- Mukpockonusi: BUAHBI BKPAIUIEHUs] YaCTUYEK IIOYBBI B MaTepuall.

- PaspbIBHas MamMHa: IIEHKa ropasfio NpoyHee BOJIOKHA.

Bonoxuaucteiit marepuan [1I'b Haxonuics B mouBe 8 qHEH, anee MblI OTH-
HIEM PE3YJIbTaThI OMBITOB:

- MUKpPOCKOIHUS: HCTOHYEHHE BOJIOKOH (MCXOIHBIN quaMeTp= 5,6 MKM, IO-
CJIe IOYBBI = 5 MKM), BKpaIJICHHE YaCTHUYCK TIOYBHI B MaTEpHAIL.

- Pa3pblBHas MalMHa: MakCUMallbHas CWJIa U Y/UIMHEHHE I10CJIE IOYBBI
yMeHbIIaTecs B 2 pasa.

UK cnexrpockomnusi y 000X MaTepraiax MoKa3ajia BaJeHTHbIE KoJeOaHuUs
y C-O u C-C, JICK moxa3ay yMEHbIIEHIE KPUCTANTNIHOCTH.

OnpIThl OKa3any, 4to BoJoKHUCTHIN [II'B pasnoxmnncs B 10 pa3 GvicTpee,
yem 1wieHka. [II'B obnamaetr BHICOKO#H OHMOCOBMECTHMOCTBIO, TIOATOMY VIS I10-
BBILIEHNUS] CKOPOCTU JETPaJalliyd B PAacTBOP MOJMMEpPA MOKHO BHEAPUTH IO -
XO/ISIIIMe HAOJIHUTEIH. [IpOM3BOCTBO M yTHIIM3AlKs NOJIUTUAPOKCHOyTHpaTa
6e3oTxomHOE [3], €r0 MOXHO 3aXOPOHHUTH B 3eMJyie Oe3 yiiepOa 3KOIOTHH, TaK
Kak ero npoyKThl pasnoxkenus a3to CO2, Bosa u 6uomacca.

1. IO.H.®unaros DnexTpodopMoBaHHE BOJOKHUACTBIX MaTepHaioB (3¢B-mporecc).
VYuebnoe nocobue, 2001. - 231 c.

2. T'OCT P 53381-2009 “IlouBsl u rpyHTHl I'pyHTHI nutartenbHble.TexHnuecKue
ycnoBus”. lata BBenenus 2010-07-01.

3. AX. Kynuos I''H. XKXmwxun ®@ypse-KP u ®@ypre-MK cnexrpsl nmomumepos. M.,
dusmariut,. - Mocksa: Texaocdepa, 2013. - 671 c.
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COMPARISON OF DEGRADATION TERMS AND PHYSICO-
MECHANICAL PROPERTIES OF NONWOVEN FIBROUS AND
FILM MATERIALS MADE OF POLYHYDROXYBUTYRATE

In this work we investigated the decomposition of polyhydroxybutyrate films
and nonwoven fibers in the soil. To improve the physico-mechanical and other
desired properties, various substances are added [1]: polymers, nanoparticles,
metals, plasticizers, and other additives.

The material from PHB was made by direct pressing and electrospinning.
After receiving the materials, we conducted a study of the decomposition rate
in the prepared soil [2].

The PHB film was in the soil for 90 days, then we will describe the results
of the experiments:

- Microscopy: inclusions of soil particles in the material are visible.

- Tensile breaking machine: The film is much stronger than the fiber.

The fibrous material of PHB was in the soil for 8 days, then we will de-
scribe the results of the experiments:

- Microscopy: thinning of the fibers (initial diameter = 5.6 microns, after the
soil = 5 microns), interspersing of soil particles into the material.

- Tensile breaking machine: the maximum force and elongation after the
soil is reduced by 2 times.

IR spectroscopy of both materials showed valence fluctuations in C-O and
C-C, DSC showed a decrease in crystallinity.

Experiments have shown that fibrous PHB decomposed 10 times faster than
the film. PHB has a high biocompatibility, therefore, suitable fillers can be in-
troduced into the polymer to increase the degradation rate. The production and
disposal of polyhydroxybutyrate is waste-free [3], it can be buried in the ground
without damaging the environment, since its decomposition products are CO2,
water and biomass.

1. Yu.N.Filatov Electrospinning of fibrous materials (efv process). Textbook, 2001.
-231p.

2. GOST R 53381-2009 “Soils and soils are nutritious soils.Technical conditions”.
Date of introduction 2010-07-01.

3. A.H. Kuptsov G.N. Zhizhin Fourier-KR and Fourier-IR spectra of polymers. M.,
Fizmatlit,. - Moscow: Technosphere, 2013. - 671 p.
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BJIMAHUE TEKCTYPbI HA MAPTEHCHUTHBIE
INPEBPAIIEHUA 1 MEXAHUYECKHUE CBOUCTBA
B3AHUKEJIEHOM HUKEJIMJIE TUTAHA

Hukenua TuTaHa octaeTcsl HauOoJjee MPUBIECKATEIbHBIM CPEAH CILIABOB C
MaMATBI0 (GOPMBI OJ1arofapss YHUKaAILHOMY Ha00OPY XapaKTePUCTHK BOCCTAHO B-
JeHust HOPMBI 1 MEXaHWIECKUX CBOMCTB. [[iIsi TepMOMexXaHMIecKoi 00paboTKH
Ti-Ni cruaBoB NPUMEHSIOT pa3IWYHBIE BUIBI MEXaHUYECKOM 0OpabOTKH Me-
TaJJIOB. BOJIOYEHHE, MPOKATKY, POTAIMOHHYIO KOBKY W Ap. PasnuuHble BHIbI
00pabOTKH CO3MIAIOT MPHUCYIIYIO €l KpUCTAIUIOTPAPHUCCKYIO TEKCTYPY.

HccnenoBaHo BAUSHUE TEKCTYPhI HA MAPTEHCUTHBIE MPEBPAICHUS U MeXa-
HUYECKUE CBOMCTBA MPOBOJIOK M JICHT C OJMHAKOBOM CTEIECHBIO HAKOIIJICHHOMN
nedopmanmu (€ = 0,6) u3 cruiaa Ti-50,8 at.% Ni B HCXOJHOM COCTOSHUU (3a-
KaJka mocie aedopMarim), a TakkKe IOCNe Pa3IHMYHBIX PEKUMOB OTXKUTA:
430°C, 10 g; 600°C, 1 g; 800°C, 1 4.

YcTaHOBJIEHO, YTO MPHU BOJIOYEHUHM IMPOBOJIOK (HOpPMUPYETCS aKCHallbHAs
TekcTypa <l11>, ycToliunBasi IpU IMOCJIEAYIOIMIEM OTXKATE€ B TEMIIEPAaTypPHOM
nnrepBaiie 430-800°C. Tekcrtypa aeOpMUPOBAHHBIX JIEHT XapaKTCPH3YEeTCs
npeobmamanneM TekcTypHo# koMmoHeHTHl {001}<110>. B pe3ynbrare oTXKUra
neHT mpu temmeparype 430°C B teyenne 10 4 Habmromaercs hOpMHUPOBAHHE
TEKCTYphl pekpuctaim3anuu {111}<112> Hapsay ¢ coXpaHSIOLIEHCS TEK-
crypHoit kommoueHToi {001}<110>. IToBBIIIEHHE TEMIIEPATYPHI OTXKUIa JIEHT
1o 800°C mpHuBOIUT K COXpaHEHUIO 00EHX TEKCTYPHBIX KOMIOHEHT, a TaKXKe K
HEKOTOPOMY HX PACCESHHIO.

OcobenHoCcTH (HhOPMUPOBAHUS TEKCTYPHI MPH Pa3IUUHbIX BHAAX 00pabOTKH
JIaBJICHUEM OOBACHSIOT pasinune (a30BBIX MPEAETIOB TEKYUECTH JICHT M IPO-
BOJIOK. Tak mpH pacTsHKEHUU JISHT BJIOJIb HAIIPABJICHUS IMPOKATKH U MPOBOJIOK
BJIOJIb OCH BOJIOYCHHSI (Hha30BBIi MpeIea TeKYIeCTH B JICHTaX OKa3bIBaeTCs HU-
K€, 94eM JUIA TIPOBOJIOK. YCTaHOBJICHHAS 3aKOHOMEPHOCTH COXPAHSETCS TIPH
YBEIMUYEHUHU TeMIepaTypbl oTkura oopasnos oT 430 mo 800°C. 310 00bsACHS-
€TCSl TEM, YTO B JICHTaX, XapaKTEPU3YIOIINXCS IBYXKOMIIOHEHTHOW TEKCTYpPOH,
HAOJIFOIAETCSI HECOBMECTHOCTD JehopMaliiy 3epeH pa3HOW OpUEHTAIUH, 00Y-
CJaBNMBAIOIIAs Pa3BUTHE MapTECHCUTHBIX MPEBPAICHUN Mpu 00jee HHU3KUX
HATPSOKCHUSAX, YeM B 00pa3iax ¢ OJHOKOMIIOHEHTHOM TEKCTYpPOii, KaK B ClIydae
MIPOBOJIOK.
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INFLUENCE OF TEXTURE ON MARTENSITIC
TRANSFORMATIONS AND MECHANICAL PROPERTIES
IN Ni-RICH TITANIUM NICKELIDE

Titanium nickelide remains mostly attractive among shape memory alloys
due to unique set of shape recovery characteristics and mechanical properties.
For thermomechanical processing of NiTi alloys various types of metal forming
are used drawing, rolling, rotary forging etc. Different types of forming create
its inherent crystallographic texture.

The influence of texture on martensitic transformations and mechanical
properties of wires and strips with the same degree of accumulated deformation
(e=0.6) from the Ti-50.8 at.% Ni alloy in the initial state (quenching after de-
formation) has been studied, as well as after various annealing modes: 430°C,
10 h; 600°C, 1 h; 800°C, 1 h.

It has been established that the <111> axial texture is formed during wire
drawing, which is stable during subsequent annealing in the temperature range
430-800°C. The texture of the deformed tapes is characterized by the predomi-
nance of the texture component {001}<110>. As a result of annealing the tapes
at a temperature of 430°C for 10 h, the formation of the {111}<112> recrystal-
lization texture is observed along with the preserved {001}<110> texture com-
ponent. An increase in the annealing temperature of the tapes to 800°C leads to
the preservation of both texture components, as well as to some of their scatter-
ing.
Features of texture formation during various types of metal forming explain
the difference in the phase yield strengths of tapes and wires. So, when stretch-
ing tapes along the rolling direction and wires along the drawing axis, the phase
yield strength in tapes turns out to be lower than for wires. The established pat-
tern is retained with an increase in the annealing temperature of the samples
from 430 to 800°C. This is explained by the fact that in ribbons characterized
by a two-component texture, there is an incompatibility of deformation of
grains of different orientations, which causes the development of martensitic
transformations at lower stresses than in samples with a one-component texture,
as in the case of wires.
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BJIMSTHUE 3AIIIUTHON ATMOC®EPHI HA
CTPYKTYPOOBPA30OBAHUE AYCTEHUTHOMU CTAJIA 316L
IIPU CEJIEKTUBHOM JIABEPHOM IIVTIABJIEHUHN

O6pasier cramm 316 L (Fe - 12 % Ni - 17 % Cr - 2 % Mo - 0,02 % C) 6buti
cunTe3upoBansl Merogom CJIIT mpu ciaenyronmx mapaMerpax mporecca: MOII-
HOCTh J1azepa cocrasisuia 110 Br, ckopocTh ckanupoBanus nasepa — 750 mm/c,
paccrosiHue Mexay Tpekamu — 50 MKM, HCIIONIb30BajIach IaxMaTHasi CTpaTerus
TUIABJICHHS, B KayeCTBE 3all[UTHOI aTMoc(epbl Ul 4acTH 00pa3loB UCIONB30-
BaJICS ApTOH, TS IPYroi 4acTH — a30T.

Ocobennocty cTpykTypsl ctamu mocie CJII, a Takke mocine  JONOTHUTETh-
HBIX OT’)KUT'OB, KOTOpPBIE TPOBOIMIIKCE pH TeMieparypax ot 100 no 1200 rpany-
coB llenbcus B Teuenue | 4, HCCIEIOBAINCH METOJIAMH  METaLIOTpaYecKOro
U PEHTTEHOCTPYKTYPHOTO aHAJIM30B, a TaKKe C MOMOILBI0 PACTPOBOM U MpOCBe-
YHBaIOIIel 3IEKTPOHHOM MUKpockommu. Takke Ha oOpasax MPOBOAWICS Tep-
MUYECKUI aHAIN3 U U3MEPEHHUE 3HAUEHUN MUKPOTBEPAOCTH.

B pe3ynbTare cTpYKTYPHBIX HCCIEIOBaHUN OBIIO TTOKA3aHO, YTO  HE3aBHUCH-
MO OT 3aIlIUTHON aTMOCc(epbl MUKPOCTPYKTYpa CIllaBa 00JafaeT CieIyIonMU
ocobeHHocTsIMU: (1) OHA MepapXH4YHa — BaHHBI paciulaBa pa3OHUTHI Ha (parMeH-
TBI, KOTOPBIE pa3ieJieHbl Ha CTOJIOYATHIC STMEHKH KPUCTAIM3AIMU OANHAKOBOM
OpUeHTaInH; (2) TpaHUIIBl TIEeK  KPUCTATUIM3AIUH MPEACTABIISIOT CO00H 00h-
€MHBIE CIUIETEHUS AUCIOKALNH, MTOZOOHBIE TEM, UYTO (POPMHUPYIOTCS IIPH CHIIBHOM
racTudeckor nedopmarmu; (3) rpaHMmBl SYEEK 3aKPEIUICHBI CerperanusiMi
MPHUMECHBIX aTOMOB; (4) B CTPYKTYpE COXPaHSIOTCSI BRICOKUE MaKpOHAIPSKEHHS,
COM3MEpPHMBIE C  TPEAENOM TEKydecTH MaTepuana; (5) CTpyKTyphl 001agaroT
Kpuctajuorpadudeckoi Tekctypoi. CieyeT OTMETHTb, YTO SIYEUCTast CTPYKTY-
pa coxpaHseTcsl B ayCTeHUTHOH cTaiy 1o Temneparypsl omkura 800 rpamycos
Henbcwust.

BaxHbIM pe3ynbTaToM SBHIIOCH TO, YTO 3alllUTHas cpena, He MOBIUSIB Ha
pa3MepHbIe XapaKTePUCTUKH SIYEUCTON CTPYKTYPBI, Ha MapaMerp  KpUCTalIu-
YECKOH PelIeTKH ayCTeHNTa M Ha MUKPOHANPSDKEHUS B HEH, KOTOPBIE OLICHUBA-
JIMCH TIO IIUPHHE IM(PAKINOHHBIX MAaKCHMyMOB Ha  audpakTorpamme, He U3-
MEHHB 3HAYeHHE MHKPOTBEPIOCTH, NMPHUHIMITHAIBHO W3MEHWIA KPUCTaJUIOrpa-
(HUYeCKyI0 TEKCTypy B 3KCIIEpMMEHTAIBHBIX o0Opasnax. B oOpasuax, BeIpalieH-
HBIX B CPE/I€ aproOHa, IJIOCKOCTh  CKaHUPOBAHUS Jla3epa COBIAAACT MPEUMYILe-
CTBEHHO ¢ KpHcTauiorpaduyeckoi miockoctbio Tuna {110}, a y 00pasios, BbI-
paIIeHHBIX B Cpejie a30Ta — ¢ INIOCKOCThIo Trma {100}.
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EFFECT OF PROTECTIVE GAS ATMOSPHERE ON THE
STRUCTURE OF 316L STAINLESS STEEL PRODUCED BY
LASER-POWDER BED FUSION

Samples of steel 316 L (Fe - 12 % Ni - 17 % Cr - 2 % Mo - 0.02 % C) were
manufactured by L-PBF using the following technological parameters: laser
power 110 W, scanning speed 750 mm/s, hatch spacing 50 um, chessboard
melting strategy, some samples were made using argon protective atmosphere
and nitrogen was used for the other part of samples.

The steel structure was studied in initial state after L-PBF, as well as after
annealing. The samples were subjected to annealing at temperatures 100 —
1200 °C for 1 hour. The methods used for structure studying were
metallographic analyzes, X-ray diffraction, scanning and transmission electron
microscopy. Thermal analysis and measurement of microhardness were also
carried out.

As a result of structural studies, it was shown that, regardless of the gas
protective atmosphere, the steel microstructure has the following features: (1)
the structure is hierarchical - melt pools are divided into fragments, which are
divided into columnar crystallization cells with close orientation; (2) the
boundaries of crystallization cells are volumetric entanglements of dislocations,
similar to those that form under severe plastic deformation; (3) cell boundaries
are fixed by segregations of impurity atoms; (4) high macrostresses commensu-
rate with the yield strength of the steel are retained after L-PBF; (5) crystallo-
graphic texture. It should be noted that the cellular structure is stable in austen-
itic steel up to the annealing temperature of 800 °C.

An important result was that the protective gas has no effect on the cellular
size, microhardness, the austenite crystal lattice parameter and its
microstresses, which were estimated from the width of the diffraction peaks
using XRD, but fundamentally changed the crystallographic texture of samples.
The laser scanning plane coincides predominantly with the crystallographic
plane {110} in samples manufactured in Ar, while in the samples manufactured
in nitrogen, it coincides with the {100} plane.
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BJIMSIHUE KOMBUHUPOBAHHOM ITPOKATKH U
CTAPEHUSA HA CTPYKTYPHO-®A30BOE COCTOSHUE U
MEXAHUYECKHUE CBOMCTBA CILJIABA BT35

B-TUTaHOBBIE CILIABEI, Ojlaromaps 0oJiee BBICOKMM MEXaHHUYECKUM CBOI-
CTBaM I10 CPABHEHHMIO C O M o[} CIIIaBaM, IPEACTABIISIOT 3HAUMTEIbHBIA Hay4-
HBIA ¥ npakTudeckuil uHTEepec. B CIIA ogHMM M3 CaMBIX IIEPCIIEKTHBHBIX [B-
CIUIABOB THTAaHa siBiisieTcst cruias 11 15333, KoTOpEIii OUeHDb OJIM30K IO XUMHYE-
ckoMy cocraBy crmuiaBy BT35 (Ti-15V-3Al-3Sn-3Cr-1Mo-1Zr), u obGmagaer
HaWJIYYIIUM KOMILJIEKCOM CBOMCTB. Kpome Toro, B 3aKaja€HHOM COCTOSIHUH OHU
00J1a1al0T BBICOKOM IJIACTHYHOCTBIO IIPM KOMHATHOM TeMIiepaType, 4TO I103-
BOJISIET IIOJBEPraTh MX METOJAM XOJOAHOM 00paboTku nmaBieHueMm. Bce tuTa-
HOBBIE [(-CIUIaBLI MOT'YT OBITH YIIPOYHEHEI TEPMHYECKOI 00pabOTKOi, COCTOS-
IIeH M3 3aKajKU U cTapeHus. Bcé 3To Ba)KHO IIpU IIPOM3BOJCTBE BHICOKOIIPOU-
HO¥M THUTAHOBOH MPOBOJIOKK U HEKOTOPBIX M3JICIHUN U3 HEE, TAKUX KaK MPYTKH,
3aKaEKH, OOITHI U T.JI.

B pabote mpoBeAcHBI UCCACAOBAHUS BIMSHUS COYCTAaHUS KOMOWHHUPOBAH-
Hoit mpokartku (KII), cocrosieil u3 ropssyeil pagraiIbHO-CIBHTOBOM M pyYbe-
BOM MPOKATKHU, U CTAPCHUS Ha CTPYKTYPY U MEXaHHYECKHE CBOMCTBA, TEPMHUUIC-
CKYI0 CTaOMIBLHOCTD (ha3bl M pa3pylIeHHE MPOBOJIOKH. AHAJIU3 CTPYKTYPHOTO
COCTOSIHHS ITPOBOJIMIIA METOAAMH PEHTTCHOCTPYKTYPHBIX MCCIICAOBAHUM, IIPO-
ceeunBaronieil 1 pactposoii (EBSD) mukpockonuu. MexaHHYeCKUe CBOICTBA
OIIPEAEIIsIA UCIBITAHUAMHE Ha PACTSDKEHUE C MOCIENYIONMM aHaIn30M (hpak-
TOrpaMM H u3MepeHusMd MuKpoTBEpmoctH. KII mo3Boiser momydats [3-
THTAHOBYIO MPOBOJIOKY ¢ mpeseaoM mpouHocTd 1320 MIla u miiacTUUHOCTBIO 6
% [1]. ManbHeiimee eé ctapeHUe 0 HOJ00PAHHOMY PEXKHMMY IIPUBOIMUT K 00-
pa3oBaHuUIO mIacTUH o0”’)-(ha3el CO CpeaHel TOMIUHON 0K0o 50 HM 3a Cuér
B—a npeBpaienns. B pe3yiapTaTe monydeHsl 00pasibl ¢ IpeAesioM IPOYHOCTH
2000 MIla u npeaenom mnactuaHoctd 1950 MIlIa. OnHaxo, TpOBOJIOKA HOCIIE
CTapeHHsI JEMOHCTPHUPYET 3HAYNTEIHHOE CHIKCHUE THIACTUIHOCTH 10 2 %o.

HccnenoBanne BRIIOJHEHO NpH Moaaepikke Poccuiickoro HayaHoro GoHma
(mpoekt Ne19-19-00033).

1. I.P. Mishin, et al. // Materials Letters, 303 (2021) 130476
https://doi.org/10.1016/j.matlet.2021.130476
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EFFECT OF COMBINED ROLLING AND AGING ON THE
STRUCTURAL-PHASE STATE AND MECHANICAL
PROPERTIES OF THE VT35 ALLOY

B-titanium alloys, due to their higher mechanical properties compared to a
and o+p alloys, are of considerable scientific and practical interest. In the USA,
one of the most promising B-titanium alloys is the Ti 15333 alloy, which is very
similar in chemical composition to the VT35 alloy (Ti-15V-3AI-3Sn-3Cr-1Mo-
1Zr) and has the best set of properties. In addition, when hardened, they have
high ductility at room temperature, which allows them to be subjected to cold
working methods. All titanium B-alloys can be strengthened by heat treatment
consisting of quenching and aging. All this is important in the production of
high-strength titanium wire and some products from it, such as rods, rivets,
bolts, etc.

In this work, we studied the effect of a combination of combined rolling
(CR), consisting of hot radial shear and strand rolling, and aging on the struc-
ture and mechanical properties, thermal stability of the phase, and destruction
of the wire. The analysis of the structural state was carried out by X-ray diffrac-
tion studies, transmission and scanning (EBSD) microscopy. Mechanical prop-
erties were determined by tensile tests followed by fractogram analysis and mi-
crohardness measurements. CR makes it possible to obtain B-titanium wire with
a tensile strength of 1320 MPa and a plasticity of 6 % [1]. Its further aging ac-
cording to the selected mode leads to the formation of o(a’)-phase plates with
an average thickness of about 50 nm due to B—oa transformation. As a result,
specimens with a tensile strength of 2000 MPa and a plasticity limit of 1950
MPa were obtained. However, the wire after aging shows a significant reduc-
tion in ductility up to 2 %.

The study was supported by the Russian Science Foundation
(project no. 19-19-00033).

1. I.P. Mishin, et al. // Materials Letters, 303 (2021) 130476
https://doi.org/10.1016/j.matlet.2021.130476
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BU3YAJIM3ALUSA TPOUECCA YIVIOTHEHUA
MMOPOIIKOBOU KOMITO3UIIMU B METAJUIMYECKON
OBOJIOYKE IO JEMCTBUEM I'MBPUJTHOU HAT'PY3KH

B pabote paccmarpuBaeTcst MpoIecc YIUIOTHEHUS MOPOIITKOBONH KOMIIO3H-
un (I1K) B MeTaimmmaeckoit 000J104Ke, MoABepraeMas CHadaina 00KaTHIO B BO-
JIOKe, a 3aTeM, 0e3 OCTaHOBKH IpoIiecca, BOJOUYEeHHUIO (0e3 pa3rpys3ku) ¢ Mar-
HUTHO-MIMITYJICHEIM 0OxatneM. /[y ympaBiieHus! mpo1eccoM TaKkoTo yIUIOTHe-
Hus [IK, ¢ menpro gocTmkKeHus HanOOJbIIEH IOTHOCTH HOPOIIKa, HE0OX 01~
MO TIOHSTh MEXaHU3M ITO3TAITHOTO YIUIOTHEHHUS: B3aUMOCBS3b Ae(hopMUpyeMOi
0001109KH ¢ M3MEHEeHneM (OPMBI U pa3Mepa YaCTHII TOPOIIKA B Pe3yIbTaTe X
YIPYromIacTHIeCKOTo 1epOPMHUPOBAHUS.

[IpencraBnena MeToAWKa KOMITBIOTEPHOTO MOICTHPOBAHUSA TAKOTO CTaTH-
KO-IHHAMHYECKOTO TIPOIIeCCca, PACCMOTPEHBI €€ 0COOCHHOCTH B BO3MOXKHOCTH.

I'uGpuaneii nponecc ymiotHeHus [IK MOXHO TpencTaBUTh B CIEAYIOMIESH
MTOCIIEIOBATEIHHOCTH: 3aChIIKa MOPOIIKa B METAIIMYECKYIO 000JIOUKY - Mpe.-
BapHUTEIbHAs OCEBas CTAaTHUYECKas MOJINMPECCOBKA - MPOTAJKMBaHUE (BOJIOYeE-
HHUE) TPyOBbI C MOPOIIKOM UYepe3 MaTpuily (BOJIOKY) C AMaMETPOM MEHBIINM
IaMeTpa TpyObl — Ha MOCJIeTHEM 3Tarle, Ha BBIXOE TPYObl H3 BOJIOKH MTPOU3-
BOJAT PagualibHBIA OO0KHM TPyOBI MMIIYJIECHBIM MAarHUTHBIM TOJeM. Takum
oOpaszoM, mpu rubOpugHON TexHosoruu yrnotHeHus [IK gactunbl moporka
Ie(OPMHUPYIOTCS TTOA ACHCTBHUEM OCEBOH M paJlanbHON CTATUYECKON W AWHA-
MHYECKOI Harpy30K CO CTOPOHBI 1e(hOPMHUPYEMOH METATUTNIECKOIT 000JI0UKH.

KoMmnbroTepHoe MoenupoBaHue uccienyeMoro npouecca yriotHenus 11K
B nedopMHupyeMOi 000JI0UKE MPOBOIMIOCH METOJJOM KOHEYHBIX JIEMEHTOB C
MCIIOJIb30BaHUEM IporpaMMHoOro npoaykra LS-Dyna.

Hcnonp3yemble pacuéTHBIE MOAETH MOTpeOOBaiM, ¢ y4ETOM HEKOTOPBIX
ocobeHHOCTEH Tmpolecca, WX AOpabOTKH: OpraHu3anuu W paszencHus K-
(daitnoB, co3naHue BEPTUKAIBHBIX PACUETHBIX TUIOCKOCTEH BHYTPH OOO0JIOYKH,
CIIeIMAJIbHOW HACTPOMKH IIKaJl BPEMEHH MOICIIUPOBAHHUS.

PazpaboTanHas MeTOIMKa TIO3BOJIMIIA CO3/1aTh BU3YATU3AI[HIOHHBIE KApTHHBI
Ipoliecca yIUIOTHEHXS Ha BCEX 3Tanax, H3y4HTh MEXaHU3M YIDIOTHEHHS U OIle-
HUTbH IUIOTHOCTH YIAKOBKH.

YcraHOBIEHO, 4TO HawOOJIbIIee BIMSHUE Ha JOCTIDKEHHE MaKCHMAaJIbHON
IIJIOTHOCTH MOPOLIKa BJIUACT I[I/IHaMI/I‘ICCKI/II‘;I oTarl, T.C. BapbUupyeMas BECJIMYHNHA
OHCPIU MAarHUTHO-UMITYJIbCHOT'O o0xuMa.
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VISUALIZATION OF THE PROCESS OF COMPACTION OF A
POWDER COMPOSITION IN A METAL SHELL UNDER
THE ACTION OF A HYBRID LOAD

The paper considers the process of compaction of a powder composition
(PC) in a metal shell, which is first subjected to compression in a die, and then,
without stopping the drawing process (without unloading), magnetic-pulse
compression.

To control the process of such compaction of PC in order to achieve the
densest powder density, it is necessary to understand the mechanism of gradual
compaction: the relationship between the deformable shell and the change in
the shape and size of powder particles as a result of their elastic-plastic defor-
mation.

A technique for computer simulation of such a static-dynamic process is
presented, its features and capabilities are considered.

The hybrid PC compaction process can be represented in the following se-
quence: filling the powder into a metal shell - preliminary axial static prepress-
ing - pushing (dragging) the pipe with powder through a die (drawing die) with
a diameter smaller than the pipe diameter - at the last stage, at the exit of the
pipe from the drawing die, a radial crimping the pipe with a pulsed magnetic
field.

Thus, with the hybrid technology of PC compaction, powder particles are
deformed under the action of axial and radial static and dynamic loads from the
deformable metal shell.

Computer simulation of the investigated PC compaction process in a de-
formable shell was carried out by the finite element method using the LS-Dyna
software product.

The calculation models used, taking into account some features of the pro-
cess, required their refinement: organization and separation of k-files, creation
of vertical calculation planes inside the shell, special settings for modeling time
scales.

The developed technique made it possible to create visualization pictures of
the compaction process at all stages, study the compaction mechanism and
evaluate the packing density.

It has been established that the greatest influence on achieving the maxi-
mum density of the powder is affected by the dynamic stage - the energy of
magnetic-pulse crimping..
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MEXAHW3M YJIAPHOI'O BO3JIEMICTBUSI HA CTPYKTYPY
METAJJIA ITPU SJIEKTPOIIVIACTUYECKOM
N BUBPOIVIACTUYECOM D®PEKTAX

IIpu 00paboTKe METaaIOB JaBJICHHEM C JOTOJHUTEIBHBIM 3JICKTPOHUM-
MyJAbCHBIM MJIM BO3JIEMCTBHEM HAOIIOJACUTCSl CHIDKEHUE ITOBBIIICHHME ILIa-
CTHYHOCTU M MaTepuaja. JTH SBEHUS HOJYYHIN HAaUMEHOBAHHE DJICKTPOILIa-
cruueckoro (DI12) m BuOpomnactuueckoro (BIID) »ddexros. Ilpu DIID
HabmrogaeTcs (GOpPMHPOBAHHE 3HAYMTEILHOIO BHUOPAI[MOHHOTO OTKIHMKA Ha
BO3JICHCTBHE JIEKTpHUECKOT0o MMITynbcea [1]. CXoacTBO pe3yabTaTOB ACHCTBUSA
OI19 u BIID nmo3BoasieT IPeAIoNoKUTh MOX0KECTh MEXaHU3MOB BIIMSHMS Ha
cBoiictBa mMatepuaiioB oT BIID u BuOpamumonnoro orkimka mpu IIID. Ilpu
9TOM HEO0OXOAMMO MPEACTABUTH ONMKMCAHHE MeXaHu3Ma (hopMUpoBaHus BHOpa-
LIMOHHOTO OTKJIMKA Ha 3JIEKTPOUMITYJIbCHOE Bo3zciictBue npu DIID. B [1] Ha
OCHOBE PE3YIIBTATOB H3MEKPCHHS XapaKTEPHUCTHK BHOPAIMOHHOTO OTKJIHKA
IMOKAa3aHO, YTO TAKOW OTKJIMK COOTBETCTBYET yJapHOMY MEXaHHYCCKOMY BO3-
JIEWCTBUIO B MOMEHTHI, COOTBETCTBYIOIIME HAYaly MepeaIHero 1 3aaHero GpoH-
TOB DJEKTPUYECKOTO HMMITYyJIbca. HampaBieHue Takoro OTKJIMKAa 3aBUCUT OT
HampaBJIEHUs BHEIIHETO 3JICKTPHMYECKOr0 HMIyjibca. Pa3Max aMILIUTYIHOIO
OTKJIMKA MPHU 3TOM NPOTOPIHUOHATIEH aMIUIUTYIE SJIEKTPOUMITYIBLCHOTO BO3-
JICHCTBUA.

OcoOEHHOCTH PKCIIEPUMEHTANIBHBIX JaHHBIX HE MO3BOJISIOT NPHU3HATH IIPS-
MO€ IE€HCTBHE NUHAMHYECKOrO HarpeBa, NUHY-d(deKxTa, cCKUH-3bdeKTa, TeH-
CTBHUJIC «JICKTPOHHOTO BeTpa» Ha NC(EKThl U JUCIOKALMH YIOBICTBOPHUTEIb-
HBEIM 00BICHEHHEM (PU3MKU MPOIEcca TEHEPALMM MEXaHUYECKOro yaapa. Jnu-
TEILHOCTh JCHCTBUS AUHAMUYECKHMX CHJ IPH 3TOM OIPaHHYEHA MAaJoh JUId-
TENBHOCTHIO, CYIIECTBEHHO MEHBIICH, YeM BpeMsi HApOCTaBHHUSA TOKA W Mar-
HHUTHOTO IIOJIS AJIS IPOBOJHUKA.

C y4eToM H3JI0KCHHOTO MOKHO IPEIOKHUTh CIACAYIOIIYIO IOCIIEI0BATEIIb-
HOCTH (PU3HUECKHUX IIPOLIECCOB B ITPOBOJIHUKE IIPU BO3JECHCTBUY HA HETO BHEIII-
HEro 1JICKTPUYECKOr0 HMMMyJibca. B MOMEHT Hauajla BO3ACHCTBHS BHEIITHETO
JJIEKTPHUYECKOTO IIOJII B IIOBEPXHOCTHOM CJIO€ IPOBOJHHKA (DOPMHUPYETCS
HavaJIbHBIA TOK. TOJIIMHA HOBEPXHOCTHOI'O CJIOS IPH 3TOM COOTBETCTBYET
CKHH-CJIOI0 ITPOBOJHKKA. HadanpHBIA TOK MPOBOJHUKA (OPMHPYET B IMOBEPX-
HOCTHOM CJIO€ M BOKPYT IPOBOJHHKA CKAY€K MAarHUTHOIO IMOJsA. DTO MarHUT-
HOE€ I0JI€ B3aMMOJIEMCTBYET ¢ HayaJabHBIM TOKOM uepe3 npoBOAHUK. [Ipu 3TOM
Ha cBOOOJHBIE HOCUTEIHU 3apsAja B MaTepuaje IpoBOJHUKA ¢ cuiioi JlopeHna.
DTa cuia BEI3LIBAET MposBiIcHUE MUHY-3(hdeKTa s HocuTenel sddexra 1
CBOOOJHBIX HOCHTENIEH B IOBEPXHOCTHOM ciioe. PammanbHas cuia JlopeHia
MIPH 3TOM pacupezaescHa 1o OOKOBOW MOBEPXHOCTH IMMPOBOJAHUKA U €€ BEIHIHHA
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CPaBHUTEIIFHO HEBelMKa. PaguanbHOE pacTsHKEHHE M CXKAaTHE IIPOBOJHUKA I10-
9TOMY HC3HAYHUTCIIBHO U HC (_J[)I/IKCI/IpyeTCﬂ IIpU 3KCIICPUTMECHTAJIBHOM OIIPpEAC-
JICHUN paJHuaJIbHBIX JTUHAMHWUYCCKUX nepeMeLueHMﬁ n CUIJI. I[.H}I IIpOBOJHUKA B
JTAHHOM CJTyYac B PaJIMAIbHOM HAlpaBJICHUH XapaKTepHa u3ruOHas dhopma me-
(hopMaru, KoTopas SIBISICTCS CICICTBHEM IPOIOIBHOMN IehopMannm.

JleticTBue pagualbHOM cuiibl JIopeHIla Ha MOABIKHBIC DISKTPUUECKHE 3a-
psIABI KPaTKOBPEMEHHO, TIOCKOJIBKY CO3daBaeMbIil paJlaIbHBIA TOK BBI3BIBACT
MOJIAPU3ALMI0 TTOBEPXHOCTHOTO CJIOSI MPOBOIHHUKA, MPEHATCTBYIONIYIO Jallb-
HeWIlleMy NPOTEeKaHWI0 ToKa. [Ipu 3TOM 3HaK MOJApU3ALMH HE 3aBHCUT OT
HaIpaBJICHUs] BHEITHETO 3JICKTPUYECKOTO UMITYJIbca. PaguanbHbI TOK B KaX-
JIOM M3 CEUCHUN MPOBOAHHKA (OPMHUPYET IPOJA0ILHOE MATHUTHOE II0JI€ B IPO-
BoaHMKe. Kpome 5TOro, paauaidbHBII TOK B IIOBEPXHOCTHOM CJI0€ B3aUMOKEH-
CTBYET C KOJBIIEBEIM MarHUTHBIM ITOJIEM HAYaJIbHOTO TOKAa Yepe3 IPOBOTHHK.
Pe3ynbraTtoM Takoro B3aMMOACHCTBHUS SIBJISCTCS IOSBICHHE CHIIBI AMIIEpa,
JICWCTBYIOIIECH Ha KaJIOK M3 CCYCHHUH NpoBojaHMKA. CyIeCTBEHHO, YTO JACH-
CTBHE 3TOM CHJIBI CYMMHPYETCS 10 BCEH JJIMHE MPOBOJHHMKA, YTO BBI3BIBAET
3aMETHYIO MPOAOJIbHYIO AedopMann. 1 OTKINK By BUIC MEXaHHYECKOTO yaapa
B paaMadbHOM HampaBicHuH. HampasiieHne akcHalbHOM MEXaHHMYCCKOM CHIIBI
IIPHA 3TOM OIIPEIEIISECTCS HAIMPaBICHUEM KOJBLIEBOTO MAarHUTHOTO IIOJISA H, Cie-
J0BATCJIbHO, 3aBHCHT OT HaHpaBﬂeHI/IH BHCIIIHCT O 3J'IeKTpI/I‘IeCKOFO BOSHei/ll-
CTBUA.

Hanpasnenue cuiibl Amriepa MeHsI€TCS Ha MPOTUBOIIOJIOKHOE )i 3aJHETO
(bpoHTa BHENIHETO INMEKTPUUYSCKOTO MMITYIbCA, MMOCKOJIBKY €ro JAeWCTBHE MO-
JKET OBITh MPEJCTABICHO KaK JCHCTBUE CTYIIEHKU BHELIHEH 3JICKTPOABMKYIICH
CHUJIbI, aHAJIOTHYHOMU MepeaHeMY (DPIIOHTY, HO MIPOTHBOTIOJIOKHON MOJIIPHOCTH.

JlelicTBue cunbl AMIlepa HaBIPABJICHO BBCTPEYHO JCHCTBHIO BHEILIHCH
3IEKTPOABIIKYILEH CHUJIBI B MOMEHT mpuxona Gponta. Takum oOpa3om cuia
Amrnepa orpaHUYMBaeT BEJIMYMHY HAYAJILHOTO TOKAa M MPOSIBISKETCS Kak JcH-
CTBHE OTPHULIATEILHON OOpaTHOHM CBATH. DTO OKAa3bIBAET JIHMHEAPU3HPYIOIICE
JIEMCTBHE HAa 3aBUCHMOCTb aMINIUTYIbI YIAPHOIOI MEXaHNYECKOTO OTKIIMKA OT
aMIUIUTYObI BHEITHETO 3JICKTPHUYIECKOPTO BO3ACHCTBHS.

IIporecc MEXaHUYECKOTO YAApHOTO BO3ICHCTBUSAX 3aTeM IIEPEXOJUT B
MPOIECC 3aTyXaIOMIUX MPOAOCJBHBIX M CBA3aHHBIX C HUMH IOINEPEYHBIX KOJe-
OaHMii, TeHCTBHE KOTOPBIX BBI3BIBACUT IPOSBICHHE BHOPOIIACTUYECKOTO (-
(exra. OTHOCHTENIBHO MEIJICHHEIE MMOCACAYIOIINE U3MEHEHHS TOKA Uyepe3 Ipo-
BOJIHHMK, OFPAaHHYCHHBIC CHUYKCHUEM BIIMSHHUS CKUH-3(P(hEKTa U CAMOMHIYKIIH-
el TPOBOIHUKOB HE3HAYUTEJIHHO CKa3bIBAIOTCS Ha MPOLIECC MEXAHUYECKUX KO-
nebGaHuil MPOBOJHUKA.

1. CxsopuoB O.b., Cramenko B.W., Tpoumkuit O.A. DnekTporacTuaeckuid 3¢-
(hexT M B3aMMOIEICTBUE HIEKTPHUUECKOTO MMITyJIbCa C TMpoBOTHHUKOM // Ilucema o
Marepuanax, 1.11, Ne 4, 2021. — C. 473-478.
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THE MECHANISM OF IMPACT INFLUENCE
ON THE STRUCTURE OF A METAL UNDER
ELECTROPLASTIC AND VIBROPLASTIC EFFECTS

In the processing of metals by pressure with additional electropulse action, a
decrease in the increase in plasticity and material is observed. These phenome-
na are called electroplastic (EPE) and vibroplastic (VPE) effects. During EPE,
the formation of a significant vibrational response to the action of an electric
pulse is observed [1]. The similarity of the results of the action of EPE and EPE
allows us to assume the similarity of the mechanisms of influence on the prop-
erties of materials from EPE and the vibration response during EPE. At the
same time, it is necessary to provide a description of the mechanism for the
formation of a vibration response to an electrical impulse effect during EPE. In
[1], based on the results of measuring the characteristics of the vibration re-
sponse, it was shown that such a response corresponds to a mechanical impact
at the moments corresponding to the beginning of the leading and trailing fronts
of the electric pulse. The direction of such a response depends on the direction
of the external electrical impulse. The range of the amplitude response in this
case is proportional to the amplitude of the electrical impulse action.

The features of the experimental data do not allow us to recognize the direct
effect of dynamic heating, the pinch effect, the skin effect, the action of the
"electronic wind" on defects and location as a satisfactory explanation of the
physics of the mechanical shock generation process. The duration of the action
of dynamic forces in this case is limited by a short duration, significantly less
than the time of current and magnetic field rise for the conductor.

C Considering the foregoing, we can propose the following sequence of
physical processes in a conductor when it is exposed to an external electrical
impulse. At the moment of the beginning of the action of an external electric
field, an initial current is formed in the surface layer of the conductor. The
thickness of the surface layer in this case corresponds to the skin layer of the
conductor. The initial current of the conductor generates magnetic field surges
in the surface layer and around the conductor. This magnetic field interacts with
the initial current through the conductor. At the same time, on free charge carri-
ers in the material of the conductor with the Lorentz force. This force causes
the manifestation of the pinch effect for effect carriers for free carriers in the
surface layer. In this case, the radial Lorentz force is distributed along the lat-
eral surface of the conductor and its value is relatively small. The radial tension
and compression of the conductor is therefore insignificant and is not fixed in
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the experimental determination of radial dynamic displacements and forces. In
this case, the conductor in the radial direction is characterized by a bending
form of deformation, which is a consequence of longitudinal deformation.

The action of the radial Lorentz force on moving electric charges is short-
lived, since the created radial current causes polarization of the surface layer of
the conductor, which prevents further current flow. In this case, the polarization
sign does not depend on the direction of the external electric pulse. The radial
current in each section of the conductor forms a longitudinal magnetic field in
the conductor. In addition, the radial current in the surface layer interacts with
the ring magnetic field of the initial current through the conductor. The result of
this interaction is the appearance of the Ampére force acting on the cadlock
from the sections of the conductor. Significantly, the action of this force is
summed over the entire length of the conductor, which causes a noticeable lon-
gitudinal deformation. And the response is in the form of a mechanical shock in
the radial direction. The direction of the axial mechanical force in this case is
determined by the direction of the annular magnetic field and, therefore, de-
pends on the direction of the external electrical action.

The direction of the Ampere force is reversed for the trailing edge of the ex-
ternal electrical impulse, since its action can be represented as the action of a
step of the external electromotive force, similar to the leading front, but of op-
posite polarity..

The action of the Ampére force is directed counter to the action of the ex-
ternal electromotive force at the moment of the arrival of the front. Thus, the
Ampere force limits the magnitude of the initial current and manifests itself as
the action of a negative reverse sanctity. This has a linearizing effect on the de-
pendence of the amplitude of the shock mechanical response on the amplitude
of the external electrical action.

The process of mechanical impact then turns into a process of damped lon-
gitudinal and associated transverse oscillations, the action of which causes the
manifestation of a vibroplastic effect. Relatively slow subsequent changes in
the current through the conductor, limited by a decrease in the influence of the
skin effect and self-induction of conductors, have little effect on the process of
mechanical oscillations of the conductor.

1. Skvortsov O.B., Stashenko V.I., Troitsky O.A. Electroplastic effect and interac-
tion of an electrical impulse with a conductor // Letters on materials, v.11, Ne 4,
2021. - P. 473-478.
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JAHAMHWYECKOE MEXAHUYECKOE JENCTBUE
SJEKTPUUYECKOT'O TOKA B TIPOBOJAIIINX DJIEMEHTAX
MOIIHOI'O QHEPTETHYECKOI'O OBOPYJOBAHUS

DJIEKTPOITPOBOJIAIINE MIMHBI MAXOMAT IUPOKOE NMPUMEHEHHE B COBPEMEH-
HOM 3JIEKTPOTEXHUYECKOM H 3JIEKTPOMEXaHUYECKOM CHIIOBOM OOOpPYIOBaHUU B
Ka4yecTBe KOHCTPYKIMOHHBIX U COEAMHUTEIBHBIX 3JIEMEHTOB. B KauecTBe OCHOB-
HOr0 MaTepHaja Uil M3TOTOBJICHHUS TaKUX IIWH MCIIOJNB3YETCSA dJCKTPOTEXHUYE-
CKas Mellb, 00ecIeunBaroomas Majble 3JCKTPHUYESCKHE IMOTEPU Ha OMHYCCKOM
COTIPOTHBJICHUH. MexaHndeckas MPOYHOCTh MU CPaBHUTEIHLHO Majia M o0ec-
IIEYCHNE YCTAJIOCTHOM IMMPOYHOCTH KOHCTPYKIINH SBJIICTCS aKTyaJIbHOM 3adadei ¢
YYETOM YacTOTr0 OI'paHUYCHHS Ha BEC JICMEHTOB. YBEIMUCHHE MOTICPEYHOTO Ce-
YEHHS MEIHBIX JIEKTPOIPOBOIAIIMX IIHH IS MOBBIIICHHUS TPOYHOCTH OrpaHH-
4yeHO BIMsHUEM CKHH-3(hdekTa. U3-3a ckuH-3¢deKTa BHYTpEeHHUE HUE 001acTh
MIMHBI HE YIaCTBYIOT B MIPOXOXACHUH MIEPEMEHHBIX TOKOB, HO YBEITMYHMBAIOT BEC
1 CTOUMOCTH TIpoBOAHNKA. COBPEMEHHBIX TEXHUIECKHE PEIICHNS, B TAKMX 001a-
CTSX KaK DJIEKTPOABTOMOOMIJIECTPOCHU WIIM COJIHEYHAs DHEPreTHKa, CBSA3aHBI C
HMCTOYHUKAMHU ITOCTOSIHHOTO TOKa. OJHAKO M B OTHIX CIyYasx MOCTOSHHBIA TOK
MIPUXO0XKHUTCS MTPE0OPa3OBHIBATH B MMEPEMEHHBIN C HCIOIB30BAHUEM UMITYIIbCHBIX
KOHBEPTOPOB MOIIHOCTH. JTO MOKAa3bIBaeT aKTYAJIbHOCTh 3a/Ja4d OOeCIeYeHus
HAJCKHOCTH HUIPOYHOCTH IIEKTPOTEXHHUUECKUX DJIEMCEHTOB B YCIOBHSAX BO3-
JIEHCTBUS SNEKTPUICCKUX UMITYJIHCOB OOJIBIIION MOIITHOCTH Ha BCEX3 JTamax Co-
3[aHUS U SKCIUIyaTalldu 3JICKyTpOMEXaHHUecKkoro ooopynoBanus [1]. Ha arare
M3TOTOBIICHHS 3JIEKTPONPOBOIAIIMX IIMH IIPH PA3IHYHBIX BUIaX 00pabOTKH Me-
TaIoB 3G (HEKTHBHO MCIOIb30BaHUE dIIEKTPOILTIacTHUecKoro 3ddexra. Ha stot-
e cOOPOUHBIX U MYCKO-HATAI0YHBIX PabOT MCIIOJIb30BaHHE BHOPOIIMOHHOTO OT-
KIMKa TPH IEKTPOUMITYJIBCHOM BO3JCHCTBHU OO0ECIICUMBACT PEIICHHE 3a1ad
JIMarHOCTUPOBaHUS. BuOpanus smekTponpoBOAIIAX IIIHH B TIPOIIECCe IKCILTya-
Talii CYIIECTBEHHO C YYETOM HEOOXOIMMOCTH OO0ECHeueHHUs YCTAIOCTHOM
rpouyHocty [2]. ITpu KTOM MOTYT MPOSIBISATHCS Pa3IMUHbIC MEXaHU3MbI TOSIBIIC-
HUS U Pa3BUTHS JIE()EKTOB, HANpPUMeEp, TPEHIMHOOOpa3oBaHWE WM (DPETTHHT-
KOPPO3HsI MB MaT€PHAJIEC [IIFHBL

B ycnoBusx BO3ICHCTBHS IICKTPUUICCKHX HMITYJIHCOB Ha 3JICKTPOIPOBO-
JISTITAE ITUHBI B CIy9ace HECKOJIBKUX TMapajielibHO OJIM3KOPACIIONOKCHHBIX IITHH
B IIOIIEPEYHbIE JUHAMMYECKHE CHJIBI BHOCUT 3¢ (deKT Oan3ocTH. MexaHndecKue
BHOpaLMM B TOM CJIydae ONPEACIAIOTCS B3aUMOAEHCTBUEM MarHUTHLIX MOJIEi
OT MPOTEKAIOIIUX IO INMHHAM TOKOB. YacToTa MEXaHHYECKHX BHOpalMi mpu
9TOM COOTBETCTBYET YABOCHHOH YacCTOTE JJEKYTPUUYECKUX HUMITYIbCOB. Jlst
nmapajielbHO PACIOJIOKECHHBIX IIIHH B 3TOM CIlIydae XapaKTepHO MPOSBICHUE
MOTIEPEYHBIX N3THOHBIX BHOPAITHIA.
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I[J'IH OJWHOYHBIX, YAAJICHHO pPacCIlOJIOXCHHBIX IIHWH IIPpHU BOS}ICﬁCTBI/IH Ha
HUX DJIEKTPUYECKUX MMITYIIECOB XapaKTepPHO BO3HUKHOBCHHE MBO3/ICHCTBHEC B
BHJIC MEXaHUYCCKUX yIapOB B OCEBOM HAINPABJICHUH U M MOCICIYIOIINE 3aTy-
XaloNIre UKOJIeOaHNs Ha 9acTOTaX OJU3KMX K COOCTBEHHOM YacTOTE IIHHEI.

AMIuATy 12 BUOPAITMOHHOTO OTKIIMKA OJWHOYHOM IIMHEI MPH JIIEKTpHYe-
CKUb BOB)Ief/'ICTBI/IHX CO3Jar0IMX IJIOTHOCTU TOKAa B COTHU U TBICAYH aMIICP Ha
KBaJpaTHBIH MIUUTAMETP YacTO MPEBBIMACT JCCATKA M cOTHH (. [lockombky
TaKye BHOPAIMOHHBIC MEPErPy3KH HAOIIOAAIOTCS Ha BBICOKOM yacTtoTe medop-
MaIsl MaTeKpraza CPaBHUTEIFHO HEBEIMKa, HO OOJbIINE AMHAMUYECKUE JIO-
KaJIbHBIC NEPETPY3KU MOTYKT IMPUBOJUTDH K 3aPOKIACHUIO U Pa3BUTHIO MEXaHH-
gecKuX Je(eKToB B ByWAe TpPemuH U (GpeTTHHr-Koppo3nu. Takue BBICOKOYA-
CTOTHBIC BHOpalMd MOTYT BHOCHTH 3aMETHBIA BKJAJ B MHOTOIIUKIOBYIO U
CBCPXMHOT'OLMKIOBYIO YCTAJIOCTh MaT€puaja InuH.

AHamM3 3KCIIePUMEHTAIBHBIX JaHHBIX TOKA3bIBACT, YTO OCEBBIC YCKOPEHUS
KOHCAJIbHOTO ITPOBOJIHUKA, TAK)KE KaK M HEMOCPEACTBCHHO W3MEPEHHbBIC NCii-
CTBYIOIINE B OCEBOM HAIPABIICHUH TUHAMUYCCKUAX CHIIBI, SBISIOTCS JOMUHU-
PYIOIIMMH B omipe/iesicHiH (HOpMBbI KOJICOaHUI TAKOTO MPOBOTHHKA.

PaccmoTpenHsle mpomeccsl BUOPAIMOHHOTO OTKIIMKA MPH JKCIDTyaTallnu
MOTYT TaKXe OBITh MCIIOJIb30BaHBI B MPOIECCE JIEMOHTAXKa 3JCKTPOMEXaHUIe-
CKOTO 000pYIOBaHUS ISl U3BJICUEHHS SIEMEHTOB MPOBOIAIINX IIHH W3 Ma30B
MAarHHATHBIX CEPJICYHHUKOB HA JTalle BBIBEJCHHUS OOOPYIOBaHHS W3 IKCILTyaTa-
nuu. [Ipu yTuan3anuu 3J1eMeHTOB dJIEKTPOUMITYITLCHOTO OOPYAOBaHUS TIPUM e-
HEHHE 3JICKTPOUMITYIBCHOTO BO3ACHUCTBHUS TAKKe MOXKET OBITh MCIOIBb30BaHO
JUIS T@3UHTETPALUHU AICKTPOIPOBOISIINX HIEMEHTOB KOHCTpYKIuH [3]. Yuer
BHOpOaKyCTHUECKUX 3 (DEKTOB B 3IEKTPOMPOBOISIINX IIIMHAX MOIIHOTO SHEP-
TeTUYECKOTO 000PYIOBAaHUS TaKHMM 00Pa3oM SIBIISICTCS HEOOXOIMMBIM YCIOBU-
€M UX JUINTEIbHOW HaJEeKHOM 3KCILTyaTalluu.

1. Tpounxwuit O. A., CxBopuoB O. b., Cramenko B. W. Dnekrponanacrudeckuii
a¢dekxT 1 ITanbl KUIHEHHOTO LUKJIA dHEpreTndeckoro obopynosanus // Cu-
CTEMBbI YNPABICHHUS TOJHBIM >KU3HEHHBIM I[HKJIOM BBICOKOTEXHOJIOTUUHOM
MIPOAYKIMU B MAIIMHOCTPOEGHHH: HOBBIE HCTOUHHMKHU pocta: V Bcepoccuiickas
Hay4yHO-TIpakTH4eckass koHpepeHuus M.: M3n—Bo MI'TY um. H. 3. baymana,
2022. — C.256-259.
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noB C.JI., Tepemyk B.C., 3aiiues C.B., iBanoB A.M. lIHTeHCUBHas miIacTU4e-
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DYNAMIC MECHANICAL ACTION OF ELECTRIC CURRENT
IN CONDUCTING ELEMENTS OF POWERFUL POWER
EQUIPMENT

Electrically conductive tires are widely used in modern electrical and elec-
tromechanical power equipment as structural and connecting elements. As the
main material for the manufacture of such tires, electrical copper is used, which
provides low electrical losses on ohmic resistance. The mechanical strength of
copper is relatively low, and ensuring the fatigue strength of the structure is an
urgent task, taking into account the frequent restrictions on the weight of the ele-
ments. The increase in the cross section of copper electrically conductive bars to
increase strength is limited by the influence of the skin effect. Due to the skin ef-
fect, the inner regions of the bus do not participate in the passage of alternating
currents, but increase the weight and cost of the conductor. Modern technical so-
lutions, in areas such as electric vehicles or solar energy, are associated with di-
rect current sources. However, even in these cases, direct current has to be con-
verted into alternating current using pulsed power converters. This shows the rel-
evance of the problem of ensuring the reliability and strength of electrical com-
ponents under the influence of high-power electrical impulses at all stages of the
creation and operation of electromechanical equipment [1]. At the stage of manu-
facturing electrically conductive tires in various types of metal processing, it is ef-
fective to use the electroplastic effect. At the stage of assembly and commission-
ing, the use of vibration response under electrical impulse action provides a solu-
tion to diagnostic problems. Vibration of electrically conductive tires during op-
eration is essential, taking into account the need to ensure fatigue strength [2].
When pressing, various mechanisms of the appearance and development of de-
fects can manifest themselves, for example, cracking or fretting corrosion in the
tire material.

Under the influence of electrical impulses on electrically conductive tires in
the case of several closely spaced tires in parallel, the proximity effect intro-
duces the transverse dynamic forces. Mechanical vibrations in this case are de-
termined by the interaction of magnetic fields from the currents flowing
through the tires. The frequency of mechanical vibrations in this case corre-
sponds to twice the frequency of electrical impulses. For parallel tires in this
case, the manifestation of transverse bending vibrations is typical.

For single, remotely located tires, when exposed to electrical impulses, the
occurrence of m-impact in the form of mechanical shocks in the axial direction
and subsequent damped and oscillations at frequencies close to the natural fre-
guency of the tire is characteristic.
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The amplitude of the vibration response of a single tire under electrical in-
fluences that create current densities of hundreds and thousands of amperes per
square millimeter often exceeds tens and hundreds of g. Since such vibrational
overloads are observed at a high frequency, the deformation of the material is
relatively small, but large dynamic local overloads can lead to the initiation and
development of mechanical defects in the form of cracks and fretting corrosion.
Such high-frequency vibrations can make a significant contribution to the high-
cycle and ultra-high-cycle fatigue of the tire material.

An analysis of the experimental data shows that the axial accelerations of a
conical conductor, as well as directly measured dynamic forces acting in the ax-
ial direction, are dominant in determining the form of vibrations of such a con-
ductor.

The considered processes of vibration response during operation can also be
used in the process of dismantling electromechanical equipment to extract ele-
ments of conductive tires from the grooves of magnetic cores at the stage of de-
commissioning the equipment. When recycling elements of electrical impulse
equipment, the use of electrical impulse action can also be used to disintegrate
electrically conductive structural elements [3]. Accounting for vibroacoustic ef-
fects in electrically conductive tires of powerful power equipment is thus a nec-
essary condition for their long-term reliable operation.

1. Troitsky O. A., Skvortsov O. B., Stashenko V. I. Electroplastic effect and stages
of the life cycle of power equipment // Systems for managing the full life cycle of
high-tech products in mechanical engineering: new sources of growth: V All-
Russian scientific and practical conference M .: Publishing house of MSTU im. N.
E. Bauman, 2022. - P. 256-259 (in Russian).

2. Troitsky O.A., Skvortsov O.B., Stashenko V.I. Monitoring of dynamic mechani-
cal processes in conductors under the influence of impulse currents // Electromag-
netic field and materials (fundamental physical research). XXIX International Con-
ference: Materials. - M.: MPEI Publishing House, 2021. - P.86-91 (in Russian).

3. Troitsky O.A., Stashenko V.I., Skvortsov O.B., Savenko V.S., Samuilov S.D.,
Tereshchuk V.S., Zaitsev S.V., lvanov A.M. Intensive plastic deformation of metal
under current and microwave impacts. New data and patterns // Publishing House of
KIM L.A., M.: 2020. - 342 p. (in Russian).
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BJIMAHUE OBJIYUYEHUA HOHAMM I'EJIUSA HA
MUKPOCTPYKTYPY U ®A30BbIE UBMEHEHUS KAPBUJIA
KPEMHUA

Kapoun kpemuus (SiC) mpencraBiseT co00i MOTYIMTPOBOJAHUK C IMIMPOKON
3alpenIeHHOM 30HOU, uMeronmid 6oee 200 MOJUTUIIOB ¢ BapHAI[USIMH 3aripe-
IIEHHOH 30HBI, OTJIMYHO TEIJIOPOBOAHOCTHIO U HU3KUM TEIJIOBBIM pacuInpe-
HHUEM, XHUMHUYECKON CTaOMIBHOCTBIO, paJMalldOHHOIN CTOMKOCThIO0. OH MOXET
OBITb HCIIOJIB30BAH /ISl U3TOTOBIICHUS DJIEKTPOHHBIX YCTPOMCTB M CTPYKTYp-
HBIX KOMIIOHEHTOB B CHCTEMax TepMOsiiepHOil sHepreTuku. DyHaameHTanbpHOe
MOHUMAaHHNE HAaKOIUICHHUST M BOCCTAHOBJICHHUS PaJHallOHHBIX MMOBPEKACHUN B
SiC HeoOX0qUMO IS TPOABMIKEHHS TEXHOJIOTMYECKOTO puMeHeHus [1].

Kepamuueckue o6pasust SiC 6butn nonydensl B MTMO HAH Pb nyrém
CBsI3pIBaHMSA IBYX (hpakumii mopouikoB SiC M5 u M50 (pa3mep 3épeH 5 MKM U
50 MKM COOTBETCTBEHHO) C MOMOIIIBIO TEPMOIUIACTUYHOTO CBS3YIOIIEr0 Ha OC-
HoBe napaduHa P-2 u mocnenyromuM CHIMLUPOBAHHEM IIPH TEMIIEpaType
1800°C u nmaBnenuu 0,13 Ila. B pesynbrate koneunas Si/SiC kepammuka co-
JepKUT mopsiaka 78 % kapOuma KpeMHUs U MeHee 2 % CIUHUYHBIX OCTATOY-
HBIX TIOP C XapaKTEePHBIM pa3MepOM JI0 HECKOJIBKHX MKM [2].

OO0nydenne 00pa3lOB NPOBOJAMIOCH HU3KOIHEPIETUUYECKHMMH HOHAMH
kpuntoHa (280 k3B) Ha yckoputene Tsxensix nonos JL[-60 (Muctutyt siaep-
Ho# ¢usukn, Hyp-Cynran, Kazaxcran). O6ay4eHHss HOHaMH I'eJIisl ¢ SJHEprHen
40 x3B mpoBoamimch npu (GIIrOCHCAX 1-1014, 1-1015, 1~1015, 1~1016, 5.10% u
210" em™,

HccnenoBanue cTpyKTypHO-(ha30BOr0 COCTOSIHUSI HCXOTHBIX M 00ITy4EHHBIX
00pa3LoB KkapOuaa KpeMHHs IPOBOJIMIOCH METOJIOM PEHTTEHOCTPYKTYPHOTO
anamm3a (PCA), ckaHupytomei 3J1eKTpOHHON MHUKPOCKOIIHH, aTOMHO-CHIIOBOH
mukpockornd. PCA mposoamics Ha mudpakromerpe Ultima IV Rigaku) ¢ mc-
MOJIb30BaHUEM TE€OMETPUU TapaIebHOTO Mmydka B MeHOM (Cuy,) n3iydeHnu
¢ ;uirHOM BoJiHEI 0,154179 Hwm.

Pe3ynpraTel mccienoBaHui (pazoBOTO COCTaBa IOKAa3ald, YTO HCXOJHBIC
o0pasiel mpeAcTaBisioT coboi MHorodasnyto cucremy: SiC-6H — rekcaro-
HanbHas (P63mc) cunronus, Si — kyonueckas (Fd-3m) cunronus n SiC-15R —
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tpuroHaibHas (R3m) cunronus. OcHoBHO# dazoit siBisercs SiC-6H (oxosno 80
%), conepxanue ¢aser SiC-15R — okono 15 %, Si — menee 5 %.

[lpu 0OMyYeHHH MPOMCXOJUT HU3MECHEHHE MapaMeTPOB KPHCTATUYECKOH
petretkn 6H-SIC. DT M3MeHEHHs MPOUCXOMIAT B TPU 3Tala: yBEIHYCHHUE Ma-
paMeTpoB, a CIECOBATEIbHO U HAMPSDKCHUH (B HAMPABICHUU d CKUMAIOIIUX, B
HAIPABIICHUH ¢ PACTATUBAIOIINX), YTO CBSI3aHO C 3aPOXKACHUEM My3bIPHKOB T'e-
nust; cOpoc HampspkeHuid (cmaj nedopMaiivu) B pe3ynbTaTe 00pa3oBaHUs MMy-
3BIPHKOB; YBEINYCHUE HANPSDKCHUH W3-3a POCTa TENUEBBIX My3bIped pasmepa
[3]. Crienyer Taxke OTMETUTBH yBeMYCHHE apaMeTpa PEILETKH a U YMEHbIIIe-
Hie ¢. Takoe MOBEACHHE KPUCTAIUTNYSCKOH PELICTKH HAa3bIBACTCs paJualioH-
HBIM pocToM. DTOT 3((ekT XapakTepeH B ocHOBHOM misi ['TIY meramios, oco-
OCHHO LTS TUPKOHMSL

Takxe 00TydeHHE MPUBOJHUT K aMOP(PH3AIMK IPHIIOBEPXHOCTHOTO CIIOS M
YBEJINYCHUH IEPOXOBATOCTH, YTO MOATBEP)KAACTCS JIUTEPATYPHBIMHA NCTOYHH-
Kamu [4].
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THE EFFECT OF IRRADIATION WITH HELIUM IONS ON
THE MICROSTRUCTURE AND PHASE CHANGES
OF SILICON CARBIDE

Silicon carbide (SiC) is a semiconductor with a wide band gap, having more
than 200 polytypes with band gap variations, excellent thermal conductivity
and low thermal expansion, chemical stability, radiation resistance. It can be
used for the manufacture of electronic devices and structural components in
thermonuclear energy systems. A fundamental understanding of the accumula-
tion and recovery of radiation damage in SiC is necessary to advance techno-
logical applications [1].

Ceramic SIC samples were obtained at IHMT NAS RB by binding two frac-
tions of SIC powders M5 and M50 (grain size 5 microns and 50 microns, re-
spectively) using a thermoplastic binder based on paraffin P-2 and subsequent
silicification at a temperature of 1800°C and a pressure of 0.13 Pa. As a result,
the final Si/SIC ceramics contain about 78% silicon carbide and less than 2% of
single residual pores with a characteristic size up to several microns [2].

The samples were irradiated with low-energy krypton ions (280 keV) at the
DC-60 heavy ion accelerator (Institute of Nuclear Physics, Nur-Sultan, Ka-
zakhstan). Irradiation with helium ions with energy 40 keV was carried out
with fluencies 1-10', 1.10%, 1.10%, 1.10%, 5.10" u 2.10" cm™.

The structural and phase state of the initial and irradiated silicon carbide
samples was studied by X-ray diffraction analysis (XRD), atomic force micros-
copy (AFM) and scanning electron microscopy (SEM). X-ray analysis was per-
formed on an Ultima IV diffractometer (Rigaku) using the geometry of a paral-
lel beam of copper (CuK,) radiation with a wavelength of 0.154179 nm.

The results of studies of the phase composition showed that the initial sam-
ples are a multiphase system: SiC-6H — hexagonal (P63mc) crystal system, Si —
cubic (Fd-3m) crystal system and SiC-15R — trigonal (R3m) crystal system.
The main phase is SiC-6H (about 80%), the content of the Sic-15R phase is
about 15%, Si is less than 5%.
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During irradiation, the parameters of the 6H-SiC crystal lattice
change. These changes occur in three stages: an increase in parameters,
and consequently in stresses (in the compressive direction a, in the
stretching direction c), which is associated with the nucleation of helium
bubbles; stress relief (decrease in deformation) as a result of bubble
formation; an increase in stresses due to the growth of helium bubbles in
size [3]. An increase in the lattice parameter a and a decrease in ¢ should
also be noted. This behavior of the crystal lattice is called irradiation
growth. This effect is characteristic mainly for HCP metals, especially
for zirconium.

Also, irradiation leads to amorphization of the near-surface layer and
an increase in roughness, which is confirmed by literary sources [4].

1. W. Jiang, S. Thevuthasan, W.J. Weber, R. Grootzschel. Deuterium
channeling analysis for He+-implanted 6H-SiC. Nuclear Instruments and
Methods in Physics Research B., 2000, 161-163, pp. 501-504.

2. P.S. Grinchuk, M.V. Kiyashko, H.M. Abuhimd. Effect of technological
parameters on densification of reaction bonded Si/SiC ceramics. Journal of
the European Ceramic Society, 2018, Vol. 38 (15), pp. 4815-4823.

3. V. V. Uglov. Surface erosion of multilayer films based on zirconium
and silicon nitrides irradiated with helium ions. Vestsi Natsyianal’nai akad-
emii navuk Belarusi. Seryia fizika-matematychnykh navuk = Proceedings of
the National Academy of Sciences of Belarus. Physics and Mathematics se-
ries, 2018, vol. 54, no. 1, pp. 110-118 (in Russian).

4. A. Ashraf Ali, J. Kumar, V. Ramakrishnan, K. Asokan. Raman Spectro-
scopic study of He lon Implanted 4H and 6H — SiC. Materials Letters, 2017,
540, pp. 152312.
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MUKPOCTPYKTYPHBIE HCCIIEAJOBAHUSA OJHOPA3HBIX
KOHIUEHTPUPOBAHHBIX TBEPJIbIX PACTBOPOB HA
OCHOBE V-Nb-Ta-Ti ITPU OBJIYYEHUU NOHAMU
KPUIITOHA

OIHUM U3 MEPCIEKTUBHBIX HAIPaBJICHUN MCCIECIOBAHUNA B COBPEMEHHOM
MaTepUAIOBEACHUN SIBIIIETCS M3yUEHUE CBOMCTB M METOJIOB IOJYYEHHUS BBICO-
KO3HTponuiiHbIX criaBoB (BOC) Ha ocHOBe 0qHOMA3HBIX KOHIEHTPUPOBAHHEBIX
TBepAbIX pacTBOpoB. BOC coCTOAT M3 YeThIpeX WU 00Jee METalNIMYSCKHX
3JIEMEHTOB, CMEIIAHHBIX B AKBUMOJIIPHOM HIIA OJIM3KOM K SKBUMOJISIPHOMY CO-
orHomeHuu [1].

BOC na ocroBe V-Nb-Ta-Ti OblIM CHHTE3UPOBAHBI C MCIIOIB30BAHUEM MeE-
TaJI0B BBICOKOM YMCTOTHI (>99,9%) MeTOIOM OYroBOM INIABKHA C IOCIELYIO-
Ie¥ roMOreHM3aInel. 3aTeM MPOBOAMIM OTKUT B TeueHue 24 u 72 4acoB IpH
temmneparype 1150 °C ¢ mpoMexyTo4HO# XOJOIHOH mpokaTkoil 10 85% co-
KpareHus TonmpHbl. O0pa3nbl 00Iydaiy Ipyu KOMHATHOM TeMIepaType noHa-
mu Kr'** ¢ sueprueii 280 k9B u ¢uroencom 5x10% em™.

Bruto ycTaHOBIIEHO, UTO OOJAyYEeHHE HE IPUBOAUT K HM3MEHEHHIO MHUKPO-
CTPYKTYPHI IOBEPXHOCTH, (ha30BBIM IIEPEXO[aM M 3HAYUTEILHOMY U3MEHEHUIO
pacrpeielIeHHs JIIEMEHTOB 10 00beMy M ImOBepXHOCTH. OIHAKO CTHMYJIUpPYe-
Masi m3nydeHueMm auddy3ms Ooree JETKUX HIIEMEHTOB OblIa OOHapyXeHa B
BAC Ha rny6une npobera nonos Kri**,

WccnenoBanne MUKPO- U MaKpOHAIPSHKEHUH TPOBOAMIOCHE METOAaMH XOJI-
nepa-BarHepa u sin“y. 3HAUUTENBLHOE CHHXKEHUE COKUMAIOIIMX MaKpOHAIps-
KeHMH ObUI0 0OHApYXKEHO BO Beex oOpasuax cucreMbl V-Nb-Ta-Ti u yBenanue-
HHE MUKDPOHAINPSHKEHUHA B 00J1ee CI0KHBIX cucTeMax. IlocTpaaualMoOHHEIH OT-
JKAT MIPUBOJUT K PeNIaKCallii pacTATMBAIOIIMX HampskeHui B crase V-Nb-
Ta-Ti. BeisBieHa 3aBUCUMOCTh MEKY 3HAUEHUSIMH MHUKPO- U MaKpOHaIpsiKe-
HUM M 3HAYEHHMSIMU HAHOTBEPAOCTH U MOAYIS yIpyroctd. B pabore Mbl 1o-
IPOOHO aHANM3UPYEeM MEXaHHM3MBI 00Pa30BaHMs PaJUALMOHHEBEIX NIe(PEKTOB B
KOHIICHTPUPOBAHHOM TBEPJIOM PACTBOPE ¥ BIHMSHHEC HOHOB KPHUIITOHA HA OCTa-
TOYHBIC HANPSDKEHUSL.

1. D.B. Miracle, O.N. Senkov, Acta Materialia 2017;122:481-511.
https://doi.org/10.1016/j.actamat.2016.08.081
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MICROSTRUCTURAL INVESTIGATION OF SINGLE-PHASE
CONCENTRATED SOLID SOLUTION ALLOYS BASED ON V-
Nb-Ta-Ti UNDER KRYPTON ION IRRADIATION

One of the promising areas of research in modern material science is the
study of properties and methods for producing single-phase solid solution al-
loys (SP-CSAs). SP-CSAs are composed of four or more metallic elements
mixed in an equimolar or near equimolar ratio [1].

SP-CSAs based on V-Nb-Ta-Ti were synthesized using high-purity metals
(>99.9%) by arc melting followed by homogenization. Then annealing was car-
ried out for 24h and 72h at a temperature of 1150 °C with cold rolling up to 85
% reduction in thickness. The samples were irradiated at room temperature
with Kr'** jons with an energy of 280 keV and a fluence of 5x10™ cm™.

It was found that irradiation does not lead to a change in the microstructure
of the surface, phase changes and a significant change in the distribution of el-
ements in the volume and surface. However, radiation-stimulated diffusion of
lighter elements was detected in SP-CSAs at the depth of the run of Kr*** ions.

The study of micro- and macro-stresses was carried out by the Holder-
Wagner and sin’y methods. A significant decrease in compressive macrostress-
es was found in all samples of the V-Nb-Ta-Ti system and an increase in mi-
crostresses in more complex systems. Post-radiation annealing leads to relaxa-
tion of tensile stresses in the alloy V-Nb-Ta-Ti. The dependence between the
values of micro- and macro-stresses and the values of nanohardness and modu-
lus of elasticity was revealed. In the work, we analyze in detail mechanisms of
radiation defect formation in concentrated solid solution and influence of the
krypton ions on residual stresses.

1. D.B. Miracle, O.N. Senkov, Acta Materialia 2017;122:481-511.
https://doi.org/10.1016/j.actamat.2016.08.081
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MICROSTRUCTURAL INVESTIGATION OF SINGLE-PHASE
CONCENTRATED SOLID SOLUTION ALLOYS BASED ON V-
Nb-Ta-Ti UNDER KRYPTON ION IRRADIATION

One of the promising areas of research in modern material science is the
study of properties and methods for producing single-phase solid solution al-
loys (SP-CSAs). SP-CSAs are composed of four or more metallic elements
mixed in an equimolar or near equimolar ratio [1].

SP-CSAs based on VV-Nb-Ta-Ti were synthesized using high-purity metals
(>99.9%) by arc melting followed by homogenization. Then annealing was car-
ried out for 24h and 72h at a temperature of 1150 °C with cold rolling up to 85
% reduction in thickness. The samples were irradiated at room temperature
with Kr'** ions with an energy of 280 keV and a fluence of 5x10™ cm™.

It was found that irradiation does not lead to a change in the microstructure
of the surface, phase changes and a significant change in the distribution of el-
ements in the volume and surface. However, radiation-stimulated diffusion of
lighter elements was detected in SP-CSAs at the depth of the run of Kr'** ions.

The study of micro- and macro-stresses was carried out by the Holder-
Wagner and Sin2\|/ methods. A significant decrease in compressive macrostress-
es was found in all samples of the V-Nb-Ta-Ti system and an increase in mi-
crostresses in more complex systems. Post-radiation annealing leads to relaxa-
tion of tensile stresses in the alloy V-Nb-Ta-Ti. The dependence between the
values of micro- and macro-stresses and the values of nanohardness and modu-
lus of elasticity was revealed. In the work, we analyze in detail mechanisms of
radiation defect formation in concentrated solid solution and influence of the
krypton ions on residual stresses.

1. D.B. Miracle, O.N. Senkov, Acta Materialia 2017;122:481-511.
https://doi.org/10.1016/j.actamat.2016.08.081
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OBOJIOYKA TB3JIA U3 CIIJIABA 3110 O.4. C XPOMOBBIM
INOKPBITUEM

Cozmanne TosepanTHoro torummBa st ADC sBIsieTcs OOHOM M3 MPHOPH-
TETHBIX 3aad IS MOBBIMICHNS CTOWKOCTH TB3JOB B Pa3INYHBIX aBapPUIHBIX
cutyanusax. s obecriedueHns ykazaHHOTO TpeOboBaHH OBIT pa3paboTaH METO
HaHECEHHS 3alUTHOTO TIOKPHITHS Ha IUPKOHHEBBIE 000J704Yky TB3I0B D110
0.4.

Brinmm M3roTOBNEHBI AKCIEPUMEHTAIbHBIE TBABI TUNOpazMepa BBOP ¢
YTOHEHHO# 000J10uKOi U TabiaeTkaMu Oe3 IEHTPaTbHOTO OTBEpCTHs. B HacTo-
AI1ee BpeMsl TBJIBI C XPOMOBBIM HMOKPBITHEM OOIY4JaloTCsl B MCCIEIOBATENb-
ckoM peakrope MHUP npu nuHENHbIX Harpys3kax, XapakTEpHBIX UL peakTopa
BB3P-1000.

Ha CeFO)IHHLHHI/lI‘/II JACHb TOJIYUCHBI PE3YJIbTaTbhl PCAKTOPHBIX U IMOCJICPECaK-
TOPHBIX MCCIIEOBAHUI TBAJIOB TOJIEPAHTHOTO TUIIA MOCIE 00IYIEHHS 110 BBITO-
panus ~ 30 MBT-cyr/krU. XpoMoBO€ MOKPBITHE COXPAHHUIIO CBOIO LIEJIOCTHOCTh
n cruontHocTh. OKHCIIEHHE Hapy)XKHOH HMOBEPXHOCTH O0OJIOYKH NMPAKTHYECKU
OTCyTCTBYET. PeakTopHbIE HCIIBITAaHUS TIPOJIOJIKAIOTCS.
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CHROME COATED FUEL ROD CLADDING OF E110HP
ALLOY

The accident tolerant fuel development for nuclear power plants is one of
the priority tasks for increasing the resistance of fuel elements in various emer-
gency situations. Within the framework of this task, a method of applying a
protective coating to the zirconium cladding of fuel elements made from
E110hp alloy have been developed.

Experimental VVER fuel rods with a thin - wall claddings and pellets with-
out a central hole were manufactured. At present, chromium - coated fuel rods
are irradiated in the MIR research reactor under linear heat generation rate typi-
cal for VVER-1000 reactor.

To date, the results of reactor and post-reactor studies of tolerant type fuel
rods irradiated up to 30 MW - day / kgU have been obtained. The chrome coat-
ing has retained its integrity and continuity. There is no oxidation of the outer
surface of the claddings. Reactor tests are ongoing.
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MOJIMMEPHBIE MEMBPAHBI C TISIN HOKPBITUAIMHA
AJIA ITIPUJIOKEHU U CEPAEYHO-COCYANCTOU
XUPYPI'UN

Ilo cratuctuke cepleyHO-cOCyUCThIe 3a00JI€BaHUS SIBJISIFOTCS OJJHOM
W3 TJaBHBIX NPUYMH CMEPTHOCTH BO BceM mupe. OOHMM K3 Hambolee
3((eKTUBHBIX CIIOCOOOB BOCCTAHOBJICHUS COCYJa SIBJISICTCS 3aMEIICHUE
€ro MOPaXEHHOTO y4acTKa ¢ TpOMOOM Ha MCKYCCTBEHHYIO MeMOpaHy [1-
5]. BbINosHEHO M1a3MEeHHOE MOIU(DUIIMPOBAHKE MOJIMMEPHBIX MEMOpaH
n3 nomuBuHWwMaeHpropuaa (I[IBA®) um ero comonuMepa BHHU-
muneHdropuna ¢ terpadropatrnenom (BAD-TDE) ¢ momompio qyanb-
HOTO MarHeTpoHHOTo pacibiieHus Ti u Si mumeneit B atMmocgepe aprona
u asota. llenb HacTosIeH paboThl — UCCIIEI0BAHUE BIUSHHS JTUTECIILHO-
CTH TIIa3MEHHON 00pabOTKHM TMOJUMEPHBIX MeMOpaH Ha MX (YHKIIHO-
HaJIbHbIE CBOMCTBA.

MemOpanbl ObLIM mOJTydeHbl U3 6 macc.% pactBopa BAD-TDD u
I[IBA® c cootHomenneM 4 x 1. B kadecTBe pacTBOPUTEIIS UCIIOIH30BA-
Jlach CMECh alleTOHa U JUMETHIaleTaMyaa B COOTHOImEeHH 4 k 1. Monu-
¢unMpoBaHKe MOBEPXHOCTH MEMOpaH OCYMIECTBISUIM C MOMOLIBIO Ty-
aNbHOW MAarHeTpOHHOM pacmpuMTeNnsHON cucteMbl ¢ Ti (99,9%) u Si
(99,99%) mumensmMu B atMocdepe aproHa u asora. [IpensapurenbHO
ObLT BBIOpaH pexuM ocakaeHUsT TiSiN MOKPBITHS ¢ TOMOILBIO Ompere-
JICHHUS TUCTEPE3NCca pPa3psTHOTO HAMpsHKEHHS B CMECH aproHa M a3oTa.
Mopdomnoruto noauMepHbIX MeMOpaH HCCIeOBad METOJOM CKaHHPY-
fomieil anekTpoHHol Mukpockonuu (COM). [onyueHHsle n300pakeHHs
00pabarhiBaii ¢ MMOMOINBIO MPOrPaMMHOTO obecrieueHus: Image J. Die-
MEHTHBIM COCTaB MEMOpaH HCCIENOBAJM METOAOM SHEPrOAUCIIEPCHOH-
HOH peHTreHoBckoi crektpockonuu (3C). Usmepenus kpaeBoro yria
CMa4MBaHHsI IOBEPXHOCTH U pacdeT cBOOOIHOM MOBEPXHOCTHOM YHEPTHN
(CIID) ob6pasnoB MOAU(UIMPOBAHKUS MPOBOAWIN C TIOMOIIBI0 METOIa
nexanield kari Ha npudope DSA 25. KpaeBbie yriiel cMauyuBaHUs BOJIBI
u popmaMuna, a Takke MOBEPXHOCTHAS SHEPrHsi, ObLIIM PACCUUTAHBI C
ucnonp3oBanreM Mertoma OyHca-Benara-Pabens-Keensome (OBPK).
Hcnpitannst 6MOCOBMECTUMOCTH MEMOpPaH BBIMOJIHAJIOCH AT KIETOUHON
CTPYKTYpBI U3 YEJIOBEUECKUX MYJIbTUIOTEHTHBIX ME3EHXUMAIBHBIX CTBO-
noBbIX KieTok (MMCK).
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B pabote ObJI0 TOKa3aHO, YTO NPH YBEJIMUEHHUU JAITUTEILHOCTH 00pa-
00TKM MeMOpaH HaOmofanock u3MeHeHue ux mopdonorun. [lpu mmm-
TeNbHOM 00padoTKe B IUIa3Me€ MAarHeTpoHa HPOUCXOAMIIO YaCTHIHOE
OIUIaBJIeHHE MeMOpaH, MPUBOALICE K MOTEPEYHBIM pa3pbiBaM X BOJIO-
koH. [Ipu yBennuenun Bpemenu Mo udukanyu ot 3 1o 40 MUH MPoOHUCcXo-
JIWIIO YBEJIMYEHUE CpeAHero quamerpa BojaokoH ot 0,48 no 0,69 Mkm, uto
00YCIIOBJICHO KOHJCHCALlMEH MOKPHITHSI HA BOJIOKHAX MeMOpaHblL Olie-
MEHTHBIM COCTaB MOBECPXHOCTU M3MCHAJICA 1O MEPE YBCIWUCHHUA JIH-
TETBHOCTH TuTazMeHHOW Mopudukarmy. Konmentparuu Ti, Si, N u O
NPaKTHYECKH JIMHEHHO Bo3pactaioT, a koHuentpauuu C u F, HaoGopor,
YMEHBIIAIOTCS TIPU YBEIMYCHUH JJTUTENFHOCTH 00paboTku oT 3 1o 40
MuH. He 3aBHUCHMO OT IUIMTEIHHOCTH IUIA3MEHHONW MOAM(HKAIMH TI0-
BEPXHOCTH HCCIEAYEMBIX 00pa3loB HE HaONIOmaeTcs 3HAYMMOIo H3Me-
HEeHHUs yrila CMayMBaHKs BOJOW MOBEPXHOCTH oOpa3noB. OmHako, Kpae-
BO# yron ¢opmamuma yMeHbmaercs oT 41 10 6° 1o Mepe yBeImdeHUSI
JUTHTEIBHOCTH IIa3MeHHON 00paboTku oT 3 10 40 MHUH, COOTBETCTBEHHO,
a Taoke HaOMoJaeTcs yBeJIMueHne CBOOOIHON MOBEPXHOCTHOM YHEPIHU
110 ~2500 M/,

AHanM3 NOJIydeHHBIX Pe3yJIbTaTOB OMOJOIMYECKUX HCIBITAaHUH C IO-
MOMIBIO (DITYOPECIEHTHOH MHKPOCKOIIUM C KOJIMYECTBEHHBIM W Kade-
CTBEHHBIM aHAJIM30M aJre3MpPOBABINUXCS KIIETOK, a TaKXKe METOJIOM
COM, moka3zan HENMHEHHYI0 3aBUCHUMOCTb MPHKUBAEMOCTH KJIETOUHOM
CTPYKTYpPBI OT yCIOBHHA MOAW(PHKAUUM MeMOpaH. MakcuMaibHas Opu-
KMBAEMOCTh KJICTOYHBIN CTPYKTYphI 3aUKCHpPOBaHa Jijis 00pasia, oopa-
00TKa KOTOPOTO B TUIA3M€ BBITIOHSIIACE B TeueHHe 10 MUH.

[onyuenHsle B paboTe pe3yIbTaThl CBUACTEILCTBYIOT O BO3MOXKHOCTH
HU3MCHCHUA TMOBEPXHOCTHBIX CBOICTB TMOJIMMEPHBIX MeM6paH B IIlIa3M€
MarHeTPOHHOH paCIbUIMTENBHON CHCTEMbl 0€3 M3MEHEHHUs OOBEMHBIX
CBOMCTB MOJMMEpa, AJISl TOCTIKECHUS] ONTUMAJIBHBIX MapaMeTpoB (QyHK-
IMOHAJBHBIX CBOMCTB TpeOyeTcs ONTUMM3ALMA IMpoliecca MIa3MEeHHON
MoOU(UKAIK MEMOpPaH MO ero JTUTEIHHOCTH.

Hccneoosanue evinonneno npu noodepoicke Poccutickoeo HayuHoeo

@onoa (npoexm Ne 21-73-20262).
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OBPA3OBAHMUE ITAPOB BOJBbI ITPU JIET'ASALIUN
BOJOPOJA C NIOBEPXHOCTHU KATAJIMTUYECKHA
AKTHUBHBIX 3JIEKTPOJAOB EMKOCTHbBIX MAII-CEHCOPOB

Pa3zBuTtHe sHepreTuku (B T.4. SIIEPHOM M BOJOPOJHOM) OOycCiaBiMBaeT
HEOOXOANMOCTh Pa3pabdOTKH M MCCIEAOBAHUSI HOBBIX MaTepualioB, KaK CTOM-
KUX K JIerpajaliil CBOWCTB KOHCTPYKTHUBHBIX JIEMEHTOB PEaKTOPOB IOJ NCH-
CTBHMEM BOJIOPOA, TaK M CIIOCOOHBIX HAKaIJIMBATh BOJIOPOJ C IETBIO €ro Xpa-
HEHWsI, TPAHCTIOPTUPOBKHU U pactipenesieHus [ 1, 2]. AKTyaapHBI M BOKHBI TaKOKe
CPEZACTBAa ONEPAaTHMBHOTO KOHTPOJSI KOHLEHTPALUMM (CUTHAIM3ALMH YTECUKH)
B3pBIBOOIIACHOTO Tra3a, 0coOyIo poJib B pa3pabOTKe KOTOPBIX MIPalOT KaTallH-
TUYECKH aKTHBHBIE METAJIIbI INIATHHOBOM T'PYIIIBI, KaK B YUCTOM BHUJE, TaK U B
cocTtaBe KOMIIO3UTOB [3]. B Xo/1e 3KCIEpUMEHTOB 10 MCCIEI0BAHUIO UYBCTBHU-
TEJIFHOCTH K BOJIOPOZY B BO3ayxe eMKOCTHBIX M/III-ceHCOpOB ¢ aneKkTpoaaMu
W3 MaJUTagusl U IUIATHHBI OBUT 3apeTUCTPUPOBaH (P(PEKT MOBHIIMICHHUS BIAXKHO-
CTH UCCJIEAYyEMOW Tra30BOM CMECH MOCie CHATUS BO3JIEUCTBUS BOJIOPO/A, T.€. B
npoiiecce Aerazauuu. VzBectHo, 4To 3TOT 3 EeKT XapakTepeH i mpolecca
JilecopOLIK BOJIOPO/ia C OBEPXHOCTH IJIATUHOMJIOB U BIIMSIET HA MEXaHHU3M Ia-
30BOH UYBCTBHTENBLHOCTH TBEPJOTENBHBIX Ta30BBIX CEHCOPOB. B pamkax
HacTosIIeH paboThl HCCIEOBAaHA 3aBUCHMOCTh HHTEHCUBHOCTH 3TOT0 dddexTa
OT KOHIIEHTPALMU BOJOpoAa U pabodueir Temmeparypsl M/II1-cencopoB B ana-
nma3zonax ot 100 ppm mo 1 % 06.1. u 50-150°C, coOTBETCTBEHHO, a TaKKe MOp-
(boJoTHN MOBEPXHOCTH AJIEKTPOJOB, M3TOTOBJICHHBIX METOJAMU OCaXKICHUS
TOHKHX IICHOK B Bakyyme. [losyueHHBIE pe3ynbTaThl CIOCOOCTBYIOT ITOHUMa-
HUIO YCJIOBHUH, HEOOXOIUMBIX JUIsl YIyUIICHHS IapaMeTpOB CTaOMIBHOCTH Xa-
PaKTEpUCTUK Ta30BBIX JATYMKOB aJCOPOIMOHHOTO THIA, B T.4. Ha OCHOBE

MAII-ctpykTyp.
Pa6ora noxnepxana PHO® (Cornamenne 18-79-10230 or 08.08.2018).

[1] Yepnos N.1., CransuoB M.C., Kamun b.A., boraues U.A., I'ycea JI.1O., Kopy-
HoB C.H. BrmsiHME XMMHUYECKOTO COCTaBa U CTPYKTYPHO-(Aa30BOTO COCTOSHMS MaTe-
pHanoB Ha yaepxkanue Bogoponaa. Meramibl. 2017, Ne 4. C. 36-42.

[2] Tarasov B., Fursikov P., Volodin A., Bocharnikov M., Shimkus Y., Kashin A., et
al. Metal hydride hydrogen storage and compression systems for energy storage tech-
nologies. International Journal of Hydrogen Energy, 2021. V.46(25), P.13647-1365.
[3] Hiibert T., Brett L., Black G., Banach U. Hydrogen sensors — A review. Sensors
and Actuators B: Chemical, 2011. 157(2). 329-352.
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WATER VAPOR FORMATION DURING HYDROGEN
DEGASSING FROM THE CATALYTICALLY ACTIVE
ELECTRODES OF CAPACITIVE MIS SENSORS

The progress of the energy industry (including nuclear and hydrogen) ne-
cessitates the development and research of new materials, both resistant to
properties degradation of the reactor's structural elements under the hydrogen
influence, and capable of accumulating hydrogen for the purpose of its stor-
age, transportation and distribution [1, 2]. The means of operational concen-
tration control (leak alarm) of the explosive gas are also relevant and im-
portant. A special role in this development is played by catalytically active
platinum group metals, both in pure form and as part of the composites [3]. In
the experiments' course to study the hydrogen sensitivity (in the air environ-
ment) of capacitive MIS sensors with electrodes made of palladium and plati-
num, it was recorded, that the humidity of the investigated air-gas mixture is
increasing after the end of hydrogen exposure (i.e., in the electrodes' degas-
sing process). It is known that this effect is characteristic of the hydrogen de-
sorption process from the platinoids' surface and affects the mechanism of the
solid-state gas sensor sensitivity. In the framework of this work, we studied
the dependence of the effect intensity described above on the hydrogen con-
centration (in the range from 100 ppm to 1% vol.) and MIS sensor operating
temperature (in the range 50-150 °C), as well as electrodes surface morphol-
ogy made by thin film deposition vacuum techniques. The results obtained
contribute to the understanding of the conditions necessary to improve the
stability parameters of the adsorption type gas sensors' characteristics, incl.
based on MIS structures.

This work was supported by the Russian Science Foundation (Agreement
18-79-10230 of 08.08.2018).

[1] Chernov I., Staltsov M., Kalin B., Bogachev I., Guseva L., Korshunov S. Influ-
ence of the chemical composition and structural-phase state of materials on the re-
tention of hydrogen. Metals. 2017. No. 4. P. 36-42 (in Russian).

[2] Tarasov B., Fursikov P., Volodin A., Bocharnikov M., Shimkus Y., Kashin A., et
al. Metal hydride hydrogen storage and compression systems for energy storage
technologies. International Journal of Hydrogen Energy, 2021. V.46(25), P.13647-
1365.
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W3MEHEHUE ®U3NYECKHUX CBOMCTB TOHKHUX ILUIEHOK
XAJIBKOI'EHU/JHBIX ®A3OU3MEHSAEMbBIX MATEPUAJIOB
P TEPMAYECKOM BO3JIEMCTBUH

OOpaTuMoe IEPEeKIYCHIE MaTepHana MEKIy aMOP(MHLIM M KPHUCTaJUINYe-
CKHMM COCTOSIHMSIMM M €0 IPHMEHEHHUE UI1 XPaHEHHsI TaHHBIX BOCXOIUT K 1960-
M TofaM, K XUMHUYCCKUM M METAILTyPrHUECKUM HCCIIEOBAHMSIM ITOPOTOBOIO IIe-
PEKITIOUCHHUS B HEYIOPSAJOUEHHBIX CTPYKTypax. OBIIMHCKAN ObLI IMHMOHEPOM B
00J1aCTH CO3[IaHUSl YCTPOMCTB HA OCHOBE XaJbKOTCHUIHBIX (hazoM3MEHSIECMBIX
marepuaios (PHUM) B 1960-x rogax [1]. Oguum n3 HanboJiee U3BECTHBIX U IIEP-
BBIM HAICIIINKA IPUMEHEHHE (a30M3MEHSEMbIX MaTEpUajIOB SIBJISETCS IOJIY-
MIPOBOIHUK-CErHETONIEKTPpUK Teanypun repmanus (GeTe). Iloz-xe mmpokoe
IIPUMEHEHNE Hanulo TpoitHoe coemuHenne Ge,Sh,Tes (GST) Gnaromaps Gonee
HU3KOM TeMIeparype (ha3oBoro mepexoia, uro JeIaeT yCTpOMCTBa Ha €ro OCHOBE
MeHee SHeproeMKkuMH 1o cpaBHeHuio ¢ GeTe [2]. aTepecHoi 3amader sIBIs-
JIOCh HAWTH Marepuall ¢ Hanbojiee BEICOKUM KO3 (UIMEHTOM OINTHYECKOIO Ka-
yecTBa (An/Ak), Cesaroii I'paans ontuku. GST, neruposanssiii cenenom (GSST),
o0Omagaer OecHpeleeHTHON IIMPOKOIOJOCHON ONTHYECKON MpO3pPavyHOCTBIO U
HCKIIIOUUTEIIEHO OOJIBIINM KO3(h(DUIIMEHTOM ONTUYECKOTO KayecTBa IIOYTH BO
BceM nH(MpakpacHoM crekrpe [3]. Takum 06pasoM, STOT MaTEPHA IIPEACTABISET
co6oii HoBEIH Ki1acc PVIM, B koTOpoM (ha30BBIHA IIEPEX0]T BHI3LIBAET TOJILKO MO-
JYJALAIO TTOKa3aTelsl MPeJoMIICHHSI 0€3 COMYTCTBYIOIINX MOTEPh, CBA3aHHBIX C
HU3MEHEHHEM KO3 (PULIMEHTa DKCTUHKIMU.

ITonHoe MOHMMAHHWE MEXaHM3Ma IEPEKIIIOUYEHMS, 00sM3aTelbHOE Kak JUIs
(dbyHIaAMEHTATLHEIX 3HAHUM, TaK U 71 TEXHOJOTHUECKUX MPHIIOKEHUH, elle He
JIOCTUTHYTO. Ba’kHO OTMETUTE, YTO MPOUCXOXKICHUE ONTHUYECKOTO U BIIEKTPO-
(usuyeckoro xkourpacra B MM oTiMyaeTcss OT KOHTPAacTa B KOBAJIEHTHBIX
MOaYIPOBOAHUKAX (HampuMmep, Siu GaAs), B KOTOPBIX JIOKAJIBHOE PACIIOJIOKe-
HHE aTOMOB OCTaeTCs HEM3MEHHEIM, a KOHTPACT BO3HUKAET B IIEPBYIO OUEPEID
H3-3a Pa3MBITHS DJIEKTPOHHBIX COCTOSIHHI U 00pa30BaHUs «XBOCTOBBIX» COCTO-
SHUH B 3amnpelieHHoi 30He [4]. B ®UM koHTpacT 00YCIOBIEH N3MEHEHUEM
JIOKAJIbHOT'O PACIIOJIOKEHHUS aTOMOB, IIPU KOTOPOM KoopauHaius Ge mepexiro-
YaeTCsd MEXIY OKTadAPUUYECKHMH (B KPHUCTAIUIMYECKOHN (hase) M TeTpadapuye-
ckuMU (B aMop(dHOI (a3e) COCTOSHHUIAMU, YTO CBI3BIBAIOT C OOJBIION IIJIOTHO-
CTBIO COOCTBEHHBIX BaKaHCHI U Pe30HAHCHBIE XUMHUUECKUE CBs3U [5]. Ipyrumu
BaXHBIMM CBOMicTBaMHU, oOecneunBaromuMu KoHTpacT B PUM, sBisroTcs
aTOMHEIE CBSI3U P-THIIA M KOJIMUECTBO BaJIEHTHLIX MJIEKTPOHOB (4 u 60ee) [6].

B paboTe npecTaBieHbl pe3yiabTaThl KOMILICKCHOTO MCCICIOBAHUS TEMIIC-
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paTypHOM AUHAMHUKH YAEIBHOTO 3JCKTPUYCCKOrO0 COMPOTUBICHHUS U KOd(Ddu-
[IMEHTA ONTHYECKOTO MMPONYCKAHUS, SHTAILINH (Da30BEIX IIEPEXOIOB, CTPYKTY-
pel 1 criektpoB KPC o6pasios GeTe, GST u GSST, mony4eHHBIX METOIOM Ba-
KYYMHOT'O TEPMHUYCCKOTO HAIbUICHHS. Y ICIbHOE AJICKTPHUYECKOE COMPOTHBIIEC-
HHME TOHKMX IIJICHOK HM3MEPSIOCh B JABYX30HJOBOM CXEME C IIOMOIIBIO YHUBEP-
CaJIbHOTO aBTOMATH3MPOBAHHOIO ABYXKAHAJIBHOTO BOJILTMETPA CO BCTPOSCHHBIM
AMIIYIbCHBEIM UCTOYHHUKOM MHUTaHus. ISl HCCleN0BaHus TEMIIEpaTypHOil 3aBU-
CHMOCTH KO3(D(HUIMEHTa MPOMYCKAHUS IIPH MPOLECCE KPUCTAIU3ALMHU IIH (-
POBBIM OCHHILIOrpathOM PErUCTPUPOBAJICS YPOBEHDL BBIXOJIHOIO CUIHAIIA, COOT-
BETCTBYIOIIUI HMHTEHCHBHOCTH IIPOXOJAIIEIO 4epe3 00pasel] HEeIpephIBHOTO
m3nydeHus. McciiemoBanusl TEPMOKUHETHUECKHX CBOMCTB 00paslioB IIPOBOIH-
JIK METOJIOM CHHXPOHHOTO TEPMHYECKOTO aHain3a — TepmorpaBumeTpuu (TT)
— muddepennuansaoi ckanupyromei kanopumerpuu ([ACK). Uccaegosanue
HW3MEHEHHS CTPYKTYPhl 00pa3Il0B TOHKUX ILJICHOK, OCYIICCTBIISIOCH METOJIOM
pertredoBckoil nudpakmuu (XRD) Ha peHIT€HOBCKOM IMOPOIIKOBOM AU(DpaK-
tometpe (CuKoa - u3nyuenne). Jlas 3T0ro mepen KaxkIpIM H3MEpEeHHeM 00pas-
LBl BeIIEpKUBaAIN B TeueHue 30 CeKyHJ IpH 3aJJaHHOM TeMIepaType B CIEIH-
TBHO 000PYIOBAHHOW KaMmepe C TEPMOPETYISITOPOM U MPOTOYHOM aTMocde-
poit aprona [5].

dazoBeIi Iepexo U3 aMOP(HOro COCTOSHHS B KPHCTAIINYCCKOE 00pa3I0B
GSST mpoxoausl ¢ UHTEHCUBHON MEPEKPHUCTAIUIM3ANKNCH BBUIY BBICOKOM Tep-
MHYECKOM cTabmibHOCTH amMophHO# da3pl. IlokazaHo, 4To cKaukooOpa3HOe
HW3MEHEHHE YICIBHOTO 3JICKTPOCONPOTHUBIACHUS ISl TOHKOILIeHouHoro GST
cocraBmiio 5 mopsiakos, a it GSST sTta BeandunHa gocTUraza 6 MOpsaKOB, 13-
MEHEHHE OTHOCUTEILHOTO OIITHYECKOT0 IpomycKkanus gocturano moutu 100%.
TemmneparypHple 00JaCTH ¢ MaKCHMAaJIbHLEIMU 3HAYEHHUSIMHU IIPOM3BOIHBIX
YACIBHOTO COMPOTHUBJICHUS W ONTHYECKOTO MPOITYCKAHUSI XOPOIIO COTIACYIOT-
Csl C TEeMIIEpaTypaMu KpucTautu3aiun ((ha3oBbIX MEPEX0I0B), ONPEACTICMBIMU
metoiom JICK.
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BO3MOKHOCTH UMII B TIOBBIIIEHUHU KAYECTBA
U3IEJHUH, IIOJYYEHHBIX C IOMOIIbIO AIJ/IMTUBHBIX
TEXHOJOT' A

OpnHol 13 3a71a4 NP U3TOTOBJICHUH H3JEIHH MAITMHOCTPOSHUS U3 MOPOIIKO-
BOW KOMITO3UIIMY SIBJISICTCS 3a/ia4ya TOBBIIICHHUS Ka4ecTBa MaTepHaia: yIy4lieHHe
CTPYKTYPBI U MEXaHUYECKHX CBOMCTB.

B HayunbIx padotax [1,2] Wi pereHus HCHoIb3yeTcs IMITYJIbCHOE MATHUTHO®
noste (UMII), npuuem sueprust IMII npumensiercss B OCHOBHOM Ha 3Tare M3ro-
TOBJICHUSI 11O Ty(HaOpPHKATOB MIIN U3/IEIHH.

B I[aHHOI‘/II pa60Te CJICJIaHa IIOIIBbITKA ITOBBIIICHUS Ka4YE€CTBA IMOBBIIIICHUS Ka4de-
cTBa m3fenuid myrem BosaericTBus MII Ha oOpasifpl, OTydeHHBIE C TIOMOIIBHIO
IMTUBHBIX TexHOJIOTHH (AT).

B skcreprMeHTax NMPUMEHSUINCH TUIOCKUE 00pasIibl, U3rOTOBJIEHHBIE C ITOMO-
mpto AT amromunmeBoro mopormka AlSilOMg ¢ pasmepamu mopormHOK 5-60
MkM. [Ipu Bo3zeiicTBru Ha o6pasipl UMII, B HUX HaBOAATCS BUXpEBBIE TOKU Be-
JIMYMHOM B HECKOJIBKO JIECATKOB KuyloamIiiep. B pe3ynprare TepMUUEcKOro Bo3aen-
CTBHH, BBISIBIICHO M3MEHEHHE MUKPOCTPYKTYPHI IT0 TPaHHIAM YacTHUIl - N3MEHEHHE
BEJTMYMHBI CTOJOYATHIX KPUCTALIOB. M Kak CIIEeACTBHE YCTAHOBIICHO TOBBIIICHUE
MHKpOTBEpJIOCTH  Marepuaia oOpaborannbix HWMII oOpasuoB  Ha 30-
40%./ccienoBanue, OCYIIECTBISIEMOE METOAOM JIEKTPOIIUTHUECKOTO TPABIICHHS,
YPOBHSA OCTaTOYHBIX Hal'[pﬂ)KeHI/Iﬁ IIOKa3aJI0 uX UBMCHCHUEC 110 TOJIIIUHE - BO3SHUK-
HOBEHHE CKMMAIOMNX HANpsHKEHHH Ha TOBEPXHOCTH Tmocie 00paboTKu
UMILIIpemtoxkena ¢usmdeckas MOJIETb TPOIIECCa, TPOUCXOIAIICTO B HU3ICIHAX
noj Bozaericrsuem UMII.

Takum 00pa3zoM, pe3ysbTaTbl MOWUCKOBOTO HCCIIEJOBAHMS 110 BO3ICHCTBHUIO
UMII Ha uznenusi, HOdy4YeHHbIE C TIOMOIIBIO a/UIUTUBHBIX TEXHOJIOTHIA, TIOKA3aJIH,
YTO TPEATIOKEHHOH Coco0 00pabOTKH MOPOIIKOBBIX KOMITO3HITUH SBIIETCS TIEp-
CIIEKTUBHBIM HAIPABIICHIEM B PEIICHUH TIOCTABICHHON 3a1auH.

B 3axmrodeHny onpeieneHbl HarpaBeHNs! JATbHEHIINX CHCTEMHBIX HCCIIEN0-
BaHMUIA.
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THE POSSIBILITIES OF IMP IN IMPROVING THE QUALITY
OF PRODUCTS OBTAINED USING ADDITIVE
TECHNOLOGIES

One of the tasks in the manufacture of mechanical engineering products from a
powder composition is the task of improving the quality of the material: improving the
structure and mechanical properties.

In scientific works [1,2], a pulsed magnetic field (IMP) is used for the solution, and
the energy of the IMP is used mainly at the stage of manufacturing semi-finished prod-
ucts or products. In this paper, an attempt is made to improve the quality of improving
the quality of products by exposing IMP to samples obtained using additive technologies
(AT).

In the experiments, flat samples made using AISi10Mg aluminum powder with
powder sizes of 5-60 microns were used.

When exposed to IMP samples, eddy currents of several tens of kiloamps are in-
duced in them. As a result of thermal exposure, a change in the microstructure along the
boundaries of the particles was revealed - a change in the magnitude of columnar crys-
tals. And as a consequence, an increase in the microhardness of the material of the IMP-
treated samples by 30-40% was found.

The study carried out by the method of electrolytic etching of the level of residual
stresses showed their change in thickness - the occurrence of compressive stresses on the
surface after treatment with IMP.

A physical model of the process occurring in products under the influence of IMP is
proposed.

Thus, the results of a search study on the effects of UTI on products obtained using
additive technologies have shown that the proposed method of processing powder com-
positions is a promising direction in solving the task.

In conclusion, the directions of further systemic research are determined.

1. Pat.2651094 Russian Federation IPC B22F 3/20 (2006.01), B22F 3/087
(2006.01). Method of pressing a powder composition in a deformable electrically
conductive shell (options): Ne. 2017102114: 23.01.2017: publ. 18.04.2018 / Glush-
chenkov Vladimir Alexandrovich, Belyaeva Irina Alexandrovna , Burmistrov An-
drey Evgenievich, Mironov Viktor Alexandrovich.- 10 p .

2. Glushchenkov V.A., Belyaeva I.A., Grechnikov F.V. et al. Methods of com-
paction of the Al-B-W powder composition in a metal shell // 1zvestiya of higher
educational institutions. Non-ferrous metallurgy. — 2019. — Ne. 2. — pp. 35-42
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MHOUCK OIITUMAJIBHBIX PEKUMOB ITOJYYEHUSA
OBBEMHBIX AMOP®HO-KPUCTAJIVIMYECKUX CIIVIABOB
N3 NOPOUHIKA COCTABA Zr3;TizBe;;sCu;s METOAOM UIIC

O0neMHuble amopdubie MeTanueckue criaBel (OAMC) Ha OCHOBE LMP-
KOHHS IIPEACTABIISIIOT OOJIBIION HMHTEpec Ojaaromaps CBOMM YHUKAJIbHBIM Xa-
PaKTEPHUCTHKAM: BBICOKOW TBEPJOCTH, BEICOKOIH IPOYHOCTH, XOPOIICH H3HOCO-
CTOMKOCTH M KOPPO3UOHHOM CTOMKOCTH. 10 5TOM IMpHYnHe OHH SBISIOTCS HEP-
CIICKTUBHBIMUA MaTepHalaMH JUIS HUCIIOJIb30BaHHUS B MEIUIIMHE, a9POKOCMHUEC-
CKOM O0Tpaciii, aBTOMOOHWJICCTPOCHUH, 3JIEKTPOHHUKE W SHEPreTUKE, B IPOU3-
BOJICTBE CIIOPTHUBHBIX TOBAPOB M YaCOBBIX MEXaHU3MOB, a TAKXKE — B KaYeCTBE
HM3HOCOCTOMKUX U KOPPO3HOHHOCTOMKHUX MOKPHITHIA [1].

AKTyanbHOCTH pPabOThI 0O0yCIOBJEHA HEOOXOJAMMOCTBIO TMOJIy4aTh U3
OAMC wusnenus kenaeMblx GOpM U pa3MEPOB C COXpaHEeHUEM aMOp(HON WK
aMOp(MHO-KPUCTAIUIMYECKON CTPYKTYPHI, YTO HEBO3MOKHO OCYIIECTBHTH Tpa-
IULMOHHBIMA METOAaMH (JTUTheM). BOoJbIIoli noTeHIMan OTMeYaeTcs Y METoa
ruckpoBoro miasMenHoro cmnekanus (MIIC), mo3BOJSIONIEr0 H3rOTaBIMBATH
OAMC 1pu TeMItepaTypax HIKE TEMIIEPATYPHI X KpUCTAILIN3AnH [2].

Iens paboThl 3aKiro4alack B BBIOOpPE ONTHUMAaIbHBIX pexumoB HIIC-
KOHCOJIMIANKA  C(HEPOUIM3UPOBAHHOTO aMOP(HOrO IMOpoImKa (paKIuKA
63-100 MM coctaBa ZrssTi3Bes sCUys g monydeHns Hanboliee IIOTHBIX
aMOP(HO-KPUCTAUTIMICCKUX KOMIIAKTOB C BBICOKOH CTETICHBIO aMOP(HOCTH H C
HAWIY4YIIAM COYETAaHHEM MEXaHMYECKHX CBOMCTB.

Jliis aTOrO0 METOAaMU DJIEKTPOHHON MHMKPOCKOIIMH, PEHTICHOBCKOM M-
(paKTOMETPUM U HU3MEPEHHMS MEXAHUUYECKMX XapaKTEPHUCTHK HCCIEIOBAHO
Brusuue mapameTpoB MIIC Ha dopMupoBaHre aMopGhHO-KPHCTATTHYSCKOM
CTPYKTYPHI MOIYYEHHEIX KOMIIAKTOB M MX CBOMCTB. OOpasiibl IIs UCCIIEI0Ba-
HUS TOJIyYalld CIieKaHueM B uHTepBane Temmeparyp 320-400 °C, naBnenuit
50-125 MIla u Bpemenu cuexanus 7—20 MHHYT.

VYceraHOBIIEHO, YTO 00pasipl, MOJYYCHHBIE MPH KCKPOBOM ILIA3MEHHOM
cunekanun B uHTepBaiie temmeparyp 320-340 °C, perrrenoamopdsl (CTENEHD
amopduoctu Oonee 80 %). OnmHako NpH KOHCOJHMJALMH B HWHTEpBale
320-325 °C mnosyyaeMble KOMIIAKThI MMEIOT BBICOKYIO BHYTPEHHIOK IIOpU-
CTOCTb, KOTOpasi HE YCTpaHAeTCs IMyTEM IOBBIIICHUs AaBjicHusA. HaubOombinee
YIUIOTHEHHUE MPHU MOCTOSTHHOM JaBjieHud B 50 MIla mocruraercs npu Temnepa-
Type 340 °C. Heobxoqumas u AOCTaTOYHAsl BEIMYMHA BPEMEHH CIIEKAHUS MPU
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sToM coctaBuia 15 munyt. C yBeJIHUYCHHEM JABJICHUS PACTET IJIOTHOCTH KOM-
makToB, noxydeHubix UTIC-koncomumarueii npu 340 °C B Teuenue 15 MUHYT.

B xoJile MEXaHMYECKUX HCILITAaHUH 00pa3IoB, CIIEYECHHEIX IPH JAABIEHHUSIX
60 u 70 MIla, moaydeHbl UX Opeaeinl IpouyHocTH Ha cxkatue: 480—640 MIla n
760-800 MIIa, coorBeTcTBeHHO. [laHHbIe 3HAYeHHs B 1,5-2 pa3za HHXE MpoU-
HOCTH OO0pa3loB, BBIPE3aHHBIX W3 KPUCTAJUIMYECKOTO CIUTKA CIUIaBa
Zr3sTizoBesrsCuys.

Kpome Toro, oTMEUEHO, YTO pa3pyIIeHUE IPOUCXOAUT IO IPAHUIAM YACTHI]
crieueHHOro nopomka. ComocTaBlIeHHE PE3YIbTaTOB CIEKTPOCKOIINH XapaKTe-
PHUCTHYECKHUX IOTEPH dHeprun iekTpoHoB (EELS) u penrrenodaszosoro ana-
mm3a (POA) npuBOIUT K BBIBOAY O HAJIMYHU HA TPAHMIAX MEXKIY YaCTHIIAMH
[OPOIIKA TOCIe KOHCOJMUIAUN XpynKoro okcuaa oepwuins (BeO), kotopslit
MOYET ObITh OCHOBHOW IMPHYMHON YXYIIICHUS MEXaHUUYCCKHX XapaKTCPHUCTHK.
W3 pe3ynbTaToB CHHXPOTPOHHBIX MCCIEAOBAHMI moixyueno, uro BeO mpucyr-
CTBYET B MOPOIIKE U O CIEKaHUs. AHAIN3 COAEPKaHUs KHUCIOPOaa B MaTepu-
ajie Ha pa3IMYHBIX 3Tanax co3ganus OAMC nmoka3bIBaeT, YTO €ro 3HAYUTEI b-
HBI POCT MPOMCXOJMUT BO BPEMs IUIA3MCHHOUW CPEPOMIU3AIMK OCKOJOYHOTO
MOPOLIKA.

CrenaH BBIBOJ O HEOOXOAUMOCTH CHHIKEHHS HAKHUCIOPOKUBAHHS B XOJE
IIPOU3BOJICTBA MOPOIIKA AJIS YIYUIICHHS KaueCTBa I'PAaHUIl MEXKIY YaCTULIAMHU
[MOJy4aeMbIX KOMIIAKTOB. Takke HEOOXOAMMBI JaNbHEHIINE HCCICAOBAHHUS
cBOIiCcTB 00pa3ios, nomydeHHbIX UIIC-korcommpanmeii npu 340 °C B TeueHue
15 munyT npu gapneansx 100 MIa u Beime.

1. Greer, AL., Ma, E. Bulk Metallic Glasses: At the Cutting Edge of Metals Re-
search. MRS Bulletin 32, 611-619 (2007). https://doi.org/10.1557/mrs2007.121

2. E. A. Bazdnikina [et al.] Obtaining parameters for the production of bulk amor-
phous and amorphous-crystalline alloys of the composition Zr35Ti30Be27.5Cu7.5
by spark plasma sintering of powders. New materials: advanced technologies for ob-
taining and processing materials: Collection of abstracts of the 19th International
School-Conference for Young Scientists and Specialists, 145-146 (2021). EDN:
TNATNB.
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SEARCHING FOR OPTIMAL MODES OF PRODUCING BULK
AMORPHOUS-CRYSTALLINE ALLOYS FROM
Zr3sTiBey; sCu;s POWDER BY SPS METHOD

Bulk metal glasses (BMGs) based on zirconium are of great interest due to
their unique characteristics: high hardness, high strength, good wear resistance
and corrosion resistance. For this reason, they are promising materials for using
in medicine, aerospace and automotive industries, electronics, power engineer-
ing, in the production of sports goods and watch mechanisms, as well as wear-
resistant and corrosion-resistant coatings [1].

The relevance of the work is due to the need to obtain products of desired
shapes and sizes from BMGs with preservation of amorphous or amorphous-
crystalline structure, what can not be done by traditional methods (casting). A
great potential is noted for the spark plasma sintering (SPS) method, which
makes it possible to fabricate BMGs at temperatures below their crystallization
temperature [2].

The aim of this work was to select the optimal modes of SPS consolidation
of a spheroidized amorphous powder of the 63-100 pum fraction of the
Zr3sTizBe,7 5Cu; 5 alloy composition in order to obtain the densest amorphous-
crystalline compacts with a high degree of amorphism and with the best combi-
nation of mechanical properties.

For this purpose, electron microscopy, X-ray diffractometry, and measure-
ment of mechanical characteristics were used to study the influence of SPS pa-
rameters on the formation of the amorphous-crystalline structure of the result-
ing compacts and their properties. Samples for research were obtained by sin-
tering in the temperature range of 320—400 °C, pressures of 50-125 MPa, and
sintering time of 7-20 minutes.

It was established that samples obtained by spark plasma sintering in the
temperature range 320 — 340 °C are X-ray amorphous (amorphous phase
amount is more than 80%). However, during consolidation in the range of 320
325 °C, the resulting compacts have a high internal porosity, which can not be
eliminated by increasing the pressure. The greatest compaction at a constant
pressure of 50 MPa is achieved at a temperature of 340 °C. The necessary and
sufficient value of the sintering time was 15 minutes. With increasing pressure,
the density of compacts obtained by SPS consolidation at 340 °C for 15
minutes increases.
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In the course of mechanical testing of samples sintered at pressures of 60
and 70 MPa, their ultimate compressive strength were obtained: 480-640 MPa
and 760-800 MPa, respectively. These values are 1.5-2 times lower than the
strength of samples cut from a crystalline ingot of the ZrssTizgBe,7 5Cuy 5 alloy.

In addition, it was noted that the destruction occurs along the boundaries of
the particles of the sintered powder. Comparison of the results of electron ener-
gy loss spectroscopy (EELS) and X-ray diffraction analysis (XRD) leads to the
conclusion about the presence of brittle beryllium oxide (BeO) at the bounda-
ries between powder particles after consolidation, which can be the main reason
for the deterioration of mechanical characteristics. From the results of synchro-
tron research, it was found that BeO is present in the powder even before sinter-
ing. An analysis of the oxygen content in the material at various stages of the
creation of BMGs shows that its significant increase occurs during the plasma
spheroidization of the shard powder.

It is concluded that it is necessary to reduce oxygenation during powder
production in order to improve the quality of the boundaries between the parti-
cles of the resulting compacts. It is also necessary to further study the proper-
ties of samples obtained by SPS-consolidation at 340 °C for 15 minutes at pres-
sures of 100 MPa and higher.

1. Greer, A.L., Ma, E. Bulk Metallic Glasses: At the Cutting Edge of Metals Re-
search. MRS Bulletin 32, 611-619 (2007). https://doi.org/10.1557/mrs2007.121

2. E. A. Bazdnikina [et al.] Obtaining parameters for the production of bulk amor-
phous and amorphous-crystalline alloys of the composition Zr35Ti30Be27.5Cu7.5
by spark plasma sintering of powders. New materials: advanced technologies for ob-
taining and processing materials: Collection of abstracts of the 19th International
School-Conference for Young Scientists and Specialists, 145-146 (2021). EDN:
TNATNB.
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PEAKIIMOHHASI CIIOCOBHOCTb OKCHU 0B HUKEJIA (11)
N KEJE3A (111), MIOJYYEHHBIX METOAOM I'OPEHUS
B PACTBOPAX

Cunres ropenus B pactBopax (Solution combustion synthesis, SCS), a tou-
HEe — B MMOJIyYCHHBIX U3 HUX KCEPOresisiX, SBISIETCS PA3HOBHIHOCTHIO CAMOpac-
npocTpaHstonerocs: Beicokotemmneparypaoro cunresa (CBC) [1]. Oror meron
SIBISIETCSI OOBEKTOM MPUCTATIBHOTO BHUMAHHS B TOCIEAHUE NECATHICTHUS, T.K.
OH TI03BOJISIET MOJYYUTH MPOIYKT HPOCTOrO WIJIM CMELIAaHHOTO COCTaBa C He-
0ONBLIMMH TPYIO3aTpaTaMu B BUJIE TOHKOAMCIIEPCHOTO TOpOIIKa (BIUIOTh 0
HaHOIIOPOUIKOB). BrIcokast cTeneHb TUCIIEpCHOCTH CIIOCOOCTBYET YBEIHUYECHHUIO
peakionHoit criocodbHoctn (PC) TBepumoit ¢asel. B noctymHol nmrepaType
HaMU He ObUTO OOHAPYKEHO MyONMKaIuii, MocBsmeHHbIX PC moOpoIiKoB OKCH-
JIOB, TIOJIy4E€HHBIX TOPEHUEM.

Hamu 6buter cumtesnpoBanbl NiO u FeyOz (reMaTHT) ¢ HCIOIb30BaHHEM
nurparoB Hukens (1) u xxenesa (I11) xak oxucnurenei n TUMOHHOW KUCIOTHI
CeHgO7'H,O B KkauecTBe TOIIMBA B YCIIOBHSX CTEXHOMETPHYECKOTO COOTHO-
IIEHUsI KOMITIOHEHTOB (¢=1) 10 ypaBHEHUSIM PEAKIIHIA:

9[N|(N03)26H20] + 5(C5H807H20) =9NiO + 9N, + 30CO, + 79H,0;

6[Fe(NO3)39H20] + 5(C6H307H20) = 3Fe,03 + 9N, + 30CO, + 79H,0.

Temneparypsl Hadana roperns, °C, cocrapunn: 370 u 395, a MakCUMAaJIbHbIE —
okouio 1000 1 1150 °C must NiO u Fe,O3 cootsercTBenHo. ITo OKOHYAHHMH TIPOIIECCA
ropeHHst 00pa3oBAIMCH ClIa00 CIEUEHHBIE MPOIYKTHI, COCTOSIINE U3 3epEH Hellpa-
BIJIFHOM, TIPEUMYIIIECTBEHHO OJM3KOM K M3oMeTpudecKol, (opmel. Briienenue
6onbIIMX 00BEMOB Ta3000pa3HBIX IIPOJYKTOB IIPOTHUBOJICHCTBOBANIO CIIEKAHHIO Ya-
cru. et NiO ot TeMHO-ceporo 10 4epHOro; MoMKpuctauuTel Fe,03 xapakre-
PH30BAIKCH [IBETOBBIM TI'PAJAUCHTOM OT TEMHO-CEPOr0 J0 TEMHO-KOPHYHEBOIO C
MeTaLIMYeCKUM OTIMBOM. [lociie pacTupaHusi HOPOIIKOB B CTYIKE OHH IpUoOpe-
TaJM 32 CUET YCPEIAHCHHS YSPHBI M KOPUYHEBBII 1IBET, XapaKTEPHbIC JUIs OKCHIOB
NiO u Fe,0s.

[MpoaykThl ropeHus 0e3 OTKHUIra COePIKAITM 3aMETHOE KOJIMYECTBO a1CopOUpO-
BaHHOU BOJBI (koneOanms Ha MK-criekrpax B oOmactsax 3417-3449 em? u ~1635
CM'l). CopeprxaHne OCTaTOYHBIX HATPAT-TPYMI (110 MHTEHCHUBHOCTH IOJIOCHI CBSI3U
N-O ~1390 cm™) neBemmko. JludpakTorpaMMbl MPOIyKTOB Toperns (puc. 1) cBu-
JICTENBCTBOBAJIM, YTO OKCH/IbI CPABHHUTENHHO XOPOIIO 3aKPHUCTAJUTM30BaHbl U 0e3
omkura. O6padortka npu 800 °C MOBBILIAET YIOPSAIOYEHHOCTh MX KPUCTALINYE-
CKHX PEIIETOK.
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Puc. 1. ludpaxrorpammsl IpoIyKTa FOPEHUS] HUTpATa KeJle3a U IMMOHHON
kucnotel (¢=1) mocne omxura pu 800 °C (a), 6e3 omkura (6). Jns cpaBHeHust
mpejcTaBieHa mTpux-auarpamma (6) st rematuta (JCPDS 33-0664)

Peakionnast ciocobrocts NiO Oblia olieHeHa B peakuuu 00pa3oBaHUsI
mmuHean NiAlO4. Dta peakuus Obuta BEIOpaHa B CBS3H C TEM, YTO PaHEE IS
Hee Obuta n3ydeHa PC pa3in4HBIX NPEKYpCOPOB B 3aBUCHMOCTH OT MX COCTaBa
n npeasicropuu [2]. B Tabnuie npencrasieHsl SQQEKTUBHBIE KOHCTAHTHI CKO-
poctu mo ['muctnunry-Bpoynureiiny st NiO, B31TOro B BHE NPOMBILILICH-
HOT'O peaKTHBa, NPOYKTa TOPEHHs O€3 OTHKUra M I0CIIe OTXKUTa.

Tabmuua. DddexTuBHbIE KOHCTAHTHI CKOPOCTH (Kog,) A71s 0OpazoBaHus

NiALO,

Buz NiO, yuacTBYIOMEro B peakiuun Ko €
Peaktus 1,8+0,3
ITpoaykT ropenus 6e3 oTkura 29+£04
ITpoaykT ropenust nmociue oT>Kura 2,4+£0.3

Veenuuenne PC NiO cBs3aHO ¢ pOCTOM yAETIbHON MOBEPXHOCTH MOPOIIKA,
a TaK)KC C HAKOIIJICHUEM 3HAYUTCIIBbHOT'O KOJIMYCCTBA PA3JIMYHBIX }qu)eKTOB.

PC NiO u Fe,O3 Taxxe Oblia COMOCTABICHA B MPOIIECCE TBEPIACHHS BSIXKY-
IMIMX KOMIO3UIMH Ha MX OCHOBE C HMCIIOJBb30BaHUEM LHMHK(POCHATHON CBI3KU

I@C).

1. PoraueB A.C., MyxkacwsiH A.C. ['opeHue st CHHTE3a MaTrepHaioB: BBEjIC-
HHE B CTPYKTYPHYIO MakpokuHeTHKy. — M.: DU3MATJIUT, 2013. — 400 c.

2. Filatova N.V., et al. //Russian J. Physical Chemistry A, 2022. VVol. 96.

No 6. Pp. 1147-1154.
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REACTIVITY OF NICKEL (1) AND IRON (I11) OXIDES
OBTAINED BY COMBUSTION IN SOLUTIONS

Solution combustion synthesis (SCS), or rather in xerogels obtained from
them, is a type of self-propagating high-temperature synthesis (SHS) [1]. This
method has been the subject of close attention in recent decades, as it allows to
obtain a product of a simple or mixed composition with little labor in the form
of a finely dispersed powder (up to nanopowders). A high degree of dispersion
contributes to an increase in the reactivity of the solid phase. In the available
literature, we have not found publications on the reactivity of oxides powders
obtained by combustion.

We synthesized NiO and Fe,O3; (hematite) using nitrates of nickel (I1) and
iron (I11) as oxidizing agents and citric acid C¢HgO;-H,O as fuel under condi-
tions of stoichiometric ratio of components (¢ = 1) according to the reaction
equations:

9[N|(N03)26H20] + 5(C5H807H20) =9NiO + 9N, + 30CO, + 79H,0;
6[Fe(NO3)39H20] + 5(C6H307H20) = 3Fe,03 + 9N, + 30CO, + 79H,0.

The initial combustion temperatures, °C, were: 370 and 395, and the maxi-
mum temperatures were about 1000 and 1150 °C for NiO and Fe,0s, respective-
ly. At the end of the combustion process, weakly sintered products were formed
consisting of grains of irregular, mainly close to isometric, shape. The release
of large volumes of gaseous products counteracted the sintering of particles.
The color of NiO was from dark gray to black; polycrystallites Fe,O; were
characterized by a color gradient from dark gray to dark brown with a metallic
tint. After rubbing the powders in a mortar, they acquired by averaging the
black and brown colors characteristic of NiO and Fe,O3 oxides.

Combustion products with no annealing contained a noticeable amount of
adsorbed water (oscillations on the IR spectra in the regions 3417-3449 cm™
and ~1635 cm™). The content of residual nitrate groups (in terms of the intensi-
ty of the N-O communication band ~ 1390 cm™) is small. Diffractograms of
combustion products (Fig. 1) showed that the oxides were relatively well crys-
tallized even with no annealing. Processing at 800 ° C increases the orderliness
of their crystal lattices.

187


mailto:zyanata@mail.ru

“JMLJJ i
) N

C) | |.|. ||.,II ey

20 40 60 80

Fig. 1. Diffractograms of the combustion product of iron nitrate and citric
acid (¢ = 1) after annealing at 800 ° C (a), with no annealing (b).
For comparison,
a bar diagram (c) for hematite is presented (JCPDS 33-0664)

The reactivity of NiO was estimated in the NiAl,O,spinel formation. This
reaction was chosen since the reactivity of various precursors had previously
been studied for it depending on their composition and prehistory [2]. The table
shows the effective Ginstling-Brownstein rate constants for NiO taken as an in-
dustrial reagent, a combustion product with no annealing and after annealing.

Table. Effective velocity constants (ke) for the NiAlL,O, formation

Type of NiO involved in the reaction kef, SC™
Reagent 1,8+0,3
Combustion product with no annealing 29+04
Combustion product after annealing 2,4+0,3

The growth in the NiO reactivity is associated with an increase in the spe-
cific surface of the powder, as well as with the accumulation of a significant
number of various defects.

NiO and Fe,Oj3 reactivity was also compared during the hardening of bind-
ing compositions based on them using a zinc phosphate bond.

1. Poraues A.C., MykacbsiH A.C. 'opeHue 1yt CHHTE3a MaTepHajioB: BBee-
HHE B CTPYKTYPHYIO MakpoKuHETHKY. — M.: DU3MATIJIUT, 2013. — 400 c.

2. Filatova N.V., et al. //Russian J. Physical Chemistry A, 2022. Vol. 96.

No 6. Pp. 1147-1154.
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MOJYYEHUE KOMITO3UTA HA OCHOBE MEJIM METOJIOM
BBICOKOBOJIbTHOM DJEKTPOUMITY.JILCHOM
KOHCOJIMJIALINMN

KommosuTHble MaTepuanbl Ha OCHOBE MEIU PAacCMATPUBAIOTCS KaK BO3-
MOJKHasl 3aMeHa MaTepuaia i pa3pbIBHBIX KOHTAKTOB BMECTO UCIOJIb3yEeMOTO
B HacTosiee Bpems cepebpa. st ynpodnenust Meau ObUT BEIOpaH METO]T BEI-
COKOBOJIBTHOTO 3JIEKTPOUMITYIbCHOTO KOMIAKTHUPOBAHUS, B KAUECTBE MaTepU-
ana Juis yIpoYHEHUS Meau OBl BBIOPAH OKCHA aTIOMHHHA. DJIEKTPOIPOBO -
HOCTH KOMITO3HTa JOJDKHA OBITH BBIIE 80% 3IEKTPOIIPOBOTHOCTH YHCTON Me-
ITM, a TBEPAOCTh KOMIIO3UTA JIOJDKHA HAXOAUThCs B auana3one 110-130 HB.

B nanHoi#f paboTe OBLTO MPOBEACHO MOyYCHNE TAKOTO KOMITO3UTHOTO Ma-
Tepuaja METOJaMH MOPOLIKOBOH MeTautypruu. Jiis o6pa3noB KoMIIo3uTa, 1o-
JYYEHHBIX TPH Pa3HBIX YCIOBUSAX KOMIIAKTHPOBAHMS OBUIM HM3MEPEHBI IIOT-
HOCTh THAPOCTATUICCKAM W THKHOMETPUIECKUM CIOCOOOM, TBEPIOCTH 0 Me-
Tony bpuHens u ynenbHas 31€KTPONPOBOAHOCTb. BBISICHEHO, YTO ONTHMAlb-
HBIA PEKHUM CIIEKaHUS IS TOPOIIKOB MTEPEMEIIaHHBIX B CIIHPTE: HANpsDKEHHE
5,9 kB u nHarpyska 14 xH, a 11 nepemMenaHHbIX B TETPaxXJIOPITUIICHE: HAMPS-
xeHue ot 4,5 no 5 kB u Harpyska ot 10,5 mo 14 xH.

LEBEDEV V.E." BASHLYKOV S.S. SHORNIKOV D.P.

National research nuclear university «MEPhl», Moscow, Russia
*e-mail: velebedev95@mail.ru

PREPARATION OF A COPPER-BASED COMPOSITE BY THE
METHOD OF HIGH-VOLTAGE ELECTRIC PULSE
CONSOLIDATION

Copper-based composites are being considered as a possible replacement
for interrupting electrical contact material in place of the currently used silver.
The method of high-voltage electropulse compacting was chosen to harden
copper, aluminum oxide was chosen as the material for hardening copper. The
electrical conductivity of the composite must be above 80% of the electrical
conductivity of pure copper, and the hardness of the composite must be in the
range of 110-130 HB.

In this work, such a composite material was obtained by powder metallurgy
methods. For composite samples obtained under different compaction condi-
tions, the density was measured by hydrostatic and pycnometric methods, hard-
ness by the Brinell method, and electrical conductivity. It was found that the
optimal sintering mode for powders mixed in alcohol: voltage 5.9 kV and load
14 kN, and for powders mixed in tetrachlorethylene: voltage from 4.5 to 5 kV
and load from 10.5 to 14 kN.
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BJIMAHUE TOBABOK TPA®EHA HA MEXAHUYECKHUE U
SJEKTPUUYECKHUE CBOMCTBA KOPYHJIA

Kommosur kopyHA-TpadeH MoaydaroT MyTeM YIbTPa3BYKOBOTO MEpeMENIH-
BaHUS B XXKMAKOCTH IIOpOIIKa Ipad)eHa M HAHOIOPOIIKA OKCHIA aTIOMHHUS C
nocieayoumM ux crnapk-miazMenHsiM criekanuem CIIC). B mponecce cneka-
HUSI 4acTHUIIBI Tpad)eHa OKa3bIBAIOTCS BMYPOBAHBI B 3¢pHa KOPYH/A WM PACIIO-
JaraloTcs Ha WX TIPaHUIAX, OKas3blBas apMHUpYIOLIee BO3ACHCTBHE, KOTOpOe
MIPOSIBIISIETCS B YBEJIMUEHUN €10 MUKpPOTBepaocTH [1].

MHUKpOCTPYKTYpa JOPOKKH U3HOCA MTPU coJiep>kaHuu rpadena 2%.

HcnpiTanus Ha UCTHPaHHE KOMIIO3UTA ITPH KPYTOBOM JBIDKEHUH Carlpupo-
BOTO IlIapUKa 0 €ro MOBEPXHOCTH IPH KOMHATHOW TeMIlEpaType MOKa3bIBalOT
YBEJIMYECHUE CONPOTUBIICHHS K HCTUPAHMIO Ha jaBa mnopsaka. Kospduuuent
TpeHUst IpH 3ToM cHikaercst Ha 20-40 %. MexaHu3M CHI)XEHHS M3HOCA 3aBHU-
cut ot coxaepxkanus rpadena. [Ipu 1 Bec. % rpadeHa ONPEALITIONIUM SIBISCTCS
TOT e apMHUPYIOIHUHA 3pQeKT. 3epHa KOPyHAa MOYTH HE BHIOMBAIOTCS C TPY-
meiics mosepxHoctu. Ilpu 2% rpadeHa MOBEpXHOCTh W3HOCA MOYTHU IOJHO-
CTBIO TIOKPBITA BSI3KOW Maccoii, paboTaromieil B KauyecTBe MPOCIOWKHA MEXIY
TPYLIMMHUCS TIOBEPXHOCTSAMH U BBITIOJHSIOLIEH PO CMa3KH.

IIpenmonaraercs, 4To BsA3Kasg Macca COCTOMT M3 HAHOYACTHIl KOpyHAa, 00-
pa3yIomuXcsl Ha Ha4albHOW CTaJuM U3HOCA, M YacTHIl rpad)eHa, BHIMBIBAIONIH-
MHCS U3 KOMIO3uTa npu TpeHnHu. KoHTakT miockocTel rpadeHa co cBexeo0-
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Ppa3oBaHHBIMU IOBCHUJIBHBIMU IMOBEPXHOCTAMU HAHOYACTUIL KOPYHIa IPUBOJINb
K 00pa30BaHUIO MEXly HUIMU KOBAaJICHTHBIX MJIM XMMUYECKHUX cBsA3ed. . CKOJIb-
3dI1as] Harpy3Ka IpH TPEHHH WM DUTHQOBKE paspyliacT HauMeHee IPOYHBIE
CHCTEMBI CBHSeﬁ, caBUras (bparMeHT B 3aJlTaHHOM HaIlpaBJICHUU IO ITOBEPXHO-
ct obOpasua. [Ipu 3ToM 00pa3yroTCcst HOBBIE CBS3M, 0OECIICUMBAOIINE HOBOE
mosioxxeHne gparmMeHTa. ['padeH BBIMOTHIECT pOJb CBA3YIOLIETO, O0ecreurnBa-
I0lIee aAre3uI0 Mex1y 00pa30BaHHBIMM HAHOYAKCTHIIAMH KOPYHJIA U IOBEpPX-
HOCTEIO 00pasIa.

JlpyruM BaXKHBIM CBOMCTBOM, KOTOpOE NMpPUAAET KOMIO3UTY ao0OaBKa rpa-
(eHa SBIAETCS OTHOCHTEIBHO BBICOKAsl JIEKTPONPOBOJHOCTh. YCTAHOBJIEHO,
YTO MPOBOAAILIAs CTPYKTypa oOpa3yeTcs HpH CHEKaHWU TOJBKO MPU HHU3KOM
JIaBJIeHNH ITyaHcoHOB. Ilpeanonaraercs, 4Tto MpoBosmIas CTPyKTypa (opMu-
pyeTcst B pe3yabTaTe XUMHUIECKONW PEeakIMy MEKAY rpad)eHOM B OKCHIOM alko-
MUHHSI Ha HAYaJIbHOM CTaJM CHEeKaHUs, KOTJa MPOUCXOIUT 00pa3oBaHHe CO-
enuHenuit Tumma Al404C. Ins mpoxosxaeHus peakiuy HeoOX0IMMO BBIBEICHHE
13 30HBI peakinuu okcuaa yriaepoaa. Ilpu masnennn 50 Mlla oTkphiTas mopu-
CTOCTb OTCYTCTBYET, OKCHJ yrjepoja He yIaseTcs, peakuusi OJIOKUpyeTcs.
ITpyn HHM3KOM [aBIICHWM CIIEKaHMS HPUCYTCTBYET OTKPHITas MOPHCTOCTH, YTO
obecrieunBaeT yaJieHle U3 30HbI PeakIiy OKCHIa yriiepoa U MpoTeKaHue pe-
aKIMK MEX/1y YriepoJoM rpadeHa 1 OKCHIOM allloMUHUS [2].

Kommuieke mpoBeeHHBIX HCCIEIOBAaHUNA MOKa3ayl MEPCIEeKTUBHOCTh IMpH-
MEHEHHsI 100aBOK Tpad)eHa IyIsi CO3aHusl KOMIIO3UTOB KOPYHI-TpadeH C BbI-
COKOH TBEPJOCTHIO M H3HOCOCTOWKOCTHIO. DTH KAa4eCTBAa MOTYT MCIOJIb30BaTh-
Csl JUIA U3TOTOBIICHUS PE3LOB Ul 00pabOTKH METAIOB U AJA IPOXOJ4ECKOro
nHcTpyMeHTa. CHID)KEHHE M3HOCA ITPY NPEHUM Ha /1BA MOPSIKA JaeT HAASKIbI
0 CO3/aHMU Tap TPEHMs AN IKCILTyaTalluu TP BBICOKHUX Temieparypax. Co-
3[1aHUE MPOYHON N3HOCOCTOMKOM NMPOBOIANIEH KEPAMHUKH MOXET OBITH BOCTpe-
60BaHO B KaueCTBE MOJABMKHBIX IEKTPHUCCKUX KOHTAKTOB. [lonoXHTENBHBIC
Pe3yJIbTaThl, 10 CO3JAHUI0 KOMIIO3UTOB KOPYHI-rpad)eH B MEPCIEKTHBE MOTYT
OBITH MCIIOJIB30BAHBI /IS CO3/IaHMSI COOTBETCTBYIOIIMX KOMIIO3UTOB Ha 0aze
JIpYruX BUJOB KEPAMUKH.

1. Zholnin A.G., Hafizov R. S. // Journal of Physics: Conference Series 1396 (2019)
012047 10P Publishing doi:10.1088/1742-6596/1396/1/012047. Research Trends
and Challenges in Physical Science Vol. 2, 112-116. DOl:
10.9734/bpi/rtcps/v2/1885C. Study on Current State of the Technology of Obtaining
and Research of Properties of the Corundum-Graphene Composite

2. Zholnin A.G., Hafizov R. S. // Journal of Physics: Conference Series 2144 (2021)
012035 I0P Publishing doi:10.1088/1742-6596/2144/1/012035. Nature of electrical
conductivity of the corundgraphene Composite.
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AJEKTPOUMITYJIbCHOE ®OPMUPOBAHUE
KEPAMUYECKUX MUIIIEHEM SiC-AIN 1 ©X CBOMCTBA

Iear pa®oOTHI 3aKiioUagach B YCTAHOBICHUHM 3aKOHOMEpPHOCTEH (GopMHUpO-
Banust kepmuueckux wmumeHei SiC-AIN 21eKTpoMMITyNbCHBIM METOIOM U
BJIMAHWUA KOHLCHTPALIMOHHOI'O COCTaBa HMCXOAHBIX MUKPOIIOPOLIKOB Ha YIIpY-
e CBOMCTBA MOJYyYEHHBIX 00pa3I0B. AKTYalIbHOCTh pabOTHI 00YCIIOBIIEHA 3a-
BHCHMOCTBIO (DPU3UKO-MEXaHHUYECKUX CBOHCTB OT TEXHOJOTHYECKUX IapaMeT-
POB TOJYYCHUS U MOCIICAYIONIETO MOBEICHHUS MAaTEPHATIOB B MIPOIECCE UX IKC-
TUTyaTaIuy.

B kauecTBe MCXOIHBIX CHIPHEBBIX MAaTEPHAIOB B pabOTE HCIOJIB30BAIH O~
POILIKH KapOuJa KPEMHHS U HUTPHAA aTIOMUHUS B PA3IMYHLIX [IPOIOPLHMIX U
TIATEFHO CMEMMBAINCH. bbumn moarorosiersl SiC-AlN-coctaBbl TOPOIIKOB
¢ comepxkanneM AIN 10, 40, 60 u 90 Bec.%.

dopMoBaHHE U CIICKAHHUE CMECH MOPOILIKOB IyTEM MPOIYCKaHMS Yepe3 3a-
TOTOBKY JJICKTPHUYECKOTO TOKa OCYIISCTBISIOCh B LMIMHIPHYECKHX IPECcC-
(opMax BHYTPEHHUM AuaMeTpoM 15 mMm. Microns3yst H3BECTHBIE TEXHOIOTHY E-
CKHE TIPUEMBI 3JICKTPOUMIYIECHOTO crickaHus [1,2], ObUIH MOJTYYEHBI OTBIT-
HbIe 00pasibl KEPaMHUKH 4-X COCTaBOB.

Ha mnonydeHHBIX 00pa3iax METOAOM THMAPOCTATHYECKOTO B3BELIMBAHUS
OBLTM M3MEpPEHBI TUIOTHOCTH M PACCUMTAHBl 3HAYCHHS WCTHHHOHW MOPHUCTOCTH.
Hpe}:[CTaBJ'[eHHLIC B Ta6n1/111e 1 3HAYCHUA OAK0T HpeI[CTaBHeHI/IC 06 N3MCHCHUU
TUTIOTHOCTH (POPMHUPYEMBIX 00pa3IOB B 3aBUCUMOCTH OT COCTaBa KOMIIO3UTA.

Tabnuya 1. Hcxoonvie napamempul, RIOMHOCHb U HOPUCIOCTb KEPAMUKU

SiC-AIN.
No "S ocras Huamerp | Bricota | Macca, Kaxcymascs | Topuc-
o6p 0 Macc. D. vt I MM m, r HHOTBHOCTL,S TOCTb,
) AIN ’ ’ p «10°, kr/™m I, %
1 10 12,765 1,639 | 0,5293 2,528 18,68
2 40 12,760 1,650 | 0,6203 2,932 5,59
3 60 12,759 1,661 | 0,6540 3,081 1,80
4 90 12,740 1,660 | 0,6682 3,156 1,80

C yBennuenueM konueHnTpauun AIN MIOTHOCTh yBeNHYUBAETCS, YTO CO-
TJIACYeTCsl C JaHHBIMH Ul KEPaMHKH, TOJy4YeHHOH IpH Oojiee BBICOKHX TEM-
nepaTypax APYTHMH METOJaMH criekaHus. [3]. YBenudeHue IIIOTHOCTH Kepa-
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MHKH ¢ 100aBIIEHHEM HUTPHUIA ATIOMHUHHUS, TOBOPUT 00 YMEHBIIEHUH KOHIIEH-
Tpanuu nop B 00beMe MaTepHralia, KOTopasi B CBOKO OYepe/b BIUSICT Ha YIPYrHe
MapameTpsbl.

ITocne Toro, Kak ObLIa OMpEAEiCHA IUIOTHOCTh, HCCIACIyEeMbIe 00pa3Iibl
M3y4aIUCh Ha YIIPYTHe CBOMCTBA IIPU KOMHATHOM TeMIIepaType.

ITonyueHHble JaHHBIC TIO yOpyruMm mapamerpam (Moayiab FOura (E), 00b-
eMHBIA Moaynb yrnpyroctu (B), kosddunuent [lyaccona (W) uccieayeMbix
MUIIEHEH MpeaCTaBACHBI B TaOaUIE 2.

Tabauya 2. Ynpyeue napamempoi kepamuiecko2o mamepuana SiC-AIN.

Kepamugka SiC-AlN, % macc.
Koopuumentst | A nj1005) (ﬁ(')% AIN (60%) | AIN (90%)
m 0,1794 0,157 0,2025 0,2367
E, [Tl 188,46 270,5 2013 298,04
B, [Mla 97,07 1315 1631 188.6

B namewm ciyuae, Mbl HaOIr0OqaeM, 4TO ¢ H00OaBICHHEM HUTPU/IA aTFOMHHHUS
B kepamuke SIC-AIN ymnpyrue mapaMmerpbl YBEIUYMBAIOTCSI. BO3MOXKHO 3TO
O0OBACHSAETCS TEM, UYTO HUTPHUJ AFOMUHHUS IIPH CIIEKAHWU 3aMETHO YJIy4IlaeT
IJIOTHOCTh CIICYEHHBIX O0pas3IoB. JTO SBISETCS NMPHU3HAKOM YCHJICHHS CHJI
CBSI3U MEXIy CTPYKTYPHBIMHU YaCTUI[AMU C MOBBIIICHUEM KOHIICHTPAIIUN HHUT-
puia amOMUHIS B MaTPUIIE.

Takum 00pa3oM, Kak M MOJABJSIOIIEe OOJBITHHCTBO KEPAMUYECKUX MaTe-
PHAJIOB, MOJIYYCHHBIH MaTepHall XapaKTePU3yeTCsl BBICOKUM MoiayiieM HOHra
~300-TTIa.

Takue mapaMeTphl Kak TBEPOCTh, MOJIY/IH YIIPYTOCTH, CKOPOCTh 3BYKa, BO
MHOTOM OIIPEAEISAIOTCS TEXHOJIOIHYECKUMH YCIOBHSIMHU CHHTE3a KepaMHuue-
ckux Mmatepuanos. OleHKa B paMKaX €IMHOI0 MOJIX0Ja YIPYTUX IapaMeTpoB
HCCIEAYEMOM KepaMHKHU MPEACTABIISCTCS BAXKHOM, KaK JUIs aHAIKM3a UX H3Me-
HEHUsI B 3aBUCHMOCTH OT COCTaBa, TaK ¥ JUIS MPOTHO33a MEXaHMYESCKIX CBOMCTB
MHOTOKOMTIOHEHTHBIX MaTEepPHAaJIOB.

1. Grasso S, Sakka Y, Maizza G. Electric current activated/assisted sintering
(ECAS): a review of patents 1906-2008. Sci Technol Adv Mater.
2009;10(5):053001. Published 2009 Nov 20.
2. Tokita M. Spark plasma sintering (SPS) method, systems and applica-
tions. In: Handbook of Advanced Ceramics. Chapter 11.2.3. 2013, p. 1149—
1177.
3. G D Kardashova and Sh Sh Shabanov. /2019 10P Conf. Ser.: Mater. Sci.
Eng. 525 012020.
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FORMATION OF SiC-AIN CERAMIC TARGETS BY SPARK
PLASMA SINTERING METHOD AND THEIR PROPERTIES.

The purpose of the work was to establish the patterns of formation of
cermic SiC - AIN targets by the SPS method and the influence of the concentra-
tion composition of the initial micropowders on the elastic properties of the ob-
tained samples. The relevance of the work is due to the dependence of physical
and mechanical properties on the technological parameters of production and
subsequent behavior of materials during their operation.

Silicon carbide and aluminum nitride powders in various proportions were
used as starting raw materials in the work and were thoroughly mixed. SiC-
AIN powder compositions were prepared with AIN content of 10, 40, 60 and 90
wt%.

Formation and sintering of the mixture of powders by passing electric cur-
rent through the workpiece was carried out in cylindrical molds with an inner
diameter of 15 mm. Using the well-known technological methods of SPS [1, 2],
prototypes of ceramics of 4 compositions were obtained.

Densities were measured on the samples obtained by hydrostatic weighing
and the values of true porosity were calculated. The values presented in Table 1
give an idea of the change in the density of the formed samples depending on
the composition of the composite.

Table 1. Initial parameters, density and porosity of SiC - AIN ceramics .

Ne | Compound | Diameter | Height | Weight, Di%sglty’ Porosity,

arr. | % wt. AIN | D,mm h,mm | m,g P2V s P, %
kg/m

1 10 12.765 1.639 0.5293 | 2.528 18.68

2 40 12,760 1,650 0.6203 | 2.932 5.59

3 60 12.759 1.661 0.6540 | 3.081 1.80

4 90 12,740 1.660 0.6682 | 3.156 1.80

As the concentration of AIN increases, the density increases, which is con-
sistent with the data for ceramics obtained at higher temperatures by other sin-
tering methods. [3]. An increase in the density of ceramics with the addition of
aluminum nitride indicates a decrease in the concentration of pores in the bulk
of the material, which in turn affects the elastic parameters.
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After the density was determined, the test samples were studied for elastic
properties at room temperature.

The obtained data on the elastic parameters (Young's modulus (E), bulk
modulus of elasticity ( B ), Poisson's ratio (p)) of the studied targets are pre-
sented in Table 2 .

Table 2. Elastic parameters of ceramic material SiC - AIN .
Ceramics SiC- AIN , % wit.

AIN (10%) | AIN (40 %) | AIN (60 %) | AIN (90 %)
m 0.1794 0.157 0.2025 0.2367
E,GPa | 188.46 2705 291.3 298.04
B,GPa | 97.97 1315 163.1 188.6

In our case, we observe that with the addition of aluminum nitride in SiC -
AIN ceramics, the elastic parameters increase. Perhaps this is due to the fact
that aluminum nitride noticeably improves the density of sintered samples dur-
ing sintering. This is a sign of strengthening of the bonding forces between
structural particles with an increase in the concentration of aluminum nitride in
the matrix.

Thus, like the vast majority of ceramic materials, the resulting material is
characterized by a high Young's modulus ~300 GPa.

Parameters such as hardness, elastic moduli, sound velocity are largely de-
termined by the technological conditions for the synthesis of ceramic materials.
Evaluation of the elastic parameters of the studied ceramics within the frame-
work of a unified approach seems important both for analyzing their changes
depending on the composition and for predicting the mechanical properties of
multicomponent materials.

1. Grasso S, Sakka Y, Maizza G. Electric current activated/assisted sintering
(ECAS): a review of patents 1906-2008. sci Technol Ad Mater.
2009;10(5):053001. Published 2009 Nov 20.

2. Tokita M. Spark plasma sintering (SPS) method, systems and applica-
tions. In: Handbook of Advanced Ceramics. Chapter 11.2.3. 2013, r. 1149—
1177.

3. GD Kardashova and Sh Sh Shabanov . /2019 IOP Conf. Ser.: Mater. sci.
Eng. 525 012020.
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MOJYYEHUE KOMIIO3UIIMOHHOM JINTATYPHI U3
TYTI'OIVIABKUX METAJIJIOB METOJAMHA
HEHTPOBEXKHOU CBC-METAJUIYPI'NH

Komno3uTtHble MaTepHaibl MONYYHIN IIMPOKOE PACHpOCTpaHEHHE B pas-
JIMYHBIX OTPACiAX MPOMBIIIICHHOCTH. COBOKYMHOCTh HCKIIOYUTENBHBIX Xa-
PaKTepUCTUK, HE COBMECTHMBIX Ha MEpPBBII B3IV MaTepUallOB, MO3BOJISIET
pemaTh CIOXKHBIE 3alaui IPU KOHCTPYMPOBAHUU U MIPOU3BOJCTBE Pa3IMYHBIX
criaBoB [1]. IlpuMeHeHne KOMIIO3UTHBIX JIMTaTyp NMpH MPOU3BOACTBE CIIELU-
IBHBIX CIUIABOB IO3BOJISIET JIOCTHYh CTAOWIIBHBIE PE3yIbTaThl 10 XMMUYECKO-
My COCTaBy LieneBoro marepuana. OnHako, MOJy4eHUE KOMIIO3UIMOHHBIX JIU-
raTyp W3 TYTOIUIABKHX METAUIOB KJIACCHUECKUMH METaJUTypTHUYECKHMH METO-
JlaMU TIOZIpa3yMeBaeT PsiJi CIOXKHOCTEH, BBUAY OCOOEHHOCTEH MX IPOU3BOJI-
CTBa, BKJIIOYAIOIINX CJIO’KHBIC MHOTOCTaAMIHbBIE TEXHOJIOTHUECKHE TPOLECCHI,
OCHOBAaHHBIE Ha BaKyyMHO-IYTOBOM HJIHM 3JCKTPOHHO-TY4EBOM IMEperiaBe
CIJIaBa.

Ha ocHOBaHMM BBINIEH3I0KEHHOTO ObLIA COPMHUPOBAHA ONCKOBAs 3a/1a4a
[0 OTIPEIETICHNIO TEXHOJIOTMYECKOTO IPOIIecca MOMYUCHHUS JIUTaTypbl MOJINO-
IIEH-XpOM MeTomamu meHTpobOexxHoit CBC-MeTammyprud B BHAY IIHPOKOTO
MPUMEHEHHS [aHHOW KOMIIO3MLMOHHOM JINTAaTypsl B KOJHMYECTBE IECSITKOB
TOHH B T0J] HA METAJUTyPTHUECKUX MPEIIPUATUAX MPU MPOU3BOJCTBE CIICIHU-
JIBHBIX MapOK CTaJICH U CILIAaBOB.

IIpu ananmu3e AOIMYCTHMBIX NPENENIOB MO IPUMECSIM B IEJIEBOM JMraTrype
OBUIO MPUHATO PEIICHHE B KaYeCTBE 3JIEMEHTa-BOCCTAHOBUTEINS HCIIOJIb30BaTh
MeTaJUIMYECKUH allOMUHHUHA. B posi OCHOBHBIX BOCCTaHABUTENBHBIX COEIUHE-
Huil puMensutich okeun mosubaena (V1) u oxeun xpoma (111).

BHenrHui BU MOJTyYCHHOTO CIUTKA MO3BOJIMIT MOATBEPAUTE yCIenHoe (a-
30pa3/ieNieHue CMECH TI0CIe 3aBepIIeHUs CUHTe3a. B kauecTBe NMpOIyKTOB ro-
peHust ObLTH 00pa30BaHbl CIMTOK 1IEIEBOW KOMIIO3ULIMOHHOM Juratypsl Mo-Cr
W IIIJTaKoBas (asa.

[TonmyyeHHBI TUIOTHBIN CIMTOK JIMraTypbl OBUI IpOaHaIM3UPOBaH IO
YTBEPKJICHHON METOAUKE BXOJHOTO aTTECTALIMOHHOTO KOHTPOJIS Ha MeTalIyp-
THYECKOM TPEINPHUSITUH, SBISIOMIEMCS NOTEHIMATBHBIM MOTpeOUTENeM JIUra-
Typsl Mo-Cr. Pe3ynpTar nmpoBeAEHHOTO XMMHUYECKOTO aHajKM3a MOJy4EeHHOTO
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CIIUTKA MOATBEPAMII HOCTHXKEHUE TpeOOBaHUN MO MPHUMECSAM, UYTO JOKA3hIBAET
MPUMEHUMOCTh MeTo/ia LieHTpoOexxHo CBC-MeTammypruu st MoTydeHus Ju-
rarypsl Mo-Cr.

AHanu3 XMMHUYECKOTO COCTaBa MO3BOJISET CENAaTh 3aKIIOUEHHE O MepCIeK-
TUBHOCTU MeTozAa LeHTpoOexHoi CBC-meraiutypruu Juisi mOJIy4eHHs JIUTHIX
KOMITO3UIIMOHHBIX JINTaTyp MOJMOAEH-XpPOM C MHUHHMAJIBHBIM COJIep)KaHHEM
IpHUMeceH MpU UCTONBb30BaHUY ATIOMHUHHUS B KauecTBe BoccTaHoBUTENS. [lomy-
YEeHUE JIUTOM JIMraTypbl MOJHMOICH-XPOM B peXHMe (POHTAIBHOTO TOPEHHS
MOXET CYIIECTBEHHO PAaCIIUPHUTh 0a3y Ul CO3/IaHMs SHEPro- U pecypcocoepe-
raromieil TEeXHOJIOTUH TIOJTydeHHsI B TOM YHCIIE ¥ JUIS CIUIAaBOB C BBICOKOM KOH-
nenrpanueil Cr myTeM BBEICHUS JOTOJHHUTEIBHBIX OKCHIHBIX COSIMHEHUH B
COCTaB MCXOJIHOM cMecH [2].

1. KybGanoBa A.H., HWkopuukoB J.M., Cauun B.H., MapteiHoB J[.A.
IIpon3BoACTBO KOMIIO3UTHBIX MAaTE€pPHaJOB MeToAaMu IeHTpobexHoit CBC-
Merautyprun  // Marepuanst Xl MexnynapoqHold HayYHO-WHHOBAIMOHHOMN
MoJIoIeKHOM KoH(pepenuuu, Tam6oB, 2021 1. ¢. 109-111.

2. Kyb6anoBa A.H., HUkxopumko JI.M. IlomydeHHe BBICOKOYHCTOTO XpOMa
meronamu CBC-meramnypruu // Matepuanst MHK crynenToB, acnupaHToB M
MOJIOABIX YYEHBIX «IOMOHOCOB-2021%», cekmus «Xumusi». — M.: M3marenscTtBo
«IIepo», 2021. C. 461.
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PRODUCTION COMPOSITION ALLOY FROM REFRACTORY
METALS BY METHODS OF CENTRIFUGAL SHS
METALLURGY

Composite materials are widely used in various industries. The combination
of exceptional characteristics of seemingly incompatible materials makes it
possible to solve complex problems in the design and production of various al-
loys [1]. The use of composite alloys in the production of special alloys makes
it possible to achieve stable results in terms of the chemical composition of the
target material. However, obtaining composite alloys from refractory metals by
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classical metallurgical methods implies a number of difficulties, due to the pe-
culiarities of their production, including complex multi-stage technological
processes based on vacuum-arc or electron-beam remelting of the alloy.

Based on the foregoing, a search task was formed to determine the techno-
logical process for obtaining molybdenum-chromium ligature by centrifugal
SHS metallurgy in view of the widespread use of this composite ligature in the
amount of tens of tons per year at metallurgical enterprises in the production of
special grades of steels and alloys.

Analyzing the allowable limits for impurities in the target ligature, it was
decided to use metallic aluminum as a reducing element. Molybdenum (V1) ox-
ide and chromium (I11) oxide were used as the main reducing compounds.

The appearance of the resulting ingot made it possible to confirm the suc-
cessful phase separation of the mixture after completion of the synthesis. An
ingot of the target composite alloy Mo-Cr and a slag phase were formed as
combustion products.

The resulting dense alloy ingot was analyzed according to the approved
method of incoming attestation control at a metallurgical enterprise, which is a
potential consumer of Mo-Cr alloy. The result of the chemical analysis of the
obtained ingot confirmed the achievement of the requirements for impurities,
which proves the applicability of the method of centrifugal SHS metallurgy for
the production of Mo-Cr ligature.

An analysis of the chemical composition allows us to conclude that the
method of centrifugal SHS metallurgy is promising for obtaining cast compo-
site alloys of molybdenum-chromium with a minimum content of impurities us-
ing aluminum as a reducing agent. The production of a cast molybdenum-
chromium alloy in the frontal combustion mode can significantly expand the
base for creating an energy- and resource-saving production technology, in-
cluding for alloys with a high Cr concentration, by introducing additional oxide
compounds into the composition of the initial mixture [2].

1. Kubanova A.N., lkornikov D.M., Sanin V.N., Martinov D.A. Production of
composite materials by centrifugal SHS metallurgy, Proc. XIII International
Scientific and Innovative Youth Conference, Tambov, 2021. p. 109-111.

2. Kubanova A.N. and lkornikov D.M. Obtaining high-purity chromium by SHS
metallurgy methods, Proc. (Abstr.) International Scientific Conference of Students,
Postgraduates and Young Scientists "Lomonosov-2021", Moscow, 2021. P. 461.
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CHUHTE3 ®EPPOMATHUTHBIX KOBAJIBTCOAEP/KAILINUX
CBC-KATAJIU3ATOPOB I''IYBOKOI'O OKUCJIEHUSA 1
I'maPUPOBAHUSA CO, B MATHUTHBIX ITIOJIAX

KunkodasHBIM METOOM CaMOPACIIPOCTPAHSIOMIETOCS BBICOKOTEMITEpA-
typHoro cunre3a (CBC) monyuenst CO—Al u Co—V-Al nnrepmeramuipl Kak
MPEeKypCOpHl KaTalu3aTopoB Tiayookoro oxucienus CO, yrieBogopoaoB u
rugpupoBanust CO,. Ilpu BeimenaunBanuu pactBopoM NaOH u cradunuzanmu
pactBopom H,0; B moctossaroM (0.24 T) u mepemennom (0.13 T, 50 I'mr) mar-
HUTHBIX nossax (MIT) nmomydens! rpanynupoBanssie (100 - 300 Mxm) 06pasiisl
Co- u Co-V (95C0-5V, 90C0-10V) karamu3aTopoB C Pa3BETBIECHHOW HaHO-
CTPYKTYPHUPOBAaHHOW TOBEPXHOCTHIO M BEIWYWHOHN YIENFHON ITOBEPXHOCTH B
unrepBaie 2.4-17.5 M2T. Karanuzaropsl ObUTH HCCIIEOBaHBI MeTOaMu PDA,
COM, OPC u BOT.

IMokazano, yro Tun MII Bimsier Ha (azoBblii cocTaB U MOP(OJIOTHUIO TO-
BEPXHOCTH KaTalIM3aTOPOB, a TAK)KE€ HAa MX aKTHBHOCTH B IpoOIEcce TIIyOOKOTro
okucnenus CO u yrneBogopoaoB, BaXKHOHW COCTABIAIONIEH IPOLECCOB HENTpa-
JIM3alMH Ta30BbIX BHIOPOCOB, M aKTUBHOCTH B mporecce rumpuposanus CO,,
nepepabOTKa KOTOPOTO YMEHbIIMIIA ObI 3arpsi3HEHHE aTMOC(Ephl STUM HMapHU-
KOBBIM razoM. OOpasipl KaTajau3aTtopoB, NOJIy4eHHbIe B nepemenHoM MII, B
esioM 00namaroT Oosee BRICOKOW aKTHBHOCTBIO B IpoIlecce TIyDOKOTO OKHC-
JICHUS.

1. Pugacheva, E.; Borshch, V.; Zhuk, S.; Andreev, D.; Ikornikov, D.; Boyarchen-
ko, O.; Golosova, O. Influence of Magnetic Fields Assisted for Preparation of
Ferromagnetic Mono- and Bi-Metallic Co and Co-V SHS Catalysts on Their
Activity in Deep Oxidation and Hydrogenation of CO,. Metals 2022, 12, 166.
https://doi.org/10.3390/met12010166

2. Borshch, V.N.; Pugacheva, E.V.; Zhuk, S.Ya.; Smirnova, E.M.; Demikhova,
N.R.; Vinokurov, V.A. Hydrogenation of CO, on the polymetallic catalysts
prepared by self-propagating high-temperature synthesis. Russ. Chem. Bull.
Int. Ed. 2020, 69, 1697—1702, doi:10.1007/s11172-020-2950-0.
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SYNTHESIS OF FERROMAGNETIC COBALT-CONTAINING
SHS CATALYSTS FOR DEEP OXIDATION AND
HYDROGENATION OF CO, IN MAGNETIC FIELDS

Co-Al and Co-V-Al intermetallics produced by centrifugal self-
propagating high-temperature synthesis (SHS) were used as precursors for
preparation of catalysts for deep oxidation and hydrogenation of CO,. Leaching
in NaOH solution and stabilization with H,O, solution of precursors were car-
ried out in permanent magnetic field (MF) (0.24 T) and alternating magnetic
field (0.13 T, 50 Hz). Prepared Co u Co-V (95C0-5V, 90Co-10V) granular
catalysts with size of 100-300 um were characterized by XRD, SEM, EDS, and
BET method and revealed to have a scaly surface structure with a specific sur-
face area in the range of 2.4-17.5 m?/g.

It was shown that the type of MF affects phase composition and surface
morphology, as well as specific surface and activity in deep oxidation of CO
and hydrocarbons as an important part of the neutralization of gas emissions,
and hydrogenation of CO,, the processing of which would reduce atmospheric
pollution with this greenhouse gas. Catalysts obtained in alternating MF was
found to possess higher activity in the process of deep oxidation.

1.Pugacheva, E.; Borshch, V.; Zhuk, S.; Andreev, D.; lkornikov, D.; Bo-
yarchenko, O.; Golosova, O. Influence of Magnetic Fields Assisted for Prepa-
ration of Ferromagnetic Mono- and Bi-Metallic Co and Co—V SHS Catalysts
on Their Activity in Deep Oxidation and Hydrogenation of CO,. Metals 2022,
12, 166. https://doi.org/10.3390/met12010166

2.Borshch, V.N.; Pugacheva, E.V.; Zhuk, S.Ya.; Smirnova, E.M.; Demikhova,
N.R.; Vinokurov, V.A. Hydrogenation of CO, on the polymetallic catalysts
prepared by self-propagating high-temperature synthesis. Russ. Chem. Bull.
Int. Ed. 2020, 69, 1697—1702, doi:10.1007/s11172-020-2950-0.
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HNOJYYEHHME MOINPUIINPOBAHHBIX
KEPAMHUYECKUX MATEPUAJIOB HA OCHOBE
BOPUJ10B TUTAHA METOJAOM CBC-OKCTPY3UHU

Ha ceronmusimHuii ieHb NOBBIICHHE (PH3MKO-MEXaHHUYECKUX XapaKTEPHUCTHK
MaTEepHAJIOB SBISICTCS OMHUM M3 aKTYyalbHBIX HANpPaBICHUN HCCIEIOBAHUI B
obnactu MarepuanoBeaenus. CozjaHue HOBBIX MAaTEPHAIOB - BECbMa CJIOXHBIN
U TPYAOEMKHH TpOIIEeCC, TTOATOMY MHOTHE yYEHBIE OOpaTHIIM CBO€ BHUMaHHE
Ha YJIy4IICHHE CBOMCTB yX€ H3BECTHBIX MaTepuaioB. OIHMM U3 crioco0oB,
MTO3BOJISIOMINX HOBIHATH HA CTPYKTYPY M CBOICTBAa MaTE€pPHAJIOB SIBISETCS MO-
muunupoBanue. MoTupHUIUPOBaHHE MAaTEPHAIIOB MOXET OCYIICCTBISATHCS
IyTeM BBeJeHUs MoaudHKaTopa B 00bEM MaTepuaia, JIM0o myreM MOAU(DUIH-
POBaHHUS TOBEPXHOCTH 32 CYET HAHECCHUsSI 3aUIUTHBIX IMOKPBHITHHA U (HMIIH) BO3-
JIEACTBUS BEICOKOKOHIIEHTPUPOBAHHBIMH MOTOKamMu SHepruu [1,2].

OmHMMH W3 MaTepHaloB, OONAMAIONINMH YHUKAIBHBIM COYCTaHHEM
CBOWCTB, TaKMX KakK: )XapoIPOYHOCTb, TYrOIUIABKOCTb, CBEPXTBEPIOCTh U U3-
HOCOCTOMKOCTD, SIBJISIOTCS MaTepHallbl Ha OCHOBE OopuaoB TuTaHa [3]. bmaro-
Jlapsi 3TOMY, TaKWe MaTepHajbl MOTYT HCIIOJIb30BAaThCsl B KaUeCTBE KOHCTPYK-
LIMOHHBIX MAaTEPHAJIOB, a TAKKE B KAUECTBE JIEKTPOIHBIX KEPAMHYECKUX MarTe-
pHUAaNoB Iy HaHEeCCHUS MOKphITHH. OMHAKO B YMCTOM BHUIE IPUMEHEHUE O0OpH-
JIOB TUTaHa B KauyeCTBE JJICKTPOJOB OTPAHUUCHHO HM3-3a XPYNKOCTH H3JEIus,
IUT HUBEITUPOBAHUS TAaHHOHN MPOOJIEMBI B COCTaB MaTepHaja BBOJUTCS METaJ-
J4ecKasi cBsi3ka. B cBOro odepelp, MpUMEHEHUE TAHHBIX AJIEKTPOHBIX MaTe-
pHAJIOB P HAHECCHHH 3AIUTHBIX MOKPBITUH MPUBOIUT K TOBBIIICHUIO Pabo-
Yero pecypca M YIyUIICHUIO SKCIDTYaTallMOHHBIX XapaKTePUCTHK JeTalel, pa-
6OTaIOI_[II/IX B arp€CCUBHLBIX Cp€Aax U MOABEPrarouxcsi MHTCHCUBHOMY U3HOCY.
Ji moTydeHns TaKUX MOKPHITHH OTIMYHO 3apEeKOMEHI0BAT Ce0s METOM JICK-
TpouckpoBoro neruposanus (DWJI) [4].

OmHAM U3 TIePCIIEKTUBHBIX CIOCOOOB TOTYUSHHS SJICKTPOIOB U3 TYTOILIAB-
kux coenuHenuid sBisiercss CBC-skcrpy3us. DddekruBHocTh mnporecca CBC-
9KCTPY3HUH 00YCIaBINBACTCS COYETAaHUEM IIPOIIECCOB TOPEHUS B PEKUME CaMO-
pacnpoCTpaHSIONMIErocsl BEICOKOTEMIIEPATYPHOTO CHHTE3a CO C/ABUTOBBIM Jie-
(bopMupoBaHUEM TPOJYKTOB CHHTE3a, JUIsl MPHIAHUS U3JEIHIO ONpeeIeHHON
¢dopMBI M pasMepa 3a OIHY TEXHOJIOTHYECKYIO CTaanio, 0e3 3HAuMTEIbHBIX
sHepro3arpaT. IIperMMyIiecTBOM JaHHOTO METOAa MOXKHO CUUTATh BO3MOXK-
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HOCTH MOJIydaTb U3JACIINUA 3a OCCATKU CEKYHJI C MUHHUMAaJIbHOMN nocneuylomei&
006paboTkoii, uto menaer nporecc CBC-3KCTpy3un TEXHOIOTHYECKHA MPOCTHIM
1 3Heprod3(pGeKTuBHBIM [5].

Jannas pabota HampaBieHa Ha yCTaHOBJICHHE OCOOEHHOCTEH IIPOIIECCOB
¢azo-, cTpykTypooOpazoBanus U GopMoBaHus MeTamiokepamMudeckux (MKM)
CBC-maTepuanaoB Ha OCHOBE OOpUIOB THTaHA, TIOJYYCHHBIX C HMCIOJIb30BaHU-
eM MOAU(HUITUPYIONIINX HAHOPa3MEPHBIX YacTUI] HUTPHIA KPEMHHS, B YCIOBU-
ax npouecca CBC-akcTpy3un. B xauecTBe MOAMGHUKATOPOB HAILIH IIPHMEHeE-
HUE HAHOPa3MEpHBIE YACTHIFI HUTPHIA KPEMHUS, MOJTydeHHBIE MO a3UIHOU
texronoruu CBC B CamI[ TV [6].

B pesynbrare mpoaenanHoit padotsl, MetogoM CBC-skcTpy3un ObUTH TTO-
JIy9eHbl METAJUNIOKEPaMHUUECKHE DIIEKTPOIHBIE MaTepHajbl HA OCHOBE CHCTEMBI
Ti-B, momudunuposanusie 5(10) macc. % HaHOpasMepHbIX dacTull SizNg.
[IpoBeneHo wuccrnenoBanne (Ha3oBOTO COCTaBa, CTPYKTYpHl H  (DU3HKO-
MEXaHMYECKUX CBOMCTB, MonydeHHbIX CBC-a/ekTpoaHbIX MaTepuaioB. YcTa-
HOBIICHO, YTO MOAM(UIIMPOBAHWE HAHOPAa3MEPHBIMH YacTUIAMH HUTPUAA
KPEMHHS TPHBOJUT K HU3MENBYCHUIO 3EpeHHOU CTpykTyphl (a3 TiB(cub),
TiB(ort). IloMmumo 3TOTO, TPH B3AMMOACHCTBHH JOOABKH C METaJUTHICCKOM
MarpuLeil o0pasyrorcst HoBble BeicokoTBepable (a3bl: BN, TiN. CoBokynHOCTh
9THX (PaKTOPOB MPHBOAWT K MOBBIIICHHI0 MUKPOTBEPAOCTH B 2,3 pa3a U TBep-
noctr 00pasmoB no Bukkepey B 1,5 paza.

1. llinykh S. A. et al. // Key Engineering Materials. — Trans Tech Publica-
tions Ltd, 910 (2022) 507-513

https://doi.org/10.4028/p-72hs56

2. Pudov V. //Key Engineering Materials. — Trans Tech Publications Ltd,
910 (2022) 1014-1019

https://doi.org/10.4028/p-47t971

3. Lark A. etal. //J. Mater. Res., 33 (2018) 4296 — 4306
https://doi.org/10.1557/jmr.2018.368

4, HWsauos B. W. u np. // Tpynsl Kosubckoro Hayynoro nedrpa PAH. 9
(2018) 641-646

https://www.elibrary.ru/item.asp?id=35594914

5. Cronun A.M. u 1p. // Poccuiickue HaHoTexHousoruu, 9 (2014) 6-18
https://www.elibrary.ru/item.asp?id=22364443

6. Titova Y. V. et al. // Eurasian chemico-technological Journal, 16 (2014)
41-48

https://doi.org/10.18321/ectj167
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3AKOHOMEPHOCTH PA3BUTUSA
KPUCTAJNJIOTPA®HUUYECKOMN TEKCTYPBI JINCTOB U3
CILIABA Fe3SilAl ITIPM XOJIOTHOM ITIPOKATKE U
TEPMOOBPABOTKE

B coBpeMeHHBIX JEKTPOTEXHHUECKUX YCTAHOBKAX OJHOW M3 IJIABHBIX 3a-
Jlad SBJISETCS MpeoOpa3oBaHue MIEKTPUIeCKOl dHeprun. CTpeMHUTEIbHOE pa3-
BHUTHUE DHEPTETHKH MPEIOMPEICIsIeT HEOOXOMMOCTh MOBBIMICHUS KO3hGDUIIU-
€HTOB II0JIE3HOTO JEHCTBHSA TPaHC(HOPMATOPOB U POTOPOB DIEKTPOJBUTATEIEH,
OCHOBHBIM KOHCTPYKIIHOHHBIM 3JIEMEHTOM KOTOPBIX SIBJISIETCS CEPIICYHUK, CO-
CTOSIIHN, KaK MPABIJIO, U3 MapaJUICIbHBIX TOHKHX ITacTUH. OZHUM U3 Hanbo-
Jiee pacrpoCTPaHSHHBIX MaTePHAaOB CEPJCYHUKOB TPAHC(HOPMATOPOB SABIACT-
cs cruaB Fe3Sil Al, npencrasnstonmii co60it TBepAbId pacTBOpP 3aMELICHHS C
OLK crpykTypoii. Ilpu mpou3BoACTBE JUCTOBOTO MpOoKaTa 0co00e BHUMAaHWE
YIESIETCS HE TOJIbKO CTPYKTYpE, HO U KPHCTaLIOrpaduveckoil TEeKCType —
MIPENMYIIECTBEHHON OpHUEHTANH 3epeH B MaTepuae. Vcmoap30BaHne TEKCTY-
POBaHHBIX IUIACTHH JUIA MPEOOPa30BAHUS AIEKTPHUYCCKON SHEPTHU MO3BOJISCT
CHU3WUTH YPOBEHBb €€ MOTEPh HAa TPETh, UTO TAKKE CIIOCOOCTBYET CHIKEHHUIO
Macchl TpaHcopMaTopa.

B pabote mcciaemoBaHa MOCIONHAS HEOTHOPOIHOCTh KpHCTaIorpaduye-
CKOM TEKCTYpHI JIUCTOB CIIaBa TOMUHON 0,5 MM. YCTaHOBIIEHO, YTO TEKCTYypa
KaK TropsiYei MPOKaTKH, TaK ¥ HOPMAJIHM3AIMOHHOTO OT)KHIa XapaKTepU3YeTCs
npeobnamanreM komnoHeHTH {110}<001>, koTOpas HCIBITHIBACT Pa3MBITHE
IO TOJIIIMHE JHCTa. XOJIOIHAS TPOKATKa CIIOCOOCTBYET Pa3BUTHUIO ABYXKOMIIO-
HEHTHOM TeKcTyphl ¢ nHAekcamu: {001-111}<110>u {111}<110-112>, a Tak-
’Ke TIOBBIIIICHUIO OJHOPOTHOCTH €€ pacIipeieNieHus 10 TomuHe aucta. [locme-
JIYIOIIHMHA PEKPUCTATU3AIMOHHBIA OTKUT 00YCIIOBIMBAET POCT 3€PEH C OPUEH-
tanusamu: {001-111}3<210>wu {111}<112>.

Ha ocHoBe ananu3za cyOCcTpyKTYpPHOU HEOJHOPOTHOCTH, MTOKA3aHO, YTO 3€P-
Ha TEKCTYPHBIX KoMIOHeHT {111}<110-112> o06mamaroT MOBBIIICHHBIM HaKJIC-
IIOM, YTO MPUBOJUT K UX 00Jiee HHTCHCHBHOMY POCTY B MPOIECCE PEKPHUCTAI-
JMU3aIA ¥ HEOIArOMPHUSATHO CKA3bIBAE€TCS HA MATHUTHBIX CBOWCTBAX JAHHOTO
CIUIaBa.
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REGULARITIES OF THE DEVELOPMENT OF THE
CRYSTALLOGRAPHIC TEXTURE OF Fe3SilAl ALLOY
SHEETS DURING COLD ROLLING AND HEAT TREATMENT

In modern electrical installations, one of the main tasks is the conversion of
electrical energy. The rapid development of the energy industry predetermines
the need to increase the efficiency of transformers and rotors of electric motors,
the main structural element of which is the core, which usually consists of par-
allel thin plates. One of the most common materials for transformer cores is the
Fe3SilAl alloy, which is a substitutional solid solution with a bcc structure; in
addition, in the production of rolled sheets, special attention is paid not only to
the structure, but also to the crystallographic texture - the predominant orienta-
tion of grains in the material. The use of textured plates for converting electri-
cal energy makes it possible to reduce the level of its losses by a third, which
also helps to reduce the weight of the transformer.

In this work, the layer-by-layer inhomogeneity of the crystallographic tex-
ture of alloy sheets with a thickness of 0.5 mm was studied. It has been estab-
lished that the texture of both hot rolling and normalization annealing is charac-
terized by the predominance of the {110}<001> component, which is smeared
along the sheet thickness. Cold rolling promotes the development of a two-
component texture with indices: {001-111}<110> and {111}<110-112>, as
well as an increase in the uniformity of its distribution over the sheet thickness.
Subsequent recrystallization annealing causes the growth of grains with orienta-
tions:

{001-111}<210> and {111}<112>.

Based on the analysis of substructural inhomogeneity, it is shown that the
grains of the {111}<110-112> texture components have increased work hard-
ening, which leads to their more intensive growth during recrystallization and
adversely affects the magnetic properties of this alloy.
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JIABEPHAS CBAPKA CTEKJIA U CUTAJLJIA C
PA3ZJIMYAKOIIUMUCSA 3HAYEHUAMMU TKJIP

Coznanne OeckiieeBbIX COeNMHEHUN MaTepuanoB SBISETCS aKTyadbHOU 3a-
Jladeld U1l pa3In9HbIX 00JIacTel HayKu M TeXHUKH. OHUM 13 ITEPCIIeKTUBHBIX
pelIeHu ABAeTCs JIOKaNbHOE IUIaBJICHUE Ha IPaHMIle MEXIY CBapHBaeMbIMU
MaTeprallaMH ¢ TOMOIIBI0 C(OKYCHPOBAHHBIX JTa3ePHBIX HMITYIILCOB (heMTOoCeE-
KYHIHOHW AIuTeNbHOCTU. Vcmosib30BaHME (EMTOCEKYHIHBIX JIa3€pPHBIX HM-
ITyJBECOB ITO3BOJISIET OCYIIECTBISITh COCANHEHNE TAKMX MAaTEPHANIOB, KAK CTEK-
no-crekiio [1], crexkno-meramn [2]. Kak mpaBuiio, Ajs ja3epHOl CBapKu Hc-
MOJIL3YIOT MaTepUalibl C coryiacoBaHHbIMU 3HaueHusiMu TKJIP.

B nauHoOi paboTe, masepHoe docdarHoe cTeKIo ¢ HeoammoM (o = 120%107
K'l) Y MarHUEBOATIOMOCHIIMKATHBIA CUTAILI (0 = 62*107 K'l) ObLTH BBIOpaHbI B
Ka4yecTBE CBapMBAEMBIX MaTEpHAIOB. B KauecTBe MCTOYHHMKA JIa3€PHBIX HM-
MyJIBCOB MCIOJIB30BANICSI pereHepaTiBHbIil yeumutens Pharos SP (Light Con-
version Ltd.), usiywaroniuii ©MIyabCel PEMTOCCKYHIHOW UTHTENHFHOCTH Ha
JnuHe BoaHb! 1030 HM. CBapka npoBOuIach MpH CIEAYIOMIMX apaMeTpax jga-
3epPHOT0 M3IYy4YEHHsI: 4acTOTa ciefoBaHus uMnyiabcoB 1 MI'w, sueprust 50-200
/X, mmTensHOCTh NMITYAbcoB 180 de, ckopocTs nepemerienus oopasia 0.6
— 1 mm/cC. Tlepen cBapkoii 00pa3ibl MPUBOJUINCH B ONTHUECKUHA KOHTAKT JAPYT
C APYrOM C IOMOIIBIO MPY)KUMHON onpaBky. JlazepHoe n3mydenne (HoKycupo-
BAIOCh HA TpaHUIC MEXAy oOpasiamMu ¢ momolnpio obwsektiBa Olympus
LCPLN 20x IR (N.A. = 0.45), ¢ koppekiueii abepparnuii Iyist CTeKIIa TOMIIHHOM
1.5 mm.

ITpenBapuTenbHOE HCCIEIOBAaHUE CBAPHBIX TPEKOB IOCPEICTBOM ONTHYE-
CKOW MHMKPOCKOITMH MO3BOJIMJIO ONITHMU3HUPOBATH PEXHMMBI JIa3€PHOTO BO3/EH-
crBust. Cnekrpockonusi KP Oblia ucnonb30BaHa st KAPTUPOBAHUS Ja3€PHBIX
IIBOB, 3alMCAHHBIX IO ONITUMU3NPOBAHHOMY PEXHMY, U BBISBHJIA HATWUNC TI€-
pexonHOW o0O0macTH MeXIy CBapMBaeMBIMH MaTepHalaMH B JIa3epHO-
MoanuIpoBaHHONW 30He. s cBapku oOpasmoB Obuto copmupoBano 180
CBapHBIX MIBOB ¢ marom 20 MKM MexJy coceTHHUMHU mmBamu. [losBieHue 1et-
HBIX MHTEP(EPEHIIMOHHBIX 110JIOC BOKPYT 00JacTH CBAapKH CBUAETEIBCTBYET O
HaJIMYUK IJIOTHOTO COEAMHEHUs! BHyTpH obnactu cBapku (Puc. 1). Ilomyuen-
HBIE pe3ylbTaThl MOTYT OBITh MCIOJB30BAHBI IS CO3JaHUS MUKPO-YHII Jla3e-
POB C ITaCCUBHOI MOIYISIMEH TOOPOTHOCTH.
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Puc. 1 — ®ortorpadus npuBapeHHBIX 00pa3oB JiazepHOTo (ocharHoro crexia
(HrmxHUIT 00pa3zelr) 1 MarHMEeBOATIOMOCHIIMKAaTHOTO cuTasia (BepXHuid oOpa-
3en). CBapka BBHINOJIHEHA CICAYIOIINX [apaMeTpax 3alliuch: SHEPTUsl UMITYJIb-
coB 150 u/Ix, ckopocTs nepemerenns 0.8 MM/c, pacCTOsIHHE MEX/y COCEIHU-
MU mBamMu 20 MKM.

Paboma evinonnena npu gunarcosoii noodepoicke Poccutickozo HayuHo2o
@onoa (cpanm PHD Ne 22-29-00838).
CHHCcOK UCTOYHHUKOB!

[1] K. Cvecek, International Journal of Extreme Manufacturing (4), 024001 (2019).
[2] Carter R.M. Applied Optics (53), 257 (2011).
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IKCIHVIYATAIIMOHHBIE XAPAKTEPUCTUKHN
KOPPO3HOHHOCTOMKHNX CJOUCTBIX
METAJUVIMYECKUX MATEPHAJIOB C
BHYTPEHHUMM IMPOTEKTOPOM

Bricokass KOppO3MOHHAS W PagMalliOHHAs aKTHBHOCTH JKUAKHX pPaIHOaK-
TUBHBIX 0TX0/10B (JKPO), rcnonb3yeMbIX MpH UX nepepaboTke ¥ KOHAUIHOHHU-
poBaHUH, 00YCIOBINBAET OBICTPBIA BBIXOJ M3 CTPOS METALUTHIECKOTO 000pY-
JIOBaHUsI, HEOOXOANMOCTh €TI0 3aMEHBL. DTO IMPUBOAUT K OCTAHOBKE IIPOU3BO/I-
CTBEHHBIX MPOIECCOB, OONBIINM MaTepHANBFHBIM 3aTpaTaM. s yBenmu4eHus
CPOKOB pabOTHI HEOOXOAUMO MOBBINIATE KOPPO3UOHHYIO CTOHKOCTH HCIIOJIB3Y-
€MBIX KOHCTPYKITHI (OCHOBHOTO METaJlJla M CBAPHBIX IIIBOB).

B pamkax Emumnoro otpacneBoro tematuueckoro miaHa 'K «Pocarom»
(EOTTI-MT-85) Obu1 co3AaH KOMIIO3UIIMOHHBINA MaTepuai, COCTOALIUN U3 TO-
CJIEZIOBATENIEHO PACIIOJIOKEHHBIX TOHKOJIMCTOBBIX CIOEB JKEJIe30yIIIePOaUCTON
CTaJIM C BBICOKMMH U HU3KUMH 3JIEKTPOXUMHUYECKUMHU MoTeHuuaitamu. OH 1o-
JIY4WJI Ha3BaHUE CIIOWCTHIX MeTaundecknx martepuaiioB (CMM) ¢ BHyTpeH-
HuM npotektopoMm (BIT) [1]. B pamkax mpoekra «Co3manue u paspaboTka
HOPMATHUBHBIX TPEOOBAaHUN K HOBBIM KOPPO3MOHHOCTOWKHM MHOTOCIOWHBIM
METAJUIMYECKUM MaTeprajaM C BHYTPSHHHAM IIPOTEKTOPOM IS 0OBEKTOB Xpa-
Herust PAO» 1 TECTOBBIX MCIBITAHUN CBapKOW ObLia IMPOU3BEACHA OIBITHAS
naptast CMM ¢ omauM u neyms BIT. O6mias miommansto JINCTOBOTO COCTABIIS-
ma 210 m? npu rabapuTHBIX pa3Mepax J0 6 METpoB B JUIMHY U JIO 2 METPOB B
IIMPUHY CO CTOINPOICHTHOW MPOBEPKOH Ha CIUIONTHOCTH MO BCeMy 00BEMY 3a-
TOTOBOK.

B cpaBHeHHM C BBICOKOJIETHPOBAHHBIMH HEP)KABEIOIINMH CTAJSIMH aycTe-
HUTHOTO Kiacca, Hanpumep, 12X18HI10T u e€ anamoramu, CMM c BII obec-
[I€YMBAECT YHUKAJIbHYIO KOPPO3UOHHYIO CTOMKOCTh. Pe3ynbTaThl HCTIBITAaHUM,
MpoOBeACHHBIE B  CIICHUATU3UPOBAHHBIX  Jabopartopusx AO  «HIIO
«UHUUTMAII» (r. Mocksa), AO «HCTUTYT peaKTOPHBIX MaTepraioBy (T.
3apeunsiii, CBepUTOBCKast 00JacTh) CBUACTEIBCTBYIOT IMOBBIIICHHE KOPPO3U-
OHHOI CcTOMKOCTH B 6 pa3 mpu Hamuuuu oasoro BII, u 23 paza — nByx [2].
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MexaHHYeCKUMH HUCHBITAHUAMH OBLIO YCTAaHOBJICHO, YTO NPOYHOCTH CHCII-
JieHus cioeB Ha cpe3 coctaBuiia oT 320 no 410 Mlla, BpemeHHOE CONpOTUBIIE-
HUS Ha pa3pbIB OCHOBHOTO cios - oT 520 mo 710 MIla, ynapHast BA3KOCTB - OT
590 no 740 k/x/mM2, yron 3aruba npu craTH4eCKOM HarpyxeHuu - 140 rpany-
COB U BBIIIE.

Koneunsrii Oeneduimap pe3ynpTaToB mpoekra — JlemapraMeHT 1O rocy-
)lapCT'BeHHOIZ MOJIUTHKE B 00JaCTH PaauOaKTHUBHBIX OTXOHOB, OTpa6OTaBHJeFO
SOCPHOTO TOIUIMBA W BBIBOAA W3 OKCIUIyaTallMW SIEPHO- WM pajHanuoH-
HoomacHbIx 00bekToB I'K  «Pocatom». CoBmectHo ¢ AO «HIIO
«JHUUTMAIL» paspaboranst Texnuueckne Ycmosus 24.33.30-001-
09494191-2021 «MHOTOCTIOWHBIE METAIUIMYECKHE MAaTepHalbl ITOBBIIICHHON
KOPPO3UOHHOM CTOMKOCTH C BHYTPEHHHM IIPOTEKTOPOM Jisi 000PYIOBaHUS IO
coopy, nepepaboTKe, XpaHEHUIO U KOHJUIMOHUPOBAHUIO HU3KO- M CPEAHEaK-
tuBHbIX JKPOy». BBoasrcs Bnepswie. Jlata BBemenusi 2022-01-01. Co3pmanbt
TaKkXke 5 HOPMAaTUBHBIX IOKYMEHTOB (TEXHOJIOTHUECKHUH MPOIIECC., ONEpaIio H-
HBIE TEXHOJIOTHUECKHE KapThl U 1p.). Pemennem 'K «Pocatom» ypoBeHs Tex-
HOJIOTH4ecKos roroBHOCTH cocTaBiseT TRL 6.

VYcraHoBiI€Ha BO3MOXKHOCTH ITPUMEHEHHSI JYTOBBIX METOJOB CBapKH IS
MOJTy4eHUsT MeTauToKoHCTpyKIwii w3 CMM c¢ BII nipu yenoBuu, 9To0BI KOPpO-
3MOHHBIE CBOMCTBA U MEXaHUUECKHE CBOMCTBA CBAPHOTO I1IBa COOTBETCTBOBAIIU
OCHOBHOMY MatepHaiy. OnpeliesieHbl OCHOBHBIE TPEOOBaHHUS K COCTaBy U (QH-
3WYECKUM CBOICTBaM »3JIEKTPOJHOTO MAaTEpHasa, YCIOBHAM (DOPMUPOBAHUS
CBapOYHOI BaHHBI M 30H CIUIABJICHMs, BHIOOPY PEXHMMOB CBapKH, CO3JaHHUIO
HAIOJIHUTENIBHBIX U OOIUIIOBOYHBIX MIBOB [3].

Omnpeneneno, uto CMM c BII MoeT ObITh IIHPOKO BOCTPEOOBAH B XMMHU-
4eckoi u He()Tera3oM00BIBAOIICH MPOMBIIIJICHHOCTH JJIS CO3aHUS EMKOCT-
HBIX alllapaToB TEIIOOOMEHHBIX YCTPOWCTB, PEaKTOPOB, PETEHEPATOPOB TPY-
0OMPOBOJIOB MPH paboTe B BEICOKATPIIECCUBHBIX CPEliax.

Co3nan Marepuall, KOTOPBIH MO IICHOBOW KaTeropuH HaXOJUTCS B OJTHOM
psiy C IMHUPOKO PACTIPOCTPAaHEHHBIMU KOPPO3HOHHOCTOMKIMH HEPXKABEIOIINMH
CTaJSIMU ayCTEHUTHOTO KJIacca, a 1Mo KOPPO3MOHHOW CTOWKOCTH CONOCTaBUM C
najuIaiueM, HUKEJIEM U XacTeIIOeM.

1. Empasmiickmuii matenr Ne 016878 EAIIB. MHorocnoiiHelli MaTepuan
MIOBBIIIEHHOH KOPPO3MOHHOM CTOMKOCTH (BapHAHTBHI) M CIOCOOBI €ro MONydeHUs,
C23F 13/06 B 32B 7/02 / Pozen A.E., Ilepensirun O.I1., IlepByxun JI.b., Kupwnii
I'.B., Pozen A.A. u ap. — Beinan 30.06.2012; npuoputer ot 26.09.2008.

2. Grachev V. A. et al. Accelerated Corrosion Tests of a New Class of Multilayer
Metallic Materials with an Internal Protector //Russian Metallurgy (Metally). —
2019. - T. 2019. — Ne. 3. — C. 247-256.

3. Pozen A.E., Kupees C.1O., [Iy6 A.B., CaponoB A.B., Makaposa E.A., Posen
A.A., UcaxoB E.I'., KoponskoB A.O. OcobGeHHOCTH IyroBOl CBApKH CIOHCTOTO
KOppo3noHHOCTOIKOro MaTepuaina // COOpHUK TONBSTTHHCKOTO TOCYAapCTBEHHOTO
yHuBepcurera «Bekrop Haykn TONBSTTHHCKOTO TOCYIapCTBEHHOTO YHUBEPCUTETA
-Ne4,2021. - C. 57-68.

208



A.E. ROZEN™, A.V. Khorin!, O.N. LOGINOV?, I.A. SAFONOV?,
A.V. PRYSHCHAK!, V.M. BATRASHOV?, A.A. ROSEN,
P.l. ZAKHAROVA!, D.E. BIZHANOV?, L.A. SELIVANOV*

! Penza State University, Penza, Russia
? National Research Technological University
MISiS, Moscow, Russia
*email: aerozen@bk.ru

PERFORMANCE CHARACTERISTICS
CORROSION-RESISTANT LAYERED METAL MATERIALS
WITH INTERNAL PROTECTOR

The high corrosive and radiation activity of liquid radioactive waste (LRW)
used in their processing and conditioning causes a rapid failure of metal equip-
ment and the need to replace it. This leads to a stop of production processes,
high material costs. To increase the service life, it is necessary to increase the
corrosion resistance of the structures used (base metal and welds).

As part of the Unified Industry Thematic Plan of the State Corporation
Rosatom (UISTP-MT-85), a composite material was created, consisting of suc-
cessively arranged thin layers of iron-carbon steel with high and low electro-
chemical potentials. It is called layered metal materials (LMM) with an internal
protector (IP) [1]. Within the framework of the project “Creation and develop-
ment of regulatory requirements for new corrosion-resistant multilayer metal
materials with an internal protector for radioactive waste storage facilities”, an
experimental batch of LMM with one and two EPs was produced for test weld-
ing. The total sheet area was 210 m2 with overall dimensions up to 6 meters in
length and up to 2 meters in width with a 100% check for continuity throughout
the entire volume of blanks.

Compared to high-alloyed austenitic stainless steels, such as 12Kh18N10T
and its analogues, LMM with VP provides unique corrosion resistance. The re-
sults of tests carried out in specialized laboratories of JSC "NPO
"CNIITMASH" (Moscow), JSC "Institute of Reactor Materials" (Zarechny,
Sverdlovsk Region) indicate an increase in corrosion resistance in 6 times in
the presence of one EP, and 23 times in the presence of two [2].

It was established by mechanical tests that the shear strength of the layers
was from 320 to 410 MPa, the tensile strength of the main layer was from 520
to 710 MPa, the impact strength was from 590 to 740 kJ/m2, the bending angle
at static loading - 140 degrees and above.

The ultimate beneficiary of the project results is the Department for State
Policy in the Field of Radioactive Waste, Spent Nuclear Fuel and Decommis-
sioning of Nuclear and Radiation Hazardous Facilities of Rosatom State Corpo-
ration. Together with JSC "NPO "CNIITMASH" Technical Specifications
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24.33.30-001-09494191-2021 "Multilayer metal materials of increased corro-
sion resistance with an internal protector for equipment for the collection, pro-
cessing, storage and conditioning of low- and medium-active LRW" were de-
veloped. Entered for the first time. Date of introduction 2022-01-01. 5 regulato-
ry documents have also been created (technological process, operational flow
charts, etc.) by the decision of the State Corporation "Rosatom", the level of
technological readiness is TRL 6.

The possibility of using arc welding methods to obtain metal structures
from LMM with VP has been established, provided that the corrosion proper-
ties and mechanical properties of the weld correspond to the base material. The
basic requirements for the composition and physical properties of the electrode
material, the conditions for the formation of the weld pool and fusion zones, the
choice of welding modes, the creation of filling and facing welds were deter-
mined [3].

It has been determined that LMM with VVP can be widely used in the chemi-
cal and oil and gas industries to create capacitive devices for heat exchangers,
reactors, pipeline regenerators when operating in highly aggressive environ-
ments.

A material has been created that, in terms of price category, is on a par with
widely used corrosion-resistant austenitic stainless steels, and in terms of corro-
sion resistance it is comparable to palladium, nickel and hastelloy.

1. Eurasian patent No. 016878 EAPV. Multilayer material of increased cor-
rosion resistance (options) and methods for its preparation, C23F 13/06 B 32B
7/02 / Rosen A.E., Perelygin Yu.P., Pervukhin L.B., Kiriy G.V., Rosen A.A.
and others - Issued on 06/30/2012; priority from 26.09.2008.

2. Grachev V. A. et al. Accelerated Corrosion Tests of a New Class of Mul-
tilayer Metallic Materials with an Internal Protector //Russian Metallurgy
(Metally). - 2019. - T. 2019. - No. 3. - S. 247-256.

3. Rozen A.E., Kireev S.Yu., Dub A.V., Safonov A.V., Makarova E.A., Ro-
zen A.A., Isakov E.G., Korolkov A.O. Features of arc welding of layered cor-
rosion-resistant material // Collection of Togliatti State University "Vector of
Science of Togliatti State University" - No. 4, 2021. - P. 57-68.
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MU3YYEHHUE 3BOJIOINUU CTPYKTYPHO-®A3Z0BOI'O
COCTOSIHUS NAAHBIX COEJJMHEHMMU SiC/SiC ITPU
BBICOKOTEMIIEPATYPHOU TEPMNYECKOU OBPABOTKE

KapOu KpeMHHS ¥ KOMIIO3UTBI HAa €r0 OCHOBE SIBJIAFOTCS IIEPCIEKTUBHBIM
MaTepUaIoOM JUIS U3TOTOBJIEHUS 000JIOUEK TEIIOBLIAEISIONINX dJIEMEHTOB IS
SIZIEPHBIX PEAKTOPOB HOBOTO IMOKOJIEHHUS, YCTOMYMBEIX aBapHsIM C IIOTEPER TEI-
snonocurens (LOCA). Oxgnako It M3rOTOBIIEHUS TAKOM OOOJIOYKHU SIBIISETCS
HEOOXOIUMBIM pa3paboTaTh crocod coequHeHus (parMeHTOB TPYOKU U 3a-
TAVIIKA MEXKIy co0oi. B paHee nmpoBenaeHHoi paboTe MOKa3aHo, YTO C IIPHUMe-
HEHHUEM BBICOKOTEMIIEPATYPHOU HalKK IIPUIIOEM Zras T 1-5sCUq»Bess (at. %) BO3-
MOJKHO ITOJIVYHTH IIPOYHOE M HaJeKHOe (IIPOYHOCTH Ha cpe3 He MeHee 201
MIIa, opu pexuMe naiiku: 810 °C — 10 mun.) nasaoe coenunenue SiC/SiC,
coCTosIIeE MPEUMVIIIECTBEHHO M3 MHTepMeTaumnos (Zr,Ti),Cu, ZrBe,, TiBe,
[1]. Ho mpu noTepe TEILIOHOCUTEIS TEMIIEPATYPa HA HAssHOM COEOUHEHUU 000-
JIOUKH ¥ 3arjiyIIKA TEIUIOBBLIAEISIOIIETO JJIEMEHTA MOYKET IOBBICUTHCSA IO
ceoimre 1200 °C [2]. B Takux yciIoBHSX MaTepHai MasHOTO COCIMHEHUS MOYKET
aKTUBHO B3aMMOIEHCTBOBATH ¢ KapOMIOOM KPEMHHs, YTO IIPUBENET K U3MEHE-
HUIO CTPYKTYPHO-(}HA30BOr0 COCTOSAHMSA IIBA U U3MEHEHUIO €r0 MEXaHUYECKUX
cBolictB. Takum o6pasom, nsydenue ssononun COC masgaoro msa SiC/SiC
MOJIYYEHHBIX C UCMOJIb30BaHHEeM mpunosi ZrssTisCUioBe,g sBisieTcst akTyab-
HOM 3amaueii.

C mpuMeHEHHEM METOJIOB PACTPOBOM IIEKTPOHHOM MHUKDPOCKOIIMH, MHKDO-
peHTrenocrexrpaibioro u JIOPD ananmm3a B paboTe MpoBEACHO HM3VYCHHE IIa-
sabIx coequaeHni SIC/SIC (punoit ZrasTirsCuq»Bess, pesxnm matiku: 810 °C —
10 mMuH.) mocie ux HarpeBa B quamasoHe teMmmeparyp 900-1450 °C ¢ BpeMe-
HeM BbLAepKKUA 10 muH. [Toka3aHo, 4TO MUKPOCTPYKTYDA MAsTHOTO COEAUMHEHUS
B IIPOIIECCE HATPEBA DBOJIIOIMOHUPYET — IPOMCXOAUT 00pa30BaHUE MATPHIIBI
3 cunnuuna nupkonus (ZrSi) ¢ Bxmroyenusmu kapounos (ZrC, TiC) tura-
Ha/umpkoHus U Kapoocuwmuuuaa (TiaSiC,) Turana. Pacuér sueprun I'ub6ca 06-
pa3oBaHUs CHIMIMIOB M KapOWIOB THUTaHAa M LMPKOHUS IOKA3aj, YTO IIOJIY-
YyeHHas MHUKDOCTDPYKTYDA MAasHOTO COEOUHEHUs OTBEUaeT Haumboyiee TEPMOIU-
HAMUYECKH BBITOJHON PeakiMy B3auMOJCHCTBUS KapOuma KpeMHHsI ¢ THTAHOM
U IIUPKOHHEM.

1. Fedotov I.V., et al. // Journal of Materials Engineering and Performance, (2022)
https://doi.ora/10.1007/s11665-022-07413-z

2. JD. Stempien, et al. //  Nucl. Technology. 183 (2013)
https://doi.org/10.13182/NT12-86.
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STUDY OF THE SiC/SiC BRAZED JOINTS
MICROSTRUCTURE EVOLUTION DURING HIGH-
TEMPERATURE HEAT TREATMENT

Silicon carbide and its composites are a promising material for the manufac-
ture of fuel element claddings for new generation nuclear reactors resistant to
loss of coolant accidents (LOCA). However, for the manufacture of such a
cladding, it is necessary to develop a method for connecting the fragments of
the tube and the plug to each other. In the previous work, it was shown that us-
ing high-temperature brazing with ZrssTisCuq,Bess (at.%) amorphous filler
metal, it is possible to obtain a strong and reliable (shear strength of at least 201
MPa, with brazing mode: 810 °C - 10 min) brazing SiC / SiC joint, consisting
mainly of intermetallic compounds (Zr,Ti),Cu, ZrBe,, TiBe, [1]. But if the
coolant is lost, the temperature at the brazed joint of the cladding and the plug
of the fuel element can rise to over 1200 ° C [2]. Under such conditions, the
brazed joint material can actively interact with silicon carbide, which will lead
to a change in the structural-phase state of the seam and a change in its mechan-
ical properties. Thus, the study of the evolution of the SPS brazed joint SiC/SiC
obtained using filler metal Zr35Ti,sCuy,Besg is an actual problem.

Using the methods of scanning electron microscopy, X-ray microscopic
analysis and EBSD analysis, it was studied brazing joints SiC/SiC (filler metal
Zr35TisCuUpoBesg, brazing mode: 810 °C — 10 min.) after their heating in the
temperature range of 900-1450 °C with a holding time of 10 min. It is shown
that the microstructure of the brazed joint evolves during heating - a matrix of
zirconium silicide (ZrSi) with inclusions of titanium/zirconium carbides (ZrC,
TiC) and titanium carbosilide (Ti3SiC,) is formed. Calculation of the Gibbs en-
ergy for the formation of silicides and titanium and zirconium carbides showed
that the resulting brazed joint microstructure corresponds to the most thermo-
dynamically favorable reaction of interaction between silicon carbide and tita-
nium and zirconium.

1. Fedotov 1.V, et al. // Journal of Materials Engineering and Performance, (2022)
https://doi.org/10.1007/s11665-022-07413-z

2. JD. Stempien, et al. //  Nucl. Technology. 183 (2013)
https://doi.org/10.13182/NT12-86.
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TEXHOJIOT'MYECKHUE BO3MOXKHOCTH JUPDY3IUOHHON
CBAPKU PA3BHOPOIAHBIX MATEPHUAJIOB
B YCJIOBUAX IT'OPAYEI'O U3OCTATUYECKOI'O
HPECCOBAHUS

CoenuHeHHE Pa3HOPOIHBIX METAINYECKMX MAaTEPHUAJIOB OCYIIECTBIISIIOT BO
MHOTHX CJIY4asiX Crioco0amMu CBapKu B TBEpAOM cocTosHuH [1]. OmHUM U3 caMbIX
MIPOTPECCUBHBIX CIOCO0OB, Pa3sBMBAEMBIX CPAaBHHUTEILHO HEIABHO, SBIISIETCS
muddysnonnas ceapka (JIC) B yCI0BUAX TOPSYEro M30CTATHYECKOTO IIPECCOBA-
aus (TUIT). OrtnmuunrensHas 0COOEHHOCTh ITOTO CIIOco0a 3aKIF04aeTcsS B TOM,
yro cBapoyHoe ycwine npu JIC peamu3yercs 3a cUeT BBICOKOTO JaBJIEHUS BCe-
CTOPOHHETO CXKATHs, CO31aBaeMOro MHepPTHBIM razoM (mo 200 MIla). Jlnsa nepe-
a4yl CBapOYHOr'0 YCHUIMS, B IIPOILIECCE ra30CTaTHPOBAHMS, CBApUBAaeMBIE 3aro-
TOBKH IPEABAPUTEIIHLHO T€PMETH3UPYIOT B CTAJILHOM KOHTEHHEPE B CPEIE BEHICO-
KOTO BaKyyMa MopsaKa 1-107* mm pr. ct. (0,133 ITa). B pabore nmpoaeMoOHCTpU-
POBaHbI TEXHOJIOTHYECKUE IIPEUMYILIECTBA U OTIMUnTENbHBIE 0coO0eHHOoCcTH JIC B
yenoBusx [UII mepen npyrumu criocob0amMy CBapKH B TBEPIOM COCTOSIHUH Ha
mpuMepe HeKOTOPBIX IhdYy3HOHHBIX cOeTMHEHNTH.

Ilensro HacTosIEeR PabOTH! ABIsIach paspadorka TexHosornn JIC B ycio-
Busax ['UIl pa3nuyHbIX map pasHOPOIHBIX METAINYECKHX MaTEpHUAIOB, IIPH-
MEHUTENBHO JUII HEKOTOPBLIX Y3J0B JABUTaTENIbHBIX DPAKETHBIX YCTAHOBOK H
MEXKIYHAPOIHOI'0 TEPMOSIAEPHOTO dKCIepuMeHTaasHoro peakropa (UTOP).

Jlns mojydeHus KauyeCTBEHHOTO OMMETATIMYECKOTO COCIUHEHHS THUTAHO-
Boeiii ctaB BTO6C (BT14) — crane 12X18H10T, oGnagaromero ycTOMYHMBO-
CTBIO K BHOpAIMsAM, a TaK)Ke BEICOKHM YPOBHEM U CTAOMILHOCTBIO MPOYHOCT-
HBIX CBOMCTB IO BCEH IJIOIIAAX COEAMHEHHS, OBUIM HCIIOJB30BaHBI IIPOMEXK Y-
TOYHBIE TIPOCIONKH U3 HUOOMS CO CTOPOHBI THTaHA [2] ¥ M3 MEON CO CTOPOHBI
craym [1]. YcTaHoBIIeHO, 9TO B OTJIMYME OT CBAPKHU IMPOKATKOM B BaKyyMme, CIIO-
co0 JIC B ycnoBusx I'MII no3BoJigeT pemnTh IpooaeMy HeCTaOMIBHOCTH TOJI-
[IAHBI IIPOMEXYTOYHBIX IIPOCIIOEK M 00pa30BaHUS JIOKAJILHBIX YY4aCTKOB He-
crtomHocTH. [IokazaHo, 4TO MPOYHOCTHLIE CBOMCTBA COEIUMHEHUS HaXOIITCS B
nuana3zone 322-597 Mlla B 3aBUCUMOCTH OT TOJIIUHBI METHOW MPOCIOUKH, a
paspyleHre IPOUCXOIUT UCKIIOUUTENBHO 10 Meau (Puc.l).

® ==y

Puc.1 bumerammuaeckoe COCIUHCHNUC TUTAHOBBIN CIIAB — HEpKaBCromias
CTallb
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Pa3paboTana TEXHOJOTHS HU3rOTOBJIICHH MAaKETOB TCIIOOOMEHHHKA IEPBOI
creaku UTOP, KOTOpbIe NMPEACTABIAIOT CO00M CIOKHYIO KOHCTPYKILAK OUMe-
TaJTHYecKoro coenuuenuss 6pon3sl bpXIp co crampio 316L ¢ BHYTpEHHUMH
KaHaJaMHu OXJaXJeHHS B OpoH30BoM yacTu. JIC OCYIIECTBIISAIN 32 OJUH ITUKIT
I'UII. Tloka3aHo, YTO MPOYHOCTH AUMDOY3ZMOHHOTO COCAMHEHHUS HAXOIUTCS B
nuamnazone 398-457 Mlla npu komHatHOM Temmnepatype u 330-370 Mlla npu
temneparype 250 °C, paspyiueHne IpOMCX0IUT 0 OPOH30BOI COCTABIISIIOIICH.

C 1enbi0 M3rOTOBIIEHUS KpeIuieHuil kaccer nuBepropa UTOP onpobosana
TEXHOJIOTHUS H3TOTOBJICHHS KPYIIHOra0apHTHBIX 3aroToBOK (Mmacca 760 Kr),
MIPEACTABIIAIONINE M3 ce0s1 cOOPOYHBIE €IUHUIBI CIIOKHOM (HOPMBI U3 HEPXKa-
Betomnel cranu 3161 u BeicokompodHO# ctamu XM19, KOTophle COeqMHSIIICH
JIC B ycnoBusx I'UIT (mnomans coenuaenus ~ 700 CMZ).

Pa3paboTaHa TEXHOJIOTHS IMOJYYCHHUS BOJOOXJIAKIAEMBIX MOJIHOICHOBBIX
3epKaJl C IJIAKUPOBKOM BHYTPEHHHMX KaHAJIOB XPOMOLIMPKOHHUEBOII OpOH30i C
nomo1sio JC B yecnosugx I'MIT ¢ menbio 3ammuThl BHYTPEHHUX KaHAJIOB BOJO-
OXJIAKJAEMBIX MOJIMOJICHOBBIX 3€pKajl, KOTOPBIC MCIOJIB3YIOTCS IS CIIEKTPO-
CKOIIHMH BOAOPOAHBIX TUHUNA B UTOP. Y nanocs nomyuuts repMeTHYHOE COEIU-
HEHME C MONHBIM (PH3MUECKHM KOHTaKTOM (Puc.2). _

;‘luuuwu {RINE lld“l-M‘ { TR :.“h
Puc.2 MonubaeHoBOE 3epKajio ¢ BHYTPEHHUMHE KaHaIaMU, IJIaKAPOBAHHEI-
MU XpOMOLIMPKOHNEBOI OpOH30M

Onpo0OoBaHa TEXHOJIOTHUS MOJIYYCHHS OMMETAININYECKUX COCAMHEHHUI allio-
MMHHUEBBIHN CIIIaB — TUTAH C 30HOW COCAMHEHHUS CTHIKOBOI'O THIIA M AJIFOMUHHEC-
BBIH CINIaB — CTalb MWIHHIAPHYECKOH POPMBI ¢ HAXJIECTOYHOM 30HOM coenuHe-
uust (Puc. 3). Baaromapst cBapke BHAXJIECT ITOJyUYEHHBIE IIEPEXOIHBIE DJIEMEHTEI
HUMCIOT BBICOKYIO KOHCTDYKI_II/IOHHyIO HpO‘IHOCTb U1 TIOBBILICHHBIC 3KcnnyaTa-
LIMOHHBIE XapAKTEPUCTHKH.

Puc.3 bumeramisl HUIMHAPUIECKOH GOPMEI ¢ HAXJICCTOYHOM 30HOM COETH-
HEHMS aIFOMUHHEBBIH CIIaB — TUTAHOM U aJTFOMUHUEBBIN CILIAaB — CTajb

1. CheuunanpHble METOIBI CBapKH JaBICHHEM [DIeKTPOHHBIN pecypc]: yueOHOe
nocobue / I'. B. Kontomikos, P. A. MycuH. 2-eu3a. DnekTpoH. nad. u mporp. (30
MO). Caparos: Aii [Tu Op Menwua, 2019. 631 c.

2. Jubdy3noHHas cBapka pa3HOPOIHBIX MaTEPHAIOB: yuel. ocodue ajIst CTYI.
BbIcII. yue0. 3aBeneHuii / A. B. Jlromunckuii. M.: 3narensckuit eHTp «Akaje-
musiy, 2006. 208 c.
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NOJYYEHME KOMIIO3UTHBIX MATEPUAJIOB HA
OCHOBE KPUCTAVIMYECKOT'O TUTAHA U AMOP®HOI'O
CILTABA METOJIOM MATHAUTHO-UMITYJIbCHOM CBAPKH

B pabote mccnenoBaHbl 0COOCHHOCTH COCIMHEHHS KPHUCTAJUTMIECKOTO
TUTaHa C aMOP(HOI JIEHTOH HAa OCHOBE THTAHA, IOJYYEHHOTO METOJIOM Mar-
HUTHO-MMITYJIbCHO cBapku (MVC). B HacTosmiee BpeMsi akTHBHO pa3BHUBAIOT-
Csl METOJIBI TIOJTYYCHHSI KaK 00bEMHBIX aMOP(HBIX CIUTABOB (00BEMHBIE METall-
JIMYECKUE CTEKIIAa), TaK U CIIOCOOBI CO3/IaHMsI KOMIIO3UTOB Ha OCHOBE MaTepHa-
J0B ¢ amopduo#t crpykrypoir [1,2]. OcoGeHHOCTH aMOP(HOrO COCTOSHHS
HaKJIaJAbIBAIOT XECTKUC OTPAaHUYCHUA HAa TEXHOJIOTUIO q)OpMI/IpOBaHI/Iﬂ KOMIIO-
31UTa, B 0COOCHHOCTH Ha TEMIEpaTypy HarpeBa IpHu peau3aliy TeXHOJIOTHY e-
CKOTO IIpolecca.

[Tpunun MUC 3akinrodaercss B BHICOKOCKOPOCTHOM COYJQpEHUH CBapUBa-
€MBIX 3arOTOBOK, YTO I03BOJIAET IPENOTBPATUTE YPE3MEPHBIN HAIPEB MaTepu-
anoB [3]. Tlomumo 3toro, mpu ucnoiap3oBaHnd MUC BO3MOXKHO MOJTydeHHE
aMop(HO CTPYKTYpPBI laKe MPH CBapKe KPHCTAUINYECKIX MaTEPHANIOB.

B nanHoit pabote metogoM MUC ObUTH TTOITy4EHBI TPEXCIIOMHBIE KOMITO3H-
TbI, COCTOSIILIME U3 JBYX IUIacTUH TUTaHa Mapku BT1-0 ronmuuoit 15015 Mkm
u amopdHo# seHtsl Mapku STEMET® 1202 (manee — 1202) cocraa Ti-12Ni-
22Cu-12Zr-1,5Be-0,8V mac.% TommmHoi 50+5 MKM.

MUKpPOCTPYKTYypa KOMIIO3UTA B TIONICPEIHOM CCUCHHH, HCCIICOBAHHAS Me-
TooM audpaknuu oOpaTHO-paccesHHBIX MekTpoHoB (JJOPD), mpencraBneHa
Ha pucyHKe 1. Bepxuss rpanumna pasgena ThtTaHa ¥ aMOpPQHOH JIEHBI collepxKa-
Jla BUXpEBBIC 30HBL. TEéMHas o0nacTh Ha PUCYHKE | XapaKTepH3yeTcs OTCYT-
cTBueM iuHUN Kukydm, 9To cBHAETENhCTBYET 00 aMOP(GHOCTH ITOTO CIIOS B
komnosute. s Hane)kHOW HAeHTHGHKAINK aMophHON (a3sl B 00pasiie Takxe
OBLT MCTIOJIH30BAaH METO AN(PAKIHOHHOTO aHAIN3A.

ChexTpbl, MOJy4eHHbIE METOJOM H(paKIUU PEHTTEHOBCKOTO CHHXPO-
TPOHHOTO W3Iy4eHUS TP 00IydeHUH 00JIaCTH, COOTBETCTBYIOIIEH cioro 1202,
UMeNn BHJ aMOP(HOTO Tajo, YTO CBHIETEIBCTBYET 00 OTCYTCTBHH YIIOPSIO-
YEHHOH CTPYKTYphl. B BUXpEBBIX 30HaX MOMHMO aMOP(HOro rajo ObuId 00Ha-
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PYXEHBI MK KPUCTAJUTMUECKUX (ha3, KOTOPbIE MOTJIM BO3HUKHYTh BCJIEICTBHE
MepeMEIINBaHUS CBApPUBAEMBIX MAaTEpPHAJOB U JIOKAJIBHON KpPUCTAIUIU3AINU
amopduoii ¢a3pl. CHUMKH, TOJYy4EHHBIE METOIOM IPOCBEYHMBAIOIICH 3JIEK-
TpoHHOI Mukpockornuu (IIOM), mokasanu, 4TO BHXpEBBIE 30HBI COAEpIKAT
HaHOpa3MepHbIE YaCTHIIbl, AUAMETP KOTOPBIX He MpeBbiaeT 50 HM.

Meronq MUC npoaeMOHCTpUpOBaJl BO3MOXHOCTb MOJIYYEHUS COEJUHEHMS
KPUCTAJUTMYECKOTO M aMOP(HOT0 MaTeprasioB 0e3 KPUCTAININ3AINH TOCIEHETO.

BT1-0
BEpPXHUN crnomn

1202
LleHTpanbHbIN cnown

Pucynoxk 1 — M300paskeHne cTpyKTypbl TPEXCIOHHOTO KOMIIO3UTA
«BT1-0-1202—-BT1-0» B momepeurom ceuernu (OI1D kapTa + momaocs
KOHTpAcTa), nojiydeHHoe merogom J10OPD

Baaroagapuocru: MccnenoBanue BBIIOJHEHO 3a cueT rpaHTa Poccuiicko-
ro HayuHoro ¢onma Ne 22-23-00953. CHHXpOTpPOHHBIE HCCIEIOBaHUS OBbLIH
npoBeaeHs! Ha muHIK P03 Hemernkoro snextpornoro cuaxporpona (DESY).

1. Codrean C. et al. Composite materials fabricated of amorphous and
nanocrystalline metallic powders // Mater. Plast. 2019. Vol. 56, Ne 4. P. 744-749.

2. Wang Z. et al. Microstructure and mechanical behavior of metallic glass fiber-
reinforced Al alloy matrix composites // Sci. Rep. Nature Publishing Group, 2016.
Vol. 6, Ne March. P. 1-11.

3. Wang D., Li N., Liu L. Magnetic pulse welding of a Zr-based bulk metallic glass
with aluminum plate // Intermetallics. Elsevier, 2018. Vol. 93, Ne December 2017. P.
180-185.
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NPUMEHEHUE AJTIOMUHHUEBOI'O IPUNOSA CTEMET®1502
JIJISI MAVKA MAKETHBIX IBE30CUJIOBBIX JIEMEHTOB

B Hacrosimee Bpems akTyaabHOW IpoOIeMoil sBiseTcs co3maHue 3¢ dek-
TUBHBIX M HAJEXKHBIX MPUBOJOB ABMKEHHS, CIIOCOOHBIX PabOTaTh B IKCTpe-
MaJbHBIX YCIOBHSX OKCIUTyaTallid — IOBBIMICHHBIC TEMIIEPATyphl, BBICOKHH
BaKyyM M T.A. B cBSI3u ¢ 3THUM BenyTcsl MCCIEIOBAaHNS U Pa3pabOTKU HCIOTHH-
TEJILHBIX YCTPOHCTB HOBOTO THIIA, B TOM YHCIIE MTBE30JIEKTPHIECKHUX.

ITbe30cHIOBBIE 3IIEMEHTHI IUIAHUPYETCSI UCIONb30BaTh, B YACTHOCTH, IS
MIPUBEICHNS B JIBIDKEHHE BHYTPHBAKYYMHBIX KOMIIOHEHTOB JHArHOCTUKH TOM-
coHoBckoro paccesHus (JITP) MexayHapoaHOTO TEpMOSAEPHOTO peakTopa
UTOP. Ycnosusa pabdotsr JJTP xapakTepu3yroTcs BBICOKHMH PaTdaliiOHHBIMH
Harpy3kaMH W TeMIepaTypoil mpu ImporpeBe, BUOpanueil ¥ 3HAUUTENbHBIMH
neperpy3kaMy Ipy BO3MOXKHBIX aBapHHHBIX coObiTusax [1]. B cuiy srtoro k
9KCIUTYaTUPYEMBIM B PEaKTOpe COSAWHEHMSIM KOHCTPYKTHUBHBIX JJIEMEHTOB, B
TOM YHCIIE U HEPa3bEMHBIM, IPEIBSBISIOTCS BEChbMa XKECTKHE TPEOOBAHMSI.

B nanHO# paboTe mccienoBanyu BO3MOXHOCTh PUMEHEHHS BBICOKOTEMIIE-
paTypHO# IMaiKu MbE30CHIIOBBIX JIEMEHTOB OBICTPO3aKaIEHHBIM IPHUIIOEM Ha
OCHOBE aJIOMHHHsL. BBbUIM CIastHBl CTOJIOMKM M3 TMHbE30KEPaMHYECKUX JIHCKOB
[NKB-460 u TCBC-2 tonmuHoi 1 MM, ¢ MeIHbIM TOKpbITHEM 3, 6, 9 MKM U
SNIEKTPUYECKUMH BBIBOJIAMH W3 MeIHOH (oibru tommuaoi 50 m 100 Mkwm.
[Taiiky npoBoaMIN aMOP(HHBIM JIEHTOUHBIM
IIpUIoeM CTEMET®1502 tonmuHoii 70 u 35 Mkm
(Al-29,5Ge-3,9Si mac.%), Ts = 425 °C T1 =520 °C npu temneparype 600 °C u
BoIAEpKKEe 10 MunHyT [2].

[TonoXnUTETbHBIMU XapaKTEPUCTHKAMHU OBICTPO3aKaJCHHBIX IPUIIOEB SB-
JISIFOTCS BBICOKAsi XUMHUYEcKast M (pa3oBast OTHOPOIHOCTD, TOCTUT aeMbIE TP 3a-
KaJKe METAJUTMYECKUX PaCIIaBOB CO CKOPOCTIMH 10°-10° K/c 3a cuer ¢ukca-
IIMM B TBEPJIOM COCTOSIHUH XHJIKOTIOJOOHOW aMOp(hHOI CTPYKTYpHI B COCTOSI-
HHUH TIEPECHIIIEHHOTO TBEPIOr0 PAacTBOpa WM (POPMHUPOBAHMS HAHOKPHCTAJ-
JINYECKOU CTPYKTYPHI.
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Metonom DJIC-aHanu3a Ha pacTPOBOM JIEKTPOHHOM MHUKPOCKOTIE
Carl Zeiss EVO 50 XVP u3yueHbl MUKPOCTPYKTYPBI MasHbIX COCAWHEHUI U
MOJIy4EHBI KapThl PACIPEEIICHNs] XUMHUUECKUX 3JIEMEHTOB B MassHOM IIBE.

OTpaboTaH PEKUM MOJIIPHU3AINH ISl TEE30CTOJIONKA U3 5 JIMCKOB
IMKB-460, Ha cronbukax u3 5 u 10 guckoB TCBC-2 ompoOoBaH pexum, B3si-
THIA U3 JTATEPATYPHBIX HCTOYHUKOB.

[Tokazana BO3MOXXHOCTh MOJYYEHHS] MEXaHUYECKH MPOUYHOTO COEAMHEHUS
n3 mbezokepamuk [1KB-460 u TCBC-2 ¢ omenHeHMeM W (OIBIroi W3 MeEIH
npunoem CTEMET®1502.

1. Mukhin E. et al. Hardware solutions for ITER divertor Thomson scattering//
Fus. Eng. Design, 2017. VVol. 123. P. 686-689.
2. Sevryukov O.N., Suchkov A.N., Guseva E. V. Brazing of modern engineering
materials with STEMET® amorphous brazing filler metals. “Ore and Metals” Pub-
lishing house, 2015. Vol. 2015, Ne 1. P. 45-49

CTEMET®—3aperHCTpI/IpOBaHHLIP“I TOBapHbI 3HaK komnanuun MUOU-
AMETO

Y.A. GUROVAY, D.M. BACHURINA!, O. N. SEVRYUKOV?,
N. A. BABINOV?, I.A. KHODUNOV?, Ya.G. IBRAGIMOV *?
YNational research nuclear university « MEPhI», Moscow, Russia
2 Physical-Technical Institute. A.F. loffe, St. Petersburg
*e-mail: Violinarus@inbox.ru

BRAZING OF PACKED PIEZOPOWER ELEMENTS WITH
AL-BASED BRAZING ALLOY STEMET®1502

Currently, an urgent problem is the creation of efficient and reliable motion
drives capable of operating under extreme operating conditions - elevated tem-
peratures, high vacuum, etc. In this regard, research and development of a new
type of actuators, including piezoelectric ones, is underway.

Piezoelectric elements are planned to be used, in particular, to drive the in-
travacuum components of the Thomson scattering diagnostics (TDR) of the in-
ternational thermonuclear reactor ITER. The operating conditions of the DTR
are characterized by high radiation loads and temperature during heating, vibra-
tion and significant overloads in case of possible emergency events [1]. Be-
cause of this, very stringent requirements are imposed on the joints of structural
elements used in the reactor, including non-detachable ones.

In this work, we investigated the possibility of using high-temperature braz-
ing of piezoelectric elements with a rapidly quenched aluminum-based brazing

218



alloy. Columns were brazed from piezoceramic disks PKV-460 and TSVS-2

1 mm thick, with a copper coating of 3, 6, 9 um and electrical leads made of
copper foil 50 and 100 pm thick. Brazing was carried out with a brazing alloy
STEMET™1502 with a thickness of 70 and 35 pm (Al-29,5Ge-3,9Si mac.%),
Ts = 425 °C T1 =520 °C at a temperature of 600 ° C and an exposure of 10
minutes [2].

The positive characteristics of rapidly quenched brazing alloys are high
chemical and phase homogeneity, achieved by quenching metal melts at rates
of 10*-10° K/s due to the fixation of a liquid-like amorphous structure in the
solid state in the state of a supersaturated solid solution or the formation of a
nanocrystalline structure.

By the method of EMF analysis on a scanning electron microscope Carl
Zeiss EVO 50 XVP the microstructures of brazed joints were studied and maps
of the distribution of chemical elements in the brazed seam were obtained.

The polarization mode for a piezo column of 5 disks has been worked out
PKV-460, on columns of 5 and 10 disks TSVS-2, a mode taken from literary
sources was tested.

The possibility of obtaining a mechanically strong joint from PKV-460
and TSVS-2 piezoceramics with copper plating and copper foil using
STEMET®1502 brazing alloy is shown.

1. Mukhin E. et al. Hardware solutions for ITER divertor Thomson scattering//
Fus. Eng. Design, 2017. VVol. 123. P. 686-689.
2. Sevryukov O.N., Suchkov A.N., Guseva E. V. Brazing of modern engineering
materials with STEMET® amorphous brazing filler metals. “Ore and Metals” Pub-
lishing house, 2015. Vol. 2015, Ne 1. P. 45-49

STEMET" is a registered trademark of MIFI-AMETO,

219



A.A. UBAHHHUKOB, A.B. AFPAMOB *, A.-H. CYUKOB,
M.A. [IEHA3b, H.C. TIOIIOB, .M. BAUYPMHA, O.H.CEBPIOKOB

Hayuonanernouii uccneooeamenvcruii sioepruiil yrugepcumem « MHDH y,
Mockea, Poccus

*e-mail: xxxzx@mail.ru

3AKOHOMEPHOCTH ®OPMHUPOBAHUSI COEAUHEHUM
KOPPO3MOHHOCTOMKOM CTAJIH AISI 304
M BLICOKOITPOYHOT O AJIJIOMUHUEBOI'O CILTIABA
AA 6082, TOJTYYEHHBIX METOJIOM BAKYYMHOM MMAVKH
C IPUMEHEHWEM BbICTPO3AKAJIEHHBIX ITPUIIOEB
CHUCTEMBI Al-Ge-Si

Brarogapst xopommM MeXaHHYECKHM XapaKTePUCTHKaM KOPPO3HOHHOCTOHKOH cTa-
JIM ¥ HU3KOMY yAETbHOMY BECy aFOMHHUEBEIX CIUIABOB, MX COCJUHCHUE IPEACTAaBIIET
UHTEpeC Ui IpUMEHeHui B TpaHcnopre [1]. O6pa3oBaHne XPYIKUX HHTEPMETAIINY e-
ckux (a3 cucremsl Fe-Al MOXeT cephe3HO CHU3HUTH MPOYHOCTH coeanHenus [1, 2]. TTo
CPaBHEHHUIO CO CBAapKOW, METOAbl MailKu MO3BOJISIOT MOJIy4aTh COEAMHEHUS CIIOKHOU
(dopmsl. Kpome Toro, TemiepaTypa JIMKBUYCa IPUIIOS BCET/a JISKHUT HIKE TEMIIEpaTy-
PBI COJIMAYCa OCHOBHOTO MaTepuaia, Ojarogapsi 4eMy He HPOMCXOAUT JIOKaJbHOrO Ie-
perpeBa M OIUIABJICHHS COCAMHSAEMBIX AeTaneid. ITogbop ONTHMAaIbHOrO BPEMEHH Tep-
MHYECKOTO BO3JICHCTBHS U MOHIKCHUE TEMITEPaTyphl COCANHEHHUS TIPU Maiike M03BOJIs-
0T MOJTyYaTh COSAMHEHHsS C XOPOIIMMH MEXaHHIeckuMu cBoiictBamu [3]. Temmepary-
PBI JTMKBHYyCA IUPOKO UCHONb3YEMBIX MPUNOEB cucTeMbl Al-Si Brile Temmepartyp co-
JUIyca BHICOKOTPOYHBIX aMIOMMHHEBBIX CIIaBoB cucTeMbl Al-Mg-Si (550-600 °C). Bto
HaKJIaJblBaeT OrpaHUYCHHE HA MPUMEHEHUE TaKUX HPHUIIOEB 0e3 JOMOIHUTEIBHOTO Jie-
TUPOBAHMUS.

JlernpoBaHue repMaHUEM KJIACCHYECKOH CHCTEMbI IO3BOJSAET MOJNY4YUTh TEMIIepa-
Typy IuiaBieHus TpoiHoro craBa Al-Ge-Si Hiwke 500 °C, yto nocturaercs 3a c4ér 06-
pa3oBaHUs MEXIy AJTIOMHHHEM M TepMaHHEM JICTKOIUTaBKOW IBTEKTHKH C TEMIIepaTy-
poit mnasnenus 420 °C. IloHwkeHue TeMiepaTypsl MalKU aJlIOMHHHMEBBIX CIUIaBOB C
KOPPO3MOHHOCTOMKOH CTAJIbI0 U YMEHBIIEHHE BPEMEHH BBIAEPKKH IT03BOJISIET KOHTPO-
JMPOBATh POCT HHTEpMeTayulMueckux cioéB Fe-Al, coxpaHsATh TpeOyeMyro MHUKpO-
CTPYKTYPY U MEXaHHYECKHE CBONCTBA aTFOMUHUEBBIX CILUIABOB [4].

TexHoIOTHS OBICTPOIT 3aKAJIKU pacIIaBa IIO3BOJISIET ITOJIYIUTh IIPUIION CHCTeMBI Al-
Ge-Si ¢ 100bIM cofepkaHieM repManus B Buje JeHTsl [5]. Ienbro nanHoN paboTh sSB-
JSIETCSl YCTAQHOBJICHHE 3aKOHOMEPHOCTEH (OPMHPOBAHUS COCIMHEHUH KOPPO3HOHHO-
croiikoit cramu AlSI 304 u BeIcokompodyHOTro amoMuHEeBOro criasa AA 6082, mory-
YEHHBIX METOOM BaKyyMHOH IalKM ¢ IPHMEHEHHEM OBICTPO3aKaTIEHHBIX IIPHUIIOEB CH-
crembl Al-Ge-Si. Pe3ynbTaThl peHTTEHOBCKOTO (ha30BOTO aHAIHM3a JIEHT CILIABOB CHUCTe-
Mol Al-Ge-Si noka3zanu Hanmuuue Tpex pasnudHbix (a3: TBepabix pactBopos (Al, Ge) u
(Ge, Si), a Taxoke MeracrabmnsHOM (assr AlgGes, koTopas copmupoBanocs pu OBICT-
poii 3akanke. [IpoBeeHbI HCCIIEIOBaHMS MasHBIX 1IIBOB OJJHOPOJHBIX coennHenuit AlSI
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304 u AA 6082 mis yCTaHOBJICHUSI MEXaHU3MOB MX B3aUMOJICHCTBUS C MPUIOSAMH CH-
crembl Al-Ge-Si. Onnoponnoe coenunenne AA 6082/AA 6082 comepxut dasy TBEpIO-
ro pactBopa (Al, Ge, Si) u untepmerammn AlFeSi. Onxopontoe coenunenne AISI
304/AISI 304 c¢opmupyercst 3a c4éT o0Opa3oBaHMS HHTEPMETAJUTMYECKON (hasbl
AlFeCrSi. B neHTpanpHO# 9acTu MasHOro IBa Habmoaaercst GopMUPOBaHHE HEOIHO-
POMHON CTPYKTYpBI, COAEpIKAIei JBTEKTHKY Ha OcHOBe TBEpmoro pacrsopa (Al) u
tBépmoro pacreopa (Ge, Al, Si). Ilasublii mOB pa3sHOPOMHOrO coeauHeHHs AA
6082/AISI 304 comepxur 2 ¢aspr: TBEpABIA pactBop (Ge, Si) W HHTEpMETaLTHI
AIFeCrSi. OmpeneneHbl 3HAYEHHS MHKPOTBEPIOCTH YKA3aHHBIX (a3. YCTaHOBJICHO
BIMSHUE TEMIIEPaTypbl M BPEMEHM BBIACPKKH HA TOJNIIMHY CJIOS HHTEPMETalLIMAA
AIFeCrSi npu co3nanuu pasHopoaHoro coeauneruss AA 6082/AIST 304.

Pe3ynbraThl IPUMEHEHHUs MPHUIIOEB PA3IMYHBIX COCTABOB MO3BOJAIOT CHEIATh BbI-
BOZL O TOM, YTO I'€pMaHHMil HE y4acTByeT B (POPMHUPOBAHUH MASHOTO COEIMHEHHS, a ero
COJIep)KAHUE BIIMSACT TOJILKO HAa KPUTHUYECKHE TeMIeparypbl (a3oBBIX MpPEBpAIlCHUN
CIIIAaBOB-TIPHIIOEB.

IMoka3aHo, 4TO MpH Nailike TepMaHuil akTUBHO AUGPYyHIUPYET B 00bEM aTFOMUHH -
BOT'O CILIaBa, 00pa3ys ¢ aJIFOMHHHEM JIETKOIUIaBKHEe (a3bl 110 TpaHULAM 3EpEeH, YTO NpH-
BOJIMT K €ro oxpymuuBanuio. [losTomy, He0OX0IMMO HaHECEHHE 3aIUTHBIX TOKPBITHI
Ha aJTIOMMHHEBBIHN CIUIaB. B KkauecTBe MaTepHasoB MOKPBITHS PacCMaTPHBAIOTCS METal-
aet Ni, Ti 1 Cu, mpoBeieHbI MHIOTHBIE SKCIEPUMEHTBI 110 M3YUCHHIO B3aHMOJICHCTBHS
YKa3aHHBIX MaTepHaioB ¢ npumosmu cucrembr Al-Ge-Si.

Hccnedosanue svinoaneno npu gunancogoii noooepiicke PODU u Hemeyrozco
HAYYHO-UCCIEA08AMENbCKO20 CO0bWecmea 6 pamkax HayuHozo npoexkma Ne 21-52-
12026.
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BJIMAHUE TEMIIEPATYPHBIX PEXKUMOB HA
CIIEKAHHUE YPAH-TAJOJMHUEBBIX OKCHAOB

SmepHOE TOIUIMBO HA OCHOBE YpaH-TAIOJIMHUEBBIX OKCHIOB IPEICTABISACT
OOJBIION MHTEPEC, TAaK KaK IT03BOJISIET yMEHBIIUTh H30BITOUHYIO PEAaKTUBHOCTD
Ha HaYaIBHBIX ATalaxX TOIUIMBHOTO IMKIIA O3 UCTIOIH30BAHUS PETYIUPYIOIINX
CTep KHEH, a TakKe MO3BOJISIET YBEIMINUTE TITYOHHY BBHITOPAaHUS TOILINBA.

B mannO#t paboTe paccMaTpHBaINCh 00pa3bl U3 ypaH-TaIOIHMHAEBBIX OK-
CHIIOB cO cTaHmapTHbiMu coaepxanusimu 0, 3,35, 5, 8 mac.% Gd,0s, nsrotos-
JIEHHBIE U3 TIPECC-TIOPOIIKOB, MpeacTaBieHHbIX [IAO «MC3». Ilepen ciekanu-
eM 00pa3ibl OBLIM CIIPECCOBAHBI C MOMOIIBIO pydHOro mpecca ¢upmbr Carver
TakuM 00pa3oM, 4TOOBI CHIPBIE TAOJETKA UMENH OJWHAKOBBIE TIOTHOCTH. Crie-
KaHue 00pasioB npoBoauiocsk B auaaromerpe DIL 402 C dupmer NETZSCH.
Harper nmpou3Boauiu ¢ MOCTOSTHHOM CKOpocThio paBHOH 4, 6 u 8§ °C/Mun 6e3
BbIAEpKeK A0 Temneparypsl 1580 °C mpu nocTOSTHHOM NPOIYyCKaHUU Yepe3 CH-
creMy cMecu razoB Ar+8%H; c notoxom paBueiM 150 mi/mun. Taxke B xozne
CrieKaHHUs 00pa3IioB MPOBOAMIIOCH U3MEPEHNE KHCIOPOIHOTO MOTEHIMAIA Cpe-
Il C MOMOUIBIO TBEPAOAICKTPOIUTHON TallbBaHWYECKO# sueiiku Zirconia M
(Poccnst), koTopas ObliTa MOKIIIOYEHA K BBIXO/y Ta30BOH CHCTEMBI.

[IpoBenéHHBIC HCCIIEIOBAHUS MOKA3aM, YTO JOOABICHHE OKCHIA TaJI0H-
HUSl CHIDKAET CIIEKaeMOCTh 00pa3lloB, TAKXKE TO MPUBOJIUT K 3HAYUTEIHHOMY
MOBBIMICHUIO TeMIiepaTtypsl Hadana cnekanns Ha 200-300 °C. HawmbGomprmas
IUIOTHOCTh HaOdronasiack y o0pasIoB, CHEUEHHBIX CO CKOPOCTBHIO Harpena
4 °C/mMuH. AHaU3 CKOPOCTEH CIIeKaHWs TMOKa3al, 4YTO YeM BBIIIE CKOPOCTh
HarpeBa o0paslia, TeM BBIIIE CKOPOCTh CIEKaHWs, OJTHAKO B Cllyd4ae C ypaH-
raJloIMHAEBBIMH 00pa3liaMi JaHHas 3aBUCUMOCTH YETKO HAOJIOAAeTCs TOIBKO
mpu TeMieparypax Beime 1400 °C, B ciydae ke ¢ AUOKCHJIOM ypaHa IpH TeM-
nepatype Boitie 1200 °C. JJoOaBieHne OKcHIa raioIMHUS B 00pa3Ibl IOBKIIIA-
€T KUCIJIOPOJHBIN MOTEHIMAI IPOyBOYHOTO ra3a BHYTPHU I€YH Ha HadyaJlbHOM
srane B uHTepBaie temneparyp 50—200 °C u 450-550 °C, Bciencreue ucnape-
HUS BIIaTH U OT)KUTA CTeapaTa allOMUHIS U3 TIPECCOBOK.
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WCCJEJIOBAHUE MUKPOCTPYKTYPBI CIUTKOB SIIEPHOTO
TOIUIMBA UsSl,

C 2011 cranu paccMaTpuBaThCS albTEPHATUBBI CYHIECTBYIONIECH TOINIMBHON
konmmo3uiuu UO, — Zr, npuMeHseMOi B BOJIO-BOJISHBIX peakTopax. [lepcrek-
TUBHBIA BapuaHT — U3Si,. OCHOBHOE MPEHMYIIECTBO JUCHIMLIIA TPHYpaHa —
Oonee BbIcOKas TerutonpoBogHocTh (21 — 38 Br/M*K y cummnuna u 2 — 6
Br/M*K y nuokcuza), 6ombmas miotHocts (12,2 , r/em® — y UsSip , 10,96
r/em’® quist mMokcHa). K HeoCTATKAM CHUTMIIA MOXKHO OTHECTH €ro HH3KYIO
Temrepatypy iasieHus — 1625 °C (B To BpeMst Kak y JHOKCHJIAa ypaHa TeMIe-
patypa 1utaBieHus: paBHa 2847 °C) M CIOXKHOCTh MOJydeHUs. Y IUCHIUIIUIA
TpHypaHa y3Kas 00JacTb TOMOTEHHOCTH Ha JUarpaMMe COCTOSHHMS, 4TO 3a-
TPYIHSIET MOJy4eHUE CTEXHOMETPUYHBIX 00pa3IIoB.

B nanHO# pabGoTe W3ydeHa BO3MOXKHOCTH mostydenusi ciautkoB UjzSi, Ha
3NIEKTpoAyroBoit neun MUDU-9.

BBIBIIEHO, YTO JOMOJIHUTENBHBIM OTKUT CINTKOB HE IMPUBOIUT K XKelae-
MOH CTENeHU FOMOTE€HH3aLUH CIIUTKOB.

OOHapyXeHo, YT0 HanboJiee TOMOTEHHbIE U OJIU3KHE K CTEXHOMETPHYHOMY
COCTaBY CIIMTKH IOJIy4aIOTCS IIyTeéM MHOTOKPATHOTO TEperuaBa CIMTKa C pas-
HBIX CTOPOH.

[IpoBenen snementHbIl ananu3 Ha POM. TloaHONH rOMOT€HHOCTH JOCTHYb
He ynaercst — obnactu, 6muskue K UsSiy , Kak MpaBUIIO OKPYKEHBI 00IacTsIMU
OorareiMu KpeMHHEM. [IpHCYTCTBYIOT HEOOBIINE IPUMECH ATIOMHUHAS (MEHEE
1 mac.%).

IIpu cpemnem cocraBe mmxtel U - 7.5 mac.% Si monydeHHBIE H3IETUSA
HUMEIOT JoCTeXuoMeTpudeckuii cocraB npuMmepao U - 6.9 mac.% Si, pexe - U
- 7.4 mac.% Si, YTO MOXKHO CUHTATh XOPOIIUM pe3yiabraroMm. OmHako, HaOIIIO-
naercs ¢asa, coneprkamas N30bITOK KPEMHUs, TPUHIMAIOIIAs BU KBapaTHO-
'O YIJIOBATOTO y30pa B OJTHOM CEUEHHH M BUJI V-00pa3zHOro y30pa B IPYroM.

CpenHss INIOTHOCTh 00pa3IloB, M3MEPEHHAs METOJOM T'MIPOCTaTHYECKOTO
B3BEIIMBaHMs, O1n3Ka K Teopetnueckoit (12,2 r/cM3) u, 3aKOHOMEPHO, CHIXA-
€TCs C YBEINYCHHEM COJICPKAHUS KPEMHHUSL.
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BJIMSTHUE YCJIOBUIA CIIEKAHUSI HA CBOMCTBA
SITEPHOT' O TOIJIMBA C MACCOBOM JIOJIEM OKCUJIA
TAJIOJIMHYSI 8,0 %

TenaeHuuu pa3BUTHS SACPHOTO TOILIMBA IOCICIHUX JIET HAIPaBJICHBI Ha
yYBEINYCHUE TTYOUHEI BEITOPAHHUS, MPOAOLKHUTEIBHOCTH KAMITAHMHM U JIOCTHU-
JKEHUS HyIeBOro orkasa [1-4]. OgHuM U3 myTed MOCTIDKCHHUS ITOCTaBJICHHBIX
1eJIell ABIIsIeTCs BBEIEHUE B TOINIMBO BEIrOparolero noriaorurens [1]. B kaue-
CTBE BEITOPAIOIIETO IIOTJIOTHTENSA Yallle MCIOJIL3YeTCS TaJOJHHUM, KOTOPBIA
001a1aeT TaKMMH YHHKAJIbHBIMU CBOMCTBAMH KaK BBICOKOE IIOIIEPEYHOE ceue-
HHUE 3aXBaTa HEMTPOHOB, SBJSIETCS HEACILAIINMCS MaTepHAIOM W HE BBI3BIBACT
00pa3oBaHus HeXeNATeIHHBIX IPOTYKTOB JACICHUS.

Hcnonb30BaHue BHIFOPAOIIETO MOTJIOTHUTES ITO3BOJISET B IIUPOKUX Mpejie-
JIaX U3MEHATHh HEHTPOHHO-Pu3nueckue xapakrepuctuku TBC u cxemy ux pas-
MEIICHUS IPU Ieperpy3kax 30856l C IOMOIIBIO YpaH-TaJ0IMHUEBOr0 TOILJINBA
MOXHO 3(DPEKTUBHO PEryIMpOBaTh MUK MOIIHOCTH B TeuyeHue mukiaa. Ilpe-
HMYILECTBA HCIIOJb30BaHUs YpaH-TaJ0JMHHUEBOr0 TOIUIMBA COCTOMT TaKXKe B
CHIDKEHUHM CTOMMOCTH BBIPA0AaTHIBAEMOM 3JEKTPHUCCKOW SHEPTHH M IKCIUTya-
TAIMOHHBIX PACXOOB.

B Oynymem noseiienre 3QGEKTHBHOCTUA HCIIOIB30BAHMS SACPHOIO TOII-
JIMBa TPEOYET YBEIMYECHHUSI KOHICHTPAIMH BBIFOparolero morioturens. K Ta-
KOMY TOILIMBY NPEIbABISIOTCS BBICOKHE TPEOOBAHUS IO TaKHM ITOKA3aTEIISIM
KaK IJIOTHOCTh, MHKPOCTPYKTYPA, «JI0CIEKaeMOCThY, pacCMaTpUBaeMbIe B Ka-
YECTBE KJIFOUEBBIX IIapaMETPOB B PACUCTHBIX 00OCHOBAHUSIX ITOBEICHHS TBIIOB
(TB3JIBI, COACPIKAIIINE YPAH-TaJOJIMHUCBOE TOILIMBO) B CTAIlMOHAPHOM M IIEpe-
XOJHBIX PEKHUMAX, a TAKKE B IPOEKTHEIX aBapusX. I1osTomy OONBIIONH HHTEPEC
BBI3BIBACT M3YYEHUE MEXAaHHM3MOB M 3aKOHOMEPHOCTEH H3MEHCHHUS CBOMCTB
YpaH-TaJI0JMHUEBOI0 TOIUIMBA C BBICOKMM COJEPIKaHHEM BBITOPAIOIIETO II0-
TJIOTUTENIS IIPH €r0 IIPOMEBIIIJICHHOM IIPou3BoAcTBe. HecMoTps Ha tocTaTouHOe
KOJINYECTBO IyOIUKALIMI U JTUTEPATyPHBIX JAHHBIX, BOIIPOC O BJIMSHHU YCIIO-
BHIl CIIEKaHUS HAa CBOMCTBA SECPHOr0 TOIUIMBA C OKCHUIAOM TaJO0JHHUS, B TOM
YUCIie W HAa €ro TEePMUYECKYI0 CTaOMIBHOCTH («IOCIIEKAEMOCTH»), OCBEIICH
Malo.

B pabGote mpencraBlieHBl pe3yJabTAaThl HCCICAOBAHHS CBOWCTB ypaH-
raj0JINHAEBLIX TabaeToK ¢ copepkanueM 8,0 mac.% Gd,0s, HOIydEHHBIX IIPU
CIIEKaHUHU B CPEJC C Pa3IMYHBIM YPOBHEM YBIIaKHEHHS. [lokazaHo, 4TO Takue
Baxkaele cBoiicTBa TabneTok (U,Gd)O, Kak INIOTHOCTH, <«JIOCIIEKAEMOCTEY,
MHKPOCTPYKTYPa B 3HAYUTEILHON CTEIIEHHM OIPENEISIOTCS (HOPMUPOBAHUEM
TBEPJIOTO PacTBOPA, KOTOPHIA B CBOIO OUEPEb 3aBUCUT OT COJIEPIKAHUS KHCIIO-
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poma B atMmoctepe crekanus. IloBblllIeHHE YPOBHS BJIAXKHOCTH M COOTBET-
CTBEHHO ITOBLIIIIEHUE CONEPKAHU KHUCIOPOIa B aTMOc(hepe CIIEKaHus CII0C00-
CTBYET MOJIYYEHHIO CTAOMIIBHBIX MOJIOKHUTEILHBIX PE3YJIbLTAaTOB II0 «JI0CIeKae-
Moctiy. IIpu criekaHuM B ra30BOM Cpelie ¢ HEAOCTATKOM KUCIOpoaa oOpasyer-
cs TOCTEXMOMETPHUECKHI cocTaB Ta0eTKu. BrocaeacTBuu 1Moj1 BO3AeiCTBHEM
arMoc(epHOI BJIaru MPOUCXOIUT OKUCIIEHHE TaOJIETKH 0 CTEXHOMETPUUECKO-
T0 COCTaBa, MPU TOM MPOUCXOTUT PACTPECKUBAHHUE TAOJCTOK WM TOBEIIICHHUE
coJiep>KaHMsl B HUX BOJIOPO/a.

1. Experiences and trends of manufacturing technology of advanced nuclear fuels.
— Vienna : International Atomic Energy Agency, 2012. IAEA-TECDOC series,
ISSN 1011-4289; no. 1686.

2. TlerpoB U.B., Baco B.B. IloBenenune TabGieTok ypaH-3pOHEBOr0 OKCHIHOTO
TOIJIMBA B TPOIecCe HUKIMYECKON TepMuuecKod oOpabOTKH. ATOMHAs SHEprus,
1.107, BBIN. 4, OKTs10pB 2009. C.221-224.

3. Coxkonora 1.JI. OnbIT pa3paboTok TomIMBa A peakTopoB PWR u ero skcmny-
arauuu Ha ADC dpannun. AToMHas TeXHUKa 3a pyoexom, 2007, Nel10. C.3-11.

4. Cokonopa M.JI. YcoBepIIeHCTBOBAaHHUS U HCCIIEIOBAHMS B OOJIACTH SIIEPHOTO TOTI-
mmBa. Y.1. YcoBepiieHCTBOBaHHE TOIUIMBA, TAOJETOK W MaTeprajioB 00OJIOUKH TBAJIOB.
AtomHast TexHHKa 3a pydexom, Ne2, 2011. C.3-13.
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SINTERING PARAMETER INFLUENCE
ON 8.0% Gd,O; NUCLEAR FUEL

Trends in nuclear fuel manufacturing technology in the recent years are fo-
cused on burnout depth increase, campaign duration and zero failure level [1-
4]. One of the ways to achieve these goals is application of burnable absorber
[1] in the fuel. Gd is more frequent to be used as burnable absorber due to its
unique properties: neutron capture cross-section, non-fissile material, does not
entail uncontrolled fissile materials.

Burnable absorber application allows wide changes in FA neutron-physical
characteristics and FA layout for active zone reload. Cycle duration and power
surge can be effectively controlled with UGd fuel. UGd fuel advantage is re-
duction of costs for produced electric power and operation.

In future nuclear fuel performance increase shall require increase in burna-
ble absorber content. High standards are imposed to the parameters of this fuel
such as density, microstructure, resintering which are key parameters for feasi-
bility study of UGd FR performance in steady state, transition state and design
basis accidents. Thus study of mechanisms and patterns of properties change of
UGd fuel with high content of burnable absorber for commercial production are
of high interest. Despite of adequate number of releases and reports, the topic
of sintering parameter influence on UGd nuclear fuel including its resintering
parameter is poorly covered.

This study includes examination results of properties of 8.0w% Gd,0; UGd
pellets sintered in atmosphere with different saturation levels. It demonstrates
that (U,Gd)O, pellet key parameters such as density, resintering, microstructure
are mostly determined by solid solution which is in its turn depends on sinter-
ing atmosphere oxygen content. Saturation increase and consequent increase in
sintering atmosphere oxygen content contributes to sustainable and positive res-
intering values. While sintering in gas atmosphere with oxygen deficiency the
pellets will have substoichiometric composition. Afterwards under atmospheric
moisture effect pellets are oxidized to stoichiometric composition that induces
pellet cracking and hydrogen increase.

1. Experiences and trends of manufacturing technology of advanced nuclear fuels. —
Vienna: International Atomic Energy Agency, 2012. IAEA-TECDOC series, ISSN
1011-4289; no 1686

2. L.V. Petrov, V.V. Basov Uranium-erbium oxide pellet performance under cyclic heat
treatment. Atomic energy, v.107, issue 4, October 2009, p.221-224.

3. I.D. Sokolova Experience in PWR fuel design and operation in French NPP. Nucle-
ar Engineering Abroad, 2007, No.10 p.3-11.

4. 1.D. Sokolova Improvements and research in nuclear fuels. P.1 Fuel, pellet and FR
cladding material improvement. Nuclear Engineering Abroad, No.2, 2011, p.3-13.
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SAIATHBIE MHOT'OCJIOMHBIE MIOKPBITUSA JIJIS
HUPKOHHUEBBIX CIIJIABOB OT
BBICOKOTEMIIEPATYPHOI'O OKUCJIEHUSA

PazpaboTka UHUPKOHUEBBIX OOOJOYECK TEIUIOBBIACISAIONINX JJIEMEHTOB,
YCTOWYUBBIX MTPH aBAPUMHBIX CUTYallUAX — aKTyaJIbHAsI 3ajada SJIepHOTO MaTe-
puanoBenenus. [Ipemmaraercss HCIOIB30BaTh MOKPHITHA Ha ocHOBe Cr B Kade-
CTBE 3allUTHl IIUPKOHHEBOW 000s0uku oT okucienus [1]. Oxnako, ObicTpas
B3auMHas muddysus Cr u Zr mpu BBICOKHX TeMICpaTypax BBIHYKIACT IpO-
JIOJDKATh MOUCK ONTHUMAJIBHBIX COCTaBa U CTPYKTYPHl 3AIIMTHOTO MOKPBITUS
[2]. Tpennaraercs wucnonws3oBaTh ZrO, B KadecTBe OapbepHOTO CIOS ISt
npenorepamenns aupdy3un Cr—Zr. OnHaKo KepaMHYECKHE IOKPBITUS HE MO-
T'yT OBITh 3aIIUTHBIMHU MTPU OBICTPHIX CKOPOCTSAX HarpeBa. [Io3ToOMy B KadecTBe
0OapbepHOTO CJI0ST MOTYT OBITH HCIOJB30BAHBI MHOTOCIIOHHBIE TOKPBITHS, KOTO-
pBI€ COCTOSIT U3 YePEAYIOUIUXCS METAUIMUECKUX U KepaMHuecKux cioés [3,4].
B cBs131 ¢ 3THIM HEOOXOIMMO U3YUYHTh MTOBEACHNE MHOTOCIOWHOTO TIOKPBITHS C
OaprepHbIM ciioeM ZrO,/Cr ¢ 3alUTHBIM BHEITHUM clioeM u3 Cr Ha UPKOHHe-
BoM crmiaBe D110.

[ToxpbITHS HAHOCHIUCH Ha 00pasmel U3 ciutaBa D110 ¢ wmcmoik30BaHHEM
HWOHHO-TIJIA3MEHHOW YCTaHOBKH, OCHAILIEHHOW CHUCTEMOW MYJIbTHKATOIHOTO
MarHeTPOHHOTO PACIBUICHHUS M IIAHETAPHBIM IIOUIOKKOAepKaTeneM. B kade-
CTBE MPOOOIOArOTOBKY H3CIHIA MPOU3BOIMIN NUIM(OBKY U MOJHUPOBKY 00-
pasioB ¢ ucrmoyb3oBanueM SiC 6ymaru (P600—P2500), namee o6e3xupuBaIn
TEXHUYECKUM MBIJIOM, MPOMBIBAIM B JAUCTUJUIMPOBAHHON BOJIE, KUIATUIN B
CIUPTE W CYIIWIX B ero mapax. [Tocie ocaxaeHust HOKPHITHI OBLIO IOIY4eHO
YeThIpe CEpUH 0Opa3IOB C MHOTOCIOHHBIM MOKphITHEM ZrO,/Cr ¢ marom Ie-
puoaudeckoi ctpyktypsl 100, 250, 750 1 1500 HM. MHOTOCIOMHBIC TOKPHITHS
Zr0O,/Cr-100 npencrasisuiu coboit 30 mocnenoBarensHbix ciioéB ZrO, u Cr ¢
TOMIIMHOM Kaxaoro ciost 100 HM, a B KauecTBe 3allIUTHOTO BEPXHETO CIOS BHI-
cTymnajn cioil xpoma, tonmuHo 7 MxM. Hanbuienune ZrO, BBIIOJIHANOCH C MO-
MOIIIbIO TyallbHOM MarHEeTPOHHON PACIBUIUTENIBHON CUCTEMBI C MOIIHOCTHIO 2
kBT npu cootHOmIeHnn oTOKOB Ar/O; kak 30/45 em®/mun. Crioit XpOoMa HaIlbl-
JISUTM ¢ IOMOUIBIO OJJUHOYHOTO MarHeTpoHa ¢ MOIIHOCThIO 2 KBT. Ocaxzaenue
MHOTOCJIOWHBIX TIOKPBITHH C IIaroM IMepuoaudeckor cTpykTypsl 250, 750 u
1500 HM BBITOTHAIOCH aHAJIOTUIHBIM 00pa3oM.

[Mocne ocaxkaeHUs IOKPBITUI OBLIM MTPOBECHBI HCTIBITAHKS 00pa3uoB. [1is
OTIFICAaHWS MEXaHU3MOB PA3PYIICHUS U JaTbHEUIIETO OKUCICHUS 00pasoB ObI-
JIM TIPOBEJIEHBI in Situ TuQpaKurOHHBIE U3MEPEHHS NPU JIMHEWHOM Harpese B
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nuana3zoHe temmepatyp 25-1250 °C ¢ mocneayromieii M30T€PMUYECKON BbI-
nepxkoit B TeueHnn 20 munyT ipu 1250 °C B BakyyMme MpH JaBICHAH 10° Ia
Ha MCTOYHUKE CHHXPOTPOHHOTO H3JIyYEHHUS! B UHCTUTYT siiepHOM ¢usuku CO
PAH. Kaxgpie 50 °C perucTpupoBalIHCh CIEKTPHI, 3aTeM IPOBOIIIIACH HX
pacmudpoBKa.

Jlns aHanu3a noBeneHusl CTOMKOCTH MHOTOCJIOMHBIX MOKPBITUM K TEIIOBO-
MY yAapy, XapaKTepHBIM JJIS aBapUITHON CHTyalluu B aKTUBHOW 30HE SIIEPHOTO
peakTopa ObUTH TIPOBEEHBI TEPMOIMKINYECKUE UCTIbITaHUH. [l aHanm3a 1mo-
BEJICHUS TOKPHITHH (WX COCTOSHHS TOCIE TEPMOIMKIUPOBAHUS) IOMOIHU-
TCJIIbHO 6I)IJ'II/I HCIIOJIb30BaHbI METOIbI ONTUYECKOMN MUKPOCKOIIMM U CKaHUPY-
foIel NEKTPOHHON MHUKpOcKonuH. [loka3aHo, 9To MOKPHITHS ¢ OOJBITUM KO-
maecTBoM ciioeB ZrO,/Cr 00anaroT 001ee BEICOKOH TPEIIHHOCTOMKOCTHIO, HO
TaKUC THIIBI o6pa311013 HUMCIOT MCHBUICEC COITPOTHUBJICHHUE K CKaJIBIBAHWIO I10-
KPBITHS IIPH TEPMOYAapE.

3areMm 6I)IJ'II/I IMPOBCACHBI UCHBITAHHA IO BBICOKOTCMIICPATYPHOMY OKHCIIC-
HUIO B TOTOKE BOJSTHOTO Tapa, UMUTHPYIOIIEE aBapHIoO C IMOTepeil TEIIOHOCH-
TeJs, npu Temneparypax B quanazone 1250-1400 °C mis aHamu3a CTOMKOCTH K
OKHCIICHIO MHOTOCIOHHOTO TMOKpHITHA. [loiydeHHBIE TaHHBIE TOKAa3BIBAIOT,
YTO TpaHMIBI pazaena MynbTHCIOEB ZrO,/Cr MOTYT MPUBOAUTH K YCKOPEHHIO
B3anMHOU quddy3mu Cr—Zr amst crorasa 9110 ¢ XpOMOBBIM TOKPBITHEM.

HccnenoBanue BHINOJIHEHO Npu (uHaHCcOBO# mnomuepxke PODOU u Ioc-
koproparu «Pocatom» B pamkax HaydHoro mpoekTa 20-21-00037.

1. Tang C., et al. /I Corrosion Reviews, 35 (2017) 141-165
https://doi.org/10.1515/corrrev-2017-0010

2. Yang J., et al. // Journal of Nuclear Materials, 547 (2021) 152806.
https://doi.org/10.1016/j.jnucmat.2021.152806

3. Wang X. et al /I Corrosion Science, 187 (2021) 109494.
https://doi.org/10.1016/j.corsci.2021.109494

4. Krejci J., et al. // Nuclear Engineering and Technology, 597 (2020) 597-609.
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BJIMAHUE OBJYYEHUA MOIIHBIMA NHOHHBIMUA
INYYKAMU HA METAJJVIMMECKHUE BKJIFOYEHUS B
AMOP®HBIX CIIJIABAX HUPKOHUA

MeTro0M CKOPOCTHOM 3aKajakKh M3 paciulaBa ObUIM IOJIyU4E€HBEI aMOp(HBIE
CILIaBBI HA OCHOBE IIUPKOHUSA B BHAe JeHT ToamuHol 30-60 mxMm. Ilocie usro-
TOBJIEHHS 00pa3Lbl UMENIH JIBE Pa3HbIE CTOPOHLI: BHYTPEHHIOK CTOPOHY, HPU-
MBIKABIIYIO K Oapa®aHy, U BHELIHIO CTOPOHY (ojabrv. BHYTpEHHSsS cTOpoHA
BHU3yallbHO HAOIII0Jalach KaK 3epKallbHas, a BHEIIHSS KaK MaToBas, 4To 00Yy-
CIIOBJICHHO YCIOBHSAMHU (hOPMHUPOBAHUS (ONET, B YACTHOCTH TPAJHEHTOM TEM-
meparyp CBepXObICTPOH 3aKaIKH.

MeTto0M PEHTICHOCIICKTPAIbHOT0 MUKPOHAJIan3a YCTaHOBIIEHO, YTO 00pa-
3el MUpKOHKEBOro criaBa 1406 nmeet creayromuii coctas: Zr — 51,9 at.%, Ni
— 15,2 ar.%, Ti— 17,1 at.%, Cu - 14.5 a1.% u In — 1,3 a1.%), a oOpazen ZrNiSi:
Zr — 65,2 ar.%, Ni— 31,4 ar.%, Si— 3,4 ar.%.

MerooM peHTreHo (a3oBOro aHalIM3a BBISBIEHO, YTO MAaroBas CTOpPOHA
cmaBa 1406 xapakrepusyercs amophHO# (peHTreHoaMOpGhHOR) CTPYKTYpOit
(IIUpOKHUE Tajio), a CTPYKTypa MaTOBOI CTOPOHEI SABIISIETCS aMOPGhHON ¢ mpH-
CYTCTBHEM CJIA0BUT AUMPAKIIMOHHBIX JIMHAM, cooTBercTByrommX [ TIY dazam
nupkoHus U Hukens. Jng crmasa ZrNiSi MaToBas cTOpoHa XapaKTEpHU3yeTCs
Hapsaay ¢ aMOp(MHBIM rajo MHTCHCHBHBIMU JU(MPAKIMOHHBIMHM JHHHUIMHU, CO-
TBeTcTBYIOMMMU ['TIY 1mpkoHNS 1 MaJOMHTEHCUBHBIMH, COOTBETCTBYIOITHMH
I'TIY (asze uukens. Ilpu 3ToM 3apkaibHas 4aTh 00JaJaeT MPHEMYIIECTBEHHO
aMOpGHON CTPYKTYPOH € C IPUCYICTBUEM CHA0bUT JU(DPAKLMOHHBIX JIMHUM,
cootBercTByromux I'TIY dasam nupkonus u Hukeias. Cir1abOMHTEHCUBHEIE M-
(hpakLMOHHLIE JIMHUHM CBSI3aHLI ¢ (POPMHPOBAHKME HEOOIBIINX METAITHYECKUX
BKITFOYCHUH B aMop(hHOW MaTpHIle, a HHTCHCUBHBIC — ¢ ()OPMHPOBAHUEM KpH-
crajmngeckoro cios crasa ZrNiSi.

Jlns ucciaenoBanus cTaOMIBHOCTH aMOp(dHON (a3bl, a TaK:Ke MeTallaude-
CKHX KIIIOYEHUH 00pasubl ObLIM OOJIYYEHBI MOIIHLEIMU HOHHBIMH ITy4KaMHU.
OOHapyKeHO, 4TO 00JIyYCHHE MOIIHBIMA HOHHBIMH IyYKaMH HE IMPHUBOIUT K
KPHCTAILIU3alMH aMOP(MHONW CTPYKTYpPhl MU K aMop(dHU3aliid KPUCTaJInYe-
CKOHi. BEISBIEHO TOIBKO yBEIHYEHHE OIM)KHErO MOPsIIoKa aMophHOH (da3bl Ha
2%, a ceobomHOro 00béMa Ha 1% B criaBe 1406. B Toke BpeMs Ha PEHI€HO-
rpamMmax 00JydeHHEIX CIIABOB He OOHAPYKEHO MPUCYTCTBHE JU(BPAKIIMOHHBIX
JIMHHH, COOTBETCTBYIOIIMX MATETMYECKUM BKIIOUEHHUAM. DTO CBHIETEILCTB Y-
eT 00 WX PacTBOPCHUHU NPU OOJIYUCHHHM MOIIHBIMH HOHBIMH mydkamu. [Ipu
3TOM CBOOOIHBINA 00BEM amopHOit (asel yBemmumics Ha 24%.
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EFFECT OF IRRADIATION WITH POWERFUL ION BEAMS
ON METALLIC INCLUSIONS IN AMORPHOUS ZIRCONIUM
ALLOYS

Amorphous alloys based on zirconium in the form of tapes with a thickness
of 30—60 um were obtained from the melt by the method of high-speed quench-
ing. After manufacturing, the samples had two different sides: the inner side ad-
joining the drum, and the outer side of the foil. The inner side was visually ob-
served as a mirror, and the outer side as matte, which is due to the conditions of
the foils formation, in particular, the temperature gradient of ultrafast quench-
ing.

Using X-ray analysis, it was found that a sample of zirconium alloy 1406
has the following composition: Zr - 51.9 at.%, Ni - 15.2 at.%, Ti - 17.1 at.%,
Cu - 145 at.% and In - 1.3 at.%), and the ZrNiSi sample: Zr - 65.2 at.%, Ni -
31.4 at.%, Si - 3.4 at.%.

X-ray phase analysis revealed that the matte side of the 1406 alloy is char-
acterized by an amorphous (X-ray amorphous) structure (wide halos), and the
structure of the matte side is amorphous with the presence of weak diffraction
lines corresponding to the hcp phases of zirconium and nickel.

For the ZrNiSi alloy, the matte side is characterized, along with the amor-
phous halo, by intense diffraction lines corresponding to hcp zirconium and
low-intensity lines corresponding to the hcp phase of nickel. In this case, the
mirror part has a predominantly amorphous structure with the presence of weak
diffraction lines corresponding to the hcp phases of zirconium and nickel.
Weak diffraction lines are associated with the formation of small metallic in-
clusions in the amorphous matrix, and intense ones are associated with the for-
mation of a crystalline layer of the ZrNiSi alloy.

To study the stability of the amorphous phase, as well as metallic inclu-
sions, the samples were irradiated with powerful ion beams. It has been found
that irradiation with powerful ion beams does not lead to crystallization of the
amorphous structure or to amorphization of the crystalline one. Only an in-
crease in the short-range order of the amorphous phase by 2%, and the free vol-
ume by 1% in alloy 1406 was revealed. This indicates their dissolution upon ir-
radiation with powerful ion beams. In this case, the free volume of the amor-
phous phase increased by 24%.
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TEOPETUYECKHU PACUET I'JTYBUHbBI YIIPOUYHEHUS
IHPU OBPABOTKE KOHIHIEHTPUPOBAHHBIMH
INOTOKAMMU SHEPT'UHN

[MpoBeneHsl aHAK3, OlIEHKA M CUCTEMATH3alUsl SMITMPHUECKOTO MaTepHaia
10 TeME HCCIIECAOBaHUS 3aKOHOMEPHOCTEH Pa3sBUTHS B3aWMOCBS3H MEXIy (hu-
3MKO—MEXaHHYECKHMH CBOMCTBAMM MOBEPXHOCTHOTO CJIOSl, PSKUMaMH o0Opa-
OOTKM M TIIYOMHOM YIPOYHEHUS. AKTYaJIBHOCTh JaHHOW padOTHl 00YCIOBIEHA
pa3pabOTKON TEXHOIOTHYECKNX MPOIECCOB IEKTPOMEXaHHMUECKOH 00paboTKH
(OMO) mno3BojsmoIed ¢ BBICOKOH 3((PEKTHBHOCTBHIO IOBBIIIATE JOJTOBEY-
HOCTb COEANHEHUH B IIPOIIECCE UX YIPOUYHEHHUSL.

Iens paboTHI 3aKII0YaIACh B YCTAHOBIEHHH 3aKOHOMEPHOCTEH M3MEHEHHMS
rapaMeTpoB PEXHUMOB O0OPabdOTKH TOBEPXHOCTHOTO CJIOSl, MEXaHHUYECKHUX
CBOWCTB MaTepHajoB M TITyOHHBI YITPOUHECHHUSI.

I'nybuny ynpounenus npu OMO :

0,040V N
h==——— M)
TCVal

rae N=IU, C — kommiekcHbIi K03(h(GHUINEHT, 3aBUCSAIINNA OT TPEHUS CKOJIbXKe-
HUsSI, KaYeCTBa B3aHMOJICHCTBYIOIIMX MOBEPXHOCTEH, (POPMBI B3aUMOJEHCTBY-
rfomux mosepxuoctedd C = 0,2475 [1,2], 71 - k0o3bpUIHEHT yINTHIBACT OTEPH
BO BTOpHYHO# 1ieru Tpancdopmaropa, n = 0,12...0,43 [1, 2], | — cuna Toka,
U — manpspkenue, V — CKOPOCTH BpAIICHUS JETalH, C — yACIbHAS TEIUIOEM-
KOCTh MeTaJula, [— mupHuHa posnKa-3nekTposa (IUpHHA KOHTAKTa), P — IJIOT-
HOCTh Marepualia 3aroToBkd, T — Temmeparypa (azoBOro npeBpauieHus Me-
tayuia (Touka Acs). A — TEMJIONPOBOAHOCTh MaTEpHaia ICTaIH.

3aBucuMocTh (1) MO3BOJISET B LIMPOKHUX MpeIesax yNpaBiATh TNIyOMHOM
YIIPOYHEHHSI.

Pe3ysbraThl JaHHOTO UCCIIEAOBAHMUS AAIOT BOZMOXKHOCTD OTIPENIEITUTh TaKHUe
pexxuMbl 06padoTk OMO, pHU KOTOPHIX TapaHTUPYETCsl YIIPOUHEHHE MOBEPX-
HOCTHOTO CJIOSI CTAJIN CO CTPYKTYPHBIMHU NPe0Opa30oBaHUsIMU.

1. Yakovleva A.P. Improving the durability of machine parts using a combined
method // Materials Science Forum. 2019. T. 946. C. 37-41.

2. Fedorov S.K., Yakovleva A.P., Perepelkin Yu.K. Controlling the properties of
the surface layers of parts by forming regular micro-reliefs // Materials Science Fo-
rum. 2020. T. 989. C. 182-186.
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THEORETICAL CALCULATION OF THE HARDENING
DEPTH DURING TREATMENT WITH CONCENTRATED
ENERGY FLOWS

The analysis, evaluation and systematization of empirical material on the
topic of the study of the laws of the development of the relationship between
the physical and mechanical properties of the surface layer, processing modes
and the depth of hardening are carried out. The relevance of this work is due to
the development of technological processes of electromechanical processing,
which allows to increase the durability of joints in the process of their harden-
ing with high efficiency.

The purpose of the work was to establish patterns of changes in the parame-
ters of the surface layer processing modes, mechanical properties of materials
and the depth of hardening.

The depth of hardening at electromechanical processing:

h = 0,041V N )
TCVal

N=IU, C - complex coefficient depending on sliding friction, the quality of in-
teracting surfaces, the shape of interacting surfaces C =0.2475 [1,2], n - coeffi-
cient takes into account losses in the secondary circuit of the transformer,
n=0.12...0.43 [1,2], | — current strength, U — voltage, V — speed rotation of the
part, ¢ - specific heat capacity of the metal, | - width of the roller-electrode
(contact width), p -density of the workpiece material, T - temperature of the
phase transformation of the metal (point Ac3). A- is the thermal conductivity of
the part material.

Dependence (1) allows you to control the depth of hardening within a wide
range.

The results of this study make it possible to determine such processing
modes of electromechanical processing, in which the hardening of the surface
layer of steel with structural transformations is guaranteed.

1. Yakovleva A.P. Improving the durability of machine parts using a combined
method // Materials Science Forum. 2019. T. 946. C. 37-41.

2. Fedorov S.K., Yakovleva A.P., Perepelkin Yu.K. Controlling the properties of the
surface layers of parts by forming regular micro-reliefs // Materials Science Forum.

2020. T. 989. C. 182-186.
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W3YUYEHUE 3JIEKTPOHHOUN CTPYKTYPBI KOMILJIEKCA
[Ni(Salen)] METOAOM PE3OHAHCHOM ®OTO3MUCCHUHA

HepmaBHO MeTomamu peHTreHOBCKOW BasieHTHOU ¢ortosmuccun (VB PE) u
noromienus (NEXAFS) ¢ ucnonp3opanuem CU OBUIO BBITOTHEHO UCCIICIOBA-
HHUE 3J1eKTpOHHOTO cTpoeHus: komiuiekca [Ni(Salen)], NiO,N,CqgHi4, KOTOpBIIA
SIBIIICTCS. TIEPCIIEKTUBHBIM MOHOMEPOM JUISI JJIEKTPOXUMHUYECKOTO CHHTE3a
SIIEKTPOIIPOBOAAIIMX [OMMePoB [1]. st moaTBepskaeHus BbiBogoB 0 Ni 3d-

MPHUPOJIC BEPXHHUX 3aHATHIX COCTOSIHUH B
T Ni2p, A [Ni(Salen)] nmomosmHuTENHHO OBUIM H3Me-
pessl VB PE cnekrpel MeTonoMm pe3o-
HAHCHOU (oTosMuCcchu [2]. DTH CHEKTPHI,
BO30yXgaeMble (OTOHAMH C DHEPTUAMHU

853.9/ (8550

Absorption

> Wﬂf@ﬁ& pesoHaHcoB B Ni2pgp-, Ols- u Nls-
% 859,25 B NEXAFS cnexrpax komruiekca, OpUH I0-
£] JIy4EHB, UCIOJIb3Ys Poccuiicko-
8 I'epmanckuit xaHan CH  amekTpoHHOTO
g Hakormrens BESSYII IMonydenHsle maH-
g Hble JEMOHCTPHPYIOT HaJU4ue€ CHJIBHBIX
g- pe30oHaHCHBIX 3¢ (EKTOB TPH BO3OYXKIE-

Hun VB PE cnekTpoB kBaHTaMu ¢ SHEpru-
smu 853.6- 855.65 5B B oOnactu pe3oHaH-
ca a B Ni 2psz, NEXAFS cnekrpe (pucy-
HOK, BCcTaBKa). IlogoOHbIC 3(QeKThl He
HaOJIONaNNCh B CIEKTPaX, H3MEPEHHBIX
NPU KCIOJIB30BaHUM (POTOHOB C DHEPIHsi-
s 25 2 15 10 5 o M pesoHancoB B Ols- u Nls-crekrpax
Binding energy, eV HOrIONIEHHS.
HccnenoBanue BHIMOIHEHO 3a cueT rpanTa PH® Ne21-72-10029.

[1] G.I. Svirskiy, et al. Electronic structure of the [Ni(Salen)] complex studied by
core-level spectroscopies. Phys. Chem. Chem. Phys. 23, 11015 (2021).

[2] J.W. Allen, Resonant photoemission of solids with strongly correlated electrons,
in: R.Z. Bachrach (Ed.), in: Synchrotron Radiation Research. Advances in Surface
and Interface Science, vol. 1, Plenum Press, New York, 1992, pp. 253-323.
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STUDY OF THE ELECTRONIC STRUCTURE OF THE [Ni
(Salen)] COMPLEX BY RESONANCE PHOTOEMISSION

Recently, the electronic structure of the [Ni(Salen)], NiO,N,CigH;4 com-
plex, which is a promising monomer for the electrochemical synthesis of elec-
trically conductive polymers [1], has been studied by X-ray valence photoemis-
sion (VB PE) and absorption (NEXAFS) methods using SR [1]. To confirm the
conclusions about the Ni3d nature of the upper occupied states in [Ni(Salen)],

the VB PE spectra were additionally
‘1 nizpy,xas| Measured by the resonant photoemission
method [2]. These spectra, excited by
photons with resonance energies in the
Ni2psp-, Ols- and N1s-NEXAFS spectra

853.9/| |855.0

Absorption

Y,

E W of the complex, were obtained using the
gleez e | Russian-German SR beamline of the
iS5 M BESSYII electron storage ring. The data
s M obtained demonstrate the presence of
3 strong resonance effects upon excitation
§ of the VB PE spectra by photons with en-
o ergies of 853.6 - 855.65 eV in the reso-
o nance a region in the Ni 2p;» NEXAFS

spectrum (figure, inset). Such effects are

not observed in the spectra measured us-

ing photons with resonance energies in
the O1s and N1s absorption spectra.

The study was supported by the Rus-

ABRER e : sian Science Foundation grant No. 21-72-

30 25 20 15 10 5 0

Binding energy, eV 10029.

[1] G.I. Svirskiy, et al. Electronic structure of the [Ni(Salen)] complex studied by
core-level spectroscopies. Phys. Chem. Chem. Phys. 23, 11015 (2021).

[2] J.W. Allen, Resonant photoemission of solids with strongly correlated electrons,
in: R.Z. Bachrach (Ed.), in: Synchrotron Radiation Research. Advances in Surface
and Interface Science, vol. 1, Plenum Press, New York, 1992, pp. 253-323.
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METO/AbI U3SMEPEHUSA JABJIEHUSA I'A3A BHYTPU
3AMKHYTBIX I1OP

JlaBneHue raza BHYTPU 3aMKHYTBIX I1OP OKa3bIBAaET 3HAYUTEIHLHOE BIUSHHE
Ha [poLecC CIIEKaHuUs ITOPOIIKOB U HAIlPsDKEHUE pa3pyLIeHUs MaTepuaios [1].
Jlo HacrosIiero BpeMEHH H3MEPHUTh 3TO JIaBJICHWE HE MPEACTaBIUIOCH BO3-
MOXXHBIM. Hamu npenioxkeHbl METOIbl ONpPEAENCHUS NaBIEeHHs Ia3za BHYTPU
3aMKHYTBIX T10D.

O dexTuBHBIH 00BEMHBIH MOAYJIH YIPYrOCTH TOPUCTOro Marepuana K
orpezenseTcs BeIpaxeHueM [2]:

(K, -K,)-¢c

K=K, +—— " —
: 1+7(K' —Ky)

K, + 4
M 3 /J M

rae: Ky u [y, - 00bEMHBIN MOJyNIb YIPYTOCTH M MOJYJIb CABHIa OECIIOPHCTOrO
Marepuana (MaTpuilsl), C — TOPUCTOCTh, K| = P maBrneHue raza B mope, KOTOpoe
HeoOxoanMmo n3MepuTh. M3mepus ynpyrue monynu K, Ky n w,, a Taxxke nopu-
CTOCTh MaTeprana, MOXXHO pPacCYMTATh JaBIEHUE ra3a B mopax P.

OueHNTH JAaBJIEHHS I'a3a BHYTPH 3aMKHYTBIX ITOP MOXKHO TaKOKe 110 KpUTHYE-
CKOMY pa3Mepy Mop, KOTOPBIH 3aBUCHUT OT ATOr0 JaBieHus [3].

1. EXM. Mopo3os, M.U. AnbimoB. [doknansl Poccuiickoii akanemMun HayK. XUMHSL,
Haykd o wMarepmanmax, 2021, T. 501, Ne 6, crp. 56-58. DOI:
10.31857/S2686953521060091

2. P.M. Kpucrencen. Beenenue B MexaHuky komnosuToB. MockBa «Mup» 1982.
334c.

3. M.U. AnbmvmoB, C.U. ABepun. ®usnka u xumust 00padoTkn Matepuanos. 2019, Ne
4, c. 46-49. DOI: 10.30791/0015-3214-2019-4-46-49.

HccnenoBanne BEIIIOIHEHO 3a c4eT rpaHTa Poccuiickoro HaydHOro ¢oHzma (Ipoext
Ne 22-19-00126).
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METHODS FOR MEASURING GAS PRESSURE INSIDE
CLOSED PORES

The gas pressure inside closed pores has a significant effect on the process
of powder sintering and the fracture stress of materials [1]. Until now, it has not
been possible to measure this pressure. We have proposed methods for deter-
mining the gas pressure inside closed pores.

The effective bulk modulus of elasticity of the porous material K is deter-
mined by the expression [2]:

(K, -K,,)-c
! 1+ (K =Ky)
4
K, + g My,

here: Ky and p, - bulk modulus of elasticity and shear modulus of non-
porous material (matrix), respectively, ¢ — porosity, K, = P gas pressure in the
pore to be measured. By measuring the elastic moduli K, Ky, and p,, as well as
the porosity of the material, it is possible to calculate the gas pressure in the
pores P.

The gas pressure inside closed pores can also be estimated from the critical
pore size, which depends on this pressure [3].

K=K

1. E.M. Morozov, M.I. Alymov. Doklady Physical Chemistry, 2021, Vol.
501, Part 1, pp. 111-113. DOI: 10.1134/S0012501621110026

2. R.M. Christensen. Mechanics of composite materials. New York : Wiley,
1979.

3. Alymov, M.1., Averin, S.1. Inorg. Mater. Appl. Res. 11, 669-671 (2020).
https://doi.org/10.1134/S207511332003003X.

This work was supported by the Russian Science Foundation under grant
no. 22-19-00126.
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NPUMEHEHUWE CUHXPOTPOHHOI'O U3JIYUEHUA JJIA
HABJIOJAEHUSA B PEAJIBHOM BPEMEHH 3BOJIIOIITNA
DA30BOI'O COCTABA AMOP®HOTI'O CIIJTABA
B ITPOIIECCE HAT'PEBA

Ha npumepe amopgroro deppomaraurHoro cruiaBa cucremsl Co-Si-B e-
rupoBanHoro Fe u Cr pa3zpaboraHa MeTOAMKa MIPOBEACHIS in Situ M3MEPEHHI C
MOMOIIBIO aBTOMATU3UPOBAHHOM CHCTEMBI OT)KHI'a C OJTHOBPEMEHHBIM KOHTPO-
JeM CTPYKTypHO-(azoBoro coctosHust Ha KypyaToBCKOM MCTOYHHKE CHHXPO-
tpoHHoro usnyudenusi «KMCHU-Kypuaros». TepmooOpaboTka wucciemyeMbIx
00pasoB B BUAE MHUKPOIIPOBOAOB IPOBOJMIACE IO 33laHHOMY PEXHMY IIPO-
IIyCKaHWEM 4Yepe3 HHMX HOCTOSHHOTO TOKa, OJHOBPEMEHHO M3MEPSUIOCH dJIEK-
TPOCOIPOTHBIICHNE 00Pa3LOB. 3alyCcK peXXrMa HarpeBa OblT CHHXPOHHU3UPOBaH
C 3aIlyCKOM PEHTTE€HOCTPYKTYPHOTO HCCIIEJOBaHUS Ha CTaHIMH, CheMKa Ipo-
BOJIMJIACh Ha MPOTSHKEHUH BCETO PEXKMMa HarpeBa ¢ IKCIo3unuen 1 MunyTa.

[Tomyuennsle peHTreHOrpaMMbl 00padaTHIBAIICE C IOMOIIBIO IPOrpaMM-
HOTO 00€eCIeYeH s, ONPEACIISIONIETo JIONIO0 KPUCTAUTHUeCcKoi (asbl B 0Opasie.

[MpuHIMT 06pabOTKM AAHHBIX OCHOBBIBAICS HA MTEPAMOHHOHN amIpPOKCH-
Manuu ciektpoB. [losrydeHHbIe TakKuM 00pa30M BPEMEHHBIE 3aBUCHMOCTH CTe-
HEeHW KPHCTAJUTM3ALMH M COOTBETCTBYIOIIEro djeKrpoconpoTusiaeHus R(1), a
Taroke Temuepatypsl T(t) npencraeieHs! Ha Pucynke 1.

Panee, moaxox npu KOHTPOJIMPYEMOW TepMOOOpabOTKe MO3BOJIMI obecre-
YUTh (POPMUPOBAHHUE 3aJAHHBIX HAHOPa3MEPHBIX CTPYKTYpP B BHJE KIACTEPOB U
HaHOKPHUCTAIJIOB B aMop(dHOI MaTpuIie.

ITpu HU3KO# cKopocTH HarpeBa nopsiaka § °C / MUH 00pa3Ibl MEKPOIIPOBO-
Jla OCTalOTCsl peHTreHoaMophHEIMU 10 70 MUHYTBI, a KPHCTaJUIM3alUsl HaYMHAa-
ercsi ¢ moBepxHocTu. [Ipu manmpHeiimem HarpeBe, Ha 85 munyTe (470 °C) B
obbeMe BbIpacTatoT HaHOKpucTaiuisl o-Co u C0,Si. [Ipu 3ToM HauMHAeT najath
ANIEKTPOCONIPOTUBIIEHHE, TaK KaK JIJIEKTPOCOIPOTHUBICHHE KPHUCTAILINYECKON
¢a3sl Menbine yeMm amopdHoi. Ha 103 munyte (500 °C) HauMHAIOT MOSIBISATHCS
nuann T-(aszer Coy3Bg, uMeromeit anekTpoconporusieHue Boie 4yem y o-Co.
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ITocne 100 munytsl (510 °C) 3meKTpoCONpPOTUBIICHUE 00pa3iia HaUWHACT yBe-
JIMYUBATHCS U3-3a IOCTATOYHOTO BBIICICHHS T-(asbl.
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Bpems (Mun)
Puc.1. 3aBUCUMOCTH JIEKTPUUYECKOTO CONIPOTUBIICHNUS, TEMIIEPATyphl U
CTEeIIeHH KPUCTAJUIM3aLi1 OT BPEMEHH IIPU Harpese o0pasiia MHKpPOIIPOBOaa
coctaBa CoggFe,CrsSiyoByg

Pab6ora noxnepxana PH®, npoext Ne 20-19-00607.
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K TEOPUHN BHYTPEHHEI'O TPEHUSA B MATEPUAJIAX

B 2011 rogy Mapyerko m Mwucbax TpemyoXWIN TEH30PHYIO MOJEIhb
amop¢Horo Tena [1]. B HacTosmuel 3ameTke MBI XOTelIH OBI IMOKa3aTh, Kak
MOJIb3YSICh JTAHHOW MOJIENbIO, PacCuuTaTh, HAllpUMep, BEJIMYUHY (pOHA BHYT-
PEHHETO TPEHHUS B MaTepHae.

JlomycTuM MBI MMeeM TOJIMKpUCTAl. Ero MOXHO cuMTath yCIOBHO H30-
TPOIHBIM, €CIIM B HEM HET TEeKCTyphl. B obnactu Bbicokux Temmneparyp (T ~
0.4T,,) TOTMKPHCTAIIMYECKOE TBEPAOEC TENO HApsAy € yOpyruMH oOnamaet
BSI3KO IUTACTUYHBIMHU CBOMCTBaMH. TO €cTh, BeJeT ceds Kak aMOop(HOE Telo.
CocTrosiHUE TaKOTO Tejla MOXHO OIIHCaTh, 3aiaBas Jlarpamkuan

L=K-F,
rae K — knaetndeckast sHeprus (HaunHas ¢ JIOKaIbHBIX oOnacteit), F — ynpyras
sHeprus Tena. Jlanee HEOOX0ANMO YyIECTb HaJIMYKe AUCCUIATUBHBIX CHIL

Bynem onuchiBaTh ynpyroe noBeiieHHe Teda cBOOOAHOW sHeprued F. Ona
aBgeTcs (yHKIUEH CHUMMETPUYHOM uYacTH TeH30pa AUCTOPCHH oy = O;Uy ,

T.€. €€ MOXHO Pa3JIoXKUTh 110 TeH30py AedopManiy Tena Uy, = iy
+12 A +12
F = p (o) +§(03||) ,
rae W, A — koapduuuents Jlams. Hamumewm quccunatuBayo GyHKiuio Panes,
KOTOpasi OTBEYAET 3a MPUPOIY BS3KOTrO MoBeacHus [2]
R=mn"(Uj —§5ikuu) 5 Ui

3mech Uy — TeH30p CKOPOCTH Ae(opMariu; nS, € — ko3 HUIIEHTHI BA3KOCTH
tena (§ — BTopast BI3KOCTh).
OyHKIMA MUKpOIUIACTHYHOCTH MapuyeHko-Mucbaxa 3ajaeTcsi KBagpaTHy-
HOW (opMoii
_ Sy pl+ - pl+y2 S pl-y2
¥ =20 005 +n(05 ) +v7 (05 )7,
e o, M, 7° — BS3KHE MHOXHTEIH PH MEHSIONMXCS BelHunHax. [Ipi sToM
CKOPOCTh U3MEHEHHs CHMMETPUYHOW YacTH TEH30pa IIacTHYecKoil aedopma-
o - pl .
IIUU paBHA TEH30pY IUIOTHOCTU MIOTOKA JUCIOKALIUU, (Dii * = = Jik -

Kax M3BeCTHO, COBOKYITHOCTh BHYTPEHHHX NPOIIECCOB B TBEPIOM Telle, KO-
TOpBIE HEOOPATHMBIM 00Pa30M PACCEHBAIOT MEXAHHYECKYIO SHEPIHIO U Ipeob-

N -1
pasyloT €€ B TEILIO, Ha3bIBAIOT BHYTPEHHUM TpeHHeM U o6o3Hauaror Q. Pac-
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CestHUe MEXaHM4YEeCKOIl SHepruu B Tele (HanpuMep, SHepruu KojieOaHui) naeT-
cs1 CyMMOU

. K
Emec :_?J.(VT)Zd3X—2J(R+\P)d3X,

rae x — kKo3(QUIKMEHT TemIonpoBOIHOCTH MaTepuaia. BHyTpeHHee TpeHue B
eMHUIE 00beMa OTpeIeIeTCs] OTHOIIEHNEM [3]
Q_l _ AW
2tW,
e Wiy — 3amacaemasi ynpyrasi sHeprusi, coBnaparomas ¢ F. PaccesHue suep-
THH 32 UK KOJIOaHU i

2nlw, .
AW = | |E |

T'AC @ — YaCTOTa HArpyXCHUA. HonyqaeTca, 4TO oHnpeacseHUue 3aBUCUMOCTHU

-1
Q (T) cBoaurcs x mocnenoBarenbHOMY MHTerpupoBanuto Qpynkmun: R+ .
Oco0blii HHTEpEC MPEACTABISIET HHTErPAl OT (PYHKIIMH MUKPOTUIACTUYHOCTH

.[‘Pdt ,

~ . pl
rae Uy =Uye ™' B clydae WMKIMYECKOTO ABIKECHHS; Of — 3azaercs (wm
OTIPEIENSETCs) JUIi KOHKPETHOTO MEXaHM3Ma MHUKDOILIACTHYECKON nedopma-

ouu.

3akJjiouenue
[MpensnoxkeH MeTol BBIYHMCICHHS TEMIIEpaTypHO-3aBUCHMOW 4acTH (oHa
BHYTPEHHETO TPEHUsI B MaTepHare.

PabGora BrimonHeHa npu (uHaHCOBOM mojyiepxkke [IpaButenbcrBa Tyinb-
CcKoil obmacTh B paMKax HayyHOro TpoekTa Ne rocperucrpaiiu
121112200058-9 (rpanT B cdepe Hayku u Texuuku J1C/260).

CnHCcoK JUTepaTyphl
1. V.I. Marchenko, Ch. Misbah. Model of plasticity of amorphous materials // Phys.
Rev. E. 2011. 84. Pp. 021502 (1-7).
2. JI.A. JJaunay, E.M. JIndum. Teopus ynpyroctu. M.: Hayka, 1987. 247 c.
3. A. HoBuk, b. bappu. Penakcannonssle sBiieHusl B KpucTauiax. M.: Atomuszar,
1975. 472 c.
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TO THE THEORY OF INTERNAL FRICTION IN MATERIALS

In 2011, Marchenko and Misbach proposed a tensor model of an amorphous
body [1]. In this note, we would like to show how, using this model, to calcu-
late, for example, the value of the background of internal friction in a material.
Let's say we have a polycrystal. It can be considered conditionally isotropic if it
has no texture. At high temperatures (T ~ 0.4T,,), a polycrystalline solid, along
with elastic properties, has viscous-plastic properties. That is, it behaves like an
amorphous body. The state of such a body can be described by setting the La-
grangian

L=K-F,
where K is the Kinetic energy (starting from local areas), F is the elastic energy
of the body. Next, it is necessary to take into account the presence of dissipa-
tive forces.

We will describe the elastic behavior of the body by the free energy F. It is
a function of the symmetric part of the distortion tensor w;, =0;u,, i.e. it can

be expanded in terms of the strain tensor of the body u;, = wj;
A
F=p (o)’ +§(wﬁ)2,
where p, A are the Lame coefficients. Let us write the dissipative Rayleigh
function, which is responsible for the nature of the viscous behavior [2]
A .
R=7" (Uy —g&kuu)2 +§U|2| :

here Uy, is the strain rate tensor; n°, ¢ — body viscosity coefficients ( is the
second viscosity). The Marchenko-Misbach microplasticity function is given by
the quadratic form

W =20°0 0 +n(@f )% +v° (@F )%,
where o, n, y° are viscous factors with varying values. In this case, the rate of

change of the symmetric part of the plastic strain tensor is equal to the disloca-
tion flux density tensor, &P =—ji, .

As you know, the set of internal processes in a solid that irreversibly dissi-
pate mechanical energy and convert it into heat is called internal friction and

denoted Q’l. The dissipation of mechanical energy in a body (for example, vi-
brational energy) is given by the sum
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E. . =—?J(VT)2d3x—2j(R+‘P)d3x,
where x is the thermal conductivity of the material. The internal friction per
unit volume is determined by the ratio [3]
ol AW
27W,
where Wy« IS the stored elastic energy coinciding with F. Energy dissipation
per oscillation cycle

2l .
AW=IO [E pec| .

where @ is the loading frequency. It turns out that the definition of dependence
Q}(T) s reduced to the sequential integration of the function: R+ . Of par-
ticular interest is the integral of the microplasticity function

_[\Pdt ,

where u; =0,e™“" in the case of cyclic motion; o'oi‘;' — is set (or determined)
for a specific mechanism of microplastic deformation.

Conclusion
A method for calculating the temperature-dependent part of the internal fric-
tion background in the material is proposed.

The work was financially supported by the Government of the Tula Region
within the framework of the scientific project No. state registration
121112200058-9 (grant in the field of science and technology DS/260).
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OCOBEHHOCTH 3BOJIIOIMHA JTUCJIOKAIIMOHHOI'O
AHCAMBJIS B ITPOLUECCE JE®@OPMALIUN
HOJMKPUCTAJNIMYECKOTI'O HUKEJIA

Hamu paccMoTpeHb! HEKOTOpBIE 0COOCHHOCTH ONUCAHHS SBOJIIOLNH JIUCIIOKa-
IIMOHHOTO aHcaMOIs B pamkax (heHomeHosornn Kokca-MekuHra 1yt KpymHo3sep-
HHUCTBIX MaTepHaloB WM MeKuHTa-OCTpUHA I YIbTPaMeIKO3EpHUCTBIX MaTe-
pHaTIoB. APryMEHTHPOBAHO HCIIOJIB30BaHHE 00beMHEHHOH (eHoMeHonornu Kok-
ca-MekuHra-OCTpyHA B IIIMPOKOM JHAIa30HEe U3MEHEHHs Pa3MEepoB 3€pHa U Ha €€
OCHOBE IPeUI0KEHA OLIEHKA BKJIAJIOB PA3INYHBIX KAaHAJIOB POXKJICHUS JUCIOKAUI
(Terno 3epHa ¥ TpaHMIA 36pHA) HA PHIMEPE SKCIIEPUMEHTATIBHBIX JAHHBIX 110 OJTHO-
OcHOH JieopMany 00pa3IoB MOIMKPUCTAIUIMYECKOTO HUKEIS ¢ Pa3MEPOM 3epHa
B qrana3one oT 0.7 1o 100 MxM.

B paboTe MbI HCTIOTB30BaN JaHHBIE IO 1ehOpMAIH TTOINKPHCTAILIYECKOTO
HUKENs, KOTOpBIe NpeAcTaBieHsl B padote [1]. Tam sxe mocTaTtodHO MOJpOOHO
OTMCaHa METO/IMKA MPOBECHNUS SKCIEPUMEHTOB. 3716Ch OTMETHM JIHIIb, YTO 3aro-
TOBKH O0pasloB YIbTPaMEIKO3EPHUCTOTO HUKEIS IOJIydadd METOJOM paBHOKa-
HajibHOTO yrioBoro npeccoBanust (PKYII) no yerslpex mpoxooB uepe3 MaTpHIly
90° mpu Temneparype 150°C. 3arotoBku mocie PKYII mogsepramu omxury mpu
Pa3IMYHBIX TEMIEpaTypax B BaKyyMme B TeueHue | 9 i MoITydeHHs oOpasloB ¢
pa3IMYHBIM pa3MepOM 3epHa B IIMPOKOM AUANa3oHe.

INoka3zaHo, 9TO TpH YBENMUYEHUN pa3Mepa 3€pHa BKIIAIBI Pa3iIMIHBIX KaHAIOB
POXIIEHUSI AUCTOKAMH (TeJo 3epHa U I'PaHUIA 3epPHA) MOTYT HE SIBJISTHCS MOHO-
TOHHBIMH (DYHKLMSIMH, ¥ CYIIIECTBEHHBIM 00pPa30M 3aBHCST OT 0COOEHHOCTEH 0 /I-
TOTOBKM 00pasmoB, KOTOpas 33[aeT HadaIbHOE YMPOYHEHHE MaTepHaga ¢ TOUKH
3pEHHUs] COOTHOIIEHHS INIOTHOCTU AUCIOKALU B TENE 36pHA U Ha FPAHMIIE 3EPHA.

Astopsl (ScankoB M.C. u ArnerauaoB D.A.) BeIpaxaroT OiaromapHoctsh Poc-
cuiickomy Hayanomy @onay 3a GuHAHCOBYIO HOIIEP)KKY B pamKax mpoekTta Ne
22-29-00143 «YHUBEpCAIbHBIN, NPAKTHKO-OPUEHTUPOBAHHBIH KPUTEPUH TOTEpH
YCTOMYMBOCTH IJIACTHYECKOTO TEUEHNS B METAIUTIMYECKUX MaTepraiax Kak mpaMoe
CIIEZICTBUE KOJUIEKTUBHOM AMHAMUKHU JUCIOKAIIMOHHOTO aHCaMOIIsDy

1. I.S. Yasnikov, Y. Kaneko, M. Uchida, A. Vinogradov The grain size effect on
strain hardening and necking instability revisited from the dislocation density evolu-
tion approach // Materials Science &amp; Engineering A, 831 (2022) 142330.
https://doi.org/10.1016/j.msea.2021.142330
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THE PECULIARITIES OF THE DISLOCATION ENSEMBLE
EVOLUTION IN THE PROCESS OF DEFORMATION OF
POLYCRYSTALLINE NICKEL

Some peculiarities of the description of the dislocation ensemble evolution
in the framework of the Kocks-Mecking phenomenology for coarse-grained
materials or Mecking-Estrin for ultrafine-grained materials are considered. The
use of the combined Kocks-Mecking-Estrin phenomenology in a wide range of
grain sizes is argued and, on its basis, an assessment of the contributions of var-
ious dislocation storage channels (grain body and grain boundary) is proposed
using the example of experimental data on uniaxial deformation of polycrystal-
line nickel samples with a grain size ranging from 0.7 up to 100 microns.

In this work we used data on the deformation of polycrystalline nickel,
which are presented in [1]. The procedure for experiments is also described in
sufficient detail in [1]. Here we only note that the samples of ultrafine-grained
nickel were obtained by the method of equal-channel angular pressing (ECAP)
with up to four passes through a 90° at a temperature of 150°C. The workpieces
after ECAP were annealed at different temperatures in vacuum for 1 h to obtain
samples with different grain sizes in a wide range.

It is shown that, as the grain size increases, the contributions of various dis-
location production channels (grain body and grain boundary) may not be mon-
otonic functions, and significantly depend on the characteristics of sample
preparation, which determines the initial hardness of the material in terms of
the ratio of dislocation density in the grain body and on grain boundary.

The authors (Yasnikov 1.S. and Agletdinov E.A.) express their gratitude to
the Russian Science Foundation for financial support in the framework of pro-
ject No. 22-29-00143 «The universal, practice-oriented criterion for the loss of
stability of plastic flow of metallic materials as a direct consequence of the col-
lective dynamics of a dislocation ensemble»

1. 1.S. Yasnikov, Y. Kaneko, M. Uchida, A. Vinogradov The grain size effect on
strain hardening and necking instability revisited from the dislocation density evolu-
tion approach // Materials Science &amp; Engineering A, 831 (2022) 142330.
https://doi.org/10.1016/j.msea.2021.142330
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NCCJIEJOBAHUE MEXAHUYECKHUX CBOMCTB U
KOPPO3MOHHOM CTOMKOCTHU CBAPHBIX
YJIbTPAMEJKO3EPHUCTBIX TUTAHOBBIX CIIJIABOB

B kauecTBe 00BEKTa HCCIIEIOBAHMUS BBICTYIIAIN IIPOMBIIIJICHHBIE O~ U TICEB-
no-o. TutaHoBeie cruiaBbl [IT-3B u IIT-7M. VasTpamenkosepuuctas (YM3)
CTPYKTYpa B cIulaBax ()OPMHPOBAJIACh METOJOM PaBHOKAHAIBHOI'O YIJIOBOTO
npeccoanus (PKVYII). DnexrponmiynscHas audy3noHHas cBapka oOpas3IoB
npoBoaniachk Ha ycraHoBke Dr. Sinter SPS-625. Ckopocts HarpeBa Vy, Bapbu-
posanacek ot 10 mo 350 °C/muH, nmpuioxkeHHoe maBieHue P - ot 50 mo 100
MlIlIa, Bpems 06paboTku - oT 0 10 90 Mmun. CBapka mpoBOAWIACH B 0-00JacTH
(600 °C), BOmu3u rpanuisl o-B-gasosoro nepexoqa (700 °C), B Havane OBYX-
¢aznoit (o+f)-obmactu (800 °C) u B B-obmactu (1030, 1140 °C). U3mepenns
TBepaocti Hv mpoBonuim Ha TBepaoMepe Duramin Struers 5. Vcnbitanust Ha
ropsuyto coneByto kopposuto (I'CK) mpoBoamnu B cMecH KPHCTaJUIMYECKHX
coneit NaCl u KBr, mpu Temmeparype 250 °C B Teuenue 500 9, B yCIOBHAX J10-
CTyNa KHCJIOPOJA. DJIEKTPOXMMHUYECKHE HCCIIENOBAHHS HPOBOIMIN C MOMO-
mpio notenuocrara P-8 B BogHoM pactBope 10%HNO; + 0.2%HF.

HccnenoBanus MHUKPOCTPYKTYpBI MOKa3ald, YTO B HCXOJHOM COCTOSTHUH
HAOJIOIaeTCsI CUIBHO HEOHOPOAHAs KpymHo3epHucTas (K3) MukpocTpykTypa.
B cmnasax I1T-3B u IIT-7M npucyTcTBYIOT BbLAeNeHHs 4acThl, B-dasbl o
rpanuiam 3epe o- u o'-asel. [Tocne PKYII B crmaBax gpopmupyercs: Meyko-
3epHHCTAs CTPYKTYpa CO CPeHUM pazMepoM pparMeHToB ~0.2-0.5 MxMm.

HccnenoBanus MakpoCTPYKTYpPhI OKa3bIBAIOT, 4TO Ha Kpasix K3 obpasmos
CBapEHHBIX MPU HHU3KHUX JABJICHUSX, MAJBIX TEMIIEpaTypax MM MOBBIILICHHBIX
CKOPOCTSX HarpeBa IPHCYTCTBYIOT CTBIKOBBIE HETIPOBApHI, PasMep KOTOPBIX
coctaBisier ~50-70 mxM. B BeprmHe MakponeheKkToB pacrosiararoTcs KpyIi-
HBIE TIOPbI, 00BEMHAs I0JIs1 KOTOPBIX YMEHBIIAETCS MIPU YOaJCHUH OT Kpast 00-
pasma (0T 00JIacTH MaKCHMAITbHBIX PaCTATHUBAIOIINX HanpspkeHnit). Ha ocTtanb-
HOW (OOJIBIIEH) TUTOLIa X CBAPHOTO COCJMHEHHS MPUCYTCTBYIOT MUKPOIIODHI,
oObeMHast 10711 KOTOPBIX 3aBHCUT OT peXUMa cBapku. OTMETHM, YTO Mayas
00BeMHAs TOJIT MaKpO- U MHKPOIIOp HaOmofaercs B cirydae Au(y3HOHHOM
cBapku K3 oOpasnoB B unrepBasie Temmneparyp 700-800 °C u npu HHU3KHX
HanpspkeHnsix (50 MIla). B mmBax YM3 cninaBoB CTHIKOBBIE MakpoAe(eKThI
MPaKTUIECKA OTCYTCTBYIOT, 00beMHas nois mop mana. Ctpykrypa K3 crraBa
BOJM3M CBapHOTO COCIMHEHHs XapaKTepH3yeTcs KpYIMHO3EPHHUCTOH o/a'-
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cTpykTypoit. Hanbosee nHTEHCHBHOE BbIieNieHHe YacThIl B-(ha3bl HaOM0AaeTCs
10 TPaHHLIAM BBITSIHYTBIX 3€peH o'-(a3bl, mpuyeM oObeMHast JIOJsl JacTull [3-
(a3sl B METAIIIE CBAPHOTO COSANHEHHS OKA3bIBACTCS OOJIBIIIE, YEM B MCXOTHOM
K3 cnnaBe. YBenndeHune CKOPOCTH HarpeBa, BEIMYMHBI TPUIIOKEHHOTO JaBlie-
HUSl ¥ BPEMCHHU BBIICPIKKH MPUBOJUT K CHIDKCHHUIO CPETHETO pa3Mepa YacTHI
B-tha3er. YBenmuuenne temmeparypsl cBapku oT 600 mo 800 °C mpuBOIUT K yBe-
JMYEHUIO CpeHero pasMepa 3epHa YM3 cruaBax ot 4.8 10 6.9 mxm. Ha rpa-
HUIax 3epeH Y M3 CIutaBoB mocie CBapKH MPUCYTCTBYIOT CAMHUYHBIC YaCTUITHI
B-tha3zer pasmepom ~2-3 MKM. YBenndeHne TEMIIEpaTypbl CBAPKHU H MTOBHIIIICHNE
BPEMEHHM M30TEPMUYECKON BBIJCPIKKU MPHUBOJUT K YBEJIMYCHHUIO pa3Mepa da-
ctun B-asel u pa3mepa 3epeH. YBeTU4YeHHEe CKOPOCTH HarpeBa HE OKa3bIBaeT
3aMETHOTO BJIMSIHMS Ha pa3Mmep 4acTull B-(asbl, HO MPUBOIUT K YMEHBIICHUIO
cpenHero pasmepa 3epHa B YM3 crnase.

CoreBble OTIIOKEHHS HA TIOBEPXHOCTH 00pa3moB nocie ucnbitannii Ha ['CK
npeactasisiroT coboit cmecu NaCl, okcunos tutana (TiO,, TiO) u rinHO3eMa,
a taoke (a3 Ha ocuose BaHaaus (VOq1s, V,TisOg) u AlzV. TIpoaykter Koppo-
3UU Ha 00pasiax, MOJYYeHHBIX CBapKo# mpu Temmeparypax Bbime 1000 °C,
takxke cocrosui u3 NaCl, TiO,, TiO u okcuia aqrOMHUHUS, HO BMecTO (a3 Ha
ocuoBe BaHamusi (VOjis, V,Ti3Og, AlV) Obiin 0oOHApyXKEHBI ATIOMHUHUIA-
conepskaiue ¢assl (pasza TiALClg, AlTis), a Taxke creast VO,. Baxkao otme-
TUTb, YTO B POAYKTax Koppo3uu K3 06pa3uos Oblin 0OHAPYKEHBI TUKH OKCH-
Jla BaHAJWs, KOTOPBII OTCYTCTBOBAJ B MPOIYKTaX Koppo3un Y M3 o0pa3mos.

Pe3ynbTarhl HccaenoBaHUN MAKPOCTPYKTYPBI CBapHBIX COCOUHEHMM IIOKa-
3BIBAIOT, YTO MEXAHU3MbI KOPPO3HOHHOTO paspylICHUs] METala B 30HE CBap-
HOTO COCIMHEHHS W BN OT HEro pa3inyHbl. B obxacTi cBapHOTO CcoemuHe-
Hust K3 crutaBoB mMeeT MeCcTo KOMOWHAIUS S3BEHHON U IICJICBOW KOPPO3UH,
mpuyeM TITyOMHA MIeJIeBOH KOPPO3UH BJIOIB CBAPHOTO COCAMHEHUS OTpPEaes-
€TCsI IOPUCTOCTHIO IIBA. B cilydae BHICOKONOPHCTHIX IIBOB, MOJYYCHHBIX I10
HEONTUMAIILHBIM PEeXXUMaM CBapKH, ITyOnHa KOpPpPO3uH MoXeT peBbimars 300
MKM. Bmamm ot cBapHbBIX coemmHeHUi K3 crmaBoB HaOmomaeTcsi codeTaHHE
MexkpuctauutHOi koppo3uu (MKK) u s3BeHHOM Koppo3uu. CaMble KpyITHbIE
KOPPO3UOHHBIE SI3BBI OBUIM PABHOMEPHO pacIipeieNieHbl 1o Beel miomann 00-
pasna. Hambonee MHTEHCHMBHOE KOPPO3MOHHOE pa3pyIIeHHE HAOIIOZaeTCs B
obnactu o'-¢a3sl ¢ yBETUUCHHOW 00BEMHOM fofieit yactull B-hasbl. D10 00y-
CJIABJINBAET HEOJHOPOJHBIH XapaKTep pacrpesielieHuss KOPPO3HOHHBIX Nedek-
TOB TI0 MMOBEPXHOCTH MeTawia. OTMETHM, YTO YacTO MOJ KPYITHBIMHA KOPPO3H-
oHHbIMU A3BaMHU Habmronaercda MKK. Oto no3sosset npeanonoxuts, uro I'CK
MMeEET ABYXCTAJAUNUHBIN XapakTep - Ha nepBoM dtane npoucxoautr MKK B men-
KO3EpHHUCTHIX 00JacTsaX o'-¢a3bl, a 3aTeM pa3BUBAETCS SI3BEHHAs WM PaBHO-
MepHast KOppOo3Hs.

BenmunHa MpiIoKEHHOTO NABJICHUS M BpeMsI H30TEPMHUYECKOHN BBIICPIKKA
MOJ JIaBJICHWEM, KOTJia TPOIECCHl IJIACTHYECKOH AehOopMalii WHTEHCHBHO
MPOTEKAIOT B 00pa3max, HauboJee CYIMIECTBEHHO BIISIOT HA TIIyOMHY KOPpO-
3MOHHBIX Je(PEeKTOB B CBApHBIX coenuHeHUsX K3 oOpas3moB. OTMETHM Takxe,
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YTO pa3Mepbl KOPPO3HOHHBIX e(eKTOB B cBapeHHBIX K3 obpasiax okazamuch
MeHblle, yeM B cruiase IIT-3B B ucxomHoM cocTosHUM.

B ciaydae muddy3monnoit ceapkn YM3 cIutaBoB mieneBas KOpposusi Habmro-
Jlajiach TOJBKO B CIIy4ae CBAPHBIX COCTMHEHHH TONBKO C MOBBIIICHHONW MOPUCTO-
CThIO. Bramu oT NMHUM CBapHOTO COoeUHEHHs HaOllojanach OJHOBPEMEHHAS
MKK u s13BeHHast KOppo3us. YBEJIMYEHUE BPEMEHHU M TEMIIEPATYpPbl CBApKU MIPU-
BEJIO K YBEJIMYEHHIO TITYOMHBI KOPPO3HOHHBIX AedekToB B YM3 cruiaBax. B ciy-
Yyae HU3KHUX TEMIIEPATyp CBapKH, MAIBIX CKOPOCTEl HarpeBa M HU3KOTO JIaBJICHUS
IyOMHA KOPPO3HOHHBIX E(EKTOB OKa3agach JOCTATOYHO Majla M HE MpEBbIIIa-
na rryounsl pedexktoB MKK B YM3 crutaBe nocine PKVYIL. Pexum cBapku B
JIFana3oHe «cpeqHux» Temreparyp Harpesa (700 °C, BOmm3u rpanunst (o + f)-
obmacti) npu Maibix Harpyskax (50 MIla) u npu ckopoctu Harpesa 10 °C/mMuH
SIBIISCTCS] HanOoJIee ONTUMAJIBHBIM - CPeIHsIS TITyOMHA KOPPO3HOHHBIX Ae(EKTOB
B 1.5-2 paza MeHspIe, yeM riryOMHA KOPPO3HOHHBIX 513B B K3 obOpasuax, a xkpyr-
HbIe e(EKTHI IIIBOB U LIENEBast KOPPO3Hs OTCYTCTBOBAIIH.

HcenenoBanns nokasaiy, 4To pexXuMbl AU Qy3HOHHOI CBapKu He OKa3bIBa-
10T CYIIECTBEHHOT'O BIIMSIHUSI HA TBEPIOCTh CBAPHBIX COCAMHEHHWH M OCHOBHOTO
meraiuia K3 crinaBa. Teepmocts K3 crutaBa Banu ot JIMHUM CBapKH HaxXoAuJIach
B auamnazoHe 2.4-2.6 I'Tla. IloBbilIeHHbIE 3HAYEHUSI TBEPAOCTH CBAPHBIX COEIU-
HEHHH CBS3aHbI C JIe(OPMAIIMOHHBIM YITPOYHEHHEM, KOTOPOE HCIBITHIBAIOT 00-
pasibl B Xo/1e 1M Py3MOHHOM CBapKH 10| ABICHUEM.

TBepmocTs MeTaiia CBapHBIX COeNMHEHWA B YM3 o0pas3max mpeBblIana
MukpoTtBepaocTh K3 obpasuoB Ha ~0.4-0.8 I'Tla. Camble BBICOKHE 3HAYECHUS
tBepocty (3.0-3.2 T'Tla) mabmomamuce B YM3 o0pa3nax, MOSy4eHHBIX TpH
HU3KHX TEMIIEpaTypax, BBICOKMX CKOPOCTSX HarpeBa M MajbIX BPEMEHaX BBI-
nepxk. O00OILIeHHE Pe3ybTaToB MOKa3bIBaCT YBEIMYCHHE CKOPOCTH HarpeBa
1o 350 °C/muH no3Bosier chopMupoBate YM3 CTPYKTYpY € HU3KOHW HMOPHUCTO-
CTBIO U TIOBBIIIIEHHOHN TBepAOCTHIO (2.9-3.1 I'TIa) cBapHBIX MIBOB.

Takum oOpa3om, Haubosee MPEANOYTHTEIBLHBIM SIBISIETCS BBICOKOCKOPOCT-
Hoit HarpeB (350 °C/MuH) 1o TemIiepaTypsl, OJF3KOH K Temreparype (Ha3oBoro
nepexona o.—B(700 °C), npu naBnernu 50 MIla, 6e3 Beraepxku (t = 0 muH). 10
MO3BOJIIET C(POPMHUPOBATH MEJIKO3EPHUCTYIO CTPYKTYPY C OJIHOBPEMEHHO IOBbI-
LIEHHOM TBEPAOCTBIO U KOPPO3UOHHOM CTOMKOCTBIO.

ITpennoxeHna Mozaens BIMSHUS ITapaMETPOB MUKPOCTPYKTYPBI Ha CKIJIOH-
HocTh YM3 TutanoBeix ciutaBoB kK I'CK. Iloka3aHo, 4To KOppO3HOHHAs CTOM-
KocTh YM3 00pas1oB 3aBUCHT, TIaBHBIM 00pa3oM, OT KOHIIEHTPALUK BaHAIU
Ha TPAHUIAX 3€peH. YBEINYECHWE KOHIEHTPALUH BaHAAWS HAa MHUTPUPYIOIINX
rpaHMIax 3epeH C POCTOM TEMIEpaTypbl U BpeMeHH AuGQY3HOHHOIN CBapKu
OTPULIATENBHO BIMSIET HA ycTOMUMBOCTH K I'CK.

Pabota BeImonHEHa npu nojuepkke IIporpammel cTpaTernyeckoro axazie-
mudeckoro juaepcrsa «IIpuoputer-2030» (mpoext NeH-498-99_2021-2023).
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HCCJEIOBAHUE MEXAHUYECKHUX CBOMCTB U
CBEPXIINIACTUYHOCTH YJIBTPAMEJIKO3EPHUCTBIX
AJTIOMUHUEBBIX CIIJTIABOB Al-0.5Mg-Sc

B xauectBe 00beKTOB HCCen0BaHus BricTynanu crutaBel Al-0.5 Bec.%Mg ¢
pasmuuHbM conepxanneM ckanams (0, 0.2, 0.3, 0.4, 0.5 Bec.%Sc). O6pa3ms
IIOMHHUEBBIX CIUIABOB MOJy4YaJl METOJOM HMHAYKIHMOHHOTO NHThs. Ilocie
JIUTBS CIUIABBI 3aKaJIKE€ ¥ TOMOTEHU3AIUH HE TTOJBEPTaINCh. Y IbTPaMeEIKo3ep-
Hucrast (YM3) MUKpPOCTpPYKTypa B 3aroTOBKax ()OPMHUpPOBAIACH METOZOM PaB-
HOKaHajbHOTO yrioBoro mpeccoBanusi (PKYII). M3mepeHuss MUKpOTBEPAOCTH
(Hv) mpoBoaumuck ¢ nomoripio TBepaomepa HVS1000. MexaHudeckue HCIbi-
TaHMs Ha PACTSDKEHUE IJIOCKMX 00pa3loB B (hopMe «IBOMHOI JOMaTkmy Mpo-
BOJIWJIHMCH C TIOMOIIBIO pa3psiBHOM Maruuel Tinius Olsen H25K-S.

CruiaBbl B COCTOSHUM TIOCJIE JINThSI IMEIOT OJIHOPOJHYIO KPYITHO3EPHHU CTYIO
CTPYKTYpY; CpeaHHii pazmep 3epHa ymenblnaercs ot 1000-1200 mxm 1o 30-40
MKM TpU yBeJIHYeHUW KoHIeHTpauuu ckanaus ot 0.2x10 0.5%. B crpykrype
CIUTaBOB C cojepkaHueM ckaHaus 6omnee 0.3% NpPUCYTCTBYIOT €IWHHYHBIC
KpYyIHbIe cBeTible 4acTulbl Al3SC, cpenHuil pasmep KOTOPBIX COCTaBISET
~0.35-1.3 MKM, 00bEMHast 10JIs1 KOTOPBIX YBEJIMYUBAETCS C TIOBBIIICHHEM KOH-
nentpanun ckanaus. [locie PKVII dopmupyercs onnopoaaas YM3 cTpykTy-
pa, cpenHuil pa3Mmep 3epHa B crutaBax Bapeupyetcs ot 0.8-1 mxm mo 0.4-0.5
MKM H IPaKTHYECKH HE 3aBUCHUT OT KOHIIEHTPAIINN CKaHIHSL.

YM3 cmnas Al-0.5Mg o6nagaer HU3KOH TEPMUUYECKON CTaOUITBHOCTBIO U B
IpoIlecce MPEIBAPUTEILHOTO HAarpeBa A0 TEMIEPATYPbl CBEPXIUIACTHYECKOMH
nedopmanny B HUX MPOUCXOANT MHTEHCUBHBIM POCT 3€peH 10 pa3MepoB, Ipe-
BBILIAMOLIMX HECKOJIBKO COTEH MUKPOH. DTO HE MO3BOJISIET 00ECIEUUTh BBICO-
KH€ CBEpPXIUIACTUYECKHE XapaKTEPUCTHKU CIUIaBa MPU MOBBIMICHHBIX TEMIIEpa-
Typax nedopmarmu. [Ipu cBepxmnactnyeckoir nedopmanun CMK craB pas-
pymIaercs Bs3Ko, 6e3 HHTeHCHBHOTO 00pa3oBaHus mop. CpemHuid pa3Mep 3epHa
B 00J1aCTH pa3pylLICHUs IPH 3TOM OKa3bIBaeTCsl MEHbIIE, YeM CPEIHUI pasMep
3epHa B Hefe(pOPMHPOBAHHOW OOIACTH, YTO KOCBEHHO MOXET yKa3blBaThb Ha
(aKT npoTeKaHUsl TUHAMHYECKOH PEeKPHCTAIUTU3ALNH.

IMokazano, uto YM3 cmaBel Al-0.5Mg-Sc 061afaroT BEICOKMMHU CBEPXILIa-
CTHYECKUMH XapakTepucTukamu - B YM3 cmnasax ¢ 0.4 u 0.5%Sc mpu temre-
parype nedopmauuu 500 °C u ckopocTtd aedopmaryu 1-10™"s™ nocrurarorcs

248



BBICOKHE 3HAUEHUS OTHOCUTENBHOTO YIJIMHEHUs 10 paspymeHus (~1060%).

Ilpn cBepxmiactuueckoit medopmarn  YM3  cmmaso  Al-0.5Mg-Sc
HabmrogaeTcs AeopMaMOHHO-CTUMYITHPOBAHHBIH POCT 3€peH C MOKa3aresneM
k = dlg(d)/dlg(¢) mamensommmcst ot 0.8 10 1.3 B 3aBHCHMOCTH OT KOHIICH-
TpAlMU CKaHAWS. YCTaHOBIICHO, YTO B CIUIABaX C MaJIbIM COJACpPKaHHEM CKaH-
IMsl KHHETHKA 1e(OpMaHOHHO-CTUMYINPOBAHHOTO POCTa 3epeH KOHTPOJIHPY-
eTCsl IOABM)KHOCTBIO CTBIKOBBIX NUCKIMHAIMN, a B CIUIaBaX C MOBBINICHHBIM
COJACPKAHUEM CKaHIUsA — TOABHXHOCTBIO HHCJ’IOKaHHﬁ OPHUECHTAIIUOHHOI'O
HECOOTBETCTBUSL.

B mporiecce cBepxmuiactuueckoit aedopmarmu YM3 cruiaBos Al-0.5Mg-Sc
Ha0Iro1aeTcss MHTCHCHBHOE 00pa3oBanue mop Ha wactumax AlSc, kotopsie
BBIJICTTMIIUCh B MpOLIECCe HArpeBa H/WIM B Tpolecce KpucTawuianuu. Ilo
HalleMy MHEHHIO, HanboJjiee MpeIouTHTEIbHbIM Ul 00pa30BaHNs MUKPOIIOP
U YCKOPEHHOTO Pa3pyLICHHs SBISIOTCS KpymHble yacTul Al;SC pacmosarato-
IUECA MO I'paHrIlaM 3€PCH. 39t10 MMPUBOJUT K pCajin3alilul KaBUTAHUOHHOTO MC-
XaHHM3Ma pa3pyeHust — GppakTorpadHuecKiil aHAIU3 H3JIOMOB CBHIICTEIBCTBY-
eT 0 HaMM4YUU OOJNBLIOH OOBEMHOW JOJI TOP, KOTOPBIE SBISUTHCH NPHYMHON
paspymienns YM3 criasos Al-0.5Mg-Sc.

HccnenoBaHo BiMsHUAE HPEIBAPUTENBHOTO BbIIeNeHHS 4YacTHL AlsSc Ha
XapaKTEPUCTUKHU CBepXIUIacTHUHOCTH YM3 anmomuHueBbix cruiaBoB Al-0.5Mg-
Sc. Beigenenne yactun Al3Sc MyTeM JUTMTENBHBIX OT)KUTOB CIUIABOB IIPH TEM-
neparype 300 °C. TlokazaHo, 4TO MPOLECC MPEABAPUTEILHOIO OTKUTA OKA3bI-
BaeT ci1aboe BIMSIHUE Ha XapaKTEePHCTHKU CBepXIUIaCTHYHOCTH YM3 criaBoB
Al-0.5Mg-Sc (ipenenbHoe yUTHHEHHE [0 pa3pyIICHHUs], HAMPSHKCHUE TCUCHHS
IPH CBEPXIUIACTUYHOCTH, CKOPOCTH Ie(OpMalMOHHO-CTUMYIIUPOBAHHOTO PO-
CTa 3epeH), HO crocoOCTByeT 0Oojiee MHTEHCHBHOMY HOPOOOpPAa30BaHUIO H
YMEHBIIAeT 00BEMHYIO JOJII0 PEKPHCTAIM30BAHHON CTPYKTYPHI B Ae(OpMHU-
pOBaHHOI U HexehopMHUpoBaHHOW YacTsax oOpasua. [TokazaHo, uto nedopma-
[[HOHHO-CTHMYITHPOBAHHBII POCT 3epeH MPOTEKaeT HEOJHOPOJHO B 00OBeMe
nehOpMUPOBAHHOTO 00pa3la — MakCHMallbHAs 00BbEMHAs JIOJS PEKPHCTAILIH-
30BaHHOW CTPYKTYpHI HaOIOAaeTcsi B OOJACTSIX JIOKAJIM3aLUH IUIACTUYECKON
nedopManuu.

PaGora BeIMONHEHA MpH TOAAEPKKE [IporpaMMbl CTPaTErHYECKOro aKase-
mudeckoro juaepcrsa «IIpuoputer-2030» (mpoext NeH-498-99 2021-2023).
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NCCJEJIOBAHUE MEXAHUYECKHNX CBOMCTB U
KOPPO3MOHHOM CTOMKOCTHU MOPOLIKOBBIX
TUTAHOBBIX CIIJIABOB Ti-Al-V, IOJYYEHHBIX
METO/JO0M SJIEKTPOUMITYJIbCHOI'O («<MCKPOBOI'O»)
MJABMEHHOT'O CIEKAHUS

B Hacrosmiee BpeMsl TUTAHOBBIE CIUIABBI SIBISIOTCS OJHMM M3 OCHOBHBIX
MaTepUaJioB aTOMHOTO MAIIMHOCTPOCHUS W MOPCKOW TEeXHUKH. B aromHoOM
SHEPruM HauOoJee YacTO HCHONB3YIOTCS O- M IICEBJ0-0. THTAHOBBIE CIUIABBI
(ITT3B, [IT7M u ap.), a B MOPCKOIl TEXHUKE B MOCIJIEHEE BpeMs Bce OoIblIee
pacnpocTpaHeHue MOJIydaroT HOBbIEe IByX(]asHble o+f criaBbl. DKCTpeMallb-
HBI€ YCIIOBHS 3KCIUTyaTallMH THTAHOBBIX CIIABOB (TIOBBIIICHHBIC TEMIIEPATYPHI,
Harpy3kH, BO3JEHCTBHE KOPPO3MOHHO-aIPECCUBHOI Cpefpbl, paauallMOHHOTO
00ITy4eHns1) MPEABABIAIOT BBICOKHE TPEOOBAHMS K MEXaHHYECKUM CBOHCTBaM
U KOPPO3UOHHOHN CTOMKOCTH TUTAHOBBIX CILJIABOB.

O/HUM U3 TEPCIIEKTHBHBIX METOOB YIIPABJICHUS CTPYKTYPHBIM U ()a30BBIM
COCTOSTHHEM METAJUTMUECKUX MaTepUaIOB ABISIETCS METO/ 3JIEKTPOUMITYIbCHO-
ro («uckpoBoroy) miazmeHHoro crekanus (QUIIC, B nHOCTpaHHOH TUTEpaTy-
pe «Spark Plasma Sintering»). CyTb JaHHOTO MeTOJia COCTOMT B BBICOKOCKO-
poctHOM Harpese (1o 2500 °C/muH) Marepuaia 3a CYET MPOIYCKAHHWs 4Yepe3
npecc-popMy € HOPOIIKOM MHJUIMCEKYHAHBIX UMITYJIbCOB MOCTOSIHHOTO TOKa
00JIBIION MOIIHOCTH C OJHOBPEMEHHBIM IPHIIOKEHHWEM AaBieHus. [lomydae-
Meie MeTogoM DUIIC mMaTepuanbl XapakTepU3yIOTCa OMU3KOH K TEOPETHIECKOI
TUIOTHOCTH M BBICOKMMHM MEXaHMYECKUMH CBOWCTBaMH. B Hacrosiee Bpems
texHonorust DUIC HaxomuT cBOE NMPHUMEHEHHE B KAaueCTBE METOJa BBICOKO-
CKOpPOCTHOM TBepmoda3Hoi auddy3HOHHON CBApKKM THTAHOBBIX CILUIABOB. Bme-
CTE€ C TeM CJIelyeT OTMETUTh, YTO B HACTOSIIEE BPeMs KOPPO3HOHHAsl CTOM-
KOCTh THUTAHOBBIX CIIIaBOB, HoiydeHHBIX MerojoM OUIIC mpakthyeckun He
nzydeHa. OcoOblii MHTEpec NpeJCTaBNIsET HM3yYeHHE CTOMKOCTH THUTAHOBBIX
CIJIaBOB IIPOTHUB ropsiueii coseBoii kopposun (I'CK), kotopas siBisieTcst 0 JHAM
13 HanboJiee ONAaCHBIX BUAOB MOBPEXKAAIOIINX ITPOIIECCOB.

B pabote onmcaHbl pe3yabTaThl UCCIACAOBAHUNA CTPYKTYpHI M KOPPO3HOH-
HOM cTOWKOCTH 00pa3oB TUTaHOBHIX crutaBoB BT1-0 (a-cmas), I1T-3B (mces-
no-o. craB) u BT6 (a+P-cmmas) momydaennsix Mmerogom DUIIC. CrutaBsl crie-
KaJHuch U3 mopomkoB, u3roroieHHbIx OO0 «Hopmuny» (r. bopoBuun) mero-
JIOM TJIa3MEHHOH aTOMH3aluy B CpeAie HHEPTHOTO ra3a. B cooTBeTcTBHE C Ccep-
TU(UKATOM TOCTABIIMKA MOPOIIKH uMenu chepuueckyo ¢opmy mo I'OCT
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25849-83 u otHocwmmch K kiaccy ITHT-8 (pasmep mopomkoB ot 10 mo 45
MKM). HacblnHasi mioTHOCTh MOPOIIKOB cocTaBiseT 2.7 r/em®. DUIIC THTaHO-
BEIX 00pa31oB nuameTpoM 20 MM MPOBOAMIIOCH C UCTIOJIB30BAHNEM YCTAaHOBKU
Dr. Sinter model SPS-625. TutaHoBbIE TOPOLIKH MOMEMIATKCH B IPAQHUTOBYIO
npecc-popmy. Ckopocth Harpesa cocrasisa 50 °C/mun. CriekaHue MpoBOIHU-
JIOCh B BAKyyM€, B YCIOBHSIX IIPHJIOKCHUSI TIOCTOSIHHOTO OJJHOOCHOTO IaBICHUS
70 MIla. Temneparypa cnexanus (Ts) cruiaBos cocrasmsuia 850 + 10°C, coot-
BeTCTBYyIOMIEeH nByxda3Hoi (a+f)-obmactu. V3amepeHUss MUKPOTBEPIOCTH TPO-
BOJIWJIM C UCIIOJb30BaHKHeM TBepaoMepa QnessA60+ mpu Harpyske 2 Kre. Diek-
TPOXMMHYECKHE HCCIIEIOBAaHUSI KOPPO3HOHHOW CTOMKOCTH HPOBOIMINCH C HC-
[0JIb30BAHKUEM NOTEHIMOCTaTa-rajibBaHocTaTa P8 mpu koMHAaTHOM Temmeparype
B BogHOM pacteope 0.2%HF+10%HNO; (pH=1.1) npoBouupyroiieM MeXKpH-
CTAJUTUTHYIO KOPPO3MIO B THTaHOBBIX CIUIaBaX. ABTOKJIABHBIC WCIIBITAHHS HA
TOPSIYIO COJIEBYIO KOPPO3HIO TipoBoaminch B cmecu coieir NaCl u KBr, B3s-
TeIX B cooTHomenun 300:1 mpu temmneparype 250 °C, B ycloBUSX HOCTYma
kucnopona. Bpems ucnbitanus cocrasmsuio 500 4. CTeneHb KOPpO3HOHHOIO
noBpexieHns onieHuBaack B cootBeTcTBUM ¢ 'OCT 9.908-85. AHanm3 riryOuHBI
U XapakTepa KOPPO3HOHHBIX JE(EKTOB HMPOBOIMICS C HCIIOJIb30BAHHEM METal-
norpaduyeckoro mukpockomna Leica IMD RM.

[TpoBeneHsbl McCIeNOBaHUS MHUKPOCTPYKTYpBI, (ha30BOr0 COCTaBa, MUKpO-
TBepAocTy. [lokasaHo, 4yTo 00pa3lbl CIUIABOB HMEIOT OJHOPOJHYIO BBICOKO-
IUIOTHYIO MHKPOCTPYKTYPY M BBICOKHE 3HAUCHHS MHKPOTBEPAOCTH. YCTaHOB-
JICHO, YTO TUTAHOBBIE CILIABbI 00JaJal0T BBICOKOW CTOMKOCTBIO MPOTHUB DJICK-
TPOXUMHYECKOW KOPPO3UH IPU HCTIBITAHUSAX B KHCIOTHOM BOJHOM DPacTBOpeE,
MIPOBOLMPYIONIEM MEXKPHCTAJUINTHYIO KOPPO3HUIO, 4 TaKKE BBICOKOHM CTOHKO-
CTBIO NIPOTHUB ropsdyel cosenoil koppo3uu. Ilpu pmurensHbix (500 4) ucneiTa-
HUSIX HA TOPSAYYIO COJIEBYIO KOPpO3Hio npu Temreparype 250 °C o6pasipl TH-
taHa BT 1-0 pa3spymarorcs mo MexaHu3My oOmieil (paBHOMEPHOH) KOPPO3UH, a
obpasusl crutagoB Ti-Al-V mapku I1T-3B u BT-6 — o MexaHU3My MEXKKpH-
CTAJUTMTHOW Koppo3uu. [ myOmHa Koppo3moHHBIX AedexkrtoB B cruase [1T-3B
noixydeHHoM MeTosiom DUIIC oka3piBaeTcs Ha MOPSAIOK MEHBIIE, YeM B 0Opa3-
nax kpynHosepHucroro cmiasa I[IT-3B B coctosHun noctaBku. Bricokas xop-
PO3HMOHHAsT CTOMKOCTh CIIEYEHHBIX TUTAHOBBIX CIUIaBOB OOYCIIOBIICHA MalloH
00beMHOH noJiel yacTull B-¢as3bl, Manoi KOHIEHTpaleld BaHaus Ha TPaHu-
I1ax 3epeH CIUIABOB, a TAaKKe IOJIOKUTEIBHBIM BIMSHUEM yriepoaa. Brickaza-
HO TPEAINOJI0XEHNE, YTO BBICOKAasl TBEPAOCTh CIUIABOB, & TAKXKE PA3IHIHSA B
KOPPO3UOHHOHM CTOWKOCTH LIEHTPAIbHON M OOKOBOW IMOBEPXHOCTH O0Opa3sloB
obycnosneHsl auddy3uent yriepoaa u3 rpaduToBOi mpecc-POpMEBI B TIOBEPX-
HOCTh 00pa3ma.

Pabota BeImonHeHa npu nojuiepkke [IporpamMmel cTpaTernyeckoro axazie-
mugeckoro Juaepcrsa «IIpuopurer-2030» (mpoext NeH-498-99 2021-2023).
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HUCCJEJTOBAHHME MMPOLIECCOB JTMHAMWYECKOI'O
JE®OPMHUPOBAHUS YIJIEPOJUCTHIX EPJIUTHBIX
CTAJIEN

Brutn poBeieHBI SKCIIEPUMEHTAIbHBIC HCCIICA0BAHUS U KOIIBIOTEPHOE MO-
nenuposanne B cpeae ANSYS mpoiieccoB I1acTHYECKOH aehopMaliii U pas-
pYLIEHHs [UIaCTUHYATOro Iepaura. Paccmarpusanuck cranu (ct. 10, cT. 30, V8
1 Y10) B pa3snuyHbIX CTPYKTYPHBIX COCTOSHHSAX M C Pa3HOM KOHIICHTpalMei
yriepoJia mociie BBICOKOCKOPOCTHOM aedopMarnuu o cxeme tecra Tensopa.

HccnenoBanuss MUKPOCTPYKTYPHI MOKa3alid, 4To B cTaiax Y8 u Y10 mocre
BBICOKOCKOPOCTHO# JehopMaliiu MOSBIISUIMCH JIMHUK JIOKaIu3auuu aedopma-
mun. B cayaae menee yriepomucteix cranei 10 m 30 momobHOTO 2(hdhekTa HE
Habmoganock. B MukpocTpykrype cranmu 30 B HCXOIHOM COCTOSIHUU HaOIr0/1a-
JIMCH MEPIUTHBIC 3€pHA C PAa3HOM CTEMEHBIO AMCICPCHOCTH U (heppUTHBIC 3ep-
Ha. B HEKOTOPBIX 3epHAX MEPIUTa BUIHO 3apOKIACHHUE TOJI0C JIOKAIM30BAHHOM
nedopmanuu. TlomydeHHBINH pe3yabTaT CBUIACTEIBCTBYET O TOM, YTO C YBEIIH-
YeHHEM COJIEPKaHUs YIJIEPOaa /UM XPYIIKUX 3€PEH MEPIMTa MEHIETCS MeXa-
HH3M BBEICOKOCKOPOCTHOM JedopMaluy, CTaad M BKJIaJ JOKAJIW30BaHHOHN Je-
(dopmaruu CTaHOBHUTCS BCE 00JICE CYIIECTBCHHBIM.

VCTaHOBIIEHO, YTO BBICOKOCKOPOCTHAs AedopMalsl IPUBOJAUT K ITOBLIIIE-
HHIO TBEPIOCTHU B 00JIaCTH yaapa Juist Bcex craneil. [IpoBeaeHsl ucciaeaoBaHus
Je(OPMAIMOHHOTO CTAapeHUsT 00pas3IoB CTaJICH, MOJABEPTHYTHIX PA3IUYHBIM
BHIaM JHHAMHYECKOI'O U KBA3HCTATHUECKOTO HAIPYKEHHUS.

Omnpenenedsl KOHCTaHTHI ypaBHeHus [»oHcoHa-Kyka mo pesyiabraraMm Iu-
HAMHWYECKHNX MCIIBITAHUHI MO cxeMe TecTta Teiopa. 3a cuer BeIOOpa KOHCTAHT
Mojenu JxoHncoHa-Kyka CTpeMUINCh 00€CIICUHTh COOTBETCTBHE FeOMETPHUYC-
CKHMX pa3MepoB J1ehopMHUPOBAHHOTO 00Opasla ero SKCIePUMEHTAIbLHbIM 3HAYE-
HHSIM, KOTOPBIC OBLIM U3MEPEHBI Ha MPOI0JILHOM ILTH(E.

KoncTanTsl a1 cTanu Y8 1mo3BOJIUIN CIIPOTHO3UPOBATH MOJIS HAIPSHKCHUI
u nedopMaruii B CTaILHOM 3ar0TOBKE B YCIIOBHSIX BBICOKOCKOPOCTHOI'O HArpy-
JKEHHS, a TaKXKe MOJYyYUTh KOPPEKTHBIE KaPTHUHEI paclpenelieHus TeMIepaTyp-
HEIX IT0JIEH, YTO UMEET OOJILIIOE 3HAUYEHHE IS MOAEIUPOBaHus 3PQPEeKToB ca-
MOPa30rpeBa MaCCUBHBIX CTANBHBIX 00Pa3I0B MIPH B3PHIBHOM HArpY>KCHHH.

Paboma evinonnena npu noooepoicke Ilpoepammol cmpamezuuecko2o aka-
de-muueckozo nauoepcmsea «lIpuopumem-2030» (npoexm NeH-498-99 2021-
2023).
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HNCCIEJOBAHUME ITPOLHECCOB PACIIAJA TBEPJAOT'O
PACTBOPA B CIUIABAX Al-Mg-Sc-Zr

[IpoBeneHb Ucclea0BaHUs 3aKOHOMEPHOCTEN pacmaga TBepAOoro pacTBopa
B JIUTHIX U MUKPOKpUCTaiHnyecku3 cruasax Al-(2.5, 4, 6%)Mg-Sc-Zr ¢ cym-
MapHbIM coniepakaueM SC u Zr 0.32%. bnaronmaps yHHUKaIbHOMY COYETaHHIO
BBICOKOM MPOYHOCTH, CBAPUBACMOCTH M KOPPO3HWOHHOW croiikoctu Al-Mg-Sc
CIUTaBBl TPUMEHSIOTCS CIICIHaJIbHOM MAIIHHOCTPOCHUU U a3POKOCMHUYCCKON
TexHuKe. Bbicokne xapaktepuctuku ciutaBoB Al-Mg-Sc obecneunBarorcs, B
MIEPBYIO OUYepesib, 3a CUET BHIICICHU HaHOYacTHI] AlzSc, KOTOphIe IPUBOAAT K
MOBBIIICHUIO TPOYHOCTH ATIOMHUHHMS MPH IOBBIIICHHBIX TeMmeparypax. Bos-
MOJKHOCTH TIpUMEHeHHs cI1aBoB Al-MQ-Sc B rpa)k1aHCKOM MAaITHHOCTPOSHHH
CIEPKUBACTCS BBICOKOM IEHOW aIFOMUHHEBO-CKAHIMCBOW JIMTATyphl. 3aMeHa
JIOPOTOCTOSIIETO CKAaHAWS Ha OoJjiee JeIeBhIe JeTHPYIOIINE SIEMEHTHI O3B0~
JUT CYMICCTBEHHO PACHIMPHUTH PHIHOK ATOMUHHEBHIX CIUIaBOB. OIHUMH W3
Hanbolee TIePCIeKTHBHBIX «3aMeHUTENeH» ckaHmust B cruiaBax Al-Mg-Sc ss-
JsIeTCs IMPKOHUM, 00ecTieunBaronii Beiieienne yactui AlsZr.

OO6pasipl MoJydYaad METOJ0M HHIYKIIMOHHOTO JIMThS. MUKPOKPUCTAIUIH-
gecKast CTpyKTypa (OopMHpOBajiaCh METOJOM PaBHOKAHAIBHOTO YIIIOBOTO
MIPECCOBAHMUSL.

AHam3 MEeXaHW3MOB pacliaia MPOBOAWICS C WCIOJIB30BAHUEM ypaBHEHUS
JxHocoHa-Mena-ABpaamu-Konmoroposa. [lpoBeaeHHbIe uccieq0BaHus OKa-
3a]M, 9TO MpPH OTXKUTEe MHUKPOKPHCTAIUIMYECKHX CIUIABOB IIPOIIECC pacraia
TBEPIOTO PacTBOpA UMEET MHOTOCTAMIAHEIA XapaKTep, 4To 00yCIIOBICHO pa3-
JIUYHBIMUA KOO(DPHUIIMEHTAMH PACIIPEICICHUS CKAHAUSA U IIUPKOHUS B QIIOMH-
HUU W CWJIBHBIM H3MENbYCHHEM 3epEHHOM CTPYKTYpHI JUTOTO alfOMHHUA. B
MHUKPOKPUCTAUTHICCKUX CILIaBaX, B 00JaCTH HU3KHX TEMIICpPATyp, BBIACICHHE
YaCcTHUI[ MPOUCXOIUT, MPEHMYIIECTBCHHO, Ha TPAaHUIAX 3E€PEH, a TPH MOBHI-
IICHHBIX TEMIIepaTypax — Ha sApax PelIeTOYHBIX Auciaokanui. MccnenoBanus
MHUKPOCTPYKTYPbI OTOXKEHHBIX MHUKPOKPUCTAJUTHUECKHUX cIiiaBoB Al-Mg-Sc-
Zr TIOKa3bIBAIOT, YTO TEMIIEpATypa Havala PeKPUCTAIUIH3AINN COCTABIACT 375-
400°C.

Paboma svinonnena npu noodepacke epanma PH® Ne22-13-00149.
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HOJYYEHUE MAKPOIIOPUCTOM KEPAMUKH
HA OCHOBE ITUPO®OC®ATA KAJbIUA METOAOM
CTEPEOJIMTOTPA®GUYECKOMN NNEYATH

Hamboiree mepcrieKTHBHBIME MaTepHajlaMH JJISI OCTEOIUIACTHKU SIBISTFOTCS
Orope3opOupyemMble MaTepHUallbl, KOTOPbIE MOTI'YT BBIIOJIHATH ONOPHYIO (YHK-
IO Ha HAYaJbHBIX ATalax MCIIOIBb30BaHU, MOCTETIEHHO 3aMEMIasch MPUpPO -
HOW KocTHOH TKaHb10. [TupodocdaT Kaabuus OTHOCHTCS K TAKUM MaTepHajaMm,
MTOCKOJIBKY 00J1a1aeT Xopoiield GHOCOBMECTUMOCTBIO0, OMOAKTUBHOCTHIO U OTI-
TUMaJIbHOW CKOpOCThIO Onope3opbumu. Takke MMIUIAHTAT JOJDKEH 007anarh
CHCTEMOI MaKpoIop, CHOCOOCTBYIOIIMX MPOPACTaHHIO (HOPMUPYIOLIEHCS KO-
cTH. B paMKax gaHHOTO MICCIECMOBAHMUS IUIS MTONYYSHHS TIOPUCTHIX MaTepPHaIoB
UCIIOJIB3YeTCsl METO1 cTepeosiurTorpaduueckoii 3D neyaru, Tak Kak Tpaauiy-
OHHBIE METOJIBI HE TIO3BOJISIFOT KOHTPOJIUPOBATH KOHEUHYIO CTPYKTYPY MaTepu-
ana.

B nmanHO# pa®oTe MBI HCCIIEZOBANIHM BO3MOXKHOCTH HCIOJB30BAHUS CIIEKa-
fomieit 100aBKy cMemanHoro nupodocdara KaabIus/HATPUS C HENbI0 YITydle-
HUS cnekaHus nupodocdara kanpnus 3a cueT 006pa3oBaHMs HU3KOIUIABKOI 3B-
TEKTUKH.

[TnoTHas kepamuka ObUIa M3rOTOBJIEHA ITyTeM (POPMOBAHUS MACTHI, COJEP-
JKaled ameToH W MOPOIIKOBYIO CMECh THIPOKCHAIIATUTA, MOHOKAIBIIEBOTO-
¢ocdara moHoruapara u quruapodocdara HaTpHs B pazIMYHBIX COOTHOIIEHH-
SIX ¢ TOCJenyIome TepMooOpaboTKON NIpH pasIudHBIX TemrepaTypax. B pe-
3yabTaTe OBIIO NMPOJEMOHCTPUPOBAHO, YTO NMPHUCYTCTBHE CIEKaroIeil 100aBKu
MOXET 3HAYUTENbHO CHU3UTh TEMIEparypy, HEOOXOMUMYIO MIJIsl CHEeKaHus
¢dopmupyromeiicst kepamuku. st oOpasnoB kepamuku ¢ 10% cnexaromeit 1o-
0aBKOI JOCTUTHYTa MPOYHOCTH mpu cxxaTuu 140 £ 10 MIla 1 mIOTHOCTH 110
98% myrem TepmoobpaboTku mpu 700°C. ITpn 1000°C 6bu1a momydeHa mioT-
Has nupodochaTHas KepaMUKa ¢ MPOYHOCTBIO Npu cxkatuu 154 + 17 MIla u
momayiem FOnra 8.5 + 2.0 I'Tla. ITmoTHOCTE KEpaMUKH, OTHOCHTEIFHO KPHCTAJI-
norpadudeckoit motHoctH CayP,0; cocraBmna 10 99%, cBUAETENBECTBYET 00
3¢ PEKTUBHOCTH ITPOIECcCa CIIEKAHMUs PH BEIOPAHHOM TeMIieparype.

PH BomHOro pactBopa B KOHTakTe C M3rOTOBJIEHHOH mupodocdaTHOil Ke-
paMHUKOW HaXOTUTCA B IUama3oHe 6 — 7.2, 94TO SIBIISETCS NMPHUEMIIEMBIM JUIS
OMOMEIUITMHCKOTO MPUMEHEHHUsT MaTepHuana. Yepes 7 nHei B pactBope SXSBF
npu 37°C Ha TOBEPXHOCTH KEPaMHUECKUX 00pa3IoB 0Opa3oBaJICsl CIIOW HAHO-
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KPpUCTANIMYCCKOT'O THAPOKCHAIIaTUTa, 4TO CBHIACTCIBCTBYCT O BBICOKOH 6I/IO-
aKTUBHOCTH MaTepuaina. JIJi1 uccieqoBaHus pOCTa M aire3ud KJIETOK Ha Io-
BEPXHOCTH KEPaMHUKH MBI HCIIOIB30BAIA KYJIbTYPY HMEPBHYHBIX KJIETOK YEIO-
BEKa, MMOJIYYCHHYIO M3 3ayaTka 3yba TpeThero Moisipa. Bee mpemioxkeHHbIe Ke-
PaMHYECKIEC MATEPHAIBI SBJISIOTCS OMOCOBMECTHMBIMH M HE OKa3bIBAIOT TOK-
CHYECKOTO BO3JICHCTBUS Ha KJIETKH. KOJMYECTBO MOTrHOIINX KIETOK MPH KYJIb-
THUBHUPOBAHUHU HA MOBEPXHOCTH BCEX MaTepUaoB cocTaBuio MeHee 1 - 3%, uto
coTJlacyeTcsl ¢ JaHHBIMH KOHTPOJBLHOTO oOpa3ia. Ha moBepXHOCTH KepaMHuKh
HaOIrOMaeTCsl aAre3us M pacijlacThIBAaHWE KIIETOK, YTO TaKKe MOIATBEPIKIAcT
OMOCOBMECTHMOCTh MaTepHaa.

Maxkpornopucras KepaMuka Oblila M3TOTOBJICHA METOJOM CTEPEOJIUTOTPa-
(hvuyeckoi MeyaTd C MOCIACAYIOMEeH TepMOOOpaObOTKOM ISl yAAJICHHS IOJIH-
MEpHOW COCTOBIIAIONIEH MaTeprana. J[jst 3Toro mopomKoByO CMeCh MPOCerBa-
JIK 9epe3 CHUTO JJIsl YMEHBIICHHS pa3Mepa YacTHIl U CMEIIUBAIN C KOMMeEpYe-
CKHM JTIOCTYITHOM CBETOOTBEPKAAEMOU CMEChIO0 aKpPHUJIOBBIX MOHOMEPOB U OJIU-
TOMEPOB U TOBEPXHOCTHO-AaKTHBHEIM BEUICCTBOM B PA3JIMYHBIX MACCOBBIX CO-
oTHOMIeHUAX. J[J1s1 nccaenoBanus TIyOHHBI TOJUMEPU3AUH TOJyISHHbBIE CYC-
MEH3UHU 00JIyJalld B TCUYCHUE PA3IMYHBIX IIEPUOJIOB BPEMCHH, a 3aTEM H3MEpsi-
JIU TOJIIIUHY HaIleYaTaHHBIX 00pa3moB. [ anmmpoKCHMalnuy 3aBUCUMOCTH
[IyOHHBI TIOJMMEPH3AIMU OT 03Bl OOJyUeHHs Ui BhIOOpA peXMMa IeyaTH
MCIONb30BaIu ypaBHeHue JIxeiikoOca. B pe3ynbpTare nmeyatu ObLUTH MOJTYYCHBI
ctpykTypbl KenbBrHHA M TUpOUAA ¢ 33JaHHON MOPUCTOCTHIO. IIporecc TepMo-
00paboTKKM MONy4YeHHBIX 3D-CTpyKTYp OBLI ONTHMU3HPOBAH BO H30EKaHHE
pacciIoeHus MaTepralia 1 00pa30BaHUs BHIUMBIX TPEIIHH.

Paboma svinonnena npu gpunarncosoii noodepoicke epanma PH® 22-19-00219.

A.M. MURASHKO", Ya.Yu. FILIPPOV*
! Lomonosov Moscow State University, Moscow, Russia
*e-mail:_murashkoam@my.msu.ru

FABRICATION OF MACROPOROUS CERAMICS BASED ON
CALCIUM PYROPHOSPHATE BY STEREOLITHOGRAPHIC
PRINTING

The most promising materials for osteoplasty are bioresorbable materials,
which can perform a supporting function at the initial stages of use, gradually
being replaced by natural bone tissue. Calcium pyrophosphate belongs to such
materials, has good biocompatibility, bioactivity and optimal bioresorption rate.
Also the implant must possess a system of macro- and micropores that promote
diffusion of ions and ingrowth of the forming bone. Within the framework of
this study, the method of stereolithographic 3D printing is used to obtain porous
materials, as traditional methods do not allow to control the final structure of
the material.
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In this work we investigated the possibility of using a sintering additive of

mixed calcium/sodium pyrophosphate with the aim to improve calcium pyro-
phosphate sintering, due to low-melting eutectics formation.
Dense ceramics were made by molding a paste containing acetone and a pow-
der mixture of hydroxyapatite, monocalcium phosphate and sodium dihydro-
phosphate in different ratios followed by heat treatment at different tempera-
tures. As a result, it was demonstrated that the presence of a sintering additive
can significantly reduce the temperature required for the sintering of the form-
ing ceramics. For the samples of ceramics with 10% sintering additive achieved
a compressive strength of 140 + 10 MPa and a density of 98% by heat treat-
ment at 700°C. Dense pyrophosphate ceramics at 1000°C with a compressive
strength of 154 + 17 MPa and a Young's modulus of 8.5 £ 2.0 GPa were ob-
tained. The relative density of the ceramics, which is 99%, in the case of the
crystallographic density of Ca,P,05, indicates the efficiency of the sintering
process at the selected temperature.

The pH of the aqueous solution in contact with the manufactured pyrophos-
phate ceramics is in the range of 6 — 7.2, which is acceptable for biomedical
applications of the material. After 7 days in 5XSBF solution at 37°C, a layer of
nanocrystalline hydroxyapatite formed on the surface of ceramic samples,
which proves that the material exhibits good bioactivity. To investigate cell
growth and adhesion on the ceramic surface, we used a culture of primary hu-
man cells, that was given from the rudiment of the third molar. All proposed
ceramic materials are biocompatible and have no toxic effects on cells. The
number of dead cells during culturing on the surface of all materials was less
than 1 — 3%, which corresponds to the data of the control sample. There are ad-
hesion and spreading on the surface of ceramics.

Macroporous ceramics were made by stereolithographic printing. For this
purpose, a powder mixture was sieved through a sieve to reduce the particle
size and was mixed with a commercially available light-hardening mixture of
acrylic monomers and oligomers and surfactant in a different mass ratio. To in-
vestigate the depth of polymerization, the obtained suspensions were irradiated
during different periods of time and then the thickness of the printed samples
was measured. The Jacobs equation was used to approximate the dependence of
polymerization depth on the irradiation dose to select the printing mode. As a
result of printing, Kelvin and gyroid structures with a predetermined porosity
were made. The heat treatment process of the obtained 3D structures was opti-
mized to avoid delamination of the material and the formation of visible cracks.

This study was supported by the Russian Science Foundation (grant no.22-
19-00219).
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MOBBIIIEHUE MEXAHUYECKHUX CBOMCTB
IHHOXKAPOBE3OIIACHBIX MAI'HUEBBIX CIIJIABOB

B mpensiaymeii padote [1] onmcersBanuch cmtassl ¢ LPSO-dasoii, B koTo-
pbiX, Omaromaps noOaBieHuro YD, 3HAUMTEIBHO MOBBINIATACH TEMIIEPATYpa
BOCIUIAMEHEHUS, OJHAKO MEX. CBOMCTBA 3TUX CIUIABOB OCTABAINCH HAa YPOBHE
250MIIa. Lenpio qaHHOM pabOTHI ABIAIOCH MMOBBHIIICHUS MEX. CBOWCTB JAHHOU
TPYNIIBI CILUIABOB.

B kauecTBe mCcienyeMbIX CIIABOB OBIIM BBEIOPAHBI CIECTYIOMIHE KOMIIO3H-
uun: 1) 5Y-1.8Zn-0.7Zr-4.4Gd-0.6Yb wt.%; 2) 6Y-1.8Zn-0.7Zr-4.4Gd-0.6Yb
wt.%; 3) 5Y-1.8Zn-0.7Zr-5.4Gd-0.6 Yb wt.%. Tepmoo6paboTKy TPOBOIIIH IO
pexumy T6, omxur — 450-540°C, 244., ctapenue — 200°C, 1004. s uccnemo-
BaHUS MeX. CBOMCTB MPOBOAMINCH UCIIBITaHUA Ha pacTskerue o 'OCT 1498-
84, cTpykrypy uccienoBanmu Ha POM Zeiss Sigma.

HccnenoBanue CTPyKTYyphI ITOKa3ajio, YTo MpH Temreparype orxura 450°C
(dopmupyeTcst MenKas CTpykrypa ¢ OompmmmM conepxkanneM LPSO-dassr mo
rpanulamM, mnpu 525°C cpeanuii pa3mep 3€peH U3MEHsIeTCsl He CUIILHO, HO MIPO-
ucxoaut pacrsoperue LPSO-dasbl B Matpuite, npu 540°C nmpoUCXOAUT 3HAYH-
TEJILHBIN POCT 3€pEH, KOTOPBIM HETaTHBHO CKAa3bIBAETCS HAa CBOMCTBAX CIIIaBa.

ITo pe3ynpraTtam paboTsl ObUT ONpeneséH MHTEPBaJI XUMHYECKOIO COCTaBa
U oOecIieueHus] He00X0IMMBIX MEXaHHUECKIX CBOMCTB, a TaKKe pa3paboTaH
onTUMaNbHBIN pexkxuM TO, mpu KOTOPOM JOCTHIaIOTCA MEX. CBOMCTBA CIIJIaBOB
Ha ypoBHE 6,=275-285MIla, 6=22-24%.

Paboma sevinonnena ¢ pamxax I'oczaoanus Ne FEMR-2020-0003

1. C.B. 3acemmkun, A.W. bpunesckwuii, A.11. Upreros, [[.JI. Mepcon Maruu-
€BbI€ CIUIaBHI C IIOBBIIICHHON TeMIepaTypoil Bociuiamenenus / HoBble Ma-
TepHallbl: HepaBHOBECHBIE COCTOSIHMS: COOPHHMK TE3MCOB JOKIamoB 18-it
MexyHapOoIHON IITKOJIBI-KOH(GEPEHIINH I MOJOABIX YYEHBIX U CIIeIHa-
mctoB. MockBa, 14 — 17 nexadps 2020 r. M.: HUAY MU®U, 2020. — C.
146-149
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IMPROVING THE MECHANICAL PROPERTIES OF
FIREPROOF MAGNESIUM ALLOYS

In the previous work [1], alloys with LPSO phase were described. In these
alloys, the ignition temperature has increased significantly due to the addition
of Yb. However, the mechanical properties of these alloys remained at 250
MPa. The purpose of this work was to improve the mechanical properties of
this group of alloys.

The following compositions were selected as the studied alloys: 1) 5Y-
1.8Zn-0.7Zr-4.4Gd-0.6Yb wt.%; 2) 6Y-1.8Zn-0.7Zr-4.4Gd-0.6Yb wt.%; 3) 5Y-
1.8Zn-0.7Zr-5.4Gd-0.6Yb wt.%. Heat treatment was carried out according to
T6 mode, annealing — 450-540°C, 24h., aging — 200°C, 100h. To study the me-
chanical properties, tensile tests were carried out according to GOST 1498-84,
the structure was studied on the Zeiss Sigma SEM.

The study of the structure showed that the annealing temperature of 450°C
forms a fine structure with a high content of LPSO phase along the boundaries,
at 525°C the average grain size does not change much, but the LPSO phase dis-
solves in the matrix, at 540°C there is a significant grain growth, which nega-
tively affects the properties of the alloy.

Based on the results of the work, the chem interval was determined. compo-
sition to provide the necessary fur. properties, as well as the optimal mode of
maintenance has been developed, at which the fur is achieved. the properties of
alloys at the level of cb = 275-285MPa, 6 = 22-24%.

The work has been performed within the framework of the State Assignment
No. FEMR-2020-0003

1. Sergey Zasypkin, Alexander Brilevsky, Alexey Irtegov, Dmitry Merson
Flame-resistant magnesium alloys // Novye materialy: neravnovesnye sos-
toyaniya: Shornik tezisov dokladov 18-j Mezhdunarodnoj shkoly-
konferencii dlya molodyh uchenyh i specialistov. Moskva, 14 — 17 decem-
ber 2020. M.: NI'YAU MIFI, 2020. — p. 146-149
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B3ANMOCBA3b BJIUSAHUA PEXKUMOB IHOJYUYEHUA
3ATOTOBKM Y EE TOUHOCTH HA KAYECTBO
HOBEPXHOCTH, TOYHOCTHU U
CTPYKTYPbBI AETAJIN

IIpr M3roTOBJIEHMH BBICOKOTOYHBIX ACTaled OCOOYI0 POJIb UI'PAaeT Kaue-
CTBO, a €CJIM TOYHEE METO/I IMOJYyYCHUE 3ar0TOBOK U MOTY(haOpPHUKATOB.

CymiectByeT 4 OCHOBHBIX BHJIA MOJYYEHHUS 3aroTOBOK: JUTHE, 00paboTKa
JIaBJICHHEM, COPTOBOM M MpOdUIbHBIN IPOKAT, KOMOMHHUPOBaHHbIE.

Bombiioii 070K MOJyYEHHST 3arOTOBOK COCTaBIIIET 00pabOTKa JaBIICHUEM.
IIpeumyiiecTBa JaHHOW 0OPAaOOTKU: MAJIOOTXOJHON TEXHOJIOIHS, 3a CYET Ma-
JIOTO TIPUITYCKa; OOECIICYCHHE BBICOKOTO KayecTBa MPOIYKIIUH; HAICKHOCTD
paOOTHI M3/IENUST; BBICOKAS IPOU3BOIUTECILHOCTH;

IlITamoBka XapakTepu3yeTcs OOJIBIIMM pa3HooOpa3reM (GopM U pasMepoB
[ITAMIIOBOYHBIX TIOKOBOK, a TaKXK€ CILUIABOB, U3 KOTOPBIX IITAMIYIOT. JlaHHBII
BHJ] 3ar'OTOBKH 1mepen AedopMaliueii mpeaBapuTeIbHO HArpeBaloT, 10 CTPYK-
TYPHBIX U3MeHeHul. HarpeBaHnue HY»KHO COBEPIIATh OCTOPOKHO, IIEPETPEB HE
IOITYCTHUM, TaK KaK U3MEHSIOTCS CBOICTBA JIETAJIM U TIOBEPXHOCTHBIN cioil. 13-
3a IIeperpeBa Takke 4acTh MaTepuaia IepPeXoaUT B OKAIHHY.

PaccMoTpuM HaHHBINM BHUJ 3aroTOBKM Ha KOHKPETHOM JCTallM «KOPITYC
MMHEBMOKJIananay. Jleraas paboTtaeT 03 3HAYMTENLHEIX HArpy30K. IIHEBMOKIIa-
ImaH paboTaeT ¢ BO3AYyXOM, a TaKKe C arpeCCUBHBIMM razamu. Marepuan Jaera-
mu crans 14X17H2 o6mamaeT BBEICOKOM IUIACTHYHOCTHIO. [IpmHMMaem s
Halllel JeTany mraMnoBadHyo mokoBky mo I'OCT 7505-89. B kauectBe 000-
PYIOBaHUS KPUBOIIUITHEIE ropsiaeTaMnoBounbie npecchl (KIIIT).

TeXHONOTHYECKUIT MPOIEecC MONYyYCHUST 3arOTOBKH COCTOHT W3 OTPE3KH,
Harpesa, AehopMaIuu.

Hawnbonrblee koaudecTBO AePEKTOB MPOUCXOIUT HA CTATUU HArpeBa U
nedopmanmu. AHanu3 MOKa3al IPH IPOM3BOJICTBE 3arOTOBOK IIEPETPEB CO-
craBisgeT 25% Opaka, B OCHOBHOM 3TO CBSI3aHHO C M3MEHEHHEM CTPYKTYPY.

ITosToMy nmaHHas paGoTa MOCBSIIEHA BBHIOOPY PEKHUMa TEMITEPATypPhl
JI7IS1 3arOTOBOK JAHHOI'O THIIA.

1. TexHOIOTHS KOHCTPYKIMOHHBIX MaTepuasioB ABtrop: dansckuii A.M., 2003.
2. CrpaBOYHHUK KOHCTPYKTOpa IuTaMnoB: JIncrosas mrammoska/ ITox obm. per.
JI. . Pynmana. — M.: MamuHocTpoenue, 1988.
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