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ITPOI'PAMMA
20-0ii MexaynapoaHoii on-line mkoabi-kKoH(epeHIInn
uM. b.A. Kasmnna «HoBble maTepuasbi: [lepcnekTruBHbIe
TeXHOJIOTHH MOJYyYeHUs] U MeTOAbI HCCJIeOBAHMUS

(JIeK1uu BBIAETICHBI cepbIM (POHOM)

14 nosi0pst
OTKPBITHE 10-00
1. | O.A. banssIx UMET ITpuBercTBHE ydactHukam | 10-05
PAH KOH(epeHIHH
2. | A.A. Kayiua HUAY IMamsTH 3aBeyrOIIETO 10-15
MU Kadenpoit, 1.¢.-M.H.,
npocdeccopa b.A. Kannna
3. | M.U. Aneimo | UCMAH PasBurne meroma camopacmpo- | 10-30
PAH CTPaHSAIOLIETOCS  BBICOKOTEM-
MIEpPaTypHOTO CHHTE3a KepaMu-
YECKHX MaTepPHAJIOB
4. | B.B. HoukoB | BHUMHM | 3amaum paszButus 1mpkonue- | 11-00
BBIX MaTEpHAIOB JJI TBIJIOB M
TBC peakTopoB Ha TEIJIOBBIX
HEUTpOHAX
5. | M.B. BHUWHM | Pesynbratel pa3paborku u mo- | 11-30
JleontneBa- CTAaHOBKM Ha TPOM3BOJICTBO
CMmupHOBa KOHCTPYKIIMOHHBIX MaTepHaIOB
aKTUBHBIX 30H PEaKTOPOB Ha
OBICTPBIX HEHTpOHAX
ITEPEPBIB 12-00
6. | E.A. Kynemosa | HULL Marepuanoseadeckuii mogxon | 12-10
«Kyp4aToB- | K MPOJAJICHUIO CPOKa CIIYXKOBI
CKHH WH-| OEHCTBYIOIIMX U CO3AHMIO
CTUTYT» HOBBIX ITIEPCHEKTHBHBIX pEak-
TopoB Tuna BBOP
7. | A.A-Mokpynm | HUM HIIO| TomnmBo —BbeicokoTemmepatryp- | 12-40
«Jlya», HBIX Ta300XJIAKIAEMBIX peaK-
TTomonsck TOPOB
8. | ILIO. ITuckapes | HUMD®A, | KomnonenTsl, obpamennsie k | 13-10
CIIo miasMe, yctaHoBku «Tokamax
PeaxTopHbix TexHosoruii»
IEPEPBIB 13-40
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MATEPHAJIBI ATOMHOM TEXHUKHA

9. | KEE. KimoxoBa | HUSY Ornenka cremneHu pekpuctan- | 14-30
MHUDU, JIM3aluy U3JAENUA U3 LHUPKO-
BHUWUMWHM | HHEBBIX CIJIABOB MO JaHHBIM
Judpakuuu  AIEKTPOHOB  H
PEHTI€HOBCKHX JIy4eH
10. | M.J. Ilerpos HUSY 3akoHOMEpHOCTH BhImeneHus | 14-45
MHUDOU THOPUIHON (a3sl B HABOJIO-
POXEHHBIX TPYOax M3 CILUIaBOB
O110onT 1 3635
11.| A.B. Cupenés | TILY, 3amTHBIC MOKpBITHS Ha oc- | 15-00
Tomck HOBE XpoMa IJis IMPKOHHE-
BBIX CIIJIABOB
12. | KA. TITY, Brustare  TommuHB  Xpomo- | 15-15
3unpkoBcKuil | Tomck BBIX IIOKPBITMM Ha UX CTOH-
KOCTb K OKHCJICHHIO
13.| AE. Pybanos | HUAY 3akoHoMepHocTH  opmupo- | 15-30
MHUou BaHUS CTPYKTYpPBI, KpHUCTaj-
norpadUIecKoil TEKCTYpPHl |
aHM30TPOIHH CBOWCTB B H3JIe-
JUAX, TONYYEHHBIX METOJOM
CEJIEKTUBHOTO Ja3epHOT0
CIUIaBJICHUS TOPOIIKOB W3
crmaBoB ¢ 'K, OLIK u I'TTY
CTPYKTYpaMu
14.| M.E. HUAY AHanmmz 3BodrOIMKM  MHKpo- | 15-45
MaTtBeHoB MUOU CTPYKTYpBI ypaH-
raJOJIMTHAEBBIX TaOJETOK B 3a-
BUCUMOCTH OT PEXKHMOB CITe-
KaHUs
15. | B.E. Pykocyer | HUSY Kopposuonnas croiikocts | 16-00
MHUDU, JUCWINLHAA TpUypaHa B BO-
BHUWHM | nsHom mape
16.| A.C. UMET CuHTe3 HUTpUIHON KepamMuku | 16-15
YepHsiBCKHi PAH; Ha OCHOBE TBEPIBIX pPACTBO-
MUOU pos Zr-U U Zr-Nb
IIEPEPBIB 16-30
17.| A.A. Tlorexun | HUIL] Tennenuun u3menenust | 16-45
«Kypua- CTPYKTYpHO-()a30BOTO COCTO-
TOBCKHIA SIHUS, BIMSIONINE HA pajua-
WHCTHUTYTY»; | IHOHHOE OXPYITYHUBAHHE CTa-
HUAY nei xopmyca peaktopa BBOP-
MHUDOUN 1000 mpu TIpOUIEHHOM CpOKe
CITYXOBI
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18.| E.A. Opnosa HUATD Bimsihne wnoHHOM wmmruianta- | 17-00
MUOU, LUH Ha pa3pylleHUEe CTajlu Ipu
I'HIT ©5U, | Teun Boabl B HATPUML.
19. O6nmHCK; | UccnemoBanue konebatenbHbix | 17-00
000 CIEKTPOB METOJIOM HEYIPYroro
«OPJIAH», | paccestHUsT HSHTPOHOB U pacdeT
HUILI KM TEIUIOBBIX XapaKTEpPUCTHK MO-
HOHUTpHUJIA YpaHa
20.| A.B. Hoxpun | HHI'Y, [MpouHocTHBIE, penmakcaimoH- | 17-15
Hyoxauii HbIE€ U KOPPO3HOHHBIE CBOMCTBA
Hosropon CYOMHKPOKPUCTAIITNIECKON
cramu 08X 18H10T
MeToab! moJIy4eHHs U CBOICTBA MOKPBHITHII U TOHKUX MJIEHOK
21.| I''M. Tapacrox | HUSY Knacrepnas ycranoBka it | 17-30
MHUoOU HAHECEHUSI TMOKpPBITUH, Hackl-
IIEHUsT UX BOJIOPOJIOM U Tep-
MOJICCOPOLIMOHHBIX M3MEPEHHI
22.| N1A. HUAY HUsmenenne cTpykTyphl Inie- | 17-45
Yepenanosa MHUDOU HOK, TIONYyYCHHBIX MarHe-
TPOHHBIM pacIbUICHUEM, IMPH
HACBILIICHUH UX BOJOPOJIOM
23.| 2.9. Opymxos | TITV, Cratuctudeckoe Mmoxenupo- | 18-00
Tomck BaHME MPOoIecca POCTa TOHKHX
INIEHOK TIpu paboTe MarHe-
TPOHHBIX  PACHBUIMTENILHBIX
CHCTEM B PpEXHME BBICOKO-
CKOPOCTHOTO OCK/ICHHS
24.| E.JL. TITY, [ouck cnocobo ympasmenus | 18-15
Boponuna Tomck ($a30BBIM COCTAaBOM TOKPBI-
THH, TOJYYEHHBIX METOJIOM
MarHeTpOHHOTO  PaCIbUICHUS
C pasJeleHHeM WHEPTHOH u
peakTUBHOW arMocdepsl Ha
puMepe IEHOK OKCHIa MeJIn
25.| M. A. UMET Iocnoitnbrit anemenTHbIH | 18-30
CynapuukoBa | PAH aHaJIM3 CIIOUCTHIX KOMIIO3UTOB
C TIOBEPXHOCTHBIMH CJIOSIMH
W3 THTaHa U HUTPHUJA THTaHA,
c(OPMHUPOBAHHBIX  METOJIOM
MarHeTpOHHOI'O PacIblICHUsI
26.| T'.O. Harectan- | Ilomydyenue ToHKuX T1uIeHOK | 18-45
Kappnamosa ckuit I'TY, | HAa OCHOBE TBEpJbIX pPacTBO-
Maxaukana | poB (SiC)1x(AIN)x Mmetozom

MAarH€TpoOHHOI'O0 paCHblJICHUS
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15 HosiOps

CBepxXnpoBOJHUKH H UX HCII0JIb30BaHHE

27.| B.C. BHUUKII | Ilepcnexrussl ucnons3osanus | 10-00
Beiconkmuit BBICOKOTEMIIEPATYPHBIX
CBEPXIPOBOJTHUKOB
28.| E.A. HUAY Ocob6ennoctu popmupoBanus | 10-30
Jeprynosa MHUoU Mop¢oorin 3€pEHHOMN
CTPYKTYPBI CBEPXIIPOBOIAIINX
coequaennii A-15 B Texunue-
CKHX CBEPXIPOBOTHUKAX
CoBpeMeHHbIE METO/bI HCCJIEI0BAHNS PEAKTOPHBIX MAaTepPHAJIOB
29.| U.H. Yepuor HUSY Mertos! ucciaenoBanusa mose- | 11-00
MHUOU JIEHUS paJUOTE€HHBIX ra30B B
BaHA/IMEBBIX CIIIABAX
30.1 CB. HUAY KommnekcHerit ananms Hazo- | 11-30
Poroxxux MHUou CTPYKTYPBI JIACIIEPCHO-
YOPOYHEHHBIX OKCHUIAMH CTa-
JIel METOJaMU YJIbTPaMUKPO-
CKOITUHU
31.| B.H. HUAY Hcnonp3oBanue cuHxpoTpoH- | 12-00
ITerpoBckuit MHUoHU HOT'O M3JIy4€HUs ISl THarHo-
CTHKH MAaTepHaloB, MOJIy4eH-
HBIX C ITOMOIIBIO 8 IUTUBHBIX
TEXHOJIOTUI
IIEPEPBIB 12-30
MoanpunupoBanne MaTepuaaoB U U3AeIUl
KOHIIEHTPUPOBAHHBIMYU MOTOKAMM YHEPrUH
32.| A.B. Kinays HUIJ UccnenoBanme BmmsHua o00- | 13-15
«Kypua- JyyeHust vonamu Fe Ha HaHO-
TOBCKHIA CTPYKTYPY JUCIIEPCHO-
WHCTHU- YIOPOYHCHHBIX OKCHIAMH CTa-
TyT»; Je MeTolaMH YIbTPaMHKPO-
HUAY CKOITNH
MUDU
33.| O.A. Abun HUAY Buustare o6nydenust nonamu | 13-30
MHUDU, JKejle3a Ha KPUTHUYECKHE Xa-
HUIL] KN | paxrepuctuxu BTCII kommo-
- UTDD 3UTOB
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34.| M.C. Cramuio | HUSTY Hcnonp3oBanue  obmyduenus | 13-45
MHUDU,; HOHAMU WHEPTHBIX Ta30B s
WsSD PK, HUMUTAIMNA B3aUMOJCHCTBUS
Anmartsl, razoo0pa3HbIX MPOAYKTOB Jie-
Kazaxcran | neHHst ¢ KOHCTPYKIIMOHHBIMH
MaTepHuajiaMy [PU JITUTSIBHOM
XpaHEeHUH 0TpaboTaBLIErO
SIIEPHOTO TOTUIMBA
35.| HAA. UMET Bmmsare mmmynscHBIX moTOKOB | 14-00
Enudanor PAH HOHOB TeJHS W TEIMEBOH IUias-
MBI Ha COCTOSIHHE TIOBEPXHOCT-
HOTO CJIOsI CIJIaBa HHKOHEJb /18
36.| H.A. HUAY [ToBepxHOCTHAs obpabortka| 14-15
[lyxapesa MHUoOU BBICOKOSHTPONMIHBIX CILJIAaBOB
MMOTOKAMH  BBICOKOTEMIIEpa-
TYPHOH UMITYJIbCHOM ILIA3MBbl
CuHTe3 M XMMHKO-TepMUYecKast 00padoTka
37.| A.A. ConmaroB | UH-T XH- FDM 3D-neuats kepamude- 14-30
MUH CHJIM- | CKHMH [TaCTaMH
katoB PAH
38.| A.l. T'aboB HUSY Cunre3s poTokaTanu3aropos co | 14-40
MDA CMEIIAHHBIMY AHUOHAMMU: OK-
cuautpun SrTiO3«Ny: Al u ok-
cucybduasl Ha ocHoBe Bi 1 Pb
39.| EJL. HUSY Hccnenoranue u onpeaencaue | 14-50
TapakaHoB MUOU; KayecTBa MCXOJIHBIX 00Pa3LoB
Toc. AKTHBHBIX 3JIEMEHTOB JIa3ep-
JIa3epHbId | HOM KEpaMHKH aJllOMO-
TTOJTUTOH UTTPUCBOTO TPaHATA JICTUPO-
«Pagyra», | BaHHOTO HOHaMHU HEoAUMA
Panyxusiii | (Nd3+:YAG)
40.| 10.C. UCMAH, | [lony4yenue BBICOKOdHTpommid-| 15-00
Beprynosa YepHoro- HBIX CIUIAaBOB HAa OCHOBE TYTO-
JIOBKa miaBkux daementoB (Ti, V,
Nb, Ta, Mo, W)
41.| B.A. Bopkens | HUAY Kopposnonnoe u anekrpoxu-| 15-15
MHUOU MHYECKOE IOBEJCHHE BBICOKO-

SHTPONMIHOIO cIjiaBa
CoCrFeNiMO B KHCIBIX |
HEUTpaJbHBIX  XJIOPUICOAEP-
KaIMX cpefax
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42.| NI Ily3anoBa | MUCHUC; Cunte3  kenezocomepxanux | 15-30
DM PAH, | cBepXmnpOBOAHUKOB  COCTaBa
Yepuoro- | FeSe; Tex
JIOBKa
43.| M.E. Ilonos HUAY Oxucrnenue BHYTpeHHEH mo-| 15-45
MHNoHu BEPXHOCTH aJIOMUHUEBOU
TpyOKH B aHOMAaJbHOM TJEIO-
meM paspsizie ¢ HEHTPAIHHBIM
NIEKTPOAOM
44. | J1.A. TITY, BricokoTemmeparyproe okwmc- | 16-00
AIUXMHUH Tomck JIEHUE U MEXAHUYECKOE IOBE-
JICHUE JIa3epPHBIX CBAPHBIX CO-
equHeHNH u3 cmiaBa 2110 ¢
XPOMOBBIM OKPBITHEM
IEPEPBIB 16-15
MonenMpoBaHHe ¥ SKCIIePUMEHTATHLHOE HCCJIeIOBAHUE
MPOLIECCOB B TBEP/IBIX TeJIAX
45. | TL.M. CIlo TI'VY,| DnekrponHoe crtpoenue kom-| 16-30
Kopycenko CII6; mwrekcoB [M(Salen)]: ucciemo-
Owmckuit BaHME METOJaMH PEHTI€HOB-
I'V, OMcK; | cKOW CHEKTPOCKONHH C CHH-
MUOU XPOTPOHHBIM U3JIyYEHUEM
46. | N.YO. IManapun | MI'Y um. MonenupoBaHue passutusi| 16-45
M.B. Jlo- XpYIIKOTO pa3pylIeHusi Mare-
MOHOCOBa | PHAJOB TPH ABYXYaCTOTHOM
Harpy>KeHWH Ha pasHbIX Mac-
MTa0HO-CTPYKTYPHBIX  YPOB-
HSIX
47. K ormenke mpemenbHbIX cocTo-| 16-45
SHUM MaTepuaJioB Ha Pa3HbIX
MacITabHO-CTPYKTYPHBIX
YPOBHSX TpH OWrapMOHHYE-
CKUX PEXUMaX HArpy>KeHHUs
48.| I'. B. Ceprees | HUAY MopenupoBanue aud¢ysuon-| 17-00
MHUoU HBIX XapaKTEPUCTUK B CUCTEME
Ni-Cr B 3aBHCHMOCTH OT CO-
cTaBa
49. | H.I. Komapos | HUSY MopenupoBanue kackamoB| 17-15
MHUDOUN ATOMHBIX CTOJIKHOBEHUU B OK-

cuze xenesa FezOy
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50.| KT POy CpaBHeHue cpokoB jerpama-| 17-30
lacnapsin nMm. I'.B. U U (PU3UKO-MEXaHWIECKHUX
[InexaHoBa; | CBOMCTB HETKAHBIX U ILICHOY-
NBX® HBIX MAaTepUaJIOB U3 MOJUTHU]-
PAH poxcuOyTupaTa
51. | M.M. HUAY Bnusane Tekcrypel Ha Mmap-| 17-45
3apunosa MUOU, TEHCUTHBIC TPEBPALLECHUS U
HUTY MEXaHUYECKUE CBOMICTBA B 3a-
MUCuC HUKEJIEHOM HUKEIU/IE
TUTaHa
52.| M.B. UMET Bnmstane 3ammutHOM atMocde- | 18-00
XKenesusbrii PAH; pBl Ha CTPYKTypooOpa3oBaHHE
HUTY aycTeHUTHOH ctaimu 316L mpu
MUCuC; CEJIEKTUBHOM JIa3€pHOM IIJIaB-
PY]IH; JICHUU
MITY
53.| BD.K HUAY Brussane  xoMOmHHpoBaHHOM | 18-15
Anexcanapos- | MUDU IIPOKaTKM M CTapeHust Ha
CKUi CTPYKTYpHO-(ha3oBoe
COCTOSIHHE W MeEXaHHUYECKHe
cBoiicTBa criasa BT35
54.| B.A. HNY um. Busyanuzamus mporecca | 18-30
['mymenkoB aKaJeMuKa | YIUIOTHEHUS MOPOIITKOBO
C.I1. Kopo- | KOMMO3UINK B METAJUTMYECKOM
JIeBa, 000JI0YKEe 1O JEUCTBHUEM TH-
Camapa OpMIHOW HATPY3KH
55.| O.b. NMAII MexaHu3M yaapHOro Boszei-| 18-45
CkBOpI10B PAH CTBUSI Ha CTPYKTYypYy MeTajlia
MPHA SJCKTPOIIACTUICCKOM U
BUOpOIIIaCTHYECOM P PEeKTax
56. | B.1. NMAII Junamudeckoe Mexanudeckoe| 19-00
CralieHko PAH JIEHCTBUE DIIEKTPUUYECKOTO TO-

Ka B HIPOBOJAMINX DJJICMCHTaAX
MOIIIHOTO  DHEPreTUYECKOTO
000pyI0oBaHUsS
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16 HosOpn

57.| E.I. UCMAH, | IlepcnekruBsl pasButus wMme- | 10-00
I'puropnes YepHoro- TOZAA BBICOKOBOJIBTHON KOHCO-
JIOBKa JIUJANUN MOPOIIKOBBIX MaTe-
pHaJIOB
58.| A.H. Cyuko | HUAY OmnsIT pa3paborkn Obictposa- | 10-30
MHUoHu KalleHHbIX npunoes B HUAY
MUOU
59. | B.B. YrioB BI'Y, Dpo3us MHOTOCITOMHBIX KPH- 11-00
MuHCK, CTAJTMYECKO-aMOP(MHBIX TIIe-
Bbemapycs HOK, 00JTy4eHHBIX HOHAMH Te-
s
60.| A.IL HUAY EXAFS-meTton — yHukans- | 11-30
MenyuieHKoB MHUOU HBI METOJ, HCCJIEJIOBAaHUS
JIOKaJIbHOM CTPYKTYpBI
MaTepHaJioB
ITEPEPBIB 12-00
61.| B. M. Xonox BI'Y, Brusiane oOmydeHuss wonamu | 12-15
MTMO, rejids Ha MHUKPOCTPYKTYPY H
MuHCK, (a3oBble M3MEHEHHUsT KapOuja
benapyce; | xpemHus
usid  PK,
Hyp-
Cynran,
Kazaxcran
62.| M.M. Bemos BI'Y; MuxkpocTpykTypHBIe mccieno-| 12-30
MTMO, BaHMsl OAHO(A3HBIX KOHIECH-
Benapych; | TpUpOBaHHBIX TBEPHIBIX pac-
UA® PK, | tBopoB Ha ocuoBe V-Nb-Ta-Ti
Hyp- npu 00JIy4YeHUH UOHAMH KPHII-
Cynran Ka- | Tona
3axCTaH
63.| A.B. Peixkynos | HUMAP, O6omnouka TBOMa u3 ciuiaBa| 12-45
JumutpoB- | 9110 0.4. ¢ XpOMOBBIM HOKPHI-
rpan THEM
64.| A.A. TITVY, IMomumepubie memOpansr ¢ | 13-00
Jlaymxuna Tomck TiSIN NOKpeITHAME [UIS TIPH-
JIOKEHUH CepAeUHO-
COCYJIMCTON XHPYPIHH
65.| M.O. HUAY O0pazoBanne mapoB Bojasl | 13-10
OTpekoBa MHUDOUN IpyU  Jerazaluu BOJOpoJa C
MOBEPXHOCTH KaTaIUTHYECKH
AKTHBHBIX  JJICKTPOJIOB  €M-
kocTHEIX M/ITI-ceHcOpoB
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66.| A.A. bypues Wn-t npo- | U3meHeHue ¢msnuecknx | 13-20
O6neM Ja- | CBOWCTB ~ TOHKHX  IUICHOK
3€pHBIX W | XaJIbKOTCHUIHBIX (hazomnsme-
nHpopma- | HAEMBIX MaTepualioB  IpH
IHOHHBIX TEPMHUYIECKOM BO3JCHCTBUU
TEXHOJIO-
ruii PAH,

IllaTypa
TEPEPBIB 13-30
Koncosmaanusi nopomkoB H caMoOpPacnpocTPaHsIIOMIHIiCs
BBICOKOTeMIEPATYPHBIii CHHTE3
67.| T.C. Cry, Bosmoxxnoctn UMII B nosel- | 14-15
Capraesa Camapa IIEHUW KayecTBa W3JIEIHiA, T10-
JYYCHHBIX C TTOMOIIBIO aJIH-
TUBHBIX TEXHOJIOTHH
68. | 1.C. HUAy ITonck onTumanmbHBIX pexu- | 14-30
T'opOyHOB MUDY; MOB TMOJY4YeHUs] OOBEMHBIX
HULL «Kyp- | amopdHO-KpHCTALTIIESCKIX
YaTOBCKHUH CIUTaBOB M3 MOPOIIKA COCTaBa
HHCTUTYTY, ZrsTizoBeyrsCuzs  MeTozom
UMET UIIC
69. | H.B. I'XTY, Peakiyonnast crocooHocTsh | 14-45
®dunaropa HBanoBo okcunoB Hukens (I11) m xe-
ne3a (III), momy4eHHBIX Me-
TOJIOM TOPEHHs B PacTBOpax
70.| B.E. JIebenes | HUSY Ionyuyenne kommo3uta Ha | 15-00
MHUODOU OCHOBE M€IU METOJIOM BBI-
COKOBOJIbTHOH  3JIEKTPOUM-
ITyJTECHON KOHCOJIHIAIHA
71.| AT. 'V no 3em- | Bimsaue mobGaBox rpadena | 15-15
Komaun JIeyCTpOM- Ha MEXaHUYECKHE U JJIEeK-
CTBY, TPHUYECKHE CBOWCTBA KOPYH-
Mocksa Ja
72.| T.O. Harecran- OnextponMmyiscaoe  dop- | 15-30
Kappamosa ckui I'TY, | MupoBaHME  KEPaMUUYECKHUX
Maxaukana | mumreHeit SiC-AIN uw  ux
CBOICTBa
73.| AH. NCMAH, IMonyuenne xkommo3umuoH- | 15-45
KybanoBa YepHoro- HOW JMraTypsl U3 TYrOIUIaB-
JIOBKa, KHX METaUIOB METO/AaMH
Tynbckuit LEHTPOOSIKHOM CBC-
I'T1Y, Llentp | MeTamrypruu
nccieoBa-

HUH, Iu3ai-
Ha U TEXHO-
soruii, Tyna
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74.|E.B. NCMAH, Cunres ¢deppomarauTHbix | 16-00
IIyrauesa YepHoromnoBka |kobansTconepxkamux CBC-
KaTaJ13aTopoB rIry0oKOro
OKHCJICHHST W THIPUPOBAHMS
CO; B MarHUTHBIX HOJISIX
75.|A.B. NCMAH, ITonmyuenue moaudummpo-| 16-15
Bonoukas YepHOronoBKa |BaHHBIX KEPaMHUYECKHX Mare-
pHaJIOB Ha OCHOBE OOpPHUIOB
tutaHa  metomom  CBC-
9KCTPY3UH
76.|P.A. HUAY 3akoHOMepHOCTH  paszButhsA| 16-30
MuHymKUH MHUoOU KpHUCTauorpaduieckoil Tek-
CTypsl JIUCTOB W3 CIIIaBa
FE3SilAl npu  xonomuoi
MIPOKaTKe W TepMOOOpaboTKe
ITEPEPBIB 16-45
Caapka u naiika
77.|C.C. ®denotoB  |PXTY uM. |JlazepHas cBapka crtekna u| 17-00
AWM. Menne-|cutamna ¢ pazau4yarOIUMUCS
JieeBa 3HaueHussMu TKJIP
78. | A.E. Pozen [en3eHckmit | OkcruryataroHHble Xapakte- | 17-10
TOCYHHMBEPCH- |pUCTHKH  KOPPO3HOHHOCTOH-
TeT, KHX CJHOHCTBIX MeTaJuInye-
[Nenza CKHX MaTepuajioB ¢ BHYTpPEH-
HHUM IPOTEKTOPOM
79.|E.P. HUAY Uzydenue sBomonmu cTpyk-| 17-20
YepHaBckast MUOU TypHO-(}a30BOTO  COCTOSHHS
nasHeix coenunenuit SiC/SiC
IpU  BBICOKOTEMIIEpaTypHOU
TEepMUYECKoi 06paboTke
80. | 1.A. AO TexHonoruyeckue  Bo3mox-| 17-30
Mensenes «Komnosuty, |HoCTH nuddy3nOoHHON CBApKH
Kopones; Pa3HOPOJHBIX MATEpUAOB B
BHUMHM YCIOBHSIX TOPSYEro H30CTa-
THYECKOTO NPECCOBAHUS
81.| H.C. Tlomnos HUAY [Monyuenne  kommo3uTHbIX | 17-40
MUOU; MaTepualloB Ha OCHOBE KpH-
WH-T runpo- | CTAJUIMYECKOTO  TUTaHA H
JUHAMHKA amMop(HOTO CIIIaBa METOJIOM
CO PAH; MarHUTHO-UMITYJIbCHON
HI'TY, Ho- | cBapku
BOCHOMPCK
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82.| I0.A. T'ypoBa, | HUSY Ipumenenne amomuaueBoro| 17-50
MUY, npunoss CTEMET® 1502 nms
OTHU UM. | iKW IAKETHBIX MbE30CUIIO-
A.®. Uodde, | BBIX 21eMEHTOB
CII6
83.| A.B. Aopamor | HUSY 3akonomepHoctu (opmupo-| 18-00
MHUOU BAaHMS COCAMHECHUU KOPPO3H-
OHHOCTOWKOH cramu  AlSI
304 w®  BBICOKOIPOYHOTO
IIOMUHUEBOTO criaBa AA
6082, MOIyYEHHBIX METOIOM
BAKYyMHOM MalKu C IpHUMe-
HEHHEM OBICTPO3aKaJCHHBIX
npunoes cuctembl Al-Ge-Si
84.1 AA. HUAY Bmusane  temmepatypubix | 18-10
baxxenos MHUoOU PEXUMOB Ha CIEKAaHUE ypaH-
raJJOJIMHUEBBIX OKCHJOB
85.| A.C. brikano | HUAY UccrenoBanme mukpoctpyk-| 18-20
MHUoOU Typbl  CIMTKOB  SIAEPHOTO
torumBa UsSly
NOJABEAEHUE UTOI'OB. 3BAKPBITHUE 18-30

KOH®EPEHIINN
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Te3ucel
JIEKIINU
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E.A. KYJ'[E]_HOBALZ, B.A. TYPOBUY!
1HI/Il[ «Kypuamosckuii uncmumympy, Mockea, Poccus
2Hayuonanvuwiii uccnedosamenvekutl soepuvtii yuusepcumen «MUDHy,
Mockea, Poccus
*e-mail: evgenia-orm@yandex.ru

MATEPHAJIOBEJYECKHIA IOAXO/ K TPOJIEHHIO
CPOKA CJIYKBbI JIECTBYIOIUX U CO3JAHUIO HOBBIX
MEPCHEKTUBHBIX PEAKTOPOB THUIIA BBOP

PaccMoTpeHbl MaTepHanoBeIUECKHE acHeKThl MPOJUICHHS CPOKa CIYKObI
kopirycoB peaktopoB (KP) u BHyTpHuKopmycHbIX ycTpoiictB (BKY) xak Hecme-
HSEMBIX 3JIEMEHTOB, ONPENEISIONNX CPOK CIYKObl PEaKTOPHOW YCTAaHOBKH B
nenoM. B ocHOBe moaxoda K MPOATICHUIO CPOKA CIYKOBI HCIIOJB3YEMbIX CTa-
neit KP u BKY u co3nanuio HOBBIX CTalled JJis MEPCIEKTUBHBIX PEaKTOPOB C
NPO/UICHHBIM ~ CPOKOM  CIYXOBI ~ JIOKHT  HM3Y4eHHE  DaJANalliOHHO-
UHAYIHUPOBAaHHBIX 3JEMEHTOB CTPYKTYphl M MEXaHHU3MOB pPaJHAllMOHHOTO
OXpYITYMBAHMS, IPUBOIINX K JETPAAMN HX MEXaHNIECKUX XapaKTePHUCTHK.

IIpencraBieHbl METOIB! UCCIEIOBAHUS U UX aHAJUTUYECKHE BO3MOXKHOCTU
IPU MCCIICAOBAHUM HAaHOPA3MEPHBIX CTPYKTYPHBIX COCTaBIISIOIIUX OOJIydeH-
HBIX PEaKTOPHBIX MaTEPUAJIOB.

O06o03Ha4ueHbl MEXaHMW3MBI PaJHAIlOHHOTO OXpymuyuBaHusA craneid KP u
BKY, cTpykTypHBIE IapaMeTphl, OTBETCTBEHHBIC 3a JIETpaJalllio CBOICTB, a
TaK)Ke NPOTHO3HBIE OIIEHKH PECYPCOCIOCOOHOCTH CTalleld Py NPOJUICHUH CPO-
Ka CITy>KOBI eficTByromux peaktopoB BBOP-1000 no 60 u 6omnee jer.

PaccMOTpeHB! MepcreKkTUBBl CO3aHNs HOBBIX peakTopoB THma BBOP mo-
kosreHust |1+ u IV ¢ Toukm 3peHns cTparteruu pa3BUTHS SACPHOIN SHEPTeTUKU
Poccun, paspaborannoii I'K «Pocatom»*. OnpeneneHsl OCHOBHbBIE TapaMeTPHI
U TpeOOoBaHNs, IPEABIBIAEMbIE K MaTepruaaM (Temmeparypa, 103a o0rydeHus,
JIaBJICHUE TEIUIOHOCUTEIIS1) TEPCIEKTHUBHBIX PEAKTOPHBIX YCTAaHOBOK, CPOK
CITy>KOBI KOTOPBIX JI0JDKEH COCTaBIATE Ooiee 60 Jer.

s craneit KP npenctaBieHs! JONOTHUTENbHBIE TPEOOBAHUSA K XHUMUYE-
CKOMY COCTaBY M CTPYKTYPHOMY COCTOSIHUIO JUIS TTOBBIIICHUSI HX TEPMUYCCKOM
U paJuallMiOHHON CTOMKOCTH, a TaKkXKe K JOCTIKEHHIO 00jiee BRICOKOTO YPOBHS
npodHocTH (Kateropusi mpouHoctu KII=65+ mpm Temmeparypax BIUIOTH IO
400°C) npUMEHHUTEIBHO K TIEPCIIEKTUBHBIM PEAKTOPaM C TOBBIIICHHBIM JaBJie-
HUeM TemnoHocuTens. Jloctmxenue ctoib Beicokux KII Bo3MoOxHO 3a cyer
3HAYUTEIBHOTO MoBbIIeHUs comepxkanus Ni (no 4-5 mac. %). IIpu 3ToM coBo-
KyITHOCTH Mep 110 OYHCTKE OT BPEAHBIX MPUMECEH, CHIKEHHIO cofepxanus Mn
npu 00ecreYeHNH MEIKO3EPHHUCTON CTPYKTYPHI C PAaBHOMEPHBIM pacipezelre-
HHEM HaHOpPa3MEpHbBIX KapOWIOB BBICOKOW IIOTHOCTH CO3/Ia€T BO3MOXKHOCTh
obecrieueHns A1 BBICOKOHUKEJIEBOW CTaimy nocTtaToyHbIX 3HadeHui KII, xpu-
THUYECKOH Temneparypsl Xpynkoctd (Tk), a Taxke HU3KOTO TEMIa PaJHaIloH-
HOTO WM TEePMHYECKOTO OXpymuuBaHHs (ctamp paspaborana B AO «HIIO
«(THUUTMAII»).
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Jas craneii BKY nepcrnekTUBHBIX POCCHUHCKUX PEAKTOPOB PacCMOTPEHO
BIIMSTHUE TOBBIMIEHHOTO (10 25 Mac.%) comepxkanust Ni Ha CHHXXEGHHE ypPOBHS
paaralioHHOTO paclyXaHus B KauyecTBE KPHUTHUYECKOTO NapaMeTpa C TOYKH
3peHHs MPEIbABISEMBIX K HUM TPeOOBAaHHI 110 MOBBIIICHHONW TOBPEKIAIOMICH
JI03€ B TeMIeparype oOIydeHus, 9TO CIIoCOOCTBYET MEHbIIEMY (OpMOU3MEHe-
HHto 3eMenToB BKY 1 MeHbIMM pacTaruBaromnm HarmpspkeHusiM. [TokazaHo,
YTO C YBEIHMUCHHUEM MOBPEXKIAIONMEH 1036l paJHalliOHHOE PACITyXaHHE CTaHO-
BUTCSl OJIHUM M3 OINpENeIonux (haKTOpOB, OrpaHUYMBAIONIMM paboTOCHO-
cOOHOCTH mgemnii BKY, MIOCKOJIBKY IUIOTHOCTh paavalnoHHO-
MHIYLIMPOBAaHHBIX (a3 U paJMallMoOHHBIX Je(EeKTOB He OyaeT 3HaYMMO YBEJIH-
YMBATHCA BCIEJCTBUE IIOCTEIIEHHOTO BBIXO/A MX INIOTHOCTH Ha HachlieHHe. B
cBsi3u ¢ 3TUM cTaib ¢ 25% Ni (paspaborana B HUI «KypuyaToBcKHii HHCTH-
Ty - THUU KM «IIpomerteii») MOXKET paccMaTpUBaTHCS B Ka4eCTBE KaHIIHU-
nmatHoro marepuana BKY ans mepcnekTuBHBIX peakTopoB BBOP, B koTOpBIX
IpeArnonaraoTcst 0ojaee BEICOKHE TEMIEPATyphl M CPOKU SKCILTyaTallly CBBIIIE
60 ner.

*Crpaterust pa3BUTHsA AAepHOI sHepreTrku Poccun 1o 2050 U mepcneKTrUBEL HA TIe-
puox 1o 2100 r. Mocksa, 2018. https://www.rosatom.ru/production/generation/

E.A. KULESHOVA!? B.A. GUROVICH?!

INational 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 IV 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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TOIIVIMBO BBICOKOTEMIIEPATYPHBIX
I'A3OOXJIA’KKJAEMBIX PEAKTOPOB

AHHOTaLUS: IPECTABIEH 0030p OTEUYECTBEHHBIX M 3apYOEKHBIX pa3pabdoToOK B 00-
JIACTH SACPHOTO TOIUTUBA AT Ta300XJIaXKAaeMbIX PEaKTOPOB, SKCIUTyaTHPYEMBIX paHee,
JIEHCTBYIONIMX W MEPCHCKTUBHBIX. [IpoaHamM3upOBaHbl TCHICHIIUMU Pa3BUTHS TOILIHB-
HOT'O HATIPABJICHHS W MOTCHIMAIBHBIC 00JIACTH MCIOB30BaHUS PEAKTOPHBIX YCTAHOBOK
JaHHOTO TUMA. [IpuBeaeHBI pe3ynbTaThl TEKYLIeH CTauu pa3paboTKu JaHHOTO TOILUINBA
B Poccum B mHTepecax co3iaHusi aTOMHOW SHEPro — TEXHOJOIMYECKOW CTAHLUMU AN
MIPOU3BOICTBA BOJIOPO/A.

OCHOBHBIMH TPEOOBaHMAMH K JIFOOOH 3HEPreTHUCCKON CTAaHIUH SBIIIFOTCS
0e301acHOCTh, YKOJOTUYHOCTh U BbicOoKas 3¢ddexTrBHOCTL. BhicokoTeMmepa-
TypHBIH razooxnaxmaaeMmelii peakrop (BTI'P) sBnsercs omuum u3 Haubomee
MEePCHEeKTUBHBIX PEIICHUH, KOTOPBIM MOJHOCTBIO YIOBJIECTBOPSIET 3THM Tpebo-
BaHUM, I103BOJISIONIMM, IOMUMO 3TOTO, OCYIECTBUTH MIEPEX0] K BOAOPOAHOM
SHEPreTHKE W MPUMEHUTH IOJydaeMyI0 BBICOKYIO TEMIIEPATypy HampsMylo B
Pa3IUYHBIX IIPOM3BOACTBAX M APYIMX NPOMBIIUICHHBIX NPEATNPHATHAX, CBS-
3aHHBIX C UCITIOJIH30BAaHUEM BBICOKHX TemrepaTyp. COBOKYITHOCTb 3THX (akTo-
POB TOCIIOCOOCTBOBANIA Pa3BUTHIO HAYYHO-HCCIIEIOBATEIbCKUX M IIPOCKTHO-
KOHCTPYKTOPCKHX Pa3pabOTOK TOIUIMBA, TeXHOJoruil u nuzaiHoB BTI'P peak-
TOPOB BO MHOXKECTBE CTpaH.

Bricokuit ypoBens 6e3omacHoctu BTI'P peaktopoB mocturaercss 3a cuér
MO IeP’KaHUS TEMITEPaTyphl AaKTUBHOM 30HBI HIKE MOPOTa BRIXOJA MPOAYKTOB
JICJICHHSI BO BCEX IPENIoIaraéMbIX CIIEHApUAX MHIMICHTOB, YPOBEHb yaepKa-
HUSI KOTOPBIX HA TOPSAKH BBILIE MO CPABHEHHIO C PEAKTOPaMH JPYTHX TUTIOB U
JIOJDKEH 00ecHeYrBaThCs BBICOKMM KadeCTBOM M3IOTOBJIEHUS TOIUIMBA U €TO
XapaKTepUCTHKAaMH IIPH HOPMaJIbHOH paboTe.

D¢ dextuBHOCTD U O6e30macHOCTh padotel BTIP peakropoB Bo MHOTOM OIipe-
JieNsieTcs: paboTOCIIOCOOHOCTBIO SIIEPHOTO TOTLINBA, YTO CTUMYJIMPYET pa3padoTKH
Ha TIOMCKH ITyTeil TMOBBIIICHUS KayecTBa MUKPOTBIJIOB M ONTUMM3AIMH MX KOH-
CTPYKIMU JUIsl 0OecriedeHHs: TIyOOKOrO BBITOPaHHMS MPH BBICOKOW TeMIiepaType
sKcIuTyaTaru. Ha JaHHBI MOMEHT MHOTHE HayYHO-HCCIIEA0BATEIbCKHIE IEHTPHI
BO BCEM MUpe MpOBOAAT HccienoBanus Tomwmsa BTI'P, nakonieno MHoro skcrne-
PHMMEHTAJIBHBIX JIAHHBIX IO MCTBITAHUSAM TOIUINBA, KaK IPH pabouux, Tak M IpH
aBapUIHBIX PEKMMaX, MOATBEP KAAIONINX €ro Oe301acHOCTb.

[IpoBeneH aHanM3 OTEUECTBEHHBIX M 3apyOEKHBIX Pa3pabOTOK TOILUTUBHBIX
M KOHCTPYKIIMOHHBIX MaTepualioB Ta3o0XjaxaaeMblx peaktopoB — BI-400,
BI'M, ITuu-Borrom, ®opr-Cent-Bpeiin, Jparon, AVR, THTR-300, HTTR,
HTR-10, HTR-PM, a Takxe psi akTyaJlbHBIX MaJIbIX MOAYJIbHBIX SJHEPrOEMKHX
yctanoBok Ha 6aze BTI'P. Iloka3aHo, uTo Bce pa3pabaThiBaeMble, AEHCTBYIO-
IIMEe W BBIBEJICHHBIC M3 JIKCILIyaTallMd YCTAHOBKM 0a3MpYIOTCS Ha OCHOBHOM
KOHLETIIMK — MHUKpPOTBAJIaX, COCTOSIMINX M3 C(EpUUECKOro KepHa Ha OCHOBE
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KHCIIOPOJHOTO TOTUINBa, OKphIToro BISO- i TRISO-mokpeiTHeM; KOTOpBIS
pacnpesieneHbl B rpadMTOBOM MaTpHIle M HCIIONB3YIOTCS B MPU3MATHYECKUX
AKTUBHBIX 30HAX PEAaKTOPHOI yCTaHOBKH UM C IIAPOBOM 3aCHIIKOM.

Ha npumepe nepsbix pektopoB AVR u Iluu-boTTom nokasaHa mpUHIUINH-
albHasg peajusyeMocTh padboThl peaktopoB Tuna BTIP. Peaktopsr Fort Saint
Vrain 1 THTR pa3Bmim moTeHIMaI HCIOIH30BAHUS JaHHOTO THIIA PEAKTOPOB
JI0 TEIJIOBBIX MOIIHOCTEN nopsiika 800 MBT.

IIpencraBneHHble METOABI KOHCTPYUPOBAHUS U Npou3BoacTBa TBAIOB BTIP n
PE3yNbTaThl PEAKTOPHBIX HMCIIBITAHMI MO3BOJIIIOT OXapaKTEPU30BaTh CICIAYOIINE
OCHOBHBIE JIOCTUTHYTHIE TIOKa3aTeNN UX pabOTOCTIOCOOHOCTH: BpeMsI O0ITyIeHHS 2-
5 ner, QmoeHc GbICTPLIX HelTpoHoB 3Heprueil 0,18 MbsB nopsaka (2-5)-10%
HENTp/cM?, OTHOCHTENBHAS MOLIHOCTL (2 — 6) KBT/TB3JI, MakcuMasbHas TemIepa-
Typa ToIuMBa B HoMuHaIbHOM pexkume (1000 — 1300) °C, Temmneparypa TOILIHBA B
aBapuitsbix cutyarmsix (1200 — 1600) °C go 10 wacos. JlanbHefiiee pa3Butre pa-
00T MpeNoaraio peieHue BOIPOCOB, CBI3AHHBIX ¢ MACIITAOMPOBAHUEM IMPOU3-
BOJICTBA JI0 MPOMBIIIUICHHOTO YPOBHSI, aBTOMATH3allell IPOU3BOICTBEHHBIX IIETIO-
YeK, pa3padOTKO METOIOB HEPa3pyIIAIOIIEr0 KOHTPOIISI M CTIocobaMy 00paIeHuUs
C HEKOHIMIIHOHHBIMH TB3JIaMH X MHUKPOTBIJIAMHU.

OCHOBHBIE HCCIIEIOBATEIBCKHE PAOOTHI, IPOBEACHHE PEAKTOPHBIX HCIIBITA-
HUHA M TIOCIEPEaKTOPHBIX HCCIIEAOBAHUM OBUIM BBIIONHEHBI B 80-ble TOIBI
MPOLIIOro BeKa Jisi chepuvecKoro TUIa TOIUINBA, UCTIONB3YyEMOT0 B 3aChITHOM
akTuBHOM 30He. Co31aHue U 00OCHOBaHME TOTUIMBA ISl MPU3MATUYECKON aK-
TUBHOW 30HBI, paccMaTpUBacMOl B COBPEMEHHBIX OTEUECTBEHHBIX NPOEKTaX
BTI'P, ¢ MeHBIIUM AMAMETPOM MHMKPOTBJIOB U MEHBIIEH HEOJHOPOIHOCTHIO
COJIeprKaHus TOIUIMBA B 00bEMe TOIUIMBHOTO KOMIAKTa MOTpedyeT pa3paboTKu
Y CO3aHUsI HOBOTO 000pYIOBaHMUS AJIsl OCYIIECTBICHHS OTBITHOTO U IIPOMBIIII-
JICHHOTO ITPOM3BO/ICTBA TOILTMBA, BOCCO3/IaHMS 3KCIIEPUMEHTAIbHON 0a3sbl, Cy-
IIeCTBOBaBIIeH B oTpacieBbix HHCTHTYTax (AO «HHUU HIIO «JIYU», AO
«BHUMHM», AO «OKBM AdpukantoBy, AO «['HI| HUUAP», AO
«IPM»), a taxxe B HUL] «KypuaToBCKMi MHCTUTYT» Ul PEaKTOPHBIX MCIIBI-
TaHWH TOIUIMBA, TpadUTa M MCHBITAHUI pEaKTOpHOro o0opymoBaHus (TEIUIo-
oOmeHHHKOB, CY3 u mpouee). CeroHs KoOneparyst OTeUEeCTBEHHBIX MPEAIpH-
ATHH pa3paborana ocHOBHI TexHoJoruu Torusa BTI'P n BexeT mccnenoBanms
€ro IOBEJCHUS NOA OOJIy4eHHWEM C JAJIBHEHWIINM IEepPEeXOAO0M K CO3aHHIO
OTIBITHO — MPOMBIIUIEHHOW TEXHOJIOTHH MPOU3BOACTBA H MOATBEP)KIACHUEM Xa-
PaKTEepUCTHUK, 3aJJaHHBIX Pa3pa0OTUYNKOB PEaKTOPHOH yCTaHOBKH.

B nanpnelimem sxe pacmmpenne ¢yHkiuonana BTIP peaktopos npu wuc-
MOJIF30BAHNHU UX C IMOBBIIEHHON 3((EKTHBHOCTBIO B 00NACTSIX HE(PTEXUMHUH,
METaJUTypTHH B BEIPAaOOTKH BOJOPOJa TpeOyeT yBeIWIeHHUS MapaMeTpoB pado-
THI PEAKTOPHOM YCTaHOBKH, YTO BO3MOKHO OCYIIECTBHUTD JIMIIb yTEM MEpexo-
Jla Ha HOBBIA BUJ TOIIIMBA - OECKUCIOPOTHOTO SIIEPHOTO TOIIINBA, B YaCTHOCTH
ypaH-IIMPKOHHEBOTO KapOOHUTPHIA B KaUeCTBE MaTepHaja TOIUIMBHOTO KepHa,
M KapOuja KpeMHHUS WM KapOWaa IUPKOHHS B KaueCTBE KOHCTPYKIIMOHHBIX
MaTtepHayioB TBIIOB. [Ipumepamu Takux paspabortok siBisirorcs Energy Multi-
plier Module (General Atomics, CIIIA) u Micro Module Reactor (Ultra Safe
Nuclear Corporation, CIIIA).
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KOMITOHEHTbBI, ObPAIIEHHBIE K ILVTASME, YCTAHOBKHA
«TOKAMAK PEAKTOPHbBIX TEXHOJIOT U»

B nacrosmumii MomenT, B paMmkax denepansroro mpoekra Ne3 «Pa3paboTka
TEXHOJIOTHH YNPaBJIIEMOr0 TEPMOSICPHOTO CHHTE3a ¥ MHHOBAI[MOHHBIX TIja3-
MEHHBIX TEXHOJIOTHI» KOMILIEKCHOM IporpaMmel «Pa3BUTHE TEXHUKH, TEXHO-
JIOTHH ¥ Hay4YHBIX MCCIEI0BAHUN B 00JIACTH HCIIOJIL30BAaHUS aTOMHON SHEPIUU
B Poccuiickoit ®eneparuny (PII-3 KII PTTH) Benércs 3cKu3HOE MPOEKTUPO-
Banue yctaHoBku Tokamak Peakxtopubix Texnomoruii (TPT) [1]. I'maBHBIM
koHcTpykTOpoM TPT, opranmsamueii, oOCyIIEeCTBISIONICH IIPOCKTHPOBAHUE
yctaHoBKH, aBiasgeTcs AO «HUUDDAy. OcHoBubiMu ocodennoctsimu TPT saB-
JISFOTCS:

— HCIOJB30BaHHE BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOJHUKOB B OOMOT-
KaX KaTyIIeK IOJIOUAAIbHOr0 U TOPOUAAIBHOrO MOJIS, YTO MO3BOJIHMT JOCTHYD
3Ha4YeHUs1 MarHuTHOro nois B 8 T Ha ocu [2];

— HCMOJb30BaHUE TEXHOJOTUH «YBJICUCHHS TOKA» IJIa3Mbl, YTO MO3BOJIUT
JIOCTHYB CTAllHOHAPHOTO UMITYJbca AIuTeapHOCTEI0 100 cek.;

— BBICOKAs CPEIHSISA TUIOTHOCTh MOIIIHOCTH TEIJIOBOM HATPY3KH Ha MEPBYIO
crerky (I1C) He Meree 0,2 MB1/M? [3] u mukoBas Harpyska 1o 25 MB1/M? B
nuBeprope [4], 4TOo OOYCJIOBIEHO OOJBIION MOIIHOCTBIO JOMOJHUTEIHLHOTO
Harpesa 1w1a3Mel 40 MBT 1 OTHOCHTENBHOW KOMITAKTHOCTBIO YCTaHOBKH (TLITO-
1aap oOpanéHHoii k miasme nosepxsoctu I1C okomno 80 m?);

— HCIIOJB30BaHHE JIMTHEBBIX YCTPOMCTB BHYTPH BaKyyMHOM Kamepsl [5],
MMO3BOJISIONIMX YIPABIATh B3aUMOJCHCTBUEM IUIa3Ma-CTEHKa, CHUXKas O0BEM
MOCTYTAIOMINX B IJIa3My IpUMeced, H TEM CaMbIM yBEIHYUBAas UTHTEIHHOCTH
paspsa.

HaubGonee sHeproHanpsHpKEHHBIMH KOMIIOHEHTaMH KoHcTpykiuu TPT sB-
JISIOTCS KOMIOHEHTHI, oOpaimiéunnie K 1miasme (KOII), Bximrodaromye maHean
TIC u xaccersl nuBepropa. C 1enbio obecreueHus 3¢h(HEKTUBHOCTH IKCIUIyaTa-
[IMA YCTAHOBKM HAa HOMHWHAJBHBIX IMMapaMeTpax, a TakKe BBITOJHCHHUS dKCIIe-
PHMEHTAJIGHOM IIpOrpaMMBI, MPEANoJiaraeTcsl MOCTCIICHHOE BBEJICHHE B KOH-
crpyknuto TPT skcriepiMeHTanbHBIX YCTPOMCTB, Kak JIUTUEBBIX [S], Tak U WH-
HOBAI[HOHHBIX JUBEPTOPHBIX YCTPOHUCTB [3].

Ha nauvanwHO# (a3ze skcrmnyaranuu TPT mpeamnosaraercss UCHOJIb30BaHUE
craproBoro kominiekta KOII, ocHOBaHHBIX Ha MaTepuaaax M TEXHOJIOTHSIX
WUTOP [6, 7, 8]. IIpu aTom crapToBsiii komiuiekT KOIT n3HavaibHO TPOSKTUPY-
ercs TakuM 00pa3oM, YTOOBI IKCIUTYaTHPOBATHLCS B 3aJaHHBIX YCIOBHSX (TEIl-
JIOBBIE HArpy3KH; B3aUMOJCHUCTBUE C KUIKUM/TIApOOOpa3HBIM JINTUEM) U CIIe-
HApPHBIX HATPY3KaX (CPBIB TOKA ILIA3MBI).
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Hanbonee >HeproHanpsykeHHBIMU diieMeHTaMu KOHCTpykumu KOII sBis-
10TCcsa oOpaménueie K miasMe sneMedTsl (OI1D), npeacrasistiomue co6oil MHO-
TOCJIOMHYI0O KOMIIO3ULMIO M3 DPA3HOPOIHBIX MAaTEPHAJIOB, O00ECIEYHBAIOIINE
uHTEpdENC IIa3Ma-CTEHKa U BOCIIPUHHUMAIOIIUE BCIO [TOBEPXHOCTHYIO TEILIO-
BYIO Harpy3Ky OT INIa3Mbl. B KauecTBe 3alMTHON OOIMIIOBKH (0OPAIEHHOTO K
wrazme Marepuana) B OIID IITIC ucnonesyercs 6epminii, 8 OI1D musepropa
- BoJibhpaM. JUIs CHUIKEHUS YPOBHS MOBEPXHOCTHBLIX TEPMUUYECKUX HAMPSKE-
HHMH OOJMIIOBKA pa3jelieHa Ha OTAENIbHBIE IUIMTKH, JOIYCTHMBIH pa3Mep KOTO-
PBIX ONPENENEH SKCIEPUMEHTAIBHO Uil KOHKPETHON MapKu Marepuana, TeX-
HOJIOTHM COEIVHEHNS U 3HAYE€HNS TEIUIOBOM HArpy3k [9].

TInuTKy 3aIKUTHON OOJIMIIOBKU IIPUCOEIUHSIOTCS HA IMOBEPXHOCTH TEILIO-
oTBOIAIIETO ciog ocHOBaHWA OIID MeTOIOM BBICOKOTEMIIEPATYPHOM IMAHKH.
Jliig mnToK U3 Bosib(GpaMa, B OTIMYMM OT OCPUIUIMS, BCIEACTBHE OOJIBIION
pasHULBl K03GOHUIIMEHTOB TUHEHHOTO TEPMUYECKOTO PACIIMPEHUS, HEOOXO0 UM
NPOMEKYTOUYHBIN CJIOH, MO3BOJISIOIIUN CHU3UTh YPOBECHb TEPMUUECKHUX Hamps-
JKEHUH B 30HE COEIMHEHHS IIUTKU ¢ ocHoBaHueM OIID. B kadecTBe mpumos,
MPOCIONKU U TEIUIOOTBOAAIIErO ciios B npoekre MUTDOP BbIOpaHBl, DKCIIEpHU-
MEHTAJILHO OOOCHOBAHBI M MCIIOIB3YIOTCS MaTepHansl Ha OCHOBe Mmenu. Mc-
MOJIB30BaHUE JaHHBIX MatepuanaoB B mnpoekte TPT, BcieacTBHME MX HU3KOH
KOPPO3HOHHOH CTOMKOCTH B JUTHHM, OIPAaHHYEHO HEOOXOIMMOCTBIO COOJIIOIE-
HUS YCIOBUS IO HEMOIMYIIEHUIO B3aUMOICHCTBHS ¢ JIuTHeM. TakuM obGpasoM,
pa3paboTKa HEPA3bEMHOI'O MASTHHOI'O COETUHEHMSI OOJIMIIOBKH C TEIIOOTBOIS-
UM CJIOEM, 00JIaJaroIIero BLICOKOM KOPPO3HOHHOM CTOMKOCTBIO B JIMTHH (B
obmacti Temmeparyp 200 - 500 °C) u o0ecreqnBaronEero HaaeKHbli TEIUIOBOKH
KOHTAaKT IIPH TEPMOLMKIMYECKMX HArpy3KaxX C IIHKOBLIM 3Ha4YeHHeM 10 4
MBT1/M2 (TIC) 1 10 25 MB/M?2 (auBepTOp) SIBISIETCS AKTYAIBLHOM 3aa4uei.

Jlitst craproBoro xomimuiekta KOIT TPT mpunsaTo pemenne 00 MCHOIL30Ba-
HUH, anpoOupoBaHHBIX B npoekte UTOP, koHcTpykimii ocHoBanua OIID nHa
ocHoBe Ommeramnunyeckoi kommosunuu CuCrZr/316L(N)-IG, oxnaxkmaemoit
Bojoi. [l mpemoTBpalieHus B3aMMOIEHWCTBHS MEIHOIO CIIaBa C JIMTHEM,
[JIAHUPYETCS O0ECIEYUTh €r0 I'EPMETHUYHYIO/KBA3UTEPMETHUYHYIO 3aIUTy CO
BCEX CTOPOH TOHKOCTEHHOU (0K010 1 MM) 000JI0YKOI M3 HEP KABEIOIIEH CTaIH
316L(N)-IG, obGnanaromieil mpuemieMoii KOPPO3UOHHONW CTOMKOCTBIO B JIUTHU
[10]. Cpenu MHOroo0Opasust TEXHOJOTHHM IOIyYEHHs OUMETaIIMYECKOTO CO-
ennuaenns CuCrZr/316L(N)-IG paccmarpuBarorcsa cienyroomme: nuddy3noH-
Hasl CBapKa B YCIOBMSX Topsiuero mizocrarmuyeckoro mpeccosanuwust (I'UII) [7,
11] n HamIaBKa B BaKyyMe MeJHOIO ciuiaBa Ha ctaib | 12]. [Ipumenenue pas-
JINYHBIX TEXHOJIOTMHA HAHECEHUS MMOKPBITHUS ST CO3MaHUS 3alIUTHON 000II0UKHA
pPacCcMaTpPUBAIOTCSL «BO BTOPYIO OUEPENb» 10 IPUYMHE MAJION TOJIIUHEL, JTHOO
BBICOKOM MOPHCTOCTH ITOJYY4a€EMOI0 CJIOS, YTO IIPY 3HAYMTEILHBIX IUIACTHYE-
ckux pedopmanuax ocHoBanus OIID MokeT IPUBECTH K CKBO3HOMY pacTpec-
KHBAaHUIO WJIM OTIISIYIIHBAHUIO CJIOS MOKPBITH. TakuMm oOpa3om, pa3paboTKa
koHCcTpyKIMi ocHoBanus OIID TPT, obecrieunBaromiero TEIIOOTBO, IIOIJIO-
IIEHHOM MOIIHOCTHY M 00JIaJalOlIEro NpUEMIEMOH KOPPO3HOHHON CTOMKOCTHIO
B jutud (200-500 C) ¢ y4éTOM HUKIUYECKAX TEPMHICCKHX HANPSDKEHUH (10
5000 nuKII0B) TakXKe ABISAETCS aKTyalbHOM 3a1aueii.
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PaspabareiBaembrii B pamkax ®PII-3 KII PTTH oredecTBEHHBIN HPOEKT
TPT, Ga3supyercs Ha CO3JaHHOM B Xoje ucronHeHus npoekra UTOP ocHose
(rmoaxomax M TEXHOIOTHAX), HO IIPH OTOM Psifi YHUKaIbHBIX ocobennocteil TPT
TpebyeT 00a3aTENbHON MOIUMUKALIMY U JAILHEHIIEr0 pPa3sBUTHS JAHHON OCHO-
BBI, UTO CTABUT IIepell pa3paboTUNKaMH U MCCIEIOBATEISIMH PSIIT aKTyaTbHBIX
3ajad4.
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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)-IG 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)-IG 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, 11] 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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METOAbI HCCJIEAOBAHUS NIOBEJAEHUS PA/IMOI'EHHBIX
I'A30B B BAHA/IMEBBIX CIIJIABAX

Tlemuit m Bogopox, obpasyromiecs BO BCeX MaTepuaiax IpH HEUTPOHHOM
00JTy4eHNH, OKa3bIBAIOT HETaTHMBHOE BIIMSHUE HA CBOWCTBAa PEAKTOPHBIX KOH-
CTPYKLMOHHBIX MAaTepUalioB, MPOSBISIONICECS B YHPOYHEHHH WU OXPYITIHBa-
HHH; PaHalliOHHOM ()OPMOM3MEHEHUH, B TOM YHCIIE 32 CUETBAKAHCHOHHOTO U
ra3oBOr0 pachmyxaHus W T.4. HecMOTps Ha MEHBLIYIO CKOPOCTH 0Opa3oBaHUS
rejvsl U BOJIOPOJA B BaHA/IMEBBIX CIUIABAaX MO CPABHEHHUIO CO CTAJISIMH pa3iivy-
HOTO KJIacca, Telui ¥ BOAOPO, NpoABIsI 3 (eKT CHHEpru3Ma, Jaxe MpH Ma-
JBIX KOHLEHTPALMSIX, HO TPH ONPEIEIICHHOM HMX COOTHOIIEHHH, KaTacTpogu-
YEeCKH YBEIMYHMBAIOT PACIyXaHHE BaHAIWS U €ro CIIaBoB. Bomopox, He3HauH-
TENILHO M3MEHsIS Ipeiesibl IPOYHOCTH U TEKYy4YeCTH BaHAJWs U €ro CIUIABOB,
IPU BBICOKMX KOHIIEHTPAIMAX 3aMETHO CHI)KAET OTHOCHTENBHOE YAJIMHCHHE
Ha pacTsDKEHUE, MPUYEM B MIPUCYTCTBUH KHUCIOPOJa NpOSBIsieTcst 3GPeKT cu-
Hepru3Ma — Ipy OJMHAKOBBIX KOHIIEHTPAIUAX BOJOPOJA C YBEIHMUCHUEM KOH-
LEHTPAIMU KHCIOpOo/ia OXPYyMYNBaHHUE YCHIMBACTCS.

B cBsi3u ¢ 3THM B HacTosmiel paboTe mpeAcTaBIeH 0030p COOCTBEHHBIX pa-
00T 1O W3YYCHUIO BJIMSHHA JICTUPYIOUIMX DJIEMEHTOB Ha MOBEJCHHE IeIHs,
0COOCHHOCTH Pa3BUTHSI Ta30BOM IOPUCTOCTH, KOJHMYECTBO YAEPKHBAEMOTO
BBEJIEHHOTO Pa3HBIMK CIToco0aMu BOJOPOJa B CrijlaBax BaHaaus ¢ Ti, Cr, W u
Ta ¢ ObICTPBIM CNaJIOM HaBEJCHHOH paJuoakTUBHOCTH. [loka3aHo, 4TO XUMH-
YEeCKHIl COCTaB CIIABOB OKAa3bIBAET CYIIECTBEHHOE BIMSHHE Ha IapaMeTphl
(hopmupyrOLIEHCS TeNNeBOi OPUCTOCTH, 3aXBaT, yAEp)KaHUe U BbIIEICHHE Te-
1ms 1 Bopopoja. OOHapyXeHbl OJJHH M T€ )K€ 3aKOHOMEPHOCTH BJIMSHHS XUMH-
YEeCKOro COCTaBa CIUIAaBOB Ha 3aXBaT M YAEp)KaHWE BOJOpPOJa HE3aBUCHMO OT
croco0a ero BBEJCHUs: aBTOKIABHOE HACHIIIEHNE BOJOPOAOM 0e3 1eeKTo00-
pa3oBaHMsl WM MOHHOE BHEIPEHHE €ro ¢ 0Opa3oBaHMEM DPaJHMAIlMOHHBIX Je-
(hexTOB. YCTaHOBIJICHO, YTO NPH JIETHPOBAHWU BaHAUSI XUMHUUECKH aKTHBHBIM
aneMeHToM (criaBbl V—TI) 3aBHCUMOCTH Kak mapameTpoB (hOpMHPYOIIEHCs
TeJIMeBON MOPHUCTOCTH, TaK M KOJIMUECTBA yJEP)KUBAEMOI0 BOJIOPOAA OT KOH-
LEHTPAIMHU JIETUPYIOLIETO 3JIEMEHTa HEMOHOTOHHBIE, YTO OOBSCHEHO 0COOEH-
HOCTSIMH B3aMMOJICHCTBHUS THTaHA C IPUMECSIMU KHCIIOPO/a ¥ a30Ta B BaHA WU,
KOTOpBIE BIHUSIIOT Ha KOJIMUECTBO 00pasylolerocs ruapuaa turaHa. [lokaszaxo,
YTO MpEeABAPUTENILHOE OOIyuYeHHe HOHAMH TEeJIHs YBEJINYMBAET KOJIMYECTBO
yIepKUBAEMOT0 BOIOPO/A TIPH MOCIEIYIOIIEM €ro BHEJIPESHUH HE3aBUCHMO OT
TEeMIIepaTyphl IPEIBAPUTEIHHOTO 00IyYEeHHs HOHAMU TeITHsL.
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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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KOMILITEKCHBIN AHAJIN3 HAHOCTPYKTYPBI .
JUCITEPCHO-YIIPOYHEHHBIX OKCUJAMHU CTAJIEU
METOJAMMU YJIBTPAMUKPOCKOIINHN

B Hacrosmiee BpeMs HIET pa3pabOTKa Pa3IHYHbIX HAHOCTPYKTYPHPOBaH-
HBIX MarepuasioB. Cpeaum HuX 0cob0e MECTO 3aHHMAIOT JIUCIIEPCHO-
ynpouHeHHbIe okcuaamu (Y O) crmaBel M cTanyu, MMEIOINE 3HAYUTENBHO 00-
Jiee BBICOKYIO JKapOIPOYHOCTh MO CPAaBHEHMIO C TPAIUIMOHHBIMHM MaTepHasa-
MU 3a CUeT 3HAYUTEIHHOI'0 YHCJIa PABHOMEPHO PACHpeeICHHBIX OKCUIOB (CM.,
Harpumep [1]). O6nacTe NpUMEHEHHs 3TUX MaTEPHaJIOB JOCTATOYHO IIUPOKA:
OT MaTepUalIOB ra30TYpOMHHBIX YCT@HOBOK JI0 MAaTepHalIOB aKTHBHOW 30HBI
SJEPHBIX YHEPreTUYECKUX YCTAaHOBOK. B mporecce pa3paboTKH 3THX MaTepua-
JIOB MJET COBEPIICHCTBOBAHUE CTPYKTYPHO (PAa30BOTO COCTOSHHS: pazMepa 3e-
PEH, ONTUMH3ALUS COJIEPIKAIINXCS BKIIOYEHUH MO pa3MepaM, cOCTaBy M paB-
HOMEpPHOCTH HX paclpeleneHns no o0beMy Marepuana. XapakTeph3anus
HAHOCTPYKTYpHI TepcnekTHBHBIX YO craneii TpedyeT KOMIUIEKCHOTO aHalIn3a
C IPUMEHEHHS B3aMMOIOTIOHSAIOMINX METOJUK HCCIIEIOBAHMS.

KomOunanms atromHO-30HIOBOW ToMorpaduu (A3T) um mpocBeuuBaro-
mel 31exTpoHHOW MuKpockonuu (II9M) mo3BosisieT MUCClenoBaTh CTPYKTYPY
MaTepHaja B IIMPOKOM JMAala3oHe: OT HAaHOPAa3MEPHBIX KIACTEPOB J0 MHKPO-
cTpykTypsl [2]. Ilpu aToM 06a MeTona SIBISIOTCS JIOKAJIHHBIMH WU HE IMPEIo-
CTaBIAIOT MH(pOpMaIMIo 0 GojplieM 00BEME HcciaenxyeMoro marepuana. s
MOJy4eHNs NHPOPMALMU O CPEIHUX XapaKTEPHUCTUKAX HAHOCTPYKTYPHI OOJIb-
moro obbeMa mMarepuaia HeoOXOAUMBI IPYTrHe METOJbI, HAPUMEpP MaJIOYyTJIO-
Boe¢ peHTreHoBckoe paccesHue (MYPP) [3] wim manoyriioBoe paccesiHue
HelTpoHoB [4]. Ilenpro HacTosmieid pabOTHI SABISIETCS KOMIUICKCHBIA aHAIIU3
HaHOCTPYKTYPhI JUCIEPCHO-YIPOUYHEHHBIX OKCUAAMU CTaJled METOJaMH Ipo-
CBEUMBAIONIEH 3JEKTPOHHOW MMKPOCKOIIMH, aTOMHO-30HIOBOH TOMOrpaduH,
MAaJIOyrJIOBOTO PEHTIEHOBCKOTO PACCESIHUS M OLIEHKA BKJIAJIOB B YIPOUHEHHE
AYO craneil pa3nuyHBIX JIEMEHTOB HAHOCTPYKTYpHL. [l OLIEHKU BEIUYKHBI
3THX BKJIAQJIOB MCIOJIB30BaHA MOJENb TUCIIEPCHOHHOTO 0aphepHOr0 YHIpOdYHe-
aus (dispersed barrier hardening - DBH model).
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CpaBrenue pesynptatoB IIOM, A3T u MVYPP ananuza mnosBomser
HanboJiee KOPPEKTHO OMPEICITUTh KaKUE THITbI BKIIOUCHUI U B KAKOM KOJIMYE-
CTBE COJZIEPXKATCSA B UCCICAYEMbIX MaTtepuanax. [lokazaHo 4To B OOJBIIUHCTBE
cTaleil coJepKaTcs OKCUIIHBIC BKIIFOUCHHS M KJIaCTephl, oboramnieHHsie mo O u
Y, a taxke mo V, Ti, Al, Zr B 3aBUCUMOCTH OT cOocTaBa cTaneil. MccnemoBaHus
Metogamu [I1OM u A3T pmaroT AetanpHYI0 HHPOPMALUIO O THUIIE BKIIOYSHHH, a
MeToasl MYPP mo3Bosstror Hanboee TOYHO OMPEICTUTh CPETHIE IUIOTHOCTH
BKITIOUEHUI 1o OompmmM oObemMaM Marepuana. [IpomeMoHCTpHpoBaHa Bak-
HOCTb INPaBUWIBHOIO ONPEIEIICHUS TUIIA BKIIOUEHUS IJI1 pacdyeToB YNPOUYHE-
HUS, NPOBENEHO CPaBHEHHE PE3YJbTATOB TAaKUX PacueTOB C H3MEPEHUSIMH
MUKpOTBepAOCTU. Pacu€THble 3HaUEHHS YIIPOUYHEHUN B UCCIIEAOBAHHBIX CTaNISIX
nexar B npenene 2.7-4.3 I'Tla, uTo XOpoOIIO COTNacyeTcs ¢ 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. PoroxkuH, A.A. Xomud, A.A. boraue, A.A. Hukutus, B.B. Xopomuios,
A.A. Jlykpsauyk, O.A. Pasuuueig, A.C. Illyros, A.JI. Bacunses, M.IO. IIpecHskos,
Snepnas ¢usuka w wumkuaEpHHT, 2020, TomM 11, Ne 1, c¢. 22-31. DOI:
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 ®OPMUPOBAHUS MOPDOJIOT' N
3EPEHHOM CTPYKTYPBI CBEPXITPOBOJISIINX
COEJIMHEHUM A-15 B TEXHUYECKHX
CBEPXIIPOBO/IHUKAX

3amaua yBenmmdeHHs TOKoHecyriei crmocobnoctd NbsSn cBepxmpoBomHu-
KOB, KOTOpBIE SIBIISIIOTCS HanOoJiee UCIIOIb3YEMbIMU TIPH U3TOTOBJICHUH BBICO-
KOTIOJIBHBIX MAarHUTOB /I KpynHbIX MarHuTHBIX cucteM (ITER, DEMO, HL-
LHC, FCC u np.) MoxeT ObITh pellicHa MyTeM pa3paboTKu CIIOCOOOB CO3MaHMs
MEIIKO3EPEHHOH CTPYKTYPBI CBEPXIPOBOIAIINX CIOCB HHTEPMETAIUIHAA C MaK-
CHUMaJIbHO BO3MOJKHOH IUIOTHOCTBIO LIEHTPOB NUHHMHTra ¢iarokconnos [1,2].
W3zBectHO, uTo Hanboee 3¢h(heKTUBHBIMH EHTPAMH IIMHHUHTA B COSTUHEHHIX
Tuna A-15 ABISAIOTCA TPaHHUIIBI 3€PEH, TO3TOMY COBEPIIEHCTBOBAHHE CTPYKTY-
PBI ABIAETCS ONPEACSISAIOMNM ISl YBETHUYCHUS! KPUTHUECKOH TUIOTHOCTH TOKA.
OcobeHHocThio cTpYKTYpBl ND3SN ¢110s B MHOTOBOJIOKOHHBIX CBEPXIIPOBOIHHU-
Kax sBJISCTCS (OPMHUPOBAaHHE B IPOLIECCE PEAKIMOHHON TepM0ooOpabOTKU
(PTO) HecKOTMBKUX 30H, OTIMYAOIINXCSA HE TOJIBKO pa3MepoM, HO U (opMoii
3epeH (CTONIOUATHIX U PABHOOCHBIX).

B nanHO# paboTe mMpoBeAeH aHAIH3 0COOCHHOCTEH MOP(OIOTHH 3epeHHON
CTPYKTYpPbI CBEpXIpOBOsIEH (a3bl B CBEPXIPOBOJHUKAX HA OCHOBE COCIH-
HeHull Tuna A-15, Mony4eHHbIX pa3HbIMU METOJIAMH, OTJIMYAIOUIMXCS KOH-
CTpYKLIMEH, COCTABOM, KOJIMYECTBOM, ()OPMOW M pa3MepoM CBEPXIIPOBOISIIMX
BOJIOKOH. PaccMOTpeHbI OTIHYUSI IPo1ieccoB (POPMHUPOBAHUS MUKPOCTPYKTYPbI
CBEPXMPOBOAANINX (Da3 B TEXHUUECKUX CBEPXIIPOBOJHUKAX HA OCHOBE Pa3sIny-
HBIX coequHennii A-15.

CpaBHUTENBHBIN aHANM3 PE3yIBTATOB MCCIIEIOBAHUS COCTaBA M MHUKPOCTPYK-
Typbl CBEPXIIPOBOJAHMKOB MPOBEIACH cCieAyromuMHu MeTogamu: TOM, COM u ¢
MOMOIIHIO TIPOCBEYUBAIOIIETO PACTPOBOTO JIEKTPOHHOTO MUKpockona (ITPOM), ¢
MPUMEHEHHEM SHEPTOJUCTIEPCHOHHOTO PEHTICHOBCKOTO MUKpoaHam3a [1].

[Tokazano, uto npu TBepaodaszHoil nuddy3un, B yCIOBUSIX OOCTHEHHS
OpoH30BO#t MaTpHLbl, MHKpocTpykTypa V3Ga m NbsSn dopmupyercs mo-
paznomy. Ipouecc hopmupoBanust V3Ga B MHOTOBOJIOKOHHBIX CBEPXITPOBO/I-
HHUKax MJET Yepe3 MpeaABapuTelIbHOe 00pa3oBaHue 3apoablieil (a3bl, 3aTeM HX
pocT, 00beIMHEHNE B MOHOJIUTHBIN CIOH M MOCIEAYIONTYI0 BTOPUIHYIO PEKpPH-
CTAUTM3ALMIO, TPUBOAANIYIO K YKPYITHEHHUIO 3epHa. B ommumne ot storo ¢op-
mupoBanue ciost NDsSn uaer crmomHbM (GPOHTOM € TIOCTENICHHBIM YBeTnde-
HHEM TOJIIUHEI, 0e3 00pa3oBaHMs 3apobIieii (a3bl.

YcTaHOBIIEHO, YTO 3€pEeHHAs CTPYKTypa Ciosi GOPMHUPYETCS] HE3aBHCHMO OT
CTPYKTYpbl HHOOHMEBOTO BOJIOKHA Ha TpaHUIle B3auMojeicTBus. Ha donbrax
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MOMEPEYHOTO CEYECHHSI 00pa30B KOMIO3UIIMOHHBIX CBEPXIPOBOJHUKOB, MOy~
yeHHbIX MeTogoM DUII, B cronbuarsix 3epHax NbDsSn BbIsBIeHO 3aMeTHOE
CHIDKEHHE COJICP)KaHHs 0JIOBA M OTKJIOHEHHE B HUX MapaMeTpa PEeUIeTKH, d, OT
KyOmueckoit crpykrypel AlS. Taxke B pabore [1] ormeueHo, 4To cocraB
CTOJIOYATBIX 3€PEH 3aMETHO OTIMYAETCS OT cTexuomerpuieckoro. Camo HHO-
O6ueBoe BOJIOKHO B TOTOBOM CBepXmpoBonHHKe 10 PTO mMeer xapakTepHYyIo
PEKPUCTAJUIN30BaHHYIO CTPYKTYPY C PAaBHOOCHBIMH 3€PHAMH, Pa3Mep KOTOPBIX
3HAYUTENbHO OOJbIme, 4YeM pa3Mmep 3epHa ¢a3sl HHTepMeTammma. [lo-
BUJIMMOMY, CKOPOCTb PEKHCTAJUIM3AllMM HUOOWS 3HAYMUTENBHO OOJIbILE, YeM
CKOPOCTB POCTa CJI0sI CBEPXNPOBOISIICH (a3bl, B KOTOPOH popMHupyeTcst OUeHb
MenKoe 3epHo. OTMEUeHO, YTO PEKPUCTAIIM3ALMS CHIIbHOIE(OPMHUPOBAHHOTO
HHOOHMEBOTO BOJIOKHA MPOUCXOIHT Ipu Temrreparype okosro 500 °C (mpu oTxu-
re TOTOBOTO MPOBOJA JJIS CHATHS HAIIPSHKCHUI), YTO 3HAUUTEIBHO HIKE TEM-
neparypsl PEKpHCTAIUTN3AINN HHOOMEBBIX TPYTKOB Iepes cOOpKOH MHOTOBO-
JokoHHO# 3arotoBku (950-1000 °C).

Obnactu ctonbuaTeix 3epeH NbsSn ¢azber B mporecce PTO dopmupyrores
Ha rpaHHLe C OCTATOYHBIM HUOOHEM B LICHTPE BOJIOKHA IPH CHU)KEHHU CKOPO-
cti uddy3un ojoBa 4epe3 paHee OOpa30BABIIUKCS CIIOW HWHTEpPMETAIHIA
MPY OJJHOBPEMEHHOM 00eHeHHU OpoH30BOi MaTpuiisl (Puc.1).

KomecTno tepen

e o ' 6), B)

Puc. 1 — Muxpocmpyxmypa NbsSn ¢asvr (COM) 6 o6pasye ¢ nogviuiennvim

cooepacanuem SN 6 mampuye (a). I'ucmoepammol pacnpedenenus 3epex no ac-
NeKMHOMY COOMHOUleHUio 018 00pasyos C 14,5 (6) u 15,5 mac. % (8)

[Tpu sToM ycTaHOBieHO [3], uTo moBBIIeHHE coaepkanust SN (ot 14,5 no
15,5 mac. %) B MaTpHIle IPHUBOJIHUT K YBEIUYCHUIO 00JIACTH PaBHOOCHBIX 3EPEH,
a Takke K HEKOTOPOMY CHIKEHHMIO acriektHoro cootnomrenus (h/d) cronbua-
TBIX 3€pEH.

Taxke mccnenoBaHue 3epeHHON CTPYKTYphl Nb3Sn Ha MOJENbHBIX 00pa3-
[[ax C Pa3JIMYHBIM PACIIOJIOKEHUEM CBEPXIIPOBO/SIINX BOJIOKOH MOKA3alo, YTo
npyu COMMKEHUH BOJIOKOH MPOHMCXOAWUT (HOPMHUPOBAHHE MPEUMYIIECTBEHHO
CTOJIOYATBIX 3€PEH M3-32 yMEHBUICHHUs MpPUTOKa oyioBa K HUM. Co3gaHue KOH-
CTPYKIIMH CBEPXIPOBOJHHUKA C KOJBIIEBEIMH BOJOKHAMH, B KOTOpOH Tuddy3ns
0JIOBA MJIET KaK U3 LEHTPA, TaK U C Neprudepun BOJOKHA, TO3BOJIIET U30eXKaTh
(hopmupoBaHUsI CTOMOYATHIX 3€PEH C OHMKEHHON TUIOTHOCTHIO MEK3EPEHHBIX
rpannl. OfHAaKO Takash KOHCTPYKIHS HE MO3BOJISET MOJIYYHUTh OOJIBIIOE KOJIH-
4YCCTBO CBCpXHpOBO)IHHIeﬁ (1)33])1, YTO OTPULATEIIBHO CKAa3bIBA€TCA HA BEJIMYUHE
00111eif TOKOHEeCYIIEel CIOCOOHOCTH CBEPXIIPOBOIHHKA.
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OrpannyeHne BO3MOXKHOCTH HOBBIIICHHUS COAEPKAHUS OJI0BA B NIPOBOAHU-
KaX, MOJy4aeMbIX OpOH30BBIM METOJOM H3-3a YXYALICHHS IIACTHYHOCTH
OpOH3BI, IPUBENIO K MHTCHCH()UKAIIMN pa3pabOTKH aIbTepPHATHBHBIX METOJOB
n3roroBneHns NbsSn cBepXnpoBogHHKOB. CpaBHUTEIBHBIH aHAIM3 B3aHMO-
CBSI3M 0COOCHHOCTEH MHUKpPOCTPYKTYpHI NbaSn (ha3el B CBEpXIPOBOJIHUKAX, IT0-
JTy9eHHBIX Pa3HbBIMH METOJAMH, TAKUMH KakK OpOH30BBIH, BHYyTPEHHETO HCTOY-
Huka (BUIT) u «nopomok B Tpybe» (PIT) mokasan, yro obecrnieueHne paBHO-
MEpPHOTO MPHUTOKA OJIOBA HAa TPAHUIy ¢ HUOOWEM IpHU MOJYYEHHH METOAAMHU
BUIT u PIT, mo3BossieT MONMy4YUTh PABHOOCHYIO MEJKO3EPEHHYIO CTPYKTYPY.
braromaps yBenMUYEHHIO WHTEHCHBHOCTH IH((y3HOHHOTO IOTOKA OJIOBa B
npouecce PTO ynaercst He TONBKO MOJYYUTh 3HAYUTENBHO OOJbIIee KOJIHYe-
CTBO CBEPXIIPOBOAAIICH (ha3bl, HO U U3MEHUTH €€ CTPYKTYpy. [Ipn 3ToMm, B oc-
HOBHOM, (DOPMHUPYIOTCS PABHOOCHBIC 3€PHA CO CPEIHUM pa3mepoM B 1,5 - 2 pa-
3a MeHbIIe, YeM B OpoH30BOM BapHuaHTe [4]. A 30HBEI CO CTONOYATOU CTPYKTY-
PO¥ BCTPEYAKOTCS rOpas3io pPexe, U MPEUMYIISCTBEHHO B 00acT auddy3uoH-
HBIX 0apbepoB. JTO MO3BOJSET CYIIECTBEHHO IMOBBICUTH TOKOHECYIIYIO CIIO-
cobuocts NDb3Sn cBepXmpoBOAHHUKOB.

'E.A. Dergunova, I.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 Superconductorsy», 2019, Vol. 64, No. 2, pp.
233-241. /| ISSN 1063-7745, Crystallography  Reports, doi:
10.1134/s1063774519020093

2Jleprynosa E.A., ®uryposckuii 1.K., A6moxanos U.M. u np. «Pa3pabot-
Ka CBEPXIPOBOAAIIHNX KOMIIO3MIUOHHBIX MATEPpHAJIOB JId CHEHHUAIbHBIX
MarguTHbIX cuctem», «MHTK ®THU-2017». c. 34-43.

3E.A.Jleprynosa, U.M. AG6mroxanos, M.O. Kypunkus u ap. «B3aumMocBs3b
CTPYKTYPbI CBEPXIPOBOJSIIUX CIOEB C KOHCTPYKIHEH KOMIO3UIIHOHHBIX
CBEpPXIPOBOAHUKOB Ha ocHOBE ND3Sn», B ¢6. «TESTMAT» BUAM 2016.
4M. V. Kryloval, I 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 I0P Conf. Series: Material Science and Engeniring,
502(2019)012174, doi:10/1088/1757-899X/502/1/012174/
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HNCHOJIB30BAHUE CUHXPOTPOHHOI'O U3JIYYEHUA
A1 TMATHOCTUKA MATEPUAJIOB, ITOJTYYEHHBIX
C IOMOUBIO AIJIMTUBHBIX TEXHOJIOI'NU

AnmutuBHoe npousBoacTBo (AIl) oTrHocurcs K HabOpy mHpeoOpasyroIux
TEXHOJIOTHH, KOTOPBIE CO3AAI0T TPEXMEPHBIE OOBEKTHI ITyTeM J00aBICHHUI Ma-
TEpHUaJIoB CJIOH 3a cjoeM Ha OocHOBe LudpoBoro nuszaiiHa. B wactHocTH, All ¢
UCTIONIb30BAHUEM METAJUIMYECKHUX MOPOIIKOB HAIIO MHOXKECTBO NMPUMEHEHUN
B 00J1aCTH OMOMEIHULIUHBI, a9POKOCMHYECKON MTPOMBIIUICHHOCTH, aBTOMOOHIIe-
cTpoeHusi 1 060poHs!. [1o cpaBHEHHIO ¢ TpaJUINOHHBIMH TEXHOJOTHUSIMHM IIPO-
u3BojcTBa Metayuia, All oOnagaeT MHOTHMHU YHUKAJIBHBIMU MIPEUMYILECTBAMH,
BKJIFOYast KOPOTKHH CPOK pa3pabOTKH 10 BBIXOJA Ha PHIHOK, KOPOTKYIO LIET0Y-
Ky IOCTaBOK, TPOU3BOJCTBO 3alaCHBIX 4aCTeH U MHCTPYMEHTOB HAa MECTE U 10
TpeOOBaHUIO, MEHbIIEe MMOTPEOJICHNE YHEPIMHU U MEHbIIeE KOJIUYECTBO OTXO-
0B MarepuaioB. Yro eme Oosee BaxkHO, All B 3HAUNTENIFHON CTENICHU yCTpa-
HSET OrpaHnYeHHs] Ha OCHACTKY U JIaeT CBOOOIY NMPOEKTHPOBAHHS U U3TOTOB-
JEHHs AeTaleld CO CI0XKHOM reOMEeTpUEl M yITydIIeHHONW HPOM3BOIUTENBHO-
CTh10. 3a mocuenHue Tpu Aecatunetus All ¢ ucTonb30BaHUEM METaTMYECKHX
MOPOIIKOB OBICTPO Pa3BHBAIOCH Onaronmapsi 3HAYUTEIHHBIM HHBECTHUIMSIM B
TEXHOJIOTHIO KaK T'OCYJapCTBEHHBIX, TaK M YAaCTHBIX IPYMNI IO BCEMY MHDY.
ITosiBUnOCH MHOKECTBO MpousBoguTeneil 3D-npuHTEpOB, U, MO-BUAMMOMY,
OBLIO JOCTUTHYTO COBEPIIEHCTBO TeXHUKU. OHAKO TOYHBIM KOHTPOIb MUKPO-
CTPYKTYPBI U CBOWCTB HPOJYKTOB, M3TOTOBJICHHBIX C JOOABIEHHEM J[00aBOK,
ocTaeTcs CIOXKHOH 3a7aueii, a KOJTMYECTBO METAIUTMUECKUX MAaTEpHUaNoB, KOTO-
pBI€ MOXHO HCHONB30BaTh A1l All, mo-npexHeMy O4eHb OTPaHUYEHO.

Takum o06pa3oM, perieHrne QyHIaMEeHTaIbHBIX MaTepHaJIbHBIX IPOOJIEM SIB-
JSIETCS KIIFOYOM K PACKPBITUIO Beero noreHnuana All n3roroBineHus MeTaniu-
geckux getaneid. CyIiecTByeT HECKONBKO Pa3IMYHBIX METOJOB IeyaTH MeTaj-
JMYECKUX MaTepUaoB. 3a MCKIIOUYEHUEM CTPYHHOIO pacHbUICHUS CBS3YIOLIE-
o, BCe JpyTHe MEeTOAbl 00pabOTKH METaJUIOB BKIIIOYAIOT HAHECEHHE TEIIOBON
9HEpruM Ha o0pasel] C HOMOIIBIO Ja3ePHBIX MM 3JIEKTPOHHBIX HCTOYHHKOB. B
TUIMYHOM TIporiecce COOpPKH JIa3epHBIN WM 3JEKTPOHHBIA JIyd JIOKAIbHO
HarpeBaeT oOpasel 10 TeMIIepaTyp, IPEBBIMIAIOIINX TEMIIEpaTyphl MIaBICHUS
WIIH ke KUMEHUS METaIoB. B To ke BpeMs CKOPOCTH HarpeBa M OXJIaXKae-
HUS cocTaBISIIOT nopsiaka 106 K/c n BbIle, a JOKaJIbHBIA TeMIIepaTypHBIi rpa-
JIMEHT MOXeT jierko nocturath 103 K/mm. Takue skcTpeManbHbIe TEMIIEpATyp-
HBIE YCJIOBUS MO3BOJIIIOT HAM H3rOTAaBJIMBaTh MaTepUallbl C OUEHb YHUKAaJb-
HBIMH ¥ OJIarONPHATHBIMH MHKPOCTPYKTYPaMH, KOTOpbIE HHKOIJa HE MOTIIN
JIOCTUYb paHbllie; HO, C IPYroi CTOpoHsl, B MaTepuanax All cymecTByer MHO-
JKECTBO JIe(hEeKTOB, BKIIOYAst MOPUCTOCTD, TPEIIUHBI, OCTaTOUHbIE HANPSKEHHS,
HE)KeJaTebHBIE CTPYKTYPHI 3€PEH U HEPABHOBECHBIE (ha3bl.
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CHHXpPOTPOHHBIE PEHTTEHOBCKHE METOBI SIBIIIOTCS OJHUMH M3 HambOoiee
YHUBEPCAIbHBIX U 3P (EKTUBHBIX METOAOB [UISl XapaKTEPHCTHKA MHKPOCTPYK-
Typ MaTepualioB ¥ UX 3BOJIIOLMH B Pa3MYHBIX TPOIEccax M YCIOBHAX. B mo-
CJIC/IHUE TOJBI 3TH METOJbl MPUBIICKAIOT BCe OOJIbIIE MCCIeqoBaTeNet, KOTo-
pBIC TONB3YIOTCS HPEUMYIIECTBAMH MPEBOCXOJHOTO JKECTKOTO HCTOYHHKA
PEHTTCHOBCKOTO M3Iy4eHHs. C MOMOIIBIO COBPEMEHHON BBICOKOIHEPTETHUE-
CKOW PEHTreHOBCKOW Au(pakuuy, MUKpockonuu Jlays, KOMIBIOTEPHOH TOMO-
rpadun, BEICOKOCKOPOCTHBIX METOMOB BH3yaJM3allMM y4YCHBIC HAUMHAIOT Pe-
IIaTh MHOTHE KPUTHUECKUE NPoOIieMBbl ¢ MaTepuanamu B AIL

B nanHOM moknazse mpencTaBIeH KpaTKUi 0030p paboT MO HCIIOJIB30BAHHUIO
CUHXPOTPOHHOTO M3JIy4YeHMs JUI1 JUATHOCTHKH METAITIMYECKUX MaTepHalIoB,
CHHTE3MPOBAHHBIX aAJUTUBHBIMH 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-
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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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IEPCHEKTHUBbBI PA3BUTHSI METOJA
BBICOKOBOJIbTHOU KOHCOJINJAIHWHA ITOPOIIKOBBIX
MATEPHUAJIOB

PaccMoTpeHbl OCHOBHBIE OCOOEHHOCTH METO/Ia BHICOKOBOJIBTHOM KOHCOJIH-
JAIMK TIOPOIIKOBBIX MAaTEPHUAIOB M OOYCJIOBJIEHHBIE MMM IPEUMYIIECTBA H
OrpaHUYEHHUS JaHHOTO MeTOoAa. MeToa BBICOKOBOJBTHOM KOHCOIHMIAIMK I10-
poikoB 3G (EKTUBEH I IIPOU3BOACTBA TYIOIUIABKUX KOMIIO3UIIMOHHBIX Ma-
TEPHAJIOB, COXPAHSIOIIUX MPOYHOCTHBIE CBOMCTBA IPH CBEPXBBICOKUX TEMIIC-
paTypax B YCIOBHSIX arpeCCHBHBIX BHEHIHHX BO3AeHcTBHIl. KpaTkoBpemeH-
HOCTh BBICOKOTEMIIEPATYPHOIO BO3ICHCTBHSA B IIPOIECCE BBICOKOBOJIBTHOM
KOHCOJIUAAIHMH ITO3BOJISIET COXPAHUTh B KOHCOJIHUANPOBAHHOM KOMITAKTHOM Ma-
TepHaje CTPYKTYPHO-(ha30BOE COCTOSHHE HCXOMHOIO IMOPOIIKOBOIO MaTepHa-
na. OCOOEHHOCTBI0 JAHHOTO METOa SBJIIETCS KOHILIGHTPAIUS BBICOKOM ILIOT-
HOCTH BBIJICJIIEMOM SHEPIHH B 00J1aCTH KOHTAKTOB MEKIY YaCTHUIAMH IIOPOIII-
Ka. IIp1 5TOM HCXOIHOE COCTOSIHHME MOBEPXHOCTH YACTHMI[ ITOPOIIKA (TOJIIMHA
U CTPYKTypa OKHCHBIX IUICHOK, HaJHYHe ITOCTOPOHHUX IpUMEced M T. IL.),
(opma yacTuil MOPOIIKAa U UX Pa3MEPhl CYIIECTBEHHO BIMIIOT Ha 3aKOHOMED-
HOCTH IIPOIIECCOB BBICOKOBOJBTHOM KOHCOIMAAIUK. Hapsiiy ¢ XapakTepucTH-
KaMH IIOPOIIKA, OINPEAEISIONMMHI (haKTOpaMU SIBISIOTCSA: CKOPOCTh BBOJA
SHEPIMU 3JIEKTPOMArHUTHOI'O II0JI B IIOPOIIKOBLIM MaTrepuajl, BelIu4rHa U Xa-
paKTep MEXaHUYECKOI'O MABJICHUS, BO3ICHCTBYIOMICTO Ha MOPOIIKOBYIO 3aro-
TOBKY B IIPOIIECCE BBICOKOBOJIGTHOM KOHCOJMIAIMK. BBICOKas IUIOTHOCTH
OHCPIUH B 30HAX KOHTAKTOB 4YaCTHIl IIPUBOAUT K JIOKAJIbHOMY W3MCHCHHIO ar-
PEraTHOTO COCTOSIHHMSI BEIIECTBa IIOPOINKAa B 3THX 30HaX. Hapsmy ¢ HeomHo-
POJHOCTBIO HArpena IOPOIIKAa B MCKYACTHYHBIX KOHTAKTaX BO3MOXHO MaKpoO-
CKOITMYECKH HEOJTHOPOIHOE pachpe/ielieHne TNIOTHOCTH TOKa B 00beMe KOHCO-
JUIUpYyeMoro oopasma. @opMUPOBaHUE CTPYKTYPhI MOPOIIKOBOTO Marepuaia
MPY  BBICOKOBOJIbTHOM KOHCOJMJIAIIMU ONPEAEIIAETCS pPa3HOMAacIITaOHBIMHU
nponeccaMu, NMPOTCKAIIMMH Ha MEKYACTUYHBIX KOHTAKTaX, B 4acTulax II0-
porika, B 00beMe Bcero 00pasiia U B3aNMOBIIHSHUEM THX IIPOILIECCOB.

JlanbHelilee pa3BUTHE JAHHOTO METOJA CBSA3aHO C AETAIBHBIM JKCIIEPH-
MEHTAJIbHBIM H3YYeHHEM TEIUIOBBIX MPOIIECCOB MPH BHICOKOBOJBTHOW KOHCO-
AU ITOPOUIKOB TYTOINIAaBKUX MAaTCpHUaJIOB C HMCIOJIB30BAHUEM HMITYJIbC-
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HOH (horomeTpun. [IpoBeneHbI AKCIIEPUMEHTANIbHBIC HCCACIOBAHUS MapaMeT-
POB BBICOKOBOJIETHOTO 3JICKTPOMMITYJILCHOI'O BO3ACHCTBUS B IPOIECCE KOHCO-
JINJAIMU BBICOKOTEMIIEPATYPHBIX MOPOIIKOBEIX KoMno3unuii TaC u HfC. Pe-
THCTpAaIUs MapaMeTPOB BLICOKOBOJIBTHOTO HMMITYJIhCa TOKA WU MHTCHCHUBHOCTH
TEIUIOBOTO H3IYYCHHS KOHCOJHMINPYEMBIX IIOPOIIKOBBEIX MAaTepHalioB OCY-
IICCTBIIATIACh C MOMOIIBI0 Pa3pabOTAaHHOTO aBTOPAaMH HM3MEPUTEIBHOTO KOM-
miekca. JlaHHbBII KOMIIIEKC BKJIIOYACT: MOSIC POroBCKOro ¢ MHTEIPHUPYIOLIEH
LIETIOYKOM, KOTOPBIH PETHCTPUPYET IapaMeTPbl BHICOKOBOJIBTHOI'O HMITYJIbCA
TOKa; (POTOAUOMHEBIEC MATUYHMKH, PECHCTPUPYIOIUIME HHTEHCUBHOCTH TEILJIOBOTO
M3IIYYCHHUS, KOTOPOE IeperaeTcs Mo CIENUaJIbHOMY ONTHYECKOMY BOJHOBOIY
OT KOHCOJIMAUPYEMBIX ITOPOIIKOBEIX IIPECCOBOK; CUCTEMBI 3allyCKa U CHHXPO-
HU3AIlUd KOMIIOHCHTOB H3MEPUTEIBLHOTO KOMILICKCA. AHAIU3 BO3HHUKAIOIIETO
TEIJIOBOTO 3JIEKTPOMATrHUTHOTO M3JIYYEHHUS C IMOBEPXHOCTH KOHCOIMIUPYEMO-
ro MOPOIIKOBOro oOpaslia B IPOIECCE BHICOKOBOJILTHON KOHCOIMIALUU IIPO-
BOJMTCS B BUAMMOM [Malla3oHe W3JIYYEHMs, B Ipeneiiax oT Ar=650 HM 10
Ar=950 am. Ha pucynke 1 mpuBeaeH IpUMEpP PETHCTPALlMM JaHHBIM H3MEPH-
TENbHBIM KOMILJIEKCOM JWHAMHUKU M3MEHEHHUs HMITYJIbCHOro Toka (1), Bo3mei-
CTBYIOILIETO HA KOHCOJUIAUPYEMBI MaTepuaj, U HHTCHCHBHOCTH CBETOBOI'O
MOTOKA (2) M3Iy4eHust OT 00pabdaTkiBaeMOTo Marepuara.

Pucynoxk 1. Jlnunamuka n3mMeHenus toka (1) 1 ”HTEeHCUBHOCTH TEIJIOBOT'O
n3mydeHus (2) oopabaThIBaEMOT0O MaTepHaa.

HTEeHCUBHBIM MMIYJIBCHBIN anrabaTHYECKU HArpeB MaTepHalia IOPOII-
KOBOM IPECCOBKHU PE3KO CHIIKAET €€ CONPOTUBIICHHIO IIACTHYECKOMY nedop-
MUPOBAHUIO, U MOJ JCHCTBHEM BHEIIHETO MEXaHHYECKOTO JABJICHHUS ITOPOIII-
KOBBIM MaTepuas YIUIOTHIETCS C XapaKTEPHOM CKOPOCThIO AehopMaliH, 3aBHy-
csIIeil oT cucTteMbl Harpyxenus. OxtaxkaeHue KOHCOJIMINPOBAHHOTO MaTEpH-
ajla IIPECCOBKHU OCYIIECTBIISAETCS 3a CUET TEIJIOOTBO/IA B MPECCOCHACTKY (ITyaH-
COHBI M MaTpuily). Pe3ynbpTaTel SKCIEPUMEHTANIBHOTO U TEOPETHUECKOrO HC-
CIIeIOBAaHUs KHMHETUKHU IPOIEeCcCa YINIOTHEHHS MOPOIIKOBOI'O MaTepHuaja MIpH
BBICOKOBOJIbTHOM KOHCOJIMIAIMU IPHUBENEHBI B padore [1]. AHaIM3 HOJIy4YeH-
HEBIX PE3YJIbTaTOB BBIABMJI BOJIHOBOM XapakTep Ipoliecca YIUIOTHSHHS ITOPOII-
KOBOI MPECCOBKH B Ipoliecce KoHcoaupanuu. [IpeacrasieHsl pe3yiabTaThl pac-
YeTOB AUMHAMHKM 3aKpBLITHA (KOJUIarca) MeKYaCTHYHBIX 110D B YIIJIOTHSEMOM
Matepuaine. O0CyX Iat0TCs IKCIIEPUMEHTAIbHBIE PE3YIbTAaThl BEICOKOBOJIBTHOM
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KOHCOJIMAAIMH TIOPOITKOB KapOWIoB radHUS W TaHTala, TBEPABIX CIUIABOB U
TsDKEJBIX CIUIABOB HAa OCHOBE BoJibdpama [1].

TIpencraBneHsl pe3yabTaThl UCCIECAOBAHUSI MAKPO- H MUKPOCTPYKTYPEI KOHCO-
JIUAMPOBAHHBIX MATEPHAJIOB U MEXaHUYECKUX MCIILITAHUI TOTYYeHHBIX 00Pa3IIoB.
UcneiTanus Mpyd KOMHATHOM TEMIIEPATYpE HA CKATHE B HCCJIEIOBAHHOM JHaria-
30HE IOKA3aJii, YTO BCE KOHCOJIMIMPOBAHHBIC 00paslibl BRIICPKHUBAIOT CIKAMAKO-
1iee HampsbkeHne 0e3 paspyiieHus [1]. BRICOKOBOIBTHOE CIIEKaHHUE CIIOCOOCTBYET
MOJZCPKAHUIO HCXOJHOM MEJIKO3EPHUCTON CTPYKTYphI, OOJiee paBHOMEPHOMY
pacIpe/IeIICHHIO JKENIC30-HUKEICBOrO CBSI3YIOIIECTO M MPAKTHYSCKH MOJHOMY OT-
CYTCTBHIO TIOPHCTOCTH B KOHCOJMANPOBAHHBIX MaTepUalax.

DKCIIEPUMEHTAILHEIMU HCCIIEOBAHUSIMH BBICOKOBOJILTHON KOHCOIHAAIIUU
ITOPOIIKOBBIX MaTEPHAJIOB BBHISBICHBI HCYCTOWYUBEIC PEKUMBI, IPUBOISIINNE K
dbopMUpOBaHUIO HEOTHOPOIHELIX CBOMCTB IOJNIYYaeMELIX OOpaslioB MM K pas-
PYIIEHHIO HCXOJHBIX IOPOIIKOBBIX 3arOTOBOK M TEXHOJIOTMYECKOM IIpecc-
ocHacTKH. OnpeaensionM TEXHOJIOIHYECKUM (HaKTOPOM, KOTOPBIH MPUBOIUT
K HEYCTOHYHMBBHIM pEKHMaM BBICOKOBOJBTHOH KOHCOJIMIALIMKM ITOPOIIKOBBIX
MaTepHuajIoB, ABJISICTCA aMIUIUTyJda BBICOKOBOJIBTHOI'O HMIIYJbCa TOKa. ECJ'II/I
aMILIATYIa UMITyJIbCa TOKA IPEBBIIIAET OMPEACICHHOE KPUTHUECKOE 3HAUCHUE,
TO MPOLECC BEICOKOBOJILTHOM KOHCOJUJALMHU TEPSET YCTOMYMBOCTh. ITO KPH-
THYECKOE 3HAYCHUE 3aBHCHT KaK OT JAaBJICHHS, BO3JICHCTBYIOIIEIO HA KOHCOJIH-
IAPYEMYIO 3aIOTOBKY, TaK M DJIEKTPO(PHU3NUECKUX XapaKTEPUCTHK IOpoIIKa. B
pe3yibTaTe MPOBEACHHBIX 3KCIIEPUMEHTAIBHBIX U TEOPECTUUCCKUX HMCCIICI0BA-
HUM YCTAHOBJIEHBI 3aKOHOMEPHOCTH (PU3UYECKHX IIPOLECCOB, ITPOTEKAIOUIUX
Ipu BLICOKOBOHLTHOﬁ KOHCOJIMJaluy IMOpPOUIKOB, U ME€XaHHU3MBbI, ITPUBOAAIIUC
K (DOPMUPOBAHHUIO HEYCTOMYMBBIX PEXKHUMOB KOHCOIUIAIMKA. MeXaHH3M, MpHU-
BO}Z[S[IJ.[I/II?I K HeyCTOﬁ‘IHBBIM PCXKHUMaM KOHCOJIMAAIIUH, CBs3aH C BOJIHOBBIM Xa-
pPaKTEPOM IMpPOIECCa YIUIOTHEHHS IMOPOIIKOBOrO Marepuana. HeycTonduBbIi
PCKUM KOHCOJHAAIIMNU BO3HHUKACT, KOrga MCKYaCTUYHBIC ITOPHI 3aXJIOIIbIBAKOT-
Csi C HapacTaHHEM CKOPOCTH B MOMEHT CXJIONBIBAHHUS — «KYMYJISITUBHEIN pe-
xkum» [2]. Tlpu 3TOM peknme, Kak MpaBuio, (HOPMHPYETCS HEOTHOPOIHAS
CTPYKTYpa KOHCOJNMANPOBAHHOTO MaTepHaia

YcTaHOBIIEH KPUTEPUN, OTIPEACIISIONINN THaNa30H ONTUMaJIbHBIX TEXHOJIO-
TMYECKHUX IMapaMeTPOB BBICOKOBOJLTHOH KOHCOJMAALMH IS CO3LAHUS TYro-
IJIABKUX BBICOKOIUIOTHBIX MAaTCPHAJIOB. HDEZU'IO)KEHLI BO3MOXXHBIC HaITpaBJIC-
HUS JabHEWIINX HWCCIICAOBAHHNA IPOIECCa BBICOKOBONBTHOW KOHCOJHIAIIHH
l'IOpOH_IKOBLIX MaTepualioB.
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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.

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 hafnium 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

43



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 PABPABOTKU BbICTPO3AKAJIEHHBIX ITPUITIOEB
B HUAY MUOU

Bonee tpuamaru net Ha kabeape «Pusnyeckue nMpoOIeEMBl MaTeEPHAIOBIE-
HHS» BBITIOJIHAIOTCS DPAOOTBI IO OBICTPOMY 3aTBEPAECBAHHMIO METAUTHYECKHX
paciuiaBoB. B pe3yibraTe peanu3aldd TOro TEXHOJIOTMYECKOIO IIPOIecca
npoucxoaur (GUKcanus MeTacTaOUILHOIO COCTOSHMS, IPUYEM IIPU COOIO/IE-
HHUM OIPENEICHHBIX MapaMEeTPOB MOXKHO IIOJYVYUTh MaTepuall ¢ amMopbhHOU
CTPYKTYDPOM, YTO B CBOIO OYEPEIb MPUAAECT MY KOMIUIEKC YHUKAIBHBIX (hU3u-
KO-XMMHYECKHUX CBOMCTB, KOTOPbIE B JaJIbHEHIIIEM MOXXHO MCHOJIb30BaTh B 3a-
BHCHUMOCTH OT (hVHKIIMOHAJIBLHOTO IIDUMEHEHHS.

Bo Bropoii momoBuHe XX Beka Havajdd MIMPOKO IIPHUMEHSATH TEXHOJIOTHIO
OBICTDPOTO 3aTBEDAEBAHMS DACIUIABA IIDU U3TOTOBJIEHHH IIPUIIOEB Ha OCHOBE MEJIH,
HUKeJI ¥ TuTaHa. OOYCIIOBIEHO 5TO TEM, YTO B 3aBUCHMOCTH OT Criocoda oxJia-
JKIICHUSA MOYKHO IIOJIVYUTH MaTtepual B hYHKIMOHAILHO TpeOyeMoM BHie — B (hop-
M€ IIOPOIIKA 3aJJaHHOTO I'PaHYJIOMETPHUECKOIO COCTaBa PACIBUICHHEM pacIliaBa
CTPYel MHEPTHOIO rasa, JIM00 B BUJE JIEHT ¢ (DUKCUPOBAHHBIMUA [EOMETPUUYECKUMU
rnapamMeTpaMy, KOTOpBIE BCJIECACTBUE aMOpP(MOHON WM HAHOKPUCTAJUIMYECKOMN
CTPYKTYDBL, JIETKO IOJBEPIAOTCS MEXaHMYECKOH 00pabOTKE — PE3aHMIO, IITaM-
[IOBKE W T.II., YTO CYIIECTBEHHO VIPOIIAET HCIOJL30BaHHE MX KaK 3aKJIagHBIX
3JIEMEHTOB C TOYHOM JO3UPOBKOM IIPHIIOS IS 3aII0JIHEHMS 3a30Da.

3a TOIBl CYIIECTBOBAHUA JIa00OpaTOpHH OBICTPO3aKaJEHHBIX MaTePHaIOB
KOJUISKTHBOM aBTOPOB ObuH paspadoransl npuron CTEMET®Ha ocrose All,
Cu, Fe, Ni, Ti, u Zr, npensa3HadeHHbIE IS BBICOKOTEMIIEDATYDHOU IANKHU
(450-2000 °C) mMPOKOro CIeKTpa MaTEPHaIOB: OT METa/UIMYECKUX CIUIABOB
0 KEpaMHUK Pa3IdYHOI0 cocTaBa. JlaHHBIE MPHUIION MPUMEHSIOT KaK B BHIE
nenT (mupuna 10 50 MM, TommuHa 30-70 MKM), Tak ¥ B BHJE MOPOIIKA pa3-
JIMYHOT'O TPAHYJIOMETPHUYECKOTO cocTaBa B HHTepBaje 10 400 MKM.

B HacrosmeM nokiane npoBeleH 0030p JaHHBIX O MPOIEIaHBIX aBTOPAMU
paborax 3a nociennue 15 ner. [IpencrasiaeHsl pe3ynbTaThl Pa3pabOTKU IIPUIIO-
€B U IaMKKA [UPKOHUEBBIX AUCTaHIHOHMpYIomuX pemerok (LIIP) snepHbix
peakTopoB u3 ciasa 110, aHTUACOPU3HBIX DUIBTPOB U3 KOPPO3HOHHOCTOM-
KOM CTajad, DJIEMEHTOB KOMIIOHEHTOB, oOpamieHHsIX K 1mrasMme (KOII) tepo-
anepHbIX yctaHoBok (TSP) UTOP u JIEMO — maiika We CuCrZr-6poH3oil u
cransamu (hepputHO-MapTeHcuTHOro kiacca DK-181 u Eurofer; marepmanos
3JIEMEHTOB JKHMJIKOCTHBIX PaKEeTHBIX aBurareneid usz creiaeid DI1-750 u DM-811,
JIeTaliell aHOIOB PEHTIEHOBKUX TPYOOK — maiika MO u rpadura, KOHCTDYKTHB-
HBIX 2JIEMEHTOB M3 kapOuna kpeMuus (SiC) — kak mepcneKTUBHOIO MaTepuaia
JUIS CO3/IaHMS TOJIEPAHTHOrO TOIUIMBA, a TAKXKE APYIHX HM3IEIUH Pa3IAndHOTO
Ha3Ha4YeHUS U3 Pa3HOPOIHBIX MATEPHAIIOB.
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3PO3US MHOTOCJIOMHBIX KPUCTAJIIMYECKO-
AMOP®HBIX IIVIEHOK, OBJIYYEHHbBIX NOHAMM I'EJIUS

B Hacrosimee Bpems pa3pa0OoTKa HOBBIX paJUallMOHHO-CTOWKHX MaTepHa-
JIOB SIBJISIETCSl BaXKHOM NPOOJIEMOii, KOTOpass OCOOCHHO aKTyajbHa JUIsl siiep-
HOW/TepMOSIICPHON TPOMBIIUIEHHOCTH, a3POKOCMHYECKON MPOMBIIUICHHOCTH
U T. 1., TI€ OOBEKTHI MOJBEPTaOTCs CHIBHOMY OONYyYeHHIO MOHAMH, HEHTpO-
HaMu, 3JeKTpoHaMu. st 3TOro HEOOXOIMMO CO3/aBaTh MaTEpHaNbl C OONb-
MM KOJMYECTBOM CTOKOB JUII TOYEUYHBIX IE(EKTOB, TAKMX KaK IUCIIOKAIHH,
TpaHUIBI 3epeH W Mex(paszHele TpaHUNbl [1]. MHOTOCIIOWHBIE CHCTEMBI IIep-
CIEKTUBHBI JJIsl UCCIIEJIOBAaHUH, TIOCKOJIbKY MEKCIIOEBBIE I'PAaHHUIIBI MOTYT BIIH-
ATh Ha yCTpaHEHHE PaHalMOHHBIX JedekToB [2]. Y HUX ecTh 3HAUUTENbHBIC
MeK(a3Hble 007aCTH, KOTOpbIe MOTYT JIEHCTBOBATh KaK CTAOWIIbHBIC TOTJIOTH-
Tenu 1e(eKTOoB.

MHorocoiinbie wieHKd HK-ZIN/a-SisNg u HK-ZIN/a-ZrCu Geutu chopmu-
posansl npu 500°C MeTo10M peaKTHBHOI'O MarHeTPOHHOTO HANbUICHUSA B Ka-
Mepe BBICOKOro BakyyMa (6azoBoe masinenne <107 Ila), ocHameHHON TpeMms
KOH(OKaTHbHEIMH MUIICHSMH M KPHOTEHHBIM HacocoM (Makc. 500 ii/c). MonHas
MMIUIAHTAIMS MHOTOCJIOWHBIX TUIEHOK TPOBOMIach Monamu He?* ¢ sHeprueii
40 k3B Ha yckopurese Tskeabx noHoB JI1[-60 npu duroencax ot 3,0x10Y no
1,1x10%8 cm2.

HccnenoBanus MeETOJOM TPOCBEYMBAIOIICH 3IICKTPOHHON MHKPOCKOIIHNH
MHOTOCJIOMHBIX IICHOK IIOCIIE OCaXKIEHMs MOKAa3aJd, YTO IUICHKH COCTOAT M3
YepeAYIOLINXCsl CJI0eB HaHOKpHCTaIHYeckoro ZrN n amopgnoro a-SizNs win
a-ZrCu. BeIsiBIeHBI TOPU30HTAIBHBIE CIUIONIHBIE CJIOW C IUIOCKMMHU U PE3KHMH
rpaHunaMu pasjena. Ctond4aTas CTpyKTypa pocTa 3epeH B MHOTOCIIOMKaX HK-
ZrN/a-SisNs mpoxomuT depe3 Bce MHOTrOCHoiHOe TOkphiTHe. OOpa3zoBaHue
KPHCTAUTMUECKUX cI0eB ZrN TakKe MOATBEPKAALTCS PEHTTeHOCTPYKTYPHBIMH
HCCIIETOBaHUAMHU.

beuto oOHapyXeHO, 4TO MUHUMAJIbHBIH KPUTHYECKUH (IIroeHC oOpa3oBa-
HUs OMcTepoB 0OHapyxkeH s mieHku ZrN (puoenc 6x107 cm?). COM uc-
CIICIOBAHUSI TIOBEPXHOCTH TICHOK MOHOHUTpHAA a-SizN4, 00IydeHHOTO HOHA-
mu He, He BBIABIIIM 00pa3oBaHHs OJIMCTEPOB Jake INPH MaKCHMaJIbHOM
(moeHce. DTO CBA3aHO C BHICOKOH PaCTBOPUMOCTBIO pPaJIMalliOHHBIX Ae(EKTOB
B aMOp(HBIX MaTepHaiax, a TakKe ¢ HU3KOH MOJBIYKHOCTBIO KJIACTEPOB T'elHii-
BakaHcus. B To BpeMs kak, mocrpaauanuoHHbli oTkUr (600°C) BbIsBHI 3Ha-
YHUTEJBbHOE YBEIMYCHHE MOJABMKHOCTH JTHX KIACTEPOB B IUICHKaX a-SizNa,
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o0bearHeHne ux B Oojplive OnMCTEepbl W 0Opa3oBaHUE OJIMCTEPOB yXKE NPHU
¢mmoence 5x10% cm2.

Muxpockonudeckue (COM, ACM) uccrnenoBaHus MHOTOCJIOMHBIX IJICHOK,
o0rydeHHBIX HOHaMu He, rokasanu, 4To paauaoHHas 3po3usl IIOBEPXHOCTH B
HaHOCIOUCThIX cucTeMax ZrN/a-SisNs 3HaUMTENbHO HEXKE MO CPABHECHHIO C
MOHOHHUTpHUAOM ZIN. YCTaHOBIEHO, YTO CTENEHb PaJAUAllMOHHON SPO3UU MHO-
TOCJIOWHBIX TUICHOK CHJIBHO 3aBHCUT OT COOTHOLICHUS TOJIIIMH KpUCTaJINYe-
ckoro u amopduoro cioes (fzn) 1 MUHUMaNBHA TIpH 7N paBHOU 0,29. Hanbo-
Jiee yCTOMYMBBI K paguallMOHHOM 3pO3MHM MHOTOCIONHBIE CHUCTEMBI C TOJILHU-
HOU aMOp(HOTO €051, OOTBIIEH, YeM y KPUCTAIUTHIECKOTO CIIOSI.

BBII0 BBISBIEHO, YTO OCHOBHBIM MEXaHM3MOM PaJHAllIOHHOW 3PO3UH MHO-
TOCJIOMHBIX IUTEHOK HK-ZIN/a-ZrCu snsercs ¢uekuHr. Komrmiekcsl remuii-
BaKaHCHUS U UX KiacTepbl A GYyHANPYIOT B aMOpP(hHBIE CIION U PacTBOPSIIOTCS
B HUX C 00pa30BaHHEM Iy3bIPHKOB TeNUs. DTO MPUBOIUT K pa30yXxaHUIO MHO-
TOCJIOMHOM TJICHKH 0€3 MOBEPXHOCTHOW 3po3uu. C yBeTHUCHHEM KOHIICHTpa-
MM MEIH U YBEJIMYEHHEM TOJIIIUHBI aMOP(HOTO CJIOS PACTET KPUTHYECKAs! J10-
3a ¢uieknHra. Ma3oBeIif COCTAB MMOKA3aJI, YTO MPHU OOIYUCHHH MPOUCXOIUT pa3-
pyueHue aMmop(HOro ciosi ¢ 00pa3zoBaHHeM MeTauinueckoi meau. J{ist oopas-
1108 HK-ZIN/a-Zr26,ClU73 s KpECTALIU3aIUSA MEIH IPOMCXOIUT IIpyu mose 9-10%
cm2. OcTanbHBIE ke OCTAIOTCS CTAOUIBLHBIMH TIPH BCeX (DIIFOEHCAX 00Ty eHHs.

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% cm2,

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 6x10'7 cm?). SEM studies of the surface of a-SisN4
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-SisN4 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 (fzn) and is minimal at fzn 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,Cuzzg copper crystallization oc-
curs at a dose of 9x10'7 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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OIEHKA CTEIIEHU PEKPUCTAJIJIM3ALINN H3I[E.JIHI71
N3 IMPKOHUEBBIX CIIJIABOB 110 JTAHHBIM I[I/I(I)gAKHI/II/I
JIEKTPOHOB U PEHTTEHOBCKHUX JIVUEU

OcHoBHO (ha30ii 0TEUeCTBEHHBIX IUPKOHUEBBIX CILJIABOB ABIIETCS o-(hasa,
XapaKTEePU3YIOIIAsCs TIeKCaroHaJbHOH IUIOTHOYIIAKOBAHHOH CTPYKTYpPOH U
olpeearolas aHU30TPOIUIO UX (PU3HUKO-MEXaHUYECKUX CBOMCTB. IloBeneHue
M3JENINH U3 CIJIaBOB HA OCHOBE LIMPKOHHUS B IIPOLIECCE MX IKCILIyaTaliu CYIIe-
CTBEHHO 3aBHCSIT OT CTPYKTYPHOT'O COCTOSHHUSI MaTepHajia Wi O CTEIEHU €ro
PEKPUCTAIIU3ALMHA. DJICKTPOHHO-MHUKPOCKOIIMUECKUE METOAbI HUCCICAOBAHUS
XapaKTEePU3YIOTCS JIOKAIBHOCTBIO IPOBOJUMEIX MCCIIEIOBAHHM M CBS3aHBI C
YTOHEHHEM UCCIIEOBAHHOMN (hOJIBI'H 10 MUHUMAIBHO BO3MOKHBIX TOJIIMH, YTO
MIPUBOIUT K IepepacpeeseHHI0 Je(heKTOB U CTPYKTYPHOI'O COCTOSIHHS 3€PCH.
BonbmmHCTBO paboT, HAMPAaBJICHHBIX HA OLEHKY CTEICHH PEKPUCTAJLIM3AINH,
B HACTOSIIEE BpeMs 0a3uPYIOTCS Ha MeToJe AU(paKIuu 00paTHO PaCCESHHBIX
snextpoHoB (EBSD-MeTon), m03BOMSIOMEM MOAYYNUTE HH(POPMALHMIO OT 0OJIb-
Iero 4mciia 3epeH. Mcmnoiap30BaHHE PEHTICHOBCKHX METOJOB HCCJIEIOBAHHS
MMO3BOJIICT YBEJIUYUTh HU3y4aeMbIii 00bEM M IMOBBICUTh CTATHCTUYECKYIO 3HA-
YUMOCTh IOJy4aeMbIX pe3yasTaToB. K TOMY e, PEHTT€HOBCKOE H3IIyUCHUE
MO3BOJIIET MMOJy4YaTh HH(GOPMAIUIO s 00jiee TOJICTBIX CJIOEB MeETallaa I0
CPaBHEHHUIO C 3NIEKTPOHHON T paKIue.

B pamkax JMaHHOTO HCCJEIOBaHUS ObUIM PACCMOTPEHBI U3MEHEHHUS CTPYK-
Typhl AehopMHpOBaHHEIX TPYO M3 cmiaBoB D110, D110M u D635 B Temmepa-
TypHoM uHTepBaje oT 480 mo 640 °C. C moMoImpi0 METOIOB 3JSKTPOHHOM
MHKDPOCKOIIMM M PEHTICHOBCKOrO aHaJK3a IIPOBEAEHO BCECTOPOHHEE CHUCTEMA-
THYECKOE M3yUCHHE Mpollecca peKpucTaum3aiui. Ha oCHOBaHWM SKCIEpH-
MEHTAJIbHBIX JAHHBIX HOCTPOECHBI KOPPEIALHOHHBIE 3aBUCUMOCTH MEXJIY CTe-
MEHBI0 PEKPUCTAUIM3AIIUN, OICHUBAEMOM 3JICKTPOHHO-MUKPOCKOIIUYECKHUM M
PEHTI€HOBCKUM METOJIOM. B KadecTBe OCHOBHOTO IMapaMeTpa OLCHKU CTEIIEHU
PEKPUCTATUTH3AINH BBIOPAHO COOTHOIIIEHHUE KOMIIOHEHT TEKCTYpPhl PEKPUCTAII-
JIU3aLUHU U TEKCTYPbI IPOKATKHU.
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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.

51


file:///K:/ДИСК/_Последние12/_Школа_2022/Тезисы/mgisaenkova@mail.ru

M.U. IIETPOB, M.I'. UCAEHKOBA, B.A. ®ECEHKO, H.A.
MUXAJIEB, U.B. KO3JIOB, A.B. FOTOMOJIOBA

Hayuonanenoiii Hccreoosamenvckuii Aoepuoiti Ynusepcumem « MUDH»
e-mail: mipetrov.99@yandex.ru

3AKOHOMEPHOCTH BBIIEJIEHHS THIPUTHOM ®A3BI B
HABOJIOPOKEHHBIX TPYBAX U3 CILIABOB D110011T 1 9635

[lepcnekTnBa cyxoro XxpaHeHHs OTPaOOTAHHBIX TOIIMBHBIX COOPOK Ipen-
MOJTaraeT CyIIECTBEHHO IPEBBIMIAIONIYI0 CPOK IKCILTyaTallMH MPOJOTKHTENb-
HOCTB CTaOMIIBHOW YCTOHYNBOCTH ITUPKOHHUEBEIX CIUIABOB K BPEIHOMY BO3ICH-
CTBHIO BOJOpOAa. [[i1 OIEHKH CIIOCOOHOCTH CIIABOB BBIACP)KUBATH 3TO BO3-
JeiicTBre HeoOX0IUMO 00ianaTe HH(pOPMaHed 0 MEXaHU3MaxX M 3aKOHOMEp-
HOCTSX 00pa3oBaHMs U POCTA THAPUAOB IPH HACBIIEHUH U3JEIHHA BOIOPOAOM
[1-2].

B pabore uccnenoBaHo moBeleHNE TUAPUIHON (a3bl B HABOAOPOKEHHBIX
Tpybax M3 OTEYECTBEHHBIX LIUPKOHUEBBIX CIIaBoB D635 m D110ont, a Taxxke
e¢ BIMSHHE HA CTPYKTYPY U KpUCTAIIOrpaduaeckyto TeKCcTypy a-(assl Zr.

[Tpu nmomomyM aHamu3a ONTHYECKUX METaUIorpaMYecKuX CHUMKOB C HC-
MOJIB30BaHUEM Pa3pabOTaHHOTIO MPOrPaMMHOTO OOeCreueHHsl BBISBICHO, YTO
YBEIMYCHUE COJEPXKAHUSI BOAOPO/Ia B CIIABAX CIIOCOOCTBYET MOBBIMICHHIO JI0-
T pajuagbHO OPUEHTHPOBAHHBIX THAPHIOB, YTO CBSA3AHO C MOSIBICHUEM CXKH-
MarOIUX HAIPSHKEHUH B paJiMabHOM HANPaBJICHUH NPH 00pa30BaHUM TaHTEH-
[IMaJIbHO OPHEHTHPOBAHHBIX NTEPBUYHBIX THAPUIOB. DTO TAKXKE MTOJTBEPKAACT-
Csl CTPYKTYPHBIMH HCCJIEOBAHUSAMH, JEMOHCTPUPYIOIIMMHI CHMKEHHE Iapa-
MeTpa C o-ZI IpH MOBBIIICHUH COJEP)KaHNs BOAOPOIA.

TexkcTypHBI aHANN3 0-ZI TOKa3ajd MepeopHEeHTAIMI0 0a3UCHBIX HOpManei
u3 T- u L- nanpasnenuit B R-nampasnenue B cruaBe D110ont, Toraa kak B
cruaBe D635 Takoro sddexta He HaOII0AT0Ch, YTO MOXKET OBITh BBI3BAHO aK-
TUBAIMEH ABOMHUKOBaHU B 3épHax a-¢a3sl cruiasa J110omr.

TexcTypHBIH aHAIN3 TUAPUIHON (ha3bl TPH HOMOIIM CHHXPOTPOHHOTO H3-
Jy4eHHUs TaKoke MOKaszaj OTJINYMSA B MOBEACHUH CIUIABOB. B wacTHOCTH, HaH-
yye B ciutase D110 ont rupuaoB ¢ YaCTUYHO aKCHAJIbHOM TEKCTYPHOW KOM-
norentoi (112) oOycioBieHo akTHBU3alMed B -(ase JIBOWHUKOBAHUS IO
miockoctam {1012} u {1011}, koTOpoe OCYIIECTBIAETCS NMPH TIOBBIICHUH
CKUMAIOIINX HANpPsDKSHUH B/IOJb paMalibHOTO HaNpaBiieHus. B nepeopuenTn-
POBaHHBIX 3EpHaxX 00pa3yOTCs TUAPHIBI B COOTBETCTBUH C M3BECTHBIM OPHEH-
TauonHbM cooTHowenneM (0001) gz, || {111}s5_zrp, .- B TO Bpems, kak B

pabote [3] paccMaTpuBaeTCs BEPOSTHOCTh Pean3allii JOTIOJHUTEIHHOTO OPH-
entanuonnoro cootnoutenus (0001) 45, || {001} 4.
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REGULARITIES OF HYDRIDE PHASE PRECIPITATION IN
HYDROGENATED TUBES MADE OF E1100PT
AND E635 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 a-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 o-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-zrn, .- However, in [3] the probability of an additional

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

2. Tenunmes A.B. et al. // Meramnsl. 2022. Vol. 6. P. 1-7.
3. Kiran Kumar N.A.P. et al. // Mater. Sci. Eng., 2011. VVol. 528. P. 6366-6374.
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3AIIIUTHBIE IIOKPBITUA HA OCHOBE XPOMA
JJISI TUPKOHHUEBBIX CIIJIABOB

CeromHs aKTHBHO BEIYyTCS pa3pabOTKH HOBOTO BHAA (TOJEPAHTHOTO) TOII-
JMBa, HEOOXOAMMOTO JJIsl TOBBINICHUS] 0E30IacHOCTH PadOTHI JETKOBOJHBIX
saaepHBIX peakTopos [1,2]. KpaTkocpounas crparerus pa3paOOTKHA TaKOTO TON-
JIMBAa COCTOUT B HAHECEHMH 3aILUTHBIX NOKPBITHI Ha Zr 000J0YKH TEIIIOBbIIe-
nsromux AneMeHToB (TBOJIor). M3ygaroTcst 0obIIoe 4ucio MaTepHaiOB I10-
kpeituii (Cr, FeCrAl, CrN u 1p.) ¥ METOIOB MX TOJIYYEHHUS ISl CO3MaHUS TO-
JIEPaHTHOTO TOIUINBA, CTOMKOTO MPH YCIOBHUIX, UMHTHPYIOLIINX HOPMAIBbHYIO U
aBapuitHyI0 paboTHI AfepHOro peakropa [2-4]. OmyOIuKOBaHHBIE B INTEpaType
JaHHBIC MPOJEMOHCTPUPOBANH, 4TO ZI CIUIaBBI MOTYT OBbITH 3()(EKTHBHO 3a-
IIMIIEHBI OT OKUCICHHS B TeUEHHE NMPOJOKUTENFHOIO BPEMEHHU IIPU MarHe-
TpoHHOM HaHeceHHH Cr MOKPHITHS Ha WX MOBEPXHOCTh. bonbIoi moTeHman
Cr MOKpBITHI MONTBEPHKAAETCS Y4aCTHEM KPYITHBIX MHCTUTYTOB, TaKUX Kak
CEA (®panuns), BHUMHM (Poccus), KIT (I'epmanus) u ap., B peaKTOPHBIX
UCIIBITAaHUSAX TOJIEPAHTHOT'O TOIUIMBA. B Hacrosieit paboTe mpeacraBieHbl pe-
3yIbTaTHl UCIBITAHUN IUIACTHH, 000JIOUEYHBIX TPYO M M3JeNUil CO CBAPHBIMU
COEIMHEHUSIMU U3 IUPKOHNEBOTO ciuaBa D110 ¢ MOKPBHITHAMHU Ha OCHOBE XpO-
Ma, TOJTy4YeHHBIMHA METO/I0M MarHETPOHHOTO PaCTIbUICHHS.

IIpuBeaén uuki uccieqoBaHUM U3enui U3 LUpKOHUEBoro cruiaBa 3110 ¢
MOKPBITUSIMH Ha OCHOBE XpoMa IPH BBICOKOTEMIIEPAaTypHOM OKHCJICHHU Ha
BO3JlyX€, B IOTOKE BOASHOIO Mapa, B BOASHOM Iape IO/ JaBJICHUEM H B CpEle
Bozoposa [5-12]. Beuto BBINOIHEHO CPAaBHUTENBHOE M3y4YeHHE YCIOBUH Oca-
JKIEHMS TOKPBITHH U3 XpoMa Ha UX CTPYKTypHBIEe cBoiicTBa [5,11], nanee mpo-
BEZICHBI HCIIBITAHMSA TUIACTHH U3 IUPKOHUEBOTO ciiasa D110 ¢ Cr OKpBITHSIMU
IpU BBICOKOTEMIIEPATYPHOM OKHCIEHHH B IIOTOKE BojsHOro mapa mpu 900,
1050 u 1200 °C. Usmepenus in situ npuseca 06pa3LoB MPOAEMOHCTPHPOBAIIK
Pa3IMYHyl0 KHHETHKY OKHCICHHS 00pa3loB B 3aBUCHMOCTH OT TOJIIMHBI I10-
KPBITHH ¥ BX MUKPOCTPYKTYPHL. [IpH 3aIIUTHOM MOBEJICHNUN ITUPKOHHEBHIX 00-
pas3loB C XPOMOBBIMH IOKPBITHAMH HAOJIONANOCh MapaboIMYecKoe OKHCIe-
HHUE. Y CTaHOBIIEHO, YTO POJIb MUKPOCTPYKTYPHI Cr MOKPHITHH CHIKAETCS C TO-
BBIILICHUEM TEeMIEpPaTypbl UCIBITAHUH, a JUINTEIbHOCTh 3aLIUTHOTO COCTOSIHUS
IIUPKOHUEBOTO CIUIaBa C XPOMOBBIM IOKPBITHEM CYIIECTBEHHO 3aBHCHT OT
muddysun n pacrsopenust Cr B Zr crniaBe, KOTOPBIH HCHBITHIBAET 0—f3 Tpe-
BpaIlleHHEe B XOZ€ UCTbITaHui. 3a cuéTt hopMupoBaHus cios o-Zr, CTaOMIN3u-
POBAHHOTO KHCJIOpPOJIOM, Ha rpaHuiie Cr MOKPBITHS M IUPKOHHEBOTO CIIJIaBa
MPOUCXOMIO 3aMeieHne KuHeTuku auddysun Cr-Zr. Pacu€r KoHCTaHT CKO-
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pocreil okucnenus Cr IOKPBITHIL, HMOJNYYEHHBIX IIPU Pa3IMYHBIX YCIOBHAX
OCaX/IeHUs, IO3BOJIMJI YCTAHOBUTH POJIb THINA OCAKACHUS MOKPHITUH Ha UX
CTOHKOCTB K OKHcIeHnto. [TokazaHo, uTo 06pa3mps! Cr MOKPHITHIA, TOTyYeHHBIE
MYJIBTUKATOJHBIM MarHETPOHHBIM paclbUIEHHEM, XapaKTepPHU30BAINUCh SHEPIH-
et aktuBarmu okucieHus 249 xJ[»/MoJb, 9TO CPaBHIAMO C JTAHHBIMH TI0 OKHC-
JICHUIO XPOMOBBIX MOKPHITHH (240 k/[>k/MOITE), TOTy4aeMbIx KoyutekTuoM J.C.
Brachet 8 CEA [4].

AHanu3 noBefeHus 00pa3oB 000I0YEYHBIX TPYO C XPOMOBBIMU ITOKPHITH-
SIMU TIPH BBICOKOTEMIIEPATypPHOM OKHCJIEHUH B MOTOKE Mapa B COOTBETCTBUU C
tpeboBanmsmu U.S. NRC RG-1.222 RG-1.223 moxaTBepami BEICOKYIO KOPpPO-
3MOHHYIO CTOMKOCTH XPOMOBBIX ITOKPBITHH, IOJYyYaeMBIX MYJbTHKATOIHBIM
MarHeTpOHHBIM paclblICHHEM. B Xome MCHBITaHHi yCTaHOBIIEHO, YTO 0001I0-
YeYyHbIe TPYObl MOTYT UMETh 3alUTHOE TOBEJICHHUE MPH JBYCTOPOHHEM OKHC-
neHun B TeueHne He MeHee 3600 ¢, coxpaHss IPH 3TOM OCTaTOYHYIO IUIACTHY-
HOCTh He MeHee 2% NpH UCIBITaHUAX Ha cxkatue. C 1ebl0 YCTaHOBICHHS MaK-
CUMAaJIbHOM JUIUTENBHOCTH 3alIUTHOIO MOBEACHUS LIUPKOHUEBOTO crutaBa 3110
¢ Cr mOKpHITHUSIMHU OBUIM BBINOJHEHB! JONOJHUTENbHBIE JKCIIEPUMEHTHI 110
OKHCJICHHIO ZT CIIaBa B BUAE IUIACTHH C OOBEMHBIM HaNbUICHHEM Ha BCIO HX
noBepxHOocTh. IIokazaHo, YTO 3aImuTa IIUPKOHUEBOTO CIIJIaBa C MOKPHITUAMH U3
XpoMa MOKeT ObITh mpomieHa 1o 7200 ¢ B moTtoke BomsHOro mapa mpu 1200
oC.

[NomydeHHast TEXHOJOTHS OCaXKACHUS XPOMOBBIX MOKPBHITHH Oblia anpoOu-
poBaHa AJs 3allUTHl CBAPHBIX COENWHEHUI W3 HUpKOHHEBoro cmiaBa 2110,
MOYYCHHBIX METOJIaMHM JIa3€pHOM JTy4eBOH M KOHTAKTHOW CTBIKOBOH CBapKu
[7,9,12]. belno BBIIOIHEHO 3 cepUM UCIIBITAHHH Ha OKHCIICHUE:

- B IOTOKE BOJITHOTO mapa npu Temmepatype 400 °C u nasnenun 105 atm;

- B IIOTOKE BOJISTHOIO Hapa npu Temmnepatype 1200 °C;

- Ha BO3/lyXe MpH u30TepMudeckom okucnenuu (1100 °C);

- B cpene Bogopoaa (2 atm) mpu 360, 450 1 900 °C.

IIpu BBICOKOTEMIIEpPATYpPHOM OKHCIEHHH 0Opasubl u3 ZI cmiaBa 0e3 mo-
KPBITHH JOCTATOYHO OBICTPO OKHCIISINCH BBUAY HE3AMIMIIEHHOTO IOBEICHUS
OKcUa IUPKOHUS, (POPMHUPYIOIIErocs Ha TOBEPXHOCTH 00Pa3LoB, MPU BBICO-
KuX Temreparypax. HaOmonanoch yCKOpeHHOE OKHCIIEHHE 00paslloB, IMOJy-
YEeHHBIX JIa3epHON CBapKoH, B o0yiacTu cBapHoro mBa. Hamnune a3orta B okuc-
JUTENBHON aTMocdepe BBI3BIBAIO YCKOPEHUE OKHCIICHHS, a TaK)Ke MPUBOIHIO
K TIOBBIIICHUIO HEOTHOPOJHOCTH OKHCJICHHS IO IOIEPEYHOMY CEYSHHIO 00-
pasuos. M3-3a ¢popMupoBaHus 3alIMTHON TUIEHKH OKCHJA XpOMa Ha MIOBEPXHO-
CTH MHKPOCTPYKTypa IIBOB HE NpeTepIreBajja 3HaUNTeIbHBIX U3MEHEHUH B 00-
JIACTH CBApHOTO IIBA M 30HBI TepMuueckoro BozaeicTeus (3TB). Mcmsrranus
CBapHBIX COCJMHEHHH C XPOMOBBIMH MOKPHITHSMH B YCIOBHSIX OKHCICHHS B
nape nox nasieHueM (105 atm) mokaszanu, 9To GOPMUPYIOMIMICS HA MOBEPX-
HOCTH 00pa3IoB cJI0i OKCHIA XpOMa 3HAYUTENIBHO MoJaBiseT okucienue. O0-
pasLibl CBAPHBIX COCAUHEHUI, MOIYYEHHBIX KOHTAKTHONW CTBHIKOBOM U Ja3epHOM
JyueBOii CBapKoH, 6e3 MOKphITUs uMenu npusec 155,4 u 206,3 mr/am? mocne
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180 cyrox okwmcieHHs, 00pa3ibl C XPOMOBBIMH IMOKPBHITUSIMHU — 6,8 U 8,3
MI/mM2, COOTBETCTBEHHO.

ITokazaHo, 4ro HaHeceHHE MOKPHITHA Cr MOXET 3aMEUINTh CKOPOCTh IO-
TJIOLIEHUsI BOJIOPO/a oOpa3uaMu JIa3epHBIX JIydeBBIX IIBOB U3 ciuiaBa 2110,
MOCKOJIBKY HEPIHs aKTHUBAIWH IMoTiomeHus Bogopoaa (70 x/{x/monp) BeIIe,
yeM y obOpa3noB 6e3 mokpertusa (61 k/[x/Monp). Poct runpuaoB 3aBHCHUT OT
YCIIOBUI HaBOJOPOXKMBAHUS W HUCXOJHOW MHUKPOCTPYKTYpPHI CBapHUBaeMOI0
CIIaBa B Pa3IMYHbBIX 30HAX. IHACHTUPOBAaHNE M UCIIBITAHHS HA TPEXTOUCTHBIIN
n3rud MOKa3bIBAIOT, 4TO ()OPMHPOBAHWE THIPUIOB B CBAapUBAEMOM CILIABE
MOXET BBI3BIBATB €TO YIIPOYHEHHUE U MOTEPIO TIACTHIHOCTH.

KiroueBast npo6nema npumeHennst Cr mOKpuITHH A7t 3aMThl Zf CIJIaBOB
MIPY BBICOKOTEMIIEPATYPHOM OKHCJICHHH COCTOWT B B3aMMHOHN muddysun Cr u
Zr ¢ obpa3zoBanueM sBTekTHUeckoro Cr-Zr cnos u pactBopenust Cr B Zr crase
[8,10]. Takum obGpazom, mexay Cr HOKPBITHEM U CIUTABOM JIOJDKEH OBITH HaHE-
CeH OapbepHBIil CIIOW, a TOJIIMHA TAKOI'O CJOs JOJDKHA OBITh JOCTATOYHOH C
y4€TOM pa3BUTOH MOP(OIIOTHH MMOBEPXHOCTH OOOJIOUEK M CBAPHBIX COCIUHE-
HUi. B nanHoli pabore B kayectBe nu(y3HOHHBIX 0aphbepoOB PAaCCMOTPEHBI
Mmarepuanasl Ha ocHOoBe MeTaiuioB (Mo u Ta) m HUTPHIOB/OKCHIOB METAIIOB
(CrN u ZrOy).
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BJIMSTHUE TOJIIIUHBI XPOMOBBIX HOKPBITUM
HA UX CTOUKOCTb K OKUCJIEHHUIO

XpOMOBBIE MTOKPHITHS pacCMaTPUBACTCA B KaYECTBE 3AIUTHOTO MaTepraa
IUPKOHUEBOH 000110UKH TeruoBbIACIs0muX 31eMeHToB (TB3JIor). Beibop B
MOJIB3y XpoMa OOYCIIOBJICH TaKMMH CBOMCTBAMH KaK BBICOKAas TeMIepaTypa
IUIaBICHUS, BBICOKAas KOPPO3MOHHAs CTOMKOCTH B Boje M mape (Omaromaps
(hopMupOBaHMIO IDIOTHON 3amuTHOW INEHKM okcuma xpoma (Cr203) Ha mo-
BEPXHOCTH), 4TO BUAHO U3 (ha3oBoii nuarpammel Cr — O, U kK03 GHUIUEHT Ter-
JIOBOTO PACIIMPEHUS, aHAJOTHYHBIN IIMPKOHUEBBIM CIDIaBaM. [l yCIIEIIHOTO
BHE/IPEHHUA B TPOMU3BOJICTBO IpPOIECCAa HAHECEHHsS XPOMOBBIX IOKPBHITHH Ha
mupKkoHueBble 00omouku TBOJIoB HEOOXOOMMEI JaHHBIC, ITOATBEPIKTAIOIIIEC
CIOCOOHOCTh JAHHBIX MOKPBITUH MPOTHBOCTOSTH OKHCICHHIO. B dacTHOCTH,
HEOOXOIMMO TIONyYeHHE 3aBHCHMOCTH CTOHKOCTH IIMPKOHHEBOTO CIUIaBa K
OKHCIICHHIO OT TOJIIMHBI XPOMOBOTO IOKPHITHA. TakuM 00pa3zoMm, IEeTbI0 JaH-
HOW paboOTHl SBIAETCA IMOJyYeHHE JAHHBIX O BIMSHUHU TONIIMHBI XPOMOBBIX
MOKPBITHI HA CTOMKOCTh UPKOHHUEBOTO CIIaBa K OKUCIICHUIO.

B nacrosmieir padote Hanecerne Cr MOKPBITHIA OCYIIECTBISUIOCH C TIOMO-
MIPI0 JyaJbHOTO MAarHETPOHHOTO AHMOJA C TOpSYed MUIIEHBIO (IDIOTHOCTH
MOILIHOCTH paspsaga - 19 Br/cM?, MIOTHOCTh TOKA MOHOB Ha HOMIOKKY - 1,6
MA/cM?, TIOTEHIMANI CMENICHUS HA IMOJUIOKKE — (-100) B). IlpenBapurenbHo,
nepea HaHECEHHEM IOKPBITHH, BaKyyMHas Kamepa IporpeBajach M IPOHU3BO-
JTUIIACh MOHHAS YHCTKA MOAJIOKEK C MIOMOMIBI0O HOHHOTO MCTOYHHKA C 3aMKHY-
TBIM JIpeiioM F5IeKTpOHOB. B kayecTBe Marepuaia MoUI0KEK HUCIIOIb30BAJICS
uupkoHueBbii criaB J110. Ilpyu HOHHOHN OYUCTKE U MOCIEAYIOIIEM OCAKICHUH
MOKPBITUH MOJUIOKKH BPALIAIHMCh IUIAHETAPHO CO CKOPOCThIO 1,25 00/MUH.

B pesymerare paboThl OBLTH TONXYYEHBI XPOMOBBIC MOKPHITHS TOJIIAHON
2,1, 4,0 u 10,8 MKM. PeHTTeHOCTPYKTYpHBIN aHAJIN3 ITOKAa3aj, YTO MpenMylie-
cTBeHHHIH pocT Cr mokpeiTus Habmromaetcst B HanpasieHun Cr (200). [Tomydge-
HbI JIaHHBIE O BIMSHUM TOJIIUHBI CI MOKPBITHS HA CTOWKOCTh LIMPKOHHEBOTO
crmaBa D110 x armocepHOMy okucienuro npu temneparype 1100 °C B Teue-
Hie 20-80 MuHyT. BBIJIO yCTAaHOBIIEHO, YTO HPH BBICOKOTEMIIEPATYPHOM OKHC-
JICHUHM XPOMOBBIE NOKPHITUS ¢ TekcTypoi Cr (200) sSBISIOTCS 3alUTHBIMU JUIS
UPKOHUEBOTO cIutaBa D110 mpu caenyonmx ycIoBUsIX:

- mokpeiTre ToamuHoi 10,8 MkM — Oonee 80 muH;

- mokpeITHE TommuHOM 4,0 MkM — MmeHee 40 MuH;

- MOKpbITHE TOMUUHON 2,1 MKkM — MeHee 20 MUH.
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Pucynoxk 1. (ceBa) 3aBHCHUMOCTH CKOPOCTH ocaxaeHus Cr MOKPHITHIA OT IIIOT-
HOCTH MOIIHOCTH PacIblICHUSs; (CIpaBa) KHHETHKA OKUCIICHUS HA BO3yXe
(1100 °C) Zr crunaBa ¢ Cr HOKPHITUSIMH PA3IMIHON TOJIIHHBIL.

HccnenoBanue BHIOJHEHO B paMKax BBIIOMHEHHUs rpadTta [IpesuneHra PO
(mpoext Ne MK-3570.2022.4).
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AHAJIN3 3BOJIOIIUU MUKPOCTPYKTYPbI YPAH-
IF'AJOJIMHUEBBIX TABJIETOK B 3ABUCUMOCTHU OT
PEXKUMOB CIIEKAHUSA

TloBblIlIeHHE MPOU3BOAUTEILHOCTH KOMMEPYECKUX SJICPHBIX PEaKTOPOB 3a
CYET YBEIMYCHHS MPOAOKHUTCIHPHOCTH TOIUIMBHON KaMIIAaHHH SIBJSETCS Iie-
JIBIO, TIPECIEAYEMOM C CaMOro Hadyajla MCIIOJL30BaHMS SIAECPHOM DHEPrETHKH.
CaMbIM ONTHUMAJbHBIM BHIOM ITOTJIOIICHHUS M30BITOYHOW PEAKTUBHOCTU OBLIO
[IPUHATO UCIOJIE30BAHUE BBITOPAOIIETO MOTJIOTHTENSI, TOMOT€HHO CMEIIaHHO-
ro ¢ TOILIUBOM SiZIEpHOrO peakTopa. OKCH TaJONHHHUS SBISCTCSA OJHUM U3 OC-
HOBHEIX BHUJOB BBEITOPAIOILIErO IMOMIOTUTENS, IPUMEHIEMOI0 B aTOMHBIX PEaK-
topax. [Topomok Gd;O3 myTeM cyXoro MEXaHHYECKOIO CMEIIMBAHUS COCIUHS-
ercsa ¢ nmopomkoM UQO,. Takoii crmoco0 M3roTOBIECHHUS MOMUMO TEXHOJIOTHYE-
CKHX JIOCTOMHCTB HMEET CYIICCTBEHHBIN HEIOCTAaTOK, KaK BPEIHOE BIIHMSHHUC
Gd,03 nHa TpamunmonHoe mnoseneHue cnekanus UQO,. JlumatoMeTpuyecKuit
aHaJIW3 MOKa3bIBacT, uTo J10 TeMirepaTypsl 1200°C ypaH-TaI0JIHMHHAECBOEC TOILIH-
BO BejeT cebs Tak ke, kak 1 UQO2, 0JHAKO, NPU IOBLIIMICHUHM TEMIIEPATYPHI
(oxono 1200-1400°C) ycanka rpanyin UOz- Gd2Os 3amemisercs, CKOPOCTb
CIICKaHHs YMEHBIIIAETCS, a YIUIOTHCHHE CMeIaeTcs K 0oJjiee BHICOKMM TEMIIe-
patypam [1,2].

W3BecTHO, 4TO KaK TpaaumHoHHOe TOIMBO U3 UQO,, TaKk U TOIUIMBO C BBI-
TFOPAIOIIMMU MOTJIOTUTEIISIMU CIIEKAIOTCS B BOCCTAHOBMTENBLHOM aTMochepe Ha.
B pabore [3] roBoputrcss o ToM, uto crekanue yuctoro UO; MpoOBOIUTCS B
okuciureasHor atMocdepe (cmeck CO / CO2) u ycuauBaeTcs 3a CUYET PUCYT-
CTBUsS KaTMOHOB U5+, 4TO MpUBOAUT K yBenudeHuto nuddy3noHHON crmocod-
HOCTH KaTHOHOB.

Onnako B nuteparype [4,5] coobinaercs, uro yxyauienue crekanus UQO;-
Gd;03 TommmBa 3HAYNTENBHO XYXKe ITPH CIEKAaHUU B OKHCIUTEILHOM aTMoche-
pe. Tak e, B JaHHBIX pabOTax paccMaTPUBAETCsl BOMPOC 00 00pa3oBaHUU 3a-
KPBITBIX IIOp IPH CIEKAHWHM YpaH-TaJ0JMHHUEBOro TorumBa. McciemoBarenu
MIPEATIONIOKIIIM, YTO M3-3a PA3HMIBI B CKOPOCTAX YIIOTHEHHS MEXKIY 4acTH-
mamu UO;2 u Gd203 o6pa3yrorcst JOBOJILHO OOJBIINE 3aKPBITBIE MOPHEL. Takum
00pa3oM, HOpEI NOCJIE OKOHYAHUS LMKJIA CIEKAHHUS OCTAIOTCS 3aKPLITBIMH U
KaK pe3yJbTaT CHHKAIOT KOHEUHYIO IJIOTHOCTh TOIIMBHOI'O KOMIIAKTa. B pa-
6ote [5] OBLIO OTMEUYEHO, YTO C YBEIWYEHHEM KHCIIOPOJHOIO ITOTEHIHAIa B
arMoc(epe CIEKaHMs IUIOTHOCTh CIIEYEHHOIO YpaH-TaJOJMHHEBOr0 TOIUIMBA
CHIDKAeTCs, ¥ B 00JNacTsAX C BBHICOKHM cozepkanuem Gd oOpa3yroTcs HOBBIC
MOPBIL.
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TIpu cnexannu mpeccoBok 3,35 % Gd2O3 ¢ BEIAEPKKONH 8 4 OTCYTCTBYIOT
MHUKPOTpEIINHEL. Pa3mep 3epHa cocTaBigeT 2-5 MKM, a Ha CKOJIaX HPHCYT-
CTBYIOT 00JIaCTH C Pa3MePOM KPUCTAJUIUTOB MeHee 1 MKM M BBICOKOM MOPHCTO-
cTpto. B Tabnetke ¢ comepxxannem 3,35 % Gd.O3 He HabmogaeTCS MUKPOTpE-
IIUH.

VYcTaHOBIEHA CBSI3b MEXKIY CPEIHHM DPa3MEPOM 3€pHA U BPEMEHEM BBI-
nepxku. [loaydeHHas 3aBUCHMOCTh TOBOPUT O TOM, YTO YTO pa3Mep 3epHa 3a-
BHCHUT JINHEHHO OT BPEMEHHU U30TEPMUUICCKOM BBIIEPIKKH.

Hawubomasmias mioTHocTH gocturiau tadnetrku ¢ 3,35 % Gd,0s, cneueHHbIe
co ckopocThio Harpesa 4 K/mun — 10,00 1/ cm3. HauMenbIeil mI0THOCTLIO 00-
nanaroT Tabnetku ¢ 10 % Gd,03, 1 KOTOpEIE CIEKATKCEH CO CKOpoCcThio 8 K/mun
- 9,08 r/cm3.
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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,Os poweder is mixed the powder of UO2 by a dry mechanical mix-
ing. Such a manufacturing method has a significant disadvantage, as the detri-
mental effect of Gd.O3 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,Os 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 UO; 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,03 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.O3 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.O3 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% GdO:s.

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,Os, sintered at
a heating rate of 4 K/min - 10.00 g/cm?®. Tablets with 10% Gd,O3 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 CTPYKTYPhbI,
KPUCTAJLJIOTPA®UYECKOM TEKCTYPBI U
AHM3O0TPOIIMU CBOVICTB B U3IEJIUAX, IOJTYUYEHHBIX
METOJAOM CEJIEKTUBHOTI'O JIASBEPHOI'O CIIVIABJIEHU A
IHOPOLIKOB M3 CIIVIABOB C I'lIK, OIK U I'TTY
CTPYKTYPAMH

Mertop CENeKTUBHOIO JIa3€PHOTO CIUIABJICHHUS IMOPOIIKA MO3BOJISICT TOJTY-
YyaTh ACTalM CI0KHOH (opMbl [1], KOTOpBIE HENB3sS U3rOTOBUTH C IOMOIIBIO
TPAJUIMOHHBIX TEXHOJIOTHH MpoH3BoACTBA. DOPMHUPOBAHHUE AETAIH IIPOUCXO-
AT MYTEM II0CJIeIOBATEILHOIO HAHECCHUS CIIOEB METAJUIMYECKOro MOPOIIKa U
€ro CIUIABJICHHUS IIOJ BO3JECHCTBHEM JIa3e€pPHOr0 H3aydeHMs. JlazepHbId y4
IIBMDKETCS 110 CEUECHHIO (hOPMHPYEMOM AETalln B COOTBETCTBUU C BHIOpAHHOI
cTpaTerreil CkaHMpoBaHUs (OJHOIPOXOAHOM, IMIaXMaTHOHM U T.1.) B Toxke Bpe-
MsI MaTepHall, IoJydaeMblii TAKHM CIIOCOOOM, 00IamaeT CI0KHOM CTPYKTYpOit
M3 MHOXECTBA MEPEKPHIBAIOIINXCS TPEKOB OT OTACIIBHBIX MPOXO0B Ja3ePHOTO
ny4a. [TosToMy €ro CTpykTypa CUIBHO OTJIMYAETCs] OT MaTepuajoB, MOJIy4eH-
HBIX TPAJUIIMOHHBIMU cIiocobamu [2].

HccnemoBano BausHUE (HOPMBI AeTalM U IMapaMeTpoOB MpoIecca meyaTy Ha
KpucCTaIIorpahuuecKkyo TeKCTypy, (ha3oBelii cocTtaB, (HopMHUpOBAHHE MaKpO-
HaIpPSHKEHUH M aHM30TPOIIMI0 MEXaHHYECKHUX CBOMCTB B oOpasliax U3 aycre-
HuTHOU ctanu 316L, TuranoBoro cmaBa BT1-00, HUKeneBOro »aponpoyHoro
cmaBa Inconel 718 pasauunoi GopMEI.

VcraHoBiieHo, 4To Ha (OPMUPOBAHUE KPHUCTAILIOrPAPUUIECKON TEKCTYpHI
OKa3bIBacT BIUsSHKE (hopMa IeyaTacMoOi JAeTaln, CTpaTerusi CKaHUPOBaHUs, KO-
OpIMHATa Mo ocu Z BJoAb HampasicHHA pocTta [3]. IIpu xpucTtaimsanum u3
BaHHBI paciuiaBa OT IPOXOJa JIa3epHOro Jyda HampaieHus <100> opueHTH-
PYIOTCS BIOJb HOPMaJIM K ()POHTY KPUCTAJIIM3AIMK, a UTOrOBasi TEKCTypa 3a-
BHCHUT OT XapaKTepa MEepeKphITUS TPEKOB. B pe3ynbTaTe H3MEHEHUS TEMIIepa-
Typbl MaTepuaja B IIHPOKOM HHTEpBajJie B IPOIECCE IeYaTd B MaTepualie
bopMupyrOTCS yrpyrue ocTaTOYHbIE MaKPOHAINPSHKEHHS, PACIPEICICHUE KO-
TOPBIX 3aBUCHT OT NPUMEHSEMOM CTpaTerdu CKaHUPOBaHUSA. B HHKeIeBOM
CIlIaBe MpU TepMOOOpabOTKe (3aKalKa U CTapeHHE) MPOUCXOIUT BhIACICHUE
YOPOYHSIOMHKX (a3, KOTOpbIE JOMOJHUTEIHLHO MOBBIIAIOT YPOBEHb MEXaHUYe-
CKUX CBOWCTB, HO HE CKa3bIBAIOTCS HAa 3aKOHOMEPHOCTAX (DOPMHUPOBAHHS KPH-
cTayuiorpadguIecKoil TEKCTYPHI.
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OOHapyXeHa aHM30TPOITNS MEXaHHYECKHX CBOMCTB, BHI3BAHHAS HAJINYHEM
oCcTpoi Kpuctayuorpadudeckoir TekcTypsl [4]. Ilpu aToM, u3-3a BausausA Gop-
MBI JIETAIM M PEXXHUMa IIeYaTH Ha KpHcTauiorpadMIecKyro TEKCTYpy (1, cieno-
BaTEILHO, AHU30TPOIIMIO CBOMCTB) HEJIB3S HAIPSIMYIO HCIIOJIb30BaTh JaHHBIE O
AQHM30TPOIMHA MEXaHWYEeCKHX CBOWCTB CIUIONTHOTO MaTepHaia il JeTaiel
CIOXXHOW (opmbl. JI7Is OIEHKM MEXaHWYEeCKHX CBOMCTB JeTaneil CII0KHOH
(hOpMBI (STYCUCTHIX KOHCTPYKIUIT) MPEJIOKEH CIOCO0 pacyera MEXaHHMYSCKUX
CBOWCTB MyTEM YHCICHHOTO MOJCIMPOBAHUS IMPH WCIOJB30BAHUH JAHHBIX O
KpucTaworpadudeckoir Texctype. [IpoBeneHa BepuduUKaiys MOJACITH MO pe-
3yJbTaTaM MCIBITAHUN SUYCUCTHIX KOHCTPYKIUI Ha CXKaTHE, YCTAHOBJICHO, YTO
CIPOTHO3MPOBAHHOE MOBEJICHHUE SIYCHCTON KOHCTPYKIIUH TIPHU JAehopMaIiuu Xo-
POIIIO COTJIACYETCS C IKCIIEPUMEHTAIBHBIME pe3yabTaTamu [S].
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1. Maconachie T., Leary M., Lozanovski B., Zhang X., Qian M., Farugue O., Brandt
M.SLM lattice structures: Properties, performance, applications and challenges. Ma-
ter. Des., 183 (2019), pp. 108-13
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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., Farugue 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. I1saenkovaM.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 JUCUJINIUAA TPUYPAHA
B BOJISIHOM IIAPE

B Hacrtosmee BpeMs B paMKax INPOTPaMMBbl TIOMYYEHHsS TOIUIUBA,
YCTOWYMBOTO B aBaPUHHBIX CUTYalUsX, JUCWIUINA TPHypaHa pacCMaTpuBaeT-
sl KaK IepCHeKTUBHOE TOINBO. OJHAKO ero KOPpO3MOHHAsI CTOMKOCT B BO-
JSTHOM cpezie MOKET IPEICTaBIATh cO00H mpodIeMy.

B nanHO# paboTe paccMOTpend Crocod MoaydeHHs OOpasloB H3
JUCWINIMAA TpPUypaHa METOJaMH IIOPOLIKOBOW MeTtaurypruu. McxomHsie
CIIUTKH TUCWINIHMIA TPUypaHa IMOJyqald METOAOM XyroBoi ruiaBku. Koppo-
3HOHHYIO CTOMKOCTH MOJYYEHHBIX 0Opa3IoB HCCIECIOBATIN B Cpeie BOJSHOTO
napa. XapakTepUCTHKH CTPYKTYpHl U (ha30BOro cocraBa 0Opas3LoB M3ydalld C
MOMOIIBI0 PACTPOBOM DIIEKTPOHHOM MHUKPOCKONNU WM MHKPOPEHTTCHOCIICK-
TpaimpHOTO aHanm3a. [lokaszamu, uyto mpu Temmepatype 350°C obOpasmpl coxpa-
HSIOT CBOIO (OPMY M IUIOTHOCTB, B PsJie ClIydaeB HaOIO1aeTCsi HEe3HAUNTEIb-
HOE OCBINIAHWE KpaeB. BBIBWIM, YTO NMPH MOBBIIICHWH TEMIIEPATYPhl BBIIIE
400°C obpa3ipl OBICTPO (PparMEHTHPYIOTCS IO COCTOSTHIUS ITOPOIIKa He Ooiee
geMm 3a 1 gac. U3 pesynpratoB MPCA BUIHO CHIDKEHHE KOHLIEHTPAIMH KPEeM-
HUSL B oOpas3nax, mpu 3TOM CHWXXKEHHE Bo3pactaeT (10 2 %) ¢ MOBBIICHHEM
TEeMIIepaTyphl UCTIBITAHUH, YTO MOKET CBHJICTEIBbCTBOBATH O MEPEXOAE KpeM-
HUS B BOASHYIO Cpeny.
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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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CUHTE3 HUTPUJHOI KEPAMUKHN HA OCHOBE
TBEPABIX PACTBOPOB Zr-U U Zr-Nb

Hutpunel nepexogHbIX METaJUIOB MOATPYIIBI TUTaHA B OTIMYHE OT OKCH-
JIOB M KapOHWJOB MMEIOT MEHBIIYI0 CIIOCOOHOCTh K criekaHuio. [IpoBoaumbie
WCCIIEIOBaHMsI MMOKA3bIBAIOT, YTO KEPAMUKY € TUIOTHOCTHIO BhIme 90% moiny-
YUTh JOCTATOYHO CIIOXKHO. IIpu 3TOM TpaAMuIIMOHHBIE CLIOCOOBI KOMIAKTHPOBA-
HUSl HUTPHUZIOB UMEIOT psil orpaHuuieHuid [1-3]. Upes3BbluailHO Ba)KHBIM YCJIO-
BHEM TIPOBEICHHS TPOLECCa CIIEKAHUS SBIIACTCS MOAO0p PEaKIIHMOHHOW aTMO-
coeprr [4]. Cnekanne B atMocepe a30Ta MOIABISACT PAsIIOKCHHE HUTPHUAA
ypaHa, AUCCOLHUAINSA KOTOPOTO MPOUCXOANT BO BCEX aTMOc(epax KpoMe a3oT-
HOU [5-7]. B mamHO# paboTe mMpemToskeH HOBBIH IMOAXOI, TO3BOJIAIONINNA B
mporiecce MOTHON HUTPHUIM3AINNA CHHTE3UPOBATh KEPaMUKy B BHIE 00pa3IoB
nr000# Hamepen 3amaHHod (opmbr [8]. Panee Obuta mosyyeHa OJHOKOMIIO-
HEHTHasi HUTPHJHAs 00beMHasl KepaMHKa, YCTOHUMBas K MOHH3HPYIOUIUM H3-
nydeHusMm [9-10]. Kontponupyembiii 0JHOCTUIHBIN MPOIIECC MOTYYSHHsI Ke-
paMHYecKUX M3AENHH HUTpuau3anueil TBepabix pactBopoB Zr-U u Zr-Nb sB-
JISIeTCS COBEPIICHHO HOBBIM TEXHOJOTMYECKHM IIpoIieccoM (opMUpoBaHUS
00BeMHON KepaMHKH 0e3 MPUBJIEUEHHS TPAIUIMOHHBIX HMOPOIIKOBBIX TEXHO-
JIOTHUH.

B pabore uccnemoBan mporecc HATPUIU3AINHA KOHCTPYKIIHOHHBIX CIITABOB
Zr-Nb (0,1; 2,5; 5,0; 7,5 u 10,0 macc. % Nb) u Zr-U (2 u 5 macc. % U). [Ipo-
nece GopMHUPOBaHUS HUTPUIHON KePaMHKH IIPH TeMIIepaType CHHTE3a HIDKE U
BBIIIIC TEMIEPaTyphl IUIABICHHS CIUIABA B COOTBETCTBHU C (Da30BBIMH IHa-
rpammamu cucteM Zr-Nb u Zr-U. Hutpunusanuro mpoBOIMIN PE3UCTHBHBIM
HarpeBoM B atmoctepe azora 0co6oit urctotsl Mapku «6,0» (TOCT 10157-79)
B Teuenue 180 muH. TemmepaTypy peakuuy KOHTPOIHMPOBAIHN ONTHYECKUM ITH-
pomerpom Luma Sense IMPAC ISR 50-LO.

Ha pucynke 1 mpuBemeHBI PEHTT€HOBCKHE AM(PAKTOrPAMMBI HCXOIHBIX
CIUIaBOB W HUTPHUIHON KEpaMUKH Ha OCHOBE cocTaBa Zr- Nb (2,5% u 7,5%).

Ipouecc HuTpuau3amuu TBepAbIX pactBopoB Nb B Zr ¢ pa3HeIM comepxa-
HueM ND xapaktepusyercs MOC/IeNOBaTeIbHOCTHIO CTPYKTYPHBIX W3MEHEHHH,
OTpaXXaloMINX dTanbl 00pa3oBaHus (a3 pasHOro cocraBa OT MeTANIOKEpaMUie-
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CKHX KOMIO3UTOB 10 HuTpuaa cocraBa ZrixNbN. B xome BeicOkoTeMmepa-
TYPHOT'O HachIIIeHUs TBEpAbIX pacTBopoB Nb B Zr a30ToM 00pa3yroTcst KOMIIO-
3uthl THNA Zr1«Nb«N — (ZrN1/B-1B. p-p Zr 8 Nb) — Zr1-xNbxN unu kepamuka
Ha OCHOBE CTEXMOMETPUYCCKUAX HUTPHUIOB [IUPKOHUS U HUOOUSL.

a 0?2 204 O 013
+-Nb
Q15 2 110
g 8 ., 011p
: ‘ 515 002 |
5 o1 3 Jor1/ | “ 1128
2 ‘ ‘ o5 o1 H ‘ 0028 )7 o2
£ 10 1 12 £ Y \ 1z,
I | 012 | / £ ot0 || # A | e
B ot0 || A o/ oos g 10 6 Lol Malions 4
E4 A ) & | 4 3 I‘ |
5 L 5 | ‘
g
3
§ 05 T8 05 * |
| SR——— G | l A 5, § n ' I
& S re—— 08 (S - S S, % .
Mmoo 200 20 a1 2z ] M, e 200 220 any 22
004" —n s ; - 00 il b — e 1
20 30 40 50 60 70 3'0 40 5‘0 60 70
20 20

Pucynox 1 — PenTreHoBckre nugpakTorpaMMbl KepaMukH (a) Zr -
2,5%Nb, (0) Zr - 7,5%Nb: HuTpuas cuaTesuposans! mpu 1700 °C (1), 1900
°C (2), 2400 °C (3); ucxomHslii cruiaB (4)

0,05 . "

PucyHok 2 — 3aBHCUMOCTB Macchl Pucynok 3 — Mopgonorus no-
MOTJIOLIEHHOTO a30Ta OT BPEMEHU HUT-  BEPXHOCTH IUIH(A HUTPUIIZHUPO-
puam3anmy TBepaoro pacrsopa Nb B Zr BanHoro npu 1900 °C o6pasua

mpu Temmneparype 1900°C TBepHoro pactopa Zr — 2.5% Nb:
(a) yactunas HuTpUaU3aIK; (0)
TIOJTHAsA HUTPUIU3ALIHSL.
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Pucynox 4 — Mopdonorus HoBepXHOCTH NUTH(a HUTPUAA TBEPIOTO
pactBopa: Zr — 0.1 macc. % Nb (a), Zr — 5 macc. % Nb (6), Zr — 10 macc. % Nb
(8) mocne Hurpuanzanuu npu 2400°C B reuenne 180 mun: (6) — mudps! xapak-

Tepusyrot comepkanre Nb (% ar.)

B HuTpuaax tBepapix pactBopos 7,5 macc. % u 10 mace. % Nb npu 1700°C
u 1900°C, coxmepxxaHue HHOOMS, CErperHPOBAHHOIO MEXIY KPHCTAJUINTAMHU
OCHOBHOH (pa3bl, yBenuuuBaercs. Huobuil oqHOPOAHO pacnpeneneH B o0beMe
Marepuana. B HekoTopbIx o0macTsx B meHTpe oOpasua conepskanue Nb 92
at. % (pwuc. 40).

Pucynox 5 — Mopdosorust mo- PucyHok 6 — DneMeHTHOE KapTHPOBAHUE
BEPXHOCTH MIIM(a HUTPUIU3U-  BKIIOUYEHHUH C BBICOKHM COJICp)KaHHEM ypaHa
posansoro 1pu 2100 °C 06- B LIEHTPAJIbHBIX 00JIaCTIX KEPaAMUKH
pasia TBepJOoro pacTBopa
Zr-5%U

B cBs31 ¢ BEICOKUM CPOJCTBOM LUPKOHHSA K a30TY, IPOLIECC HUTPUIU3ALMH
TBepIbIX pacTBOpoB U B Zr ¢ pa3HeIM conepxkanneM U xapakTtepusyercs oopa-
30BaHMEM (a3bl HUTPUJAA LIMPKOHUS C cerperupoBaHueM (assl ypaHa BIIIyOb
obpasna. Konuenrpuposanrue U B OTIENBHBIX BKJIIOYEHHAX B IIEHTpe 00pasia
npocruraer o 95,5 macce. % (puc.6). Ilpu 3ToM BHemHHE 00JIACTH KEpaMHUKH
MIPEACTABISIOT CO00 MpenMyecTBeHHO a3y ZrN.
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TEHAEHIIUU UBMEHEHUSA CTPYKTYPHO-®A30BOI'O
COCTOSIHUS, BIIUAIOUIME HA PAJIMALTMOHHOE
OXPYITYUBAHUE CTAJIEM KOPITYCA PEAKTOPA

BBJP-1000 ITPU IMPOAJIEHHOM CPOKE CJ1Y/KBbI

PaccmoTpeHB! N3MEHEHUsI CTPYKTYPHO-()a30BOr0 COCTOSIHUSI CTalled KOpITy-
coB peakTopos (KP) BBOP-1000 mpu npoanéHHOM cpoke ciryxObI B TedeHue 60-
TH JeT 1 Ooiee. B ocHOBe moaxona K MPOICHUIO CPOKa CITY KObI HCTIOIb3yEMBIX
craneit KP nexur uzydyeHue TEHISHIMHA M3MEHEHUH OOBEMHOW TIOTHOCTH U
CPeAHUX pPa3MepoB PAAMAIIMOHHO-MHIYIIMPOBAHHBIX 3JEMEHTOB CTYKTYpBI, pa-
JIMAIMOHHBIX Ne(eKTOB M MEXaHW3MOB PaAMIMOHHOro oxpymuuBanus. [Ipose-
JIEH KOMIUIEKCHBIH aHAJN3 UMEIOIIMXCS JIMTEPAaTYPHBIX M 3KCIEPHUMEHTAIbHBIX
JaHHBIX 00 M3MEHEHUSX CTPYKTYpHO-(ha30Boro cocrosHus matepuanoB KP mpu
o0myuennu. [IpruBeneHs! pacIIMpeHHbIE T030BbIE 3aBUCHMOCTH M3MCHEHHMS Ma-
pameTpoB cTpyKTypsl MatepuanoB KP. Taxke nokasaHo, 4To TeMH pocTa 3€pHO-
TpaHUYHON cerperanuy Gpochopa yMEHBIIACTCS IPH MPUONIKCHUHN K PAaBHOBEC-
HOH KoHIeHTparmu. OnpenenéH xapakTep H3MEHEHUS IPOYHOCTHBIX XapaKTepH-
CTHK M KPUTHYECKOW TeMIepaTrypsl XpynkocTu MarepuaioB KP Bcnenctue 00-
nydenusi. Ha ocHoBaHMM aHann3a TEHASHIMI U3MEHEHUs CTPYKTYPHO-(a30BoOro
coctosiHus Matepuanos KP BBOP-1000 Ha cpokax skcIutyaTanuu B TeueHue 60-
TH 1 O0JIee JIET MOXHO C/AEJATh CJIeqyIoliie BbIBOABI:

e Ha cpoxkax skcmuyaranuu B TeueHne 60-Tu 1 0ojee JeT TeMIT pocTa 3epHO-
rpaHn4HON cerperauu (ocdopa 3HAYMTEIBHO 3aMeuIAeTCs, TPUOIMKasACh K
YPOBHIO PAaBHOBECHOH cerperanyy. JT0 MPUBOAUT K YMEHBIICHUIO BKJIAAA He-
YIPOUHSIOIEr0 MEXaHU3Ma B PaJMallUOHHOE OXPYITYUBAHHUE;

e Temn pocra cpemHero pasMepa U OOBEMHON IUIOTHOCTH PaJUal[MOHHO-
MHIYIIMPOBAaHHBIX MPENUIUTATOB 3aMeUISeTCs, TOrJa Kak OObEMHAsl INIOTHOCTh
JIUICIIOKAITMOHHBIX TIeTeNb MPOJODKAeT PacTh. JTO MOXKET MPUBECTH K TOMY, UYTO
TpesiesT TeKy4eCTH IPOAOIDKUT PACTH, XOTS TEMII €r0 YBEITHMUYECHHUS CHUSHTCS,

e Takum o0OpazoM, cieayeT 0XXKuAaTh, YTO BKJIA]] YIPOUHSIOIEr0 MEXaHn3Ma
B PaJMallMOHHOE OXPYIMUMBAHUE HA CPOKaX dKCILTyartanuu oosiee 60-Tu et Oy-
JIeT ipeo0ianaTh;

e Crnenyer oXuuaTh, YTO TEMI pOCTa CABUTAa KPUTUYECKOH TeMIepaTypbl
xpynkocTH (ATK) Ha TONATHX CPOKaX HKCIUTyaTAIHH TAKKe 3aMeIISIeTCs;

e PacuéTHO-dKCIIePUMEHTaIbHBIM METOJIOM MoKazaHo, 4to miusi KP BBOP-
1000 BO3MOHO TPOTIEHUE MX CPOKA IKCITITyaTauu cBbiie 60 JeT Kak 3a c4eT
JI0ATTECTAINH, TaK U, B PsIJIe CIIy4aeB, 32 CIET BOCCTAHOBUTEIBHOTO OTXKUTA,;

e Pemenue o0 NpoJUICHUN CPOKa CIIYKOBI Kax1oro KoHkperHoro KP momkHo
MPUHUMATHCS MHIUBUIYAIbHO.
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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 VVER-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;

e 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;

e Decision to extend the lifetime of every particular RPV should be done in-
dividually.
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BJUSHUE HOHHON UMILJTAHTAIIAA HA PA3PYIIIEHUE
CTAJIM IIPU TEYH BOJIbI B HATPUI

B ObIcTphIX peakTopax ¢ HaTpHeBBIM TeruloHocuteneM (turma BH) B aByx
KOHTYpax TEIJIOHOCUTENIEM SBISCTCSl HAaTPHH, B TPETHEM KOHTYpPE — BOJSHOU
nap. [1py NOsBICHUH HETUIOTHOCTH MEXIYy TPETBUM M BTOPBIM KOHTYPaMH BOIsI-
HOH map 1oJ| G0JIBIINM JIaBJIeHHEM NPOHUKAET U3 TPEThEro KOHTypa BO BTOPOH U
MPOUCXOMUT 3K30TEpPMHUUECKas peakus ¢ oOpa3oBanueM (akena ropenus. [Ipn
ATOM XapaKTepUCTHKU peakTtopoB Tria bH obecrieunBaioT oTcyTCcTBHE NEpexoa
Masioii Teun motoka Bojpsl 0,01-10 r/c B GoJbIIyIO Teub (pa3pyllicHUE COCEIHEH
TpyOsI) [1]. CormacHo [2] Wi CEKIIMOHHOTO TaporeHeparopa oOHapy>KeHHE Ma-
JIOH Te4H, OTKJIIOUCHUE U CYIIKa CEKIUK OyeT MCHee
15 - 25 c. Koppo3noHHBIH Tpoliece MpU TeYH BOJbI B HATPHH MOXKET OBITh Mpej-
CTaBJICH KOPPO3HEH B OJTHOM M3 CaMbIX arpeCCHBHBIX CPE]l, PEaM3yIOINXCS IPU
3TOM. B KadecTBe Takoi cpeapl MOXKHO BBIOPATh HATPUH ¢ IPUMECHIO THIPOKCH-
Ja.

Ha pucynke mpezacTaBieHbl pe3ylbTaThl 0)Ke-CIIEKTPOMETPHH CTalld MapKu
X18H9 ¢ npexpaputensHoii ummianTarmeii Sit u 207 ¢ sueprueii 40 k9B, 1030i
10" ron/cM? 1 Ge3 UMIUIAHTALIMK [OCJIE CTATUYECKUX U30TEPMUYECKUX UCIIBITA-
uuii B Na + 30% NaOH + 5% Si B teuenue 500 yacos npu 973 K. B pe3ynbrare
UCTIBITAHUH OOHApYXEHO HECYIIECTBEHHOE CHIDKEHHE COJep KaHHs skenesa (Ha
rIyOuHy MeHee 1 MKM) Ha oOpaslie cTaiu, He TTOABEPIHYTOM HOHHOHN MMIUIaHTa-
MU ¥ CYIIECTBEHHO Oouibliee (Ha TIOyOuHy Oosiee 5 MKM) Ha o0Opasiie cTaiu ¢
NpeBapuTeIbHON UMILTaHTauel. [Ipu 5ToM HaOIIOANIOCh TaKKe CYIIECTBEH-
HOE BHEJpEHHWE HaTpUs MU MPEABAPUTEIHFHON MOHHOM MMIDIaHTAIlUH, YTO 3a-
METHO TakXXe Ha MertauiorpadudeckoM mumde, TAe 30Ha, MPOTpaBIeHHAS
HaTpueM, cocTaBmiIa 125 MKM Ut IpeBapyuTeIbHO MMIUIAHTHPOBAHHOTO 00pa3-
na cranu Mapku X18H9 (B 5 pa3 Gosbllle HEMMILUIAHTHPOBAHHOTO 00pasla) I1mo-
CcJie IOTIOTHUTENILHBIX HCCleioBaHui B TeueHnn 4 gacoB mpu 1000 K.

Taxum oOpaszoM, NpeaBapuTeNbHAs HOHHAS UMIUIAHTAIMS CTall HE IpHBe-
Jla K TOJIOXKHUTEIBHOMY pe3yJbTaTy B arpecCUBHON cpeje, rae 00J1acTh MoBpe-
KIEHHUS CTaJM CYIIECTBEHHO INPEBHIMIAET INIyOWHY MMIDUIAHTAIlMA HOHOB, H,
HA000POT, yCHIIHIIa TOBPEXKICHIE BCIICACTBHE MOSABICHUS HAIPSKESHIH.
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[Mpodup KoHUEHTpauKy 1eMenToB ctanu Mapku X18H9 ¢ nmpeasapu-
TenbHON ummanTanuei Sit u 20* ¢ sneprueit 40 k3B, no30i 1017 non/cm?
a TaKke C UMIUIaHTaLUe! 1 0€3 UMIUTAHTALMH TIOCIIe CTATUYECKUX U30Tep-
mudeckux ucnbiranuii B Na u B Na + 30% NaOH + 5% Si B teuenne 500 uacos
pu 973 K o pesynprataM 0xe-CIeKTPOMETPHUH.

Ne ii/n | Ananmusupyemsiii | Umrmuianranust Sit u Cpena ucbITaHUH
B CTaJIM DJIEMEHT 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 ) + 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 um) 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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2 3 4 mkm

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 107
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.

Order | The element in Implantation Test environment

No Steel Si*fu20*
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.1. Rachkov/ Fast neu-
tron NPP safety. M.: 1zdAt, Moscow (2012).
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HNCCIEAOBAHUE KOJIEBATEJIBHBIX CIIEKTPOB
METO/JOM HEYIIPYTOI'O PACCESITHUSI HEUTPOHOB 1
PACYET TEIIJIOBBIX XAPAKTEPUCTUK MOHOHUTPHUIA
YPAHA

MeTonoM HEympyroro paccesiHhs TEIUIOBBIX HEHTPOHOB Ha HEHTPOHHOM
cnektpoMetpe IMTH-2 npoBeneHs! SKCIEpUMEHTAIBHBIE HCCIEI0BAHMS HUTPH-
na ypana UN, mpeaHa3zHaueHHOTO JUIs paOOTHI IPH BHICOKOH TEMIIEpaType.

M3mepenus nposonuiuch npu temmeparypax 293 K, 623 K, 923 K u 1273 K.
W3 skcnepuMeEHTaNbHBIX CIIEKTPOB PACCESHHBIX HEWTPOHOB MOIYYEHBI IIOT-
HOCTH (DOHOHHBIX COCTOSIHHH (CHEKTPHI 4acTOT), UCIIOIb30BAaHHBIE IS BBIUHC-
neHus TertoéMkocT. Ha 06ase sKcIieprMEHTaIbHBIX CIICKTPOB ObLIA MOJyYCHA
MOJIENIb CTIEKTpa YacTOT, 00eCHeYnBaroIas Xopollee OMUCaHue 3KCIepUMEH-
TaJbHOU TEMIIEPATYPHOU 3aBUCUMOCTU. METOJOM HEYIIPYroro paccesHus Tell-
JIOBBIX HEHTPOHOB Ha HeWTpoHHOM cnekrpomerpe JIMH-2 Obuin mpoBeneHbI
SKCIEPUMEHTAIbHBIE HCCIEOBAHUS TOIUIMBHOIO MaTepHala HUTPUAA ypaHa
UN, mpeaHa3Ha4e€HHOTO Ui paOoThI MPH BBICOKOH Temmeparype. M3mepenus
MPOBOAMIINCH TIpU Temneparype temoemkoctd UN Bo BceM MHTepBalie Temiie-
patypsl 1o 1500 K.

Cp=55.77 +4.98-10%T — 8.79- 105 T2, kJIx/(mo11b-K),

rae T — remnepatypa, K

PaBHOBecHOE naBieHHE a30Ta HAJ HUTPHUJIOM YpaHa, PACCYUTAHHOE IO TO-
Jy4eHHBIM B pe3yJbTaTe HEUTPOHOTpAUUECKUX HCCIEIOBAHUN 3HAYECHUIO
terioeMkocTd 1o peakmuu: UN=U+N,, HaXoauTCcs MeXay ero 3Ha4eHUSIMU,
MOJIyY€HHBIMH JPYTUMH METO/IaMU, ¥ MOAUNHSAETCS] 3aBUCUMOCTH (PUCYHOK 1):

p MlIla=2- 107e»684000/T

rne T — Temneparypa, K.

Bennunna nocroBepHocTH annpokcuManyuu — R = 0,997.

3Ha4yeHus1 CTaHAAPTHBIX TEPMOJMHAMUUYECKUX XAPAKTEPUCTHK HUTPUMAOB,
WCIIONIb30BaHHBIE I pacdeTa paBHOBECHOTO JABJICHUS a30Ta HAJ HUTPUIAAMU
ypaHa, MarHusi, TUPKOHUS, B3SITHI U3 CPAaBOYHOTO U3AaHUA [2]
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Puc. 1. PaBHOoBecHOe naBieHune a3oTa Haa Hutpugamu p (MIla) = 10™:
1 -MgaN2[2];2-UN[3];3-UN[1];4-UN[2];5-UN[4]; 6 - ZrN [2]

Pe3ynbpTaT npeacTaBiIseT MHTEpEC I OLEHKU PabOTOCIIOCOOHOCTH TBAJIOB
¢ U-Pu murpugaemv (CHVII) TomnmuBoM, IIaHUPYEMBIM K HCIIONB30BAaHHUIO B
OBICTPBIX peaKToOpax.

[1] O.A. dy6osckuit, A.B. Opinos, B.A. Cemenos // ®uznka tBepmoro Ttema, 53
(2011) B.9. 1861-1871.

[2] Bepsitun V.[., Mamupes B.I1., Pa6ues H.I'. / TTox pen. 3eduposa A.IT. — M.:
ATtomusnar, 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.

Cp=55.77+4.98-103T - 8.79-105 T2, 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- MgsN2 [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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MNPOYHOCTHBIE, PEJJAKCALIMOHHBIE
U KOPPO3MOHHBIE CBOMCTBA
CYBMUKPOKPUCTAJUIMYECKOM CTAJIH 08X18H10T

HccnenoBaHa MUKPOCTPYKTYpa, MEXaHUYECKHE CBOHCTBA PH KOMHATHOW U
MOBBIICHHON TeMIeparypax, pelaKcallMOHHas CTOHKOCTh M KOPPO3HOHHAs
CTOHKOCTh 00pa3moB yibTpamenko3epHucTor (YM3) cramum 08X18H10T, mo-
Jy4eHHOM METOJO0M paBHOKaHaJIbHOro yrioBoro mpeccoBanus (PKVYII) mpu
temmeparypax 150 u 450 °C. B UCXOZHOM COCTOSIHUM CTaJlb UMEET ayCTEHMT-
HYI0 MUKPOCTPYKTYPY C BBIIeIeHUsIME dacTull d-¢peppura. [Tocie PKVYII cranb
UMeEET OAHOPOIHYI0 YM3 MUKPOCTPYKTYpY € pasMepoM 3epeH aycreHuta 0.3-
0.7 mxm. Metonom PDA nokazano, uro npu PKYII npoucxonur obpasoBanne
MapTeHcuTa aedopmarmua — B cTpykrype YM3 cramm mocine N = 4 mukioB
PKVYII mpu T = 450 °C coaepxaHue MapTeHcuTa Aedopmaiuu qocturaet 17—
18 %.

YM3 crane 00s1aiaeT MOBBINIEHHBIME MEXaHMYECKUMH CBOMCTBAMHU — I10-
cie N = 4 muknoB PKVYII npu temmeparype 150 u 450 °C BenmmunHa mpenena
npouHocty ctaiu cocraimsier 1100 Mlla u 1020 Mlla, cootBercTBeHHO. OcC-
HOBHOM BKJIaJl B OBbIIIEHHE MpouHocTH ctanu npu PKYII BHOcHT yBenuuenue
IUTOTHOCTH JTUCIIOKAIIMH M W3MENbYeHHE 3epPEeHHOM CTPYKTYpPHI 10 CYyOMHKpPOH-
Horo ypoBHs. Ha kpuBbix pactspkenust o(g) o6pasioB YM3 cramu npu KOM-
HATHOM TemmepaType HNPUCYTCTBYET CTaaMs MPEpHIBUCTOTO TedeHus mo Jlo-
JIepcy M CTaus PaBHOMEPHOTO IUIACTHYECKOTO TeueHMs. M3nmombl oOpas3ioB
HUMEIOT BA3KUHN XapakKTep.

Omxur YM3 cramu npu temmepatypax 6omee 700 °C mpHBOAXT K Hadary
MPOLIECCOB  PEKPHUCTAIUIM3AINK, KOTOPBIH CONPOBOKAACTCS YMEHBIICHHEM
00beMHOI 1011 MapTeHcHuTa AehOopMali U BbIICICHHEM CBETJIBIX HAHOMET-
POBBIX YacTHUI], KOTOPBIE MPEINOI0KHUTEIBHO ABIAIOTCSA G-(ha30i. DHEprHus ak-
THBAIMH Tporiecca Murparu rpanutl 3eper (6.0-8.3 KTm) okasbiBaetcst Ha 20—
30 % HwKe, yeM SHeprus akTHBAMU JU(d(Qy3Un 10 TPaHULAM 3ePeH ayCTeHHU-
Ta. CHIDKEHHE SHepruM aKTHBAI[MM OOYCIIOBJIEHO MPHCYTCTBHEM Ha HEPAaBHO-
BECHBIX I'PaHMIaX 3epeH M30BITOYHON TNIOTHOCTH JIeEKTOB.

YM3 cranb 001amaeT MOBBIMIEHHON peTaKCaIlMOHHON CTOMKOCTBIO — OoJiee
BBICOKOW BEJIMYMHOW Mpeaena MakpOyNpYroCcTH M MEHbBIIEH BEIMYMHOM TiTy-
OmHBI penakcanuy (TIPH 3aaHHON BEIWYHMHE MPIIOKEHHOTO HAIMPSDKEHHS).
[oBblmeHHas penakcalioHHasi CTOMKOCTh YM3 cranm o0yciioBiIeHa 0COOBIM
MEXaHU3MOM peJlaKCalliy BHYTPEHHUX HaNpsDKEHUH, CBSI3aHHBIX C B3aHMMOJIeHi-
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CTBHEM PENICTOYHBIX JUCIOKAIMA C HEPAaBHOBECHBIMU I'PpaHUIIaMU 3epeH YM3
cTad. BTopoil BeposTHON MPUUYUHON MTOBBILIEHUS PEIAKCALUOHHON CTOMKOCTH
YM3 cramm MOKeT OBITH MPHCYTCTBHE OoJiee NMPOYHBIX YACTHI] MapTEHCHTA
nedopmanum, B KOTOPBIX 3aTpyJHEHA aKKOMOJIAIIMOHHAsI [IEPeCTpoiika ANUCIIO-
KAallUOHHOW CTPYKTYPBI.

IIpouecc PKVYII npuBoAUT K CHUKEHUIO KOPPO3UOHHOM CTOMKOCTH aycTe-
HUTHOM CcTanu — HaOIroaeTcsl MOBBIICHUE CKOPOCTH OOIIel KOPpO3UH U yBe-
JYeHUe CKIOHHOCTH CTalH K MeXKpUCTaTUTHOH Kopposun (MKK). Cramxe-
HHE KOPPO3HOHHON CTOMKOCTH OOYCIIOBIICHO, B MEPBYIO OU€pe]b, HAIUIUEM
YacTUI] MapTeHCHUTa JaedopMaIuy, KOTOPEIE UMEIOT OOJBIIYI0 CKOPOCTH pac-
TBOpenus. [IpucyTcTBue yacTuil MapTeHcuTa nedopMannyl MPUBOJIUT K IOSIB-
JICHUIO B MHUKPOCTPYKTYPE CTaIH MHKpPOTAJbBAHHUECKHUX IIAp «MapTEHCUT —
ayCTeHHUT», M0 TPaHHUIIAM 3epPeH KOTOPBIX BO3MOXKHO YCKOPEHHOE MPOTEKaHHE
MEKKPUCTAIIIUTHON KOPPO3HH.

BaxxHO mpu 3TOM OTMETUTH, YTO, HE CMOTPS Ha HEKOTOPOE CHIDKEHHE KOp-
po3uOHHOH croiikocT YM3 cranu, ee XapakTEpUCTUKU MO-TPEKHEMY COOT-
BETCTBYIOT BCEM TpPEOOBaHMSIM HOPMATHBHON JOKyMEHTanuu (Hampumep,
T'OCT 9.914-91) mo croiikoctr npotuB MKK.

Pa6oTta Beimonnena npu noaepxkke PH® (rpaat Ne22-19-00238).
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KJIACTEPHASI YCTAHOBKA JJI51 HAHECEHUSI
IIOKPBITHH, HACBIIIEHUA UX BOAOPOIOM 1
TEPMOJECOPBIIMOHHbIX U3MEPEHHUU

HccnenoBanne BOIOpOAa B TOHKHX IUICHKAaX IPEICTABIIET MHTEpEC Ul
MHOTHX TEXHOJIOTHYCCKHX NPHIOXKEHHH. ONHUM M3 METOAOB HCCIICAOBAHUS
aBisietrcs Tepmonecopbunonnas crekrpockonust (THAC). bompmmacTBO padoT
0 HaNbUICHUIO TUICHOK, UX HAaChIMEHUIO BogopoaoM u TJIC BBIOIHEHO C TIe-
pEeHOCOM 00pa3LOB MEXIY COOTBETCTBYIOIIMMH YCTaHOBKaMH IO BO3IYXY.
IIpu 3TOM MOT'YT HENPEACKA3yEeMO MEHSTHCS YCIIOBUSA Ha IIOBEPXHOCTH ILICHOK,
KOTOpBIE MOTYT CKa3aThCsl HA KMHETHKE abcopOuuu 1 recopOunu Bojopoa. B
JIAaHHOM paboTe onucaHa KJIAacTepHas YCTaHOBKa, B KOTOPOH MepeHoc 00pa3ioB
MCXKIY KaME€paMU HallbUUICHUSA, HACBIIICHUA U TepMO}IeCOp6HHI/I IIPOU3BOAUTCH
B BaKkyyMe 0e3 BbIHOCa 00pa3lioB Ha aTMocdepy. Y CTaHOBKa Co3/laBajiach B I1e-
puon 2019-2921 rr, u B HacToslee BpeMsi Ha HEH HayaThl HKCIEPUMEHTHI C
TOHKAMHM TUIGHKAaMH BOJOPOAAKTHUBHBIX METAJUIOB NPUMEHHUTENBHO K 3a/ade
CO3/IaHUS! TBEPAOTEIHHOTO JICHTOYHOTO HAKOIIMTEIS BOZOPO/IA.

[IprHIMNMANEHO YCTAHOBKA COCTOMT W3 YETHIPEX OCHOBHBIX Ka-
Mep: 3arpy304HO-pa3faTOYHON, HANBUIMTENEHON, HACKIIIEHUS U TepMOJecopo-
IIMOHHOW. Bce kaMepbl MMEIOT CBOM CPEACTBA OTKAYKH M OTJIENICHBI OT pasza-
TOYHON KaMepbl MPOXOJHBIMH KJIallaHaMH, 4epe3 KOTOpble o0pasel] mepeHo-
CHUTCA C ITOMOIIBIO JIMHEWUHOT'O BBOJia ABUXKCHMU. Pa3;:[aT0qHa${ KaMepa CIIYKUT
JUTSL 3arpy3Ku o0Opasia ¢ atMocdeps! U i GUKcauyd o0pasiia MpH ero mepe-
MEUICHUU MEXJy KMepaMmu. B Hell ycTaHOBJIEHA LIGHTpallbHAs BPAILAIOLIASCS
wiatgopma, Ha KOTOPOH KPEHUTCsl y3el ¢ jaepxkaresneM oOpasua. Jrta Iuiat-
(hopma MOXKET BpalllaThCs, OPUEHTUPYSICh OTHOCUTEJIBHO OJIHOW U3 Tpex pabo-
YUX Kamep Ui NepeMerieHus aepxarens oOpasna. Ha Bpems mepememnieHus
OTKpBIBAETCS COOTBETCTBYIOIINI TPOXOHOM KIIanaH.

Kamepa HambuieHHsS OCHAIlleHa TPEeMsi MarHeTpOHAMM, NpEeAENbHOE JaBie-
Hue B Heit 5%10°8 mbap, pabouee naBneHne npyu HanbUleHMH MpuMepHO 5% 1073
Mmbap. Kamepa Hacblmenns umeer o0beM 1 J1, BOJOPOJ HAIyCKaeTcst B Hee /10
nasnenust 10 Gap, Temmeparypa oOpaslia NpH HACHIIEHUH MOJXET IOJJICPKH-
Batbea 10 400°C. Kamepa TC umeer npenensHoe pasienue 5x107° m6ap u
OCHAII[CHA KBAJIPYIOJIbHBIM MacC-CIIEKTPOMETPOM M CHCTEMOM ero KajauOpoB-
KH, KOTOpasi UCTIOJIb3YeTCs MOCHE KAXK/I0r0 U3MEPEHHs [UIsi TOYHOTO OTpeesie-
HUS ero mokazaHuit. OOpaseln HarpeBaeTcsl JIMHEHHO JI0 3aJIaHHOUW TemrmeparTy-
psI Brutoth 1o 1000°C.
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Pucynok 1 — Cxema ycTaHOBKH.

Ha pucynke 2 nist npuMepa 1mokasaHbl CIIEKTPBI TEPMOJECOPOLIH BOIOPO-
na u3 rieHok Mg85Til5, HaHeCeHHBIX B aproHe 1ocie HACHIIEHNS UX B BOJIO-
poze Teuenue 3 wyacoB npu aaBiennu 10 Gap npu pasHoit remnepatype. OObIu-
HO BBIXOJ BOJOPOZA W3 THIAPHUPOBAHHBIX METAJUIOB pacCMaTpHBAETCs Kak MO-
CJICIOBATENIFHOE Pa3lIoKEHUE IUTHIAPUAA W THAPHIA, YTO JaeT J[Ba OCHOBHBIX
muka T/JIC. U3 pucyHka 2 BHIHO, YTO CIIEKTPHI BECbMa MIMPOKHE C OOIBIINM
KOJIMYECTBOM ITHKOB, YTO CBHJETENBCTBYET O CIOKHOW KMHETHKE BBIXO/A BO-
JIOPO/ia U3 TOHKHX IICHOK.

Ofpuio o, e, N M) € s

I
Tesneparypa. K Towneparypa, K

Pucynok 2. CriekTpbl TepMoaecopOnnu Bogopoaa u3 mieHok Mg85Til5

Ha pucynke 3 nokaszano cpaBuenne T/IC u3 mienok Mg85Til5 u Mg95Ti5
C pasHbIM COJACPKAHUEM MArHus U TUTaHaA. BI/I}IHO, 4TO IMpHU MEHBIIEM KOJIMYEC-
CTBE€ TUTaHa B IUICHKE TEMIICpaTypa BbIXOJAa BOJOPOJa YMEHLHIIACTCSA, YTO
BIIOJIHE OXMAAeMO, IOCKOJIbKY THTaH MMeeT OoJjbllee OTpUIATeIbHOE 3Hade-
HHC SHTAJIBITNHU o6p33013aH1/151 ruapuaa.
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Pucynox 3 — Cniexkrpsr T/IC o6pa3uoB 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 5x103 mbar. The saturation chamber has a volume of 1 I, 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
5x1071° 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 Mg85Ti15 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, Na5, Ne v Ne23 with different sorption temperatures Samples Ned, No5, Ne6 u Ne23 with different sorption temperatures

» Nad sorption at 260°C 1E164 - - = Nud sorplion at 250°C
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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 Mg85Til15 and Mg95Ti5
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W3MEHEHHWE CTPYKTYPHI INIEHOK, TIOJYYEHBIX
MATHETPOHHBIM PACHBIJIEHMEM, TPU HACBILEHUHA
HMX BOJIOPOJIOM

Co3nanue BOJIOPOJIHBIX aKKyMYJISITOPOB SIBJISETCS aKTyallbHOW MaTephajio-
BequecKor 3amadeii. s moBeImeHUsT dYP(HEKTUBHOCTH HAKOIUIEHHS BOIAOPOIA
U TIOCJEIYIOIIET0 €ro OTAaud HEeoOXOOUMO Pa3o0paThCs ¢ MEXaHH3MOM €ro
HaKOIUICHUS IIYTEM PAacTBOPEHHUS B METAJUIMYECKHX CTPYKTYpax M MOCIEIyIo-
Imero nporekanus (a3oBEIX NMpeBpameHuii. JlaHHas paboTa mocBsIIeHa Mccie-
IOBAaHMUIO U3MEHEHUS CTPYKTYpHL IieHok Mg, Ti u cmmaBoB Mg-Ti, HaHeceH-
HBIX MarHeTPOHHBIM METOJOM Ha CTaJbHYIO IOJUIOKKY, B PE3yJbTaTe HX
HACBHIILEHU BOJOPOoM. IIpyn HaHeCeHUH IUIEHOK BapbUPOBAINCH IapaMeTPhl
pexxuMma: atmocdepa B paboueil kamepe, JaBiaeHue, U T.11. PEHTIeHOBCKH aHa-
nu3a npoBoauica Ha nudpaxromerpe D8 Discover ¢ HCmoib30BaHuEM MEIHO-
ro usnydenwus, 3epkamna I'éoens u nmuneiinoro 1D-gerekropa LYNXEYE. Hc-
MOJIL30BAHbl Pa3JIMYHbIE BUILI CheMKU: 0-20 (0 - Oparrosckuil yroi); pacro-
JIO)KEHHE MEPBUYHOTO IMyYKa IO YIJIOM CKOJILKEHHs 3° U HEeNpepbIBHO JBH-
KYIIUICS JETEKTOP, a TAKKE CheMKa MPSMBIX IOIIOCHBIX Quryp. st uieHTH-
¢ukamu (a3  UCIONB30BANIOCH TporpamMMHoe obecriedeHue BrukerAXS
DIFFRAC.EVA v.4.2 u mexayHaponaHas 6a3a ganaeix ICDD PDF-2. O6pa-
060TKa SKCIEPHUMEHTAJIBHO IIOJyYEHHBIX CIIEKTPOB OCYIIECTBISUIACh B IIPO-
rpammHo# cpene DIFFRAC. TOPAS v.5.0.

[NomydeHnsle qudpakunOHHBIE CIIEKTPHI IVIEHOK MPEACTaBIICHbl OTPAKEHH-
SMU OT 0a3UCHBIX IJIOCKOCTEH IeKCaroHaJbHBIX IUIOTHOYHNAKOBAHHBIX CTPYK-
Typ. THTaH U MarHui XapakTepU3yIOTCsl TeKCarOHAbHBIMU PELIETKAMHU U B CO-
OTBETCTBHM C JMArpaMMOIl COCTOSHMW THTaH HE pPacTBOPSETCS B MarHuu, a
npe/esbHas KOHICHTPAIUs pacTBOPEHUST MarHust B o.-Ti cocraeiset 1,6 at. %
u B B-Ti — 2,4 ar %. Hajnnure eqMHCTBEHHOW JMHUM B criekTpe (6€3 ydyera oT-
paskeHH 60s1ee BRICOKOTO MOPS/IKA) MPEMSATCTBYeT uueHTHGukanuu ¢assl. s
OTIpeZIeTIeHUs] CUHIOHUN CTPYKTYPBI (POPMUPYIOIIETOCS TOKPBITHS HCIIONB30-
BaH TEKCTYpHBIH aHanu3. [loka3aHo, YTO MccieOBaHHBIE MarHETPOHHBIE I1O-
kpeitiss Mg u Ti obnanator pemrerkamu [TIY U xapakTepusylTCs OCTpOU ak-
cuanbHOU KpucTamorpaduueckor Texcrypoit (0001). B pesymnbrare Hachlme-
HUS TTOKPBITHH BOJOPO/IOM HaOmiofaeTcs MosBIeHUE THIPUAHBIX (a3, Hacie-
nytomux opuentanuio I'TTY ¢aspl. KonmuectBo ruspuassix a3 cymecTBeHHO
3aBHCUT OT COOTHOIICHUS MAarHWA M THTaHA B CIUIaBe U OCOOEHHOCTEH CTPYK-
Typsl HAHOCHMBIX METAJUIMYECKHX IICHOK, W, CJIEJOBATEIBHO, OT PEKHUMOB
HAHECEHUS! IOKPBITUH.
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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: 6-26 (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 o-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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CTATUCTUYECKOE MOJAEJIUPOBAHUE ITPOLECCA
POCTA TOHKHUX IUIEHOK IIPU PABOTE MATHETPOHHBIX
PACIIBIJIMTEJIBHBIX CUCTEM B PEXKUME
BBICOKOCKOPOCTHOI'O OCAXKJEHUSA

IloBbIIeHNE CKOPOCTH OCAXKACHUS INPH HCIONb30BAaHUM MarHEeTPOHHBIX
pactbunTenbHBIX cucteM (MPC) MoeT OBITH TOCTHTHYTO IMYTEM HCIIOJIB30-
BaHUs HHEPTUU IUIa3MbI Ui HarpeBa BEIIECTBAa MUILIEHH, BCIEACTBHE YEro K
pachbUINTEIbHOW KOMIIOHEHTE OCa)KJaeMbIX YacTHIl JOOABJISIETCs MOTOK CyO-
JMMHPOBaHHBIX JTHOO UCTIApEHHBIX aTOMOB [1].

B pamxax paGoTBI CTAaTUCTUYECKHE METO B! MOJCITHUPOBAHUS UCTIONB3YIOTCS
JUISL BBISICHEHUsI 0COOEHHOCTEH ()OPMUPOBAHMS CTPYKTYPHBIX CBOWCTB MOJTy4a-
eMBIX NMOKPBHITHH. BXonHBIC MaHHBIE MOAETUPOBAHUS ONPENEISUIICE U PAaCCUH-
THIBAJIIICb Ha OCHOBE JKCIIEPHMEHTANBHBIX HaOmoneruid padorer MPC. [lns
pelieHus 3a1a4u ObLT UCTIONB30BaH makeT mojenuposanus NASCAM [2].

Bb110 paccMOTpeHO HECKONBKO PEKUMOB pabOThI MarHETPOHHBIX PaCIbUIN-
TEJBHBIX CUCTEM C Pa3HBIMM XapaKTEpUCTUKAMHU IUIOTHOCTH IOTOKA OCaXJae-
MBIX YaCTHIl U UX SHEPreTHYECKOTO CIEKTpa. bhII0 paccMOTPEeHO BIMSHUE BBI-
COKOPHEPTeTHUECKOW KOMITOHEHTHI NPH MOAa4ye OTPHIATEIBHOTO IMOTeHIHAIa
CMEIIEHHS Ha MOJJIOXKKY.

ITonmy4yeHs! gaHHBIE MO TUIOTHOCTH, HIEPOXOBATOCTH M MOPUCTOCTU HCCIIE-
JIYEMBIX IJIEHOK.

1. I".A. bneiixep, A.B. FOpbeBa, I.B. Cunenés, 10.H. FOpweB, B.A. I'pyaunus.
HccnenoBanne GpyHIaMeHTATBHBIX aCTIEKTOB pEXXUMa CaMOPACIBUICHHS TIPH padore
MarH€TpOHHBIX PACOBUIMTEIBHBIX CUCTEM C HCHAPAIOUIMMHUCA MHUIICHAMH U €ro
BIIMSIHUE Ha CBOWMCTBA OCaKAAaeMBIX MOKpHITHH // UToroBeIit oTuéT mo HUP, per. Ne
HHOKP AAAA-A18-118011090005-2. Tomck, TITY - 2019. -39 c.

2. NASCAM (NAnoSCAle Modeling) - Université de Namur [DsexTpoHHSIi pe-
cypc] — Pexxum nocrtyma:
https://www.unamur.be/sciences/physique/ur/larn/logiciels/nascam ([{ara oGparie-
Hus: 24.10.2022)
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IMOVCK CITOCOBOB YIIPABJIEHUS ®A30BBIM
COCTABOM NOKPBITHI, MOJTYYEHHBIX METOJOM
MATHETPOHHOTI'O PACIIBUIEHUSA C PA3JEJEHUEM

WHEPTHOM Y PEAKTUBHOW ATMOC®EPBI HA TIPUMEPE
IJIEHOK OKCHJIA MEJIN

B Hacrosmieii paboTe NpuBENEHBl JaHHBIE O BIUSHHUH ITapaMETPOB MIPOLEC-
Cca MarHeTpOHOrO OCAXACHMS, PCaM3yeMOro B METAUIMYECKOM DEXKHMME, Ha
(a30BeIii U dneMeHTHBIN cocTaB NOKpbITUI CUOx. B CBsA3M ¢ 3HAYUTEILHBIM
pacmpocTpaHeHneM (YHKIHOHAIBHBIX MOKPHITHH CO CIIOXKHBIM (ha30BBIM CO-
craBoM [1-3], akTyaJIbHBIM SBJISETCS BOIIPOC MOMCKA U (DOPMHUPOBAHUS CIIOCO-
0OB yIpPaBJICHHUS CTEXUOMETPHUEH TaKMX MOKPBITUN. [[JIs UX HaHECEHMS Ha JaH-
HEIII MOMEHT pa3paboTaHbl U aKTHMBHO IIPUMEHSIOTCS Pa3IMYHbIE METOALI Ba-
KYYMHOI'O OCaXXIECHHS, CPEIH KOTOPBIX BBIACISIOTCA JIa3€PHOE HMIYIbCHOE
OCaXKJIEHHE, TEPMUYECKOE MCIAPEHHE U MArHeTPOHHOE PEAKTHBHOE OCaXK]e-
HUE, MOCIEeIHNN METOJ SBJISCTCSA Hanboliee MPUBIIEKATCIbHBIM B CBS3H C INH-
POKHM BEIOOPOM OCa)KIAEMBIX MATEPHAJIOB, CPABHUTEILHO BLICOKUMH CKOPO-
CTAMM OCaXXJACHHS M MHOI000Opa3ueM YIPaBISIOIIMX TEXHOJIOTHYECKUX Iapa-
MeTpoB. B manHoi1 paboTe KauecTBe MOAEILHOIO MOKPBITHS, IIOJy4aeMOro Me-
TOJOM MArHETPOHHOIO PEAKTHBHOIO OCAXKICHHMS B METAIUIMYECKOM DPEXHME
BeIOpanbl coequueHnss Cu u O. MarHeTpoHHBII MCTOYHUK (DOPMHUPYET ITOTOK
MeTajljia ¢ MOBEPXHOOCTH MUIIEHH B CTOPOHY ITOJIOXKKH, IS JUCCOLUALNA U
HMOHHU3AIMH MOJIEKYJISIPHOI'O KHCIOpOJa B padoTe MCIIOIh30BaliCs BHICOKOYA-
CTOTHBIM FeHepaTop ¢ UHIAYKTUBHO CBSI3aHHOM Iia3Moi [4].

B xome marnerpoHHoro ocaxkaeHus mokpeituii CuQOy, mporeccsl pacribLie-
HUSI MHIIEHNA U OCAXKICHUS MTOKPLITHS OLUIM IIPOCTPAHCTBEHHO pa3/elieHbl IIy-
TeM Da3JeNbHON MOJaYd PEAaKTHMBHOIO U MHEPTHOI'O ra3oB B 00beMe pabouecii
KaMephbl, YTO IMO3BOJIMIO M30€KaTh OKHUCICHUS MUIIEHH U IOIJEPKUBATE €6
CcTa0UJIbHOE pacHblUICHHE B METAIIMYECKOM pekuMe. Llenp pabGoThl 3akiroya-
JIaCh B YCTAHOBJIEHHH 3aBHCHMOCTH MEXIY (Pa30BBIM M DJIEMEHTHBIM COCTaBa-
mu nokpeitiii CUOyx M mapamMeTpamMyd MarHeTPOHHOIO OCaKIEHHS: CKOPOCTH
[TIOTOKA MOJIEKYJIIPHOIO KHCJIOPOJIa, MOLIHOCTH PACIBUISEMOI MHUIIEHH U CKO-
POCTH IJIAHETAPHOTO BpAIlleHHS 00pa3ioB (Imoioxkek). Jis morydeHus: naH-
HBIX O (ha30BOM U 3JIEMEHTHOM COCTaBE HCITOJh30BAIUCh METOBI PEHTICHOB-
CKOM Ju(DPAKTOMETPUH U SHEPIOJUCIIEPCHOHHOM CIIEKTPOCKOIIHH.

BuISBIIEHO, YTO IPH ITOCTENIEHHOM M3MEHEHHHU TEXHOJIOTMYECKHUX IapaMeT-
POB MarHEeTPOHHOI'0 PEAKTUBHOI'O OCa)KIACHUS (Da30BBIA COCTaB OCaXKIaEMBIX
MOKPBITHI M3MeHsIcs 10 caeayromeit cxeme Cu;0 — CuO u CuO — Cu:0,
49TO 00YCJIOBJICHHO Pa3IMYHBIM COOTHOIICHUE TIOTOKOB MEIU ¥ KUCIOPO/a, I0-
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CTYNAIONIMX Ha CIWHMIYY IUIOIaJAM IOBEPXHOCTH IOUIOXKKH. Hampumep, B
cllydae CKOPOCTH MOTOKa kuciopoza (puc. 1) 10 cM®/MUH B HOKpBHITHH OOHa-
pyxensl pediexcsl Cu0 dasbl, KoTopas IIpy JaIbHEHIIIEM YBEIHYEHNH ITOTO-
Ka KuciIopojaa 10 BenuumHbl 40 cM3/MUH mosHOCTBIO cMeHsiercst (aszoii CuO.
s Bcex TpEX cepuit SKCIIEPUMEHTHI OBUTH HAWACHBI PEXKUMEBI MTOIYICHHUS I10-

KPBITHS OTHOM (hazbl.
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Pucynox 1 - Iudpakxrorpammsr 06pa3ioB mokpseitust CuOy IpH pa3nAIHBIX
notokax Oo.
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MOCJOMNHBIN DJIEMEHTHBIN AHAJIN3 CJIOUCTBIX
KOMITO3UTOB C MOBEPXHOCTHBIMHU CJIOSIMUA
U3 TUTAHA U HUTPUJIA TUTAHA, COOPMHUPOBAHHBIX
METOJOM MATHETPOHHOI'O PACIIBLJIEHUSI

Hay4uno-uccnenoBarensckast paboTa HOCBsIIEHa (POPMUPOBAHHIO METO-
JIOM MarHeTpOHHOT'O PaclblUIeHUs! (YHKIIMOHAIBHBIX CJIOUCTBIX KOMIO3UIMOH-
HBIX MaTepuajoB HAa OCHOBE M3 AIIOMUHHEBOIO U TUTAHOBOIO CIUIABOB C IO-
BEPXHOCTHBIMH YEPEIYIOIIMMHUCS CIOSIMHM U3 TUTaHAa M HUTpUAa TuTaHa. Ciou-
CThIe KOMITO3UIIMOHHBIE MaTepUajlbl COUYETAIOT B cebe CBOWCTBA MaTepHaa oc-
HOBBI M TIOBEPXHOCTHBIX CIOEB, HE MPHUCYIINE KAKIOMY MaTepHaly B OTACIb-
HocTH. Ha cTpykTypy M cBolicTBa (JOPMHPYEMBIX MOBEPXHOCTHBIX CIOEB U
KOMITO3UTOB B IEJIOM, IOJTYYEHHBIX METOJOM MAarHETPOHHOTO PAacCIbUICHHS,
BIIMSIIOT W TIApaMeTpPhl PAcTbUICHUS (BPeMs PacHbUICHHE, PACCTOSHHE MEXIY
MOJUIOKKON M MUILIEHBIO, COOTHOIICHHE PEaKTHMBHOTO M WHEPTHOTO TIa30B,
BOJIbT-aMIIEpHBIE XapaKTePUCTUKH), U IPUPOJIa MaTepHajia OCHOBBI-TIOAJIOKKHY,
Ha KOTOpoit GpopmMupytoT nanusle ciou [1-3]. B nanHoit pabote B kauecTBe oc-
HOBBI pacCMaTpUBAaeTCsl TUTAHOBBIN cruiaB cuctembl Ti-Nb-Mo, koTopsrit mep-
CIIEKTHBEH B KauecTBE MaTepuasa JJIsl HIMIUIAHTATOB U NPEBOCXOANT TPaIUIHU-
OHHO HCHOJIb3yeMbIe MaTepHaibl THIIA THTaHa Mapku Grade 4 W THTaHOBOTIO
craBa BT6 mo cBOMM MeXaHWYECKHM XapaKTepHCTHKaM, OJHAKO o0iajgaer
MEHBIIECH KOPPO3HOHHOM CTOMKOCTHIO [4]. A Taxke alIOMHUHUCBHIN IehOpMu-
pyemsiit cima J[16, mpuMeHsIeMbI B y37aX TPEHHs CKOJbXEHHs Oiaromaps
CBOMM MEXAaHHYECKHM CBOMCTBA, MO3BOJIAIONIMM YBEIMYUTh HArpy304HYIO
CIOCOOHOCTH M3/1eNHA, HO OONaaonuil ciabbiMU TPUOOIOTHIECKUMHU XapaK-
TepucTuKaMHu. Llenp paboTh! 3aKiIioyanacs B UCCIECIOBAHNN BIUSHHUS IPUPOJIBI
MOJJIOKKH M COOTHOLIEHHsI padO4MX Ta3oB Ha CKOPOCTH (YOPMHUPOBAHUS IO-
BEPXHOCTHBIX CJIOEB M €0 3JIEMEHTHBIH COCTaB IpU (JOPMHUPOBAHMHU IOBEPX-
HOCTHBIX CJIO€B M3 TUTAHA W HUTPUIA TUTAaHA METOJIOM MarHeTPOHHOTO PaCIIbl-
JICHUSI Ha ITOCTOSTHHOM TOKE.

C nomomip0 aTOMHO—3MHUCCHOHHOTO CHEKTPOMETPA C TIICIOLIUM paspsi-
JIOM OBIJIO OCYIIECTBICHO HCCIEJOBAaHUE IOCIOHHOTO 3JIEMEHTHOTO COCTaBa
KOMIIO3UTOB Ha OCHOBE aJIFOMHHHEBOTO crutaBa J[16 u TuraHoBOrO Ccrasa Ti-
10Nb-3Mo ¢ TOBEpXHOCTHBIMH CJIOSIMH W3 THTaHA, MOJYYCHHBIMH B TEUCHHE
30 munyT 1 50 MUHYT, HUTpHIa TATAHA U YEPEIYIOMINUXCS CIOEB TUTAHA U HUT-
pHUla TUTaHA, OJTYYCHHBIMHU [P COOTHOIICHUH Ta30B Ar/N>=2,5 u Ar/N»>=1,2,
B Teuenue 30, 50 u 60 MUHYT NpU OAMHAKOBOM 3HAUYE€HUU IOCTOSHHOIO TOKa
865 MA ¥ AMCTAaHIMHU MEXIY MOAJOKKON U MUIIEHBIO 150 MM.

B pesynbrarsl uccienoBaHui MOCIOWHOTO 3JIEMEHTHOTO COCTaBa KOM-
MO3WIIMOHHBIX MaTepHAJIOB OBUIO BBISIBICHO, YTO TPU (POPMUPOBAHHUH TTOBEPX-
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HOCTHBIX CIIOEB W3 TUTaHAa HAa OCHOBE M3 aFOMHHHEBOTO CIUIaBa (hOPMHpPYETCS
MEePEeXOAHBIN cIION (€0, COCTOAMMIN U3 MaTepHuana OCHOBBI U MOBEPXHOCTHO-
TO CJI0s) TOJIIMHON 4,5 MKM, a JJI1 KOMIO3UTa Ha OCHOBE TUTAHOBOI'O CILIaBa
— 1,7 MmkM. CxopocTb (hOpMHUPOBaHUSI IIOBEPXHOCTHOTO CJIOS U3 TUTaHA B peaK-
THBHO#M cpezae (mpu cootHomeHnnn ra3oB Ar/N»>=1,2) ¢ obpa3oBaHueM mepe-
XOJHOTO CJIOS cocTaBmiia He O6omee 70 HM/MUH, YTO MEHBIIE CKOPOCTH (HOpMHU-
pOBaHUS THTaHa B MHEPTHOU cpene Oomee ueM B 2 pasa. [loxcmoit u3 tuTaHa
MO3BOJISIET (POPMHIPOBATEH OOJIee HACHIIIICHHBIN a30TOM MTOBEPXHOCTHBIN CIION U3
HUTPHA THTaHA.

Pabotsl BeImoONHEHA NIpH NoAepkKe poekta PHD 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 VV/T6 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 ym, and for a
composite based on a titanium alloy - 1.7 pum. 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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MOJYYEHUE TOHKHUX IVIEHOK HA OCHOBE TBEPJIbIX
PACTBOPOB (SiC)1.«(AIN)y METOJIOM MATHETPOHHOTI'O
PACIBLIEHMS

INony4eHre TOHKHMX IJIEHOK Ha OCHOBE TBepABIX pacTBOPOB (SiC)1x(AIN)x
MPE/ICTABISIET TOpa3fno OOJNBIINKE MHTEPEC. DTO CBSI3aHO C BO3MOXHOCTHIO MX
NpUMEHEeHUsT B KauecTBe d(D(MEKTUBHBIX HCTOYHHUKOB CBeTa B CHHEW u YO —
o0JacTAX CMEKTpa W B Ka4eCTBE 3aIUTHBIX MOKpbITUil. [lonyyeHue snuTakcu-
IBHBIX CJIOEB ATUX MaTepUaliOB MPOBOAMINA METOJOM MarHerpoHHoro u BY-
MarHeTpoHHOro pacmsiieHus [1], mpudem BU MarseTpoHHOE paclbliieHHE HC-
MOJIB30BATH ISl TTOJYYCHHUSI CIIOEB C BBICOKHUM copepxanuem AIN, Tak kak
MUIICHH, [TOJy4YEHHbIE JJICKTPOUMITYJILCHBIM CIIEKaHHEM, C OOJIBIINM cojiep-
JKaHHEM HHUTPH/IA aJTFOMHHUS OYCHD BHICOKOOMHBI.

Hus monyuenust miéHOK (SiC)1x(AIN)x ucmosp3oBanach BaKyyMHas
yCTaHOBKA, MOJCPHHU3UPOBAHHAs C y4&TOM OCOOEHHOCTEH mMpemonaraeMoi
Metoauku moaydenus. Ilomyuennsie mieHKH (SiC)ix(AIN)x, HcciaemoBaauch
penrrenoaudpakunonasiM MerogoM (XRD) nHa mudpaxromerpe Shimadzu-
7000 ¢ CuK,m3myueHneM AITUHON BOJHBI A.~1.54051 A. PenrrenoBckue -
(hpakTOrpaMMbI MMOJYYaId KaK OT MOJUIOKKH, TAK U OT MUTAKCUATIHHOMN TLICH-
ku. O6 o6pasosanuu TBepaoro pacreopa (SiC)ix(AIN)x cymunu mo usmene-
HHUIO MECTOMOJIOKEHHUSI TUPPAKIIMOHHBIX MaKCUMYMOB OTHOCHTEJIBHO MaKCH-
myMmoB SiC nmonoxku (puc.l). Kpucrtamimdeckoe cOBEpIIEHCTBO MOIIOXKKH U
3C tBepmoro pactBopa (SiC)1x(AlIN)y oreHnBamy MO MONYIIUPHHE THKOB M-
(hpaKTOTpaMMBI.

X

2 (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. {udpakrorpamma ot ctpyktypsl 2H-(SiC)o 36(AlN)o,64/6H-SiC
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Kak BuzmHO u3 pucyHka 1 Ha ¢one muka ot moanoxku 6H-SiC pacmosara-
ercss Manblid ik 260=35.89°. Bo3HUKHOBEHNE NMPOMEKYTOYHOTO NMUKA MEXKAY
CTaHIapTHBIMHU yrioBbiMH 3HaueHussMu ot 6H-SiC u 2H-AIN (PDF card) cBu-
JEeTeNbCTBYET 00 oOpasoanuu mieHkH TBepaoro pactBopa (SiC)ix(AlIN)x. ITo
BEIYHCICHHOMY 3HAUCHHIO MEKIUIOCKOCTHOrO paccrosHms 0=2.50013A 6
ompeziesieH (1O AKCTPAMOJIHUPYIOIIEH JHHUM CTAaHJAPTHBIX 3HAYCHHH IS
dsic=2.5159 u dan=2.49) mapamerp KpucTaaiuueckoil pemerku ¢=5.0026
tBepaoro pactBopa (SiC)oss(AIN)oes. BBLIO 3aMeueHO, YTO B MCCIIEIOBAHHBIX
obpasuax crpykrypa tBepaoro pacrtsopa (SiC)ix(AIN)x mpu cocrae x=0.21
MMEET MEHBIITYIO KPUCTAJIUIMIHOCTD, 4eM IpH cocTaBe x=0.64.

U3 pe3ynbTaToB CKAHHPYIOLICH TYHHEIBHOW MHKPOCKOMHMH Y4YacTKa II0-
BepxHOCTH MieHKd TBepaoro pactBopa (SiC)oss(AlN)oes (puc.2) B Hampasie-
Hur 0001 OBUIO YCTAHOBIJICHO, YTO TBEPIBIA PACTBOP MMECT IICCTUIPAHHYIO
(bopMy CTPYKTYpHI CBSI3EH B KPUCTAJUTHYECKON PEIleTKEe, CBOUCTBEHHOE TeKCa-
roHanbHOM Momudukammu (2H).

nm 0

Puc. 2. CTM-u3o6paxenue nosepxuHoctu mieHkH (SiC)o zs(AlN)o 6a.

CnoxHbIi POGUITb TOBEPXHOCTH TUICHKUA O0BICHICTCS MHOTOKOMITOHEHT-
HOCTBIO COCTaBa IUIEHKH, €€ TMOJUMKPUCTAJUIMYHOCTHIO, @ TaKX€ BO3MOYKHBIM
HAJIMYUEM Ha MOBEPXHOCTU OKCHIHBIX TUICHOK, aJICOPOMPOBAHHBIX aTOMOB U

ap.

1. b.A. bunanos, I''K. Cadapanues, I'.J]. Kapgamosa, M.A. 'utukuues,
A.C. Axmenos, T.O. AGnymnaeB. MoHHO-TyueBOE a30THpOBaHUE MOBEPX-
HOCTH candupa a1 GOpMHUPOBaHUS HaHOPA3MEPHBIX CJIOEB HUTPHIA allio-
MUHUS. // «DNEeKTPOBaKyyMHasi TEXHUKA U TEXHOJIOTHUs», TpyIpl MexayHa-
POAHOTO MOCTOSIHHO-AEHCTBYOMEero ceMuHapa. Iloa penakiueit pykoBoau-
tenst Cemunapa A.B. Topuna. — M.: HOBEJIJIA. — 2018. — C.56-58.

97



G.D. KARDASHOVA , M.A. GITIKCHIEV
Dagestan State Technical University , Makhachkala, Russia
e-mail: gulya-kall@yandex.ru

OBTAINING THIN FILMS BASED ON SOLID SOLUTIONS (SiC)1x
(AIN)xBY MAGNETRON SPUTTERING METHOD.

Obtaining thin films based on solid solutions (SiC)1-x(AIN)x 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)1.x(AIN)x, a vacuum installation was used, modernized
taking into account the features of the proposed method of obtaining. The ob-
tained films (SiC)1x(AIN)x, 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)1x(AIN)x 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)1x(AIN)x were estimated from the half-
width of the diffractogram peaks.

W AIN ),

) (SIC),

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)o.36(AIN)o.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)1x(AIN)x. From
the calculated value of the interplanar distance d = 2.50013A, we determined
(from the extrapolating line of standard values for dsic = 2.5159 and dan =
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2.49) the crystal lattice parameter ¢ = 5.0026 of the solid solution (SiC) o316
(AIN) g4 . It was noted that in the studied samples, the structure of the solid so-
lution (SiC)1.x(AIN)x 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.3s(AlN)o64 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

Fig. 2. STM image of the film surface (SiC)o.36(AIN)o64.

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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WCHOJIb30BAHME OBJTYYEHUSI HOHAMHY MHEPTHBIX
T'A30B JJISl UMUTALIUU B3AUMOIEVCTBUS
I'A300BPA3HBIX IIPOJAYKTOB JEJEHHUS
C KOHCTPYKIIMOHHBIMHA MATEPUAJIAMU
MPU JUINTEJIbHOM XPAHEHUU OTPABOTABIIETO
SIIEPHOT'O TOILIUBA

ITpoBenens! uccienoBanust GOPMHUPOBAHKUS MHUKPOCTPYKTYPBI CTaiu dep-
PUTHO-MApTEHCUTHOTO KJlacca, UMIUIAHTUPOBAHHON MOHAMM KPUNTOHA, SIBJIS-
Iolelica B HacTtosiee Bpemsa marepuaiioM yexiaa TBC peakropos BH-600 u
BH-800, a B OyayiiemM, Ipy JUCIEPCHOM €€ YIPOYHEHUH, — BO3MOKHEIM 3aMe-
HHATENEM 000J04e4HOil aycTeHUTHOM cramm YC-68. AKTyalbHOCTH DPaOOTHI
00ycIoBIeHa BO3MOXKHOH JAerpafgannueii MEKpPOCTPYKTYPHI U, COOTBETCTBEHHO,
CBOMCTB KOHCTPYKIHMOHHBIX MaTepuanoB OTBC npu JINTEILHOM XpaHEHUU
orpaborasiiero sigepHoro tortuBa (OST) mpu B3anMoaeicTBUH ¢ Ta3000pas3-
HBIMH H JIETKOJIETYInMU npoaykramu nererus (FT1T).

Wmuranus vakorienus ['TI/] B cTamu mpoBOIWIOCH TyTEM HMOHHOTO O0Iy-
yenust Ha yckoputene JI[-60 B UAD Kazaxcrana npu Temnepatype 350 °C,
KOTOpasi HaXOoAWTCS B AuanazoHe Temmepatyp xpaHeHuss OST. Ob6myueHue
nposoaunock nonamu 4Kr%* ¢ sueprueii 300 k3B 10 dpmoenca 1:10% M2,

HccrnenoBanme CTaOMIBHOCTH MHKPOCTPYKTYPBI CTaH IOJ BO3JICHCTBHEM
HMOHOB KPHUIITOHA, IMUTHPYIONINX HakoruieHue [1/], mpoBoAMIOCE B IBYX MMH-
TAI[MOHHBIX SKCIIEPUMEHTAX, KOTOpPBIC MMPOBOIMINCH HA OJHOM U TOM e 00-
pasie. Ctanp ObUIa B COCTSHHH INTAaTHOW TePMOOOOPabOTKH (HOpMaIH3anus +
BBICOKHH 0TIycK). Cxema dKCcIepuMeHTa MpUBeIeHa Ha puc. 1.

OanoBpeMenHo Krl5, 350 °C, 70 u

3Ta cropona 2 —_— —

OTAHIAETCH NpH

350°C, 70 4 (Cropona 1) Puc. 1. Cxema o0xydeHus
' 1 oTKHra o0pasia cTaiu
Odpasen nepesopauneacres Ha 180° 16X12B®TaP B JIBYX
SKCIICPpUMCHTAaXx.
OaHoBpeMenno p

P Kr!5*, 350 °C,70 4
OWIVICHHaNA * *
cropona 1 — | (EE—

OTHKHIAETCH NPH (Cropona )

350°C, 70 4
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Iloka3zaHo, 4TO B HpoliecCe MOHHOTO BHEIPEHUS KPUITOHA B YCKOPUTENe
JI-60 mpu Bakyyme 7-10* Tla B 061acTU MUIIEHHM MPOMCXOAUT CHIbHEMIee
OKHCJICHUE TIOBEPXHOCTH CTallH, [O-BHOUMOMY, BCJIESICTBHE OAJUIMCTHYECKOTO
a¢¢exra («BOMBaHME» aTOMOB KHCIIOpOJA HAJETAIOUIMMH MOHAMH KPHUIITOHA
BCJICIICTBHE HEJOCTATOYHO BBICOKOTO BaKyyMa), IIOCKOJBKY HEoOIydeHHas
cTopoHa obOpasia mpu Beigepxke B TeueHue 70 1 mpu 350 °C He okucisercs.

He cmoTps Ha crioco® noAroToBKy 00pa3LoB 1t 00dydeHus (CTaHgapTHas
TepM00OpaboTKa, a IMEHHO — HOpPMaJIM3anus + BBICOKUI OTIYCK JHOO OTKHT

npu 350 °C B teuenue 70 4) 06IyueHIE HOHAME KPUIITOHA BBI3BIBAET IIPHMEP-
HO OIMHAKOBOE M3MEHEHNE MHUKPOCTPYKTYPBL.

ITocne moHHOTO OONyYeHHS B cio€ TOMMUHON okoio 100 HM, HauWHAs C
riy6unbl ~100 HM OT 00yYeHHOW MOBEPXHOCTH, Pa3BHBACTCS ra30Bas MMOPH-
cTocTh (pHc. 2), IpUYeM CTeTeHb paciyxaHus He npesbimaet 0,5 %. Ha ocHo-
BaHHUM 3TOT0 MOXKHO C/IeJIaTh BBIBOJ O TOM, 4To npu xpanenun OST B mrat-
HBIX YCJIOBHSX HE JOJDKHBI BO3HHMKATH HAIPSHKCHUS B 000JI0YKax OTpaboTaB-
IIMX TBIJIOB 33 CUET I'a30BOT0 PACITyXaHHUsL.

1
I
1
1
a
Y |
|
g |
1
il
!
il
|

Puc. 2. O0uwmii B MUKPOCTPYKTYPBI 00pasiia, 00J1y4eHHOr0 HOHAMHU KPHIITO-
Ha (a — CropoHa 1): myHKTHUpHAs JINHUS — TOBEPXHOCTh 00pa3iia, CTpelika —
HarpasJIeHHe BHeJIpeHHs HOHOB; (6 — CTopoHa 2): 1 — OKCHIIHBIH CIIOH,

2 — OCHOBHOI MeTaI).

IIpu mpeaBapUTEIILHOM OTXKHIe 00JTydaeMbIX 00pa3I0B MEKask IOPHCTOCTh
pa3BuBaeTCsS U B 00pa3oBaBIICHCS B Iporecce OOIydeHUs OKCHIHOU IUICHKE
(cM. cnoii 1 Ha puc. 2 Ha CropoHe 2).

Mexnay oOpa3zoBaBIIEHCS OKCHIHOW IUIEHKOW M OCHOBHBIM METaJJIOM
c(hOpPMHUPOBATIKCH OOJIBIIME B3aUMOCBSI3aHHBIC MOJOCTH (CM. pHUC. 2), KOTOpBIC
MIPUBOASAT K €€ OTIICTYIINBAaHUIO M 00pa30BaHUIO HA ITOBEPXHOCTU OCTPOBKO-

BOU 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 84Kri5*
ions up to a fluence of 1-10% m™2,

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 Krj_iv. 350°C,70 h

annealed at\ —
350°C, 70 h _
simultaneously (Side I')
Fig. 1. Scheme of irradiation
The sample is flipped 180 and annealing of

0.16C12CrVWTaB steel

The irradiated

e Kris~ 350 °c.70h  sample in two experiments.
2 “———__‘__‘_—) ' - ’

annealed at —

350°C,70 h ( Side 2)

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 OBJIYUYEHUSA UOHAMMU KEJIE3A HA
KPUTUYECKUE XAPAKTEPUCTHUKHU BTCII
KOMITIO3UTOB

CoBpeMEHHBIE KOMIIO3UTHBIE BBICOKOTEMIICPATYPHBIC CBEPXIIPOBOIHHMKU
(BTCII), B yactaocti, BTCII-j1IeHTEI BTOPOIO IOKOJIEHMS Ha OCHOBE COEIUHE-
auii peakux 3eMeiib (REBaCuO, raoe RE — penkas 3emist) o001agar0T BEICOKMME
3HAYEHUSIMHM KPUTHYECKOTO TOKa, Ojarojaps 4eMy OHM Ha JaHHBIM MOMEHT IIH-
POKO HCITOJIB3YIOTCS B IIEPBYIO OUepehb B 00JACTH DJIIEKTPOIHEPIETUKH, IIO3BO-
JIsiL CO3/1aBaTh BEICOKOD(MD(MEKTUBHLIE JTHHUH JJIEKTPOIEPEIAYH, MOTOPEI U IeHe-
patopsl. B cuny Toro, uro BTCII-KoMIO3UTEI Takke 001aaaroT BEICOKAMM 3Ha-
YEHUSMH IUIOTHOCTH KPUTHUYECKOTO TOKA B CHJILHBIX MAaTHUTHBIX IOJISIX, OTO JIe-
JIaeT X KpalHe IEePCIIEKTUBHBIM MaTEpHajoM IS MCIOJb30BaHUI B YCKOPHUTE-
JIIX M TOKaMaKaxX, MHAYKIIHOHHBIX HAKOIUTEISIX YHEPTUAX, BHICOKOMOIbHEIX HC-
CIENOBATENBCKUX MarHuTax. Jlios IIOBBIIMIEHHS TOKOHECYIIEH CIIOCOOHOCTH
BTCII-neHTsl B CBEPXIPOBOJAIIEM CJIOE CO3JAIOT JOMOJHUTEIBHBIC AC(EKTHI,
KOTOPBIE CIIYKAT UCKYCTBEHHBIMU IieHTpaMu nuuuuHra (MLIT) Buxpeit AGpuko-
coBa. Pazmuunbpie Tunel u koHreHTparus MIII Moryt okaseiBaTh pa3indHOE
BJINSIHHE HAa TOKOHECYIYIO CIIOCOOHOCTH JIEHTHI, HAIIpUMEP, YMEHBIIATh BEIU-
YUHY KPUTHYECKOIO TOKA OTHOCHUTENILHO HEMOIAU(DUIMPOBAHHON JIEHTHI NPU
temriepatype 77 K B coOCTBEHHOM MarHHTHOM TIOJIE, HO YBEIHIHBATH TP TEM-
nepatype Huxke 40 K Bo BHelTHeM MarHuTHOM mioste cBbite 10 T

B mannoii padore U 66Uttt co3mansl B npomeiiuienHoi BTCII nenre 2oro
MOKOJIEHHsT OONIYyYEHHMEM HOHAMH keiiesa Fe?* ¢ smeprueit 5,6 MbdB mpu
T=300 K u dmoencamu B auanazone 2,0x10%% — 5.0x10%% cm2 BbiGop HOHOB
JKeJie3a 00YCIIOBIIEH HAJTMYKMEM Y HUX MarHUTHBIX CBOMCTB. Ilepes Bo3aelicTBHEM
C MOBEPXHOCTH OOPA3IL0B METOJAMU XUMUYECKOTO TPABJICHUS YAAISINCEH CION
M€eIW, a Ha 4acTh o0pasloB U ciioii cepebpa. ITydok MOHOB MOMagaeT Ha CIOM
BTCII ToamuHoi ~ 2 MKM, a B IOJJOBUHE 00pa3IoB NMPEABAPUTEILHO IPOXOIUT
ci0i1 cepedpa TommmHON ~ 1,5 MxMm. s KaKxoro oopasiia Ha BUOPALMOHHOM
MarHeToMeTpe Oblila U3MepeHa 3aBUCUMOCTh MArHUTHOTO MOMEHTA OT BHEIIHErO
MAarHUTHOIO IoJIg B Auana3one temieparyp 5 — 77 K. IlokaszaHo yiry4iieHue To-
koHecymeld crnocoonoctd BTCII-nentsl, 00ayuéHHOM 4epe3 clloil cepebpa ¢
dimoencom 2,0x10™% cm?2, u gerpamamio obpasna ¢ otkpsiteiM BTCIT cnoew,
00sryyeHHOr0 ¢ TeM ke (diroeHcom (puc. 1,2). MoaeaupoBanue 00Iy4eHus B I1a-
kere SRIM mnokaseiBaer, yto npu Hamuuuu cepebpsuoro cios B BTCII cioe
MIPOUCXOTUT 3HAUYNUTENILHAS UMIUIAHTAIIAS HOHOB JKeje3a, a B CIy4ae OTKPBITOrO
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BTCII cnost 6oapinas 4acTh MOHOB MMIUIAHTHPYETCS B CIIOSIX ITOJIOXKKH, a B
BTCII cnoe co3narorcst nedeKTsl B BUIE BAKAHCHIA.
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Puc. 2 3aBucumocts HOPMHUPOBAHHOI'O KPUTHYCCKOI'O TOKa OT BCJIMYHWHBI
BHCIIHCTO MArHUTHOT'O MOJIAA AJIA PA3JIUYHBIX 06pa3110}3 npu 77 K.

UccnenoBanue BBIIOAHEHO IpH (GuHaHCOBOM moanepxke PODU u Poca-
TOMa B paMKax Hay4yHoro npoekra Ne 20-08-00811. (1.A. Pyaues)

Pabora mommepxkana I[ocymapCTBEHHBIM HAydHBIM 3aJaHHEM (IIPOEKT
FSWU-2020-0035) npu nogaepxke MUHUCTEPCTBA HAYKU M BBICILIETO 00pa30-
BaHus Poccuiickoit @eneparun. (J{.A. Abun, M.A. Ocumos).
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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 FeZ* 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 um
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 2,010 cm2
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.

This work was funded by RFBR and ROSATOM, project number Ne 20-08-
00811. (I.A. Rudnev)
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BJIMSAHUE NMITYJBbCHBIX IOTOKOB NOHOB I'EJIMA 1
T'EJJUEBOM ILJIA3MbI HA COCTOSIHUE
INOBEPXHOCTHOTI'O CJIOA CIIVIABA UHKOHEJIb 718

HccnenoBaHo W3MEHEHHE COCTOSHHUS MOBepXHOCTHOTO ciosi (/7C) cruiaBa
WukoHens 718, NpUTOTOBIEHHOIO MO aJAUTUBHON TEXHOJOTUH METOJOM Ce-
JIEKTHBHOTO JIA3€PHOTO CIUIABICHHA C MOCIEAYIOIIEH TepMHUIecKoil oOpaboT-
KOH, B YCJIOBUSIX MHOTOKPAaTHBIX UMILYJIbCHBIX BO3ACUCTBUN IIOTOKOB HOHOB
resust (M) u renueBoii ma3mer (177). YKaponpouHslil cruiaB Ha HUKEIEBOH OC-
HoBe MHKoHenb 718, Gnaronapsi KOMIUIEKCY BHICOKMX MEXaHHUECKHX M KOPPO-
3HOHHBIX CBOWCTB, KOTOPBIE OH COXpPaHS€T IpPH BBICOKUX TEMIIEpaTypax
(Brtots 1o ~ 1000°C), mmpoko IpUMEHSETCS B aBUAKOCMHUYIECKON U HeTeXH-
MHYECKOH OTpaciisix MPOMBIIIICHHOCTH. B nmTeparype oOcyxmaercst BOIpoc
00 HCMOJIb30BaHNM BBICOKOHHMKEJIEBBIX CIUIABOB B KaUECTBE KaHAWAATHBIX Ma-
TEpHAJIOB IJIs1 000JIOUEK TEIUIOBBIACISIOMNX IEMEHTOB U YEXJIOB TETIIIOBBIAC-
JSFOIIMX COOPOK SAEPHBIX peakTopoB. OOmyueHne oOpas3loB NPOBENEHO B
ycranoBke [lnasmennsiii pokyc «Buxpb» (puc.l) B IByX peKMMax: B MITKOM
PEKUME C IUIOTHOCTBKO MOLIHOCTH U3iydeHus (= 2 -108 Br/cm? mpu pyurens-
HOCTH MMITYJIbca T = 50 HC M B %kecTkoM pexume (o = 1,5-10° Br/em?, 7 = 25

HC). UuCII0 UMITYyJIbCHBIX BO3JIEUCTBUIN B dKcniepuMeHTax coctaBisuio N = 10 u
20.

BakyyMHas
Kamepa

Ocb Z

\ ObpazeL

Puc.1. Cxema oGiryuenust 06pasuos ciutaBa MHkoHens 718 B yctanoBke «Buxpb»

HOKa3aHO, YTO B Ka)XIAOM PCKHUME O6Hy‘leHI/IH IPOUCXOANTIN TTPOLECCHI
pacnblICHU U UCTTapCHU Iic CIJIaBa, a TaKKe €ro 1mjiaBJICHUC U KpUCTAJJIM3a-
oy pacijiaBa € BBICOKOH CKOPOCTBIO. HpI/I 9TOM NOBCPXHOCTH CIlJIaBa l'IpI/I06-

108



petana BotHOOOpasHbid peibed (cMm. Puc.2 u 3). B msarkom pexxume o01ydeHUs
B MUKpOCTpyKType [IC HaONroqav MOpkl, a Ipu 00Jiee KECTKUX IHEPreTHIC-
CKUX BO3JICHCTBUSAX MOSBISUTUCH TAaKKE MOBEPXHOCTHBIC MHUKPOTPEIIUHBI U
OmcTepsl ¢ pa3pyIICHHBIMU 000JI0UYKaMH.

S

4N

ity

i
50_mir

/ j e ! én MKI
j i ¢ ;1
Puc. 3 MuxkpocTpyKTypa yqaCTKOB HOBerHOCTHOFO cios crutapa VHK. 718
0OJYy4EeHHOTO B )KECTKOM PEXUMe (ONTHYSCKAast MUKPOCKOTIHS).

MetonamMn ckaHHpYIOIIEH AIEeKTPOHHOH MuKpockonuu (COM) BBISBICHBI
0COOCHHOCTH (OPMHUPOBAHUS SUEHCTOH MUKPOCTPYKTYphl [IC mcciemryemMoro
CIJIaBa NPH pealn30BaHHBIX pexuMmax oOsrydeHust notrokamu M1 u I'71. Cne-
mudurka paccMaTpuBaeMOil MHUKPOCTPYKTYPBI 3aKJIIOYaeTCs B TOM, YTO OHA
MpPEACTaBIsIeT c000il COBOKYNMHOCThH IMapajUICNbHBIX IUIOCKOCTEH, COCTOSIINX
U3 MeNKuX siueek pazmepom ~ 200 HM. B oTaenbHBIX yyacTkax cruiaBa HaOIo-
JAI0TCS PACIIOIOKECHHbIe MapajlIelbHO APYr APYLY CTOJOLBI, HMpeNCcTaBIIsIO-
e Co00M PsIbI MEMOYCK U3 MEJIKKX stueek (puc.4).

Mukonens 3 cm, 10 umn. - ez s, " M

Puc.4 MI/IKpOCprKTypa ytIaCTKOB HOBerHOCTHOFO CJ10 cruIaBa I/IHK718
o0ydenHoro notokamu M1 u I'71 B )xectkoM pexnme (COM).
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[Ipu aHanu3e MUKPOCTPYKTYpbI 00:1yu€HHON NIoBepXxHOCTH MeToxamu COM
B psiie yuactkoB [/C Habmronaiuch JIMHUK cKonbxenus (Puc.5), cBunmerens-
CTBYIOIIHE O MPOTEKAHUU TIpoliecca miactuaeckoit gedopmarmu (/7). Hanbo-
Jlee UHTEHCUBHO [[/] mpoTeKkasia B LIEHTPAJIbHOW 30HE OOJIydEeHUs CIulaBa, e
BCTPEYAIOTCSl YYAaCTKH C TPEMsl CHCTEMaMH JIMHUH CKOJbKeHus (puc.5 0,B).
ITnactudaeckas medopmanus B obmydeHHBIX [/C cioiaBa mpoTekaia IMmoj JAei-
CTBHEM BO3HHUKABIINX IPH OXJIAXKICHUU TEPMUYECKUX HANPSKCHUH, U B pas-
JWYHBIX JIOKAIbHBIX ydacTkax [/C 3aBHCeNa OT OPHEHTUPOBKH MHUKPOKPUCTAI-
JUTOB OTHOCHTEIIFHO OCH IPHIOKEHHOTO HANPSDKCHNUS.

~ [ " . [ = R Hrvorsn 8 cu. 10 . ) i =] i
Puc.5 MukpocTpyKTypa y4acTKOB MOBEpXHOCTH ciitaBa MHK.718, o6mydeHHO-
ro notokamu M1 u I'T1 B msirkoM pexxume, ipu N =10, comeprkammasi THHAA
ckonbxerus. (COM)

CreneHb 5pO3HHU CIUIaBa 3a CUET MMITYJICHOTO HCHAPEHHS M PaCHbUICHUSI
OTIpeNIeISITN B3BEIIMBaHUEM 00pa3la-MHIICHU 10 U Tocie 00mydeHus. Pe3yib-
TaThl OLEHOK TOJIIMHBI closi N, ynanennoro nmorokamu M1 w I'T] 3a oauH uM-
MyJabC TpEeACTaBicHbl B Tabnuie 1. M3 TaOmuIibl BUIHO, YTO WHTCHCHBHOCTH
9PO3UH CIIJIaBa YBEIUYUBAETCSI C POCTOM TUIOTHOCTH MOITHOCTHU MAJAr0IIero Ha
obpaszel-MulleHb U3IydeHus. B To e BpeMms B mpejaenax OJHOTO pekuMa 00-
JIyY4EHHSI C POCTOM YHCIIa UMITYJILCOB HAOJIFOIAETCS CHIDKEHUE BEUYUHBI h.

Tabmnuua 1. Dpo3sus cruiaa MakoHens 718 npu obiaydenun UI u I'T1

Pexxum Howmep Yucno [Torepst maccel | TonmiuHa ucna-
oOyueHuns obpasua HMII. 3a UMITYJIbC peH. ci10s 3a OJIUH
Bo3a. N (Am/N), T umyise h,
MKM/HMII.
MSTKHH 1 10 8,5x10° 0,13
2 20 4,0x10° 0,04
HKECTKUH 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 g = 2 -108 W/cm?, pulse duration 7 = 50 ns) and the harsh one
(radiation power density o= 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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Fig.2. Microstructure of sections of the surface layer of Inc.718 alloy irradiated
_in soft mode (optical microscopy).
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Fig.3. Microstructure of sections of the surface layer of Inc.718 alloy 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).

Wnonent 3 cm, 10 wwn I Wikonens 3 e s

Fig. 4. Microstructure of the sections of the surface layer 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 8,510 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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NCCJIEAOBAHUE BJIMAHMA OBJIYYEHINA NOHAMU Fe
HA HAHOCTPYKTVYPY JUCIIEPCHO-YIIPOYHEHHBIX
OKCUIAMU CTAJIEK METOJAMU YJIbTPAMUKPOCKOITUH

JucriepcHO-yIpOYHEHHBIE OKCHIAMH CTaJH SBIISIOTCS TOTCHIHATEHBIMA
KOHCTPYKIIMOHHBIMH MaTepHajaMHi aKTUBHOW 30HBI CJICAYIOMIETO MOKOJCHHS
peaKTopoB Ha OBICTPBIX HeWTpoHax. [IpenmmornaraeTcs, 4TO OHM JOJDKHEI BEI-
JIEpKUBATh PAJAUAIOHHYIO0 HATPY3KY J0 TOBPEKAAIOMINX 03 OOIydIeHUS IO
150 cmemenunit Ha aToM (cHa) npu Temnepatypax 400-700 °C. Takas Harpy3ka
MOJKET OBITH BBHIICpKAaHAa MAaTCPHAIIOM, B CTPYKTYPY KOTOPOTO BXOMSAT OKCHI-
HBIE YacTHuIl. V3BeCTHO, UYTO MPHCYTCTBUE B MaTepraje OOIBIIOTO YHCIa Mallo-
pa3sMEpPHBIX OKCHUHBIX YACTHUI[ MPUBOAUT K YIYUIICHUIO MEXaHUYCCKUX XapaK-
tepuctuk YO cranu [1,2].

Jist aHanmm3a IBOJIOIHMA paclpeIeieHs] OKCHAHBIX BKIIOYCHUH B MaTepHa-
Jie B mporecce o0aydeHus], ObLIN MPOBEIEHBl NUMHUTAIMOHHBIE DKCIIEPUMEHTHI
mo obiyuenuio oopasuos JYO cramu 10Cr ODS, KP-3 ODS u Eurofer ODS
nonamu Fe?* ¢ sHeprueil 5,6 MaB o nopexnaromux 103 3, 6 u 30 cHa npu
temmeparype 350 °C u no no3et 100 cHa mpu temmneparype 500 °C. Uccneno-
BaHUE MPOBOIAMIOCH C UCIOJIH30BAHUEM COBPEMEHHBIX METOOB YIbTPAMHKPO-
CKOIIMH: TMPOCBEYMBAIONICH 3JIEKTPOHHOW MHUKPOCKOIHHA M aTOMHO-30HIOBOM
tomorpaduu [3].

B HCXOMHOM COCTOSIHUU CTajieii OOHAPYKEHBI OKCUIHBIC BKIIOUYCHUS U KJia-
ctepsl. CpenHuiA pa3Mep OKCHIOB BapbHpOBaJCs OT 3 1o 8§ HM, X 0O0BEMHAsS
IUIOTHOCTD cocTtaBiisuia ot 2 X 102 M3 o 13 x 102 M3, O6bEéMHAS MIIOTHOCTH
KIIacTepoB BapbupoBanack oT 2 % 1022 M3 1o 4 x 102 M. Tlpu ysenuuenuu
koHneHTpanuu Ti 1o 0.3 at. % HaOmoaeTCs TeHIESHIUST YMEHBIIEHUS pa3Mepa
KJIACTEPOB U OKCHIIOB, a TAK)KE YBEIHUCHIS MX 00bEMHON TUIOTHOCTH. [1oKa3a-
HO, uT0 Ti B GOJIBINIEH CTEMIEHN CITOCOOCTBYET (POPMHUPOBAHUIO KIIACTEPOB, YEM
VuZr[4].

OOHapyXeHO, 4TO NMPH HOHHOM OONYYCHHU IPOUCXOJHUT YaCTHYHOE pac-
TBOPEHHE KJIACTEPOB U YXOJ 3JIEMEHTOB B MATPHILy. AHAIN3 XUMHUECKOTO CO-
CTaBa KJIaCTEPOB IMOKA3all, YTO C YBEIUYCHHUEM 035l O0IyUCHHS CYIIIECTBEHHO
ymeHsbIaercs coaepkanue Cr 1 V B KiacTepax, Ipu 3TOM KOHIeHTpanus Ti,
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Y, O coxpansieTcst B Ipejeiiax MOTPEIIHOCTH, YTO TOBOPHUT O CTaOMIBHOCTH
kiactepoB Tuna Ti-Y-O. IIpoxeMoHCTpHUpOBaHO, YTO OKCHIHBIC BKIIOYCHHS B
ctanmu Eurofer ODS 6onee cTaOMIBHBI K HOHHOMY O0JTyYeHHIO 10 103kl 30 cHa
npu 350 °C, uem Bkirouenus B craimsx 10Cr ODS u KP-3 ODS .

HUccnenoBanms, o0xyaéausx 1o 100 cHa mpu 500 °C oOpasnos, mokaszanu
pe3koe yMeHbIIeHHe 00BEMHOM ITOTHOCTH OKCHIHBIX dacTull B cramsix 10Cr
ODS u KP-3 ODS ¢ (13 +£2)x 102 M3 o (2 £ 1)x 1022 M3 m ¢ (9 £2)x 102 M3
10 (2 £ 1)x 102 i3 coorBercTBenH0. B crane Eurofer ODS 00béMHas m1oT-
HOCTh OKCHIHBIX YACTHI[ HE W3MEHIIACh B Ipeenax morpemrHocTa (ot (4 £ 1)
x 102 M2 1o (3£ 1) x 102 m3).

Kommieke nccnenoBanuid mokaszan, yro craib Eurofer ODS umeer cra-
OWJIbHBIC YAaCTHIBI HE TOJIBKO B OONACTH HW)KHEH TPaHUIBI TEMIIEPaTypHOTO
HMHTEpBaJila SKCILTyaTalliuv, HO JId NPOMEKYTOUYHBIX TEMIIEpATYp OKCILITyaTa-
IIUH.

Hccenedosanue goinoaneno 3a cuem 2panma Poccuiickozo Hayunozo ¢onoa
(npoexm Ne 22-29-01279)»
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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. // 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 1022 m3 to 13 x 102 m. The density of the clusters ranged from 2 x
102 m3 to 4 x 10 m™3. 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 m3to (2 + 1)x 102 m? and from (9 £ 2)x 102 m3to (2 + 1)x 10%
m-3 respectively. In Eurofer ODS steel, the density of oxide particles did not
change within the margin of error (from (4 £ 1) x 102 m3to (3 £ 1) x 102 m?3),

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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IMMOBEPXHOCTHASI ObPABOTKA
BBICOKOSHTPOIIMUHBIX CINIABOB IOTOKAMM
BBICOKOTEMIIEPATYPHOU NMITYJIBCHOU ITJIA3MbI

Bricokosarpormitaeie cmiasel (BOC) mpencrasisior coO0M HOBBIM Kitace
MHOT'OKOMIIOHEHTHBIX CIIABOB, KOTOPHIC IPHUBIICKAIOT BCe OO0JIbIICC BHUMAHUE
MmatepuanoBeoB. C TepMoauHaMudeckoil Toukn 3peHns, BOC momkHbl 00ma-
aTh ropa3no OoJibpIIed SHTpONHEH CMEUICHHS 10 CPaBHEHHIO C OOBIYHBIMU
CIUTaBaMH, YTO MOKET IPUBECTH K HOJABICHIIO 00pa30BaHUS YHIOPSIOUYCHHBIX
MHTEPMETAIIIMYECKUX COEANHEHUH, CIIOCOOCTBYSI 00pa30BaHMIO OJHO(A3HBIX
TBEPJIBIX PACTBOPOB C MPOCTHIMU KPUCTAIUIMYECKUMHU cTpykTypamu [1]. OxgHa-
KO, SKCIIEpUMEHTaIbHbIC HCCIEA0BaHUs MIOKA3aIH, YTO OONBIIIMHCTBO U3 CIUIA-
BOB HE MMCIOT OAHO(A3HONH MHUKPOCTPYKTYPHI, U B JIOMOJHCHHE K HEYIOPSI0-
YEHHBIM TBEPIBIM pacTBOpaM 00pa3yIOTCs MHTEPMETAJUIMICCKHE COCTMHEHMUS,
Takue Kak (aspl JlaBeca, o-hassl uinu dhassl Tuna B2 [2,3].

Jo6urecs dhopmupoBaHus ogHOMA3HON CTPYKTYPHI BBICOKOIHTPOIIMHHOIO
CIlJIaBa MOJKHO IYTE€M IIOJydYeHHs CIUIaBa METOJOM HCKPOBOIO ILIA3MEHHOTO
crnekanus (UIIC), MarHETpOHHOTO OCAXIAEHHUS WM IyTeEM 0OpPaOOTKUA KOHIEH-
TpupoBaHHBEIMH MoTOoKaMM dHeprud (KIID), B 4acTHOCTH, IMOTOKaMU BBICOKO-
TeMneparypHoii umnynscHo# miasmel (BTUII). Lleas paboTel 3akirouanach B
HCCIIEIOBAHUKM BO3MOXKHOCTH IIOJIYYEHHSI OJHO(A3HOH CTPYKTYPhI BHICOKOIH-
TpONUHHEIX cIu1aBoB TyromiaBkux meramwioB AICrMoTaTi u AICrNbTaTi my-
TeM oOpaboTkamu motokamu BTUIL. B kadecTBe 1miazMoo0pasyromiero rasa
BBICTYIAIM a30T M FeJIUii.

BrisiBiensl n3MeHeHus B (ha30BOM COCTaBe 0 U MOcie 00padOTKHU IMOTOKA-
MM IUIa3Mbl METOJOM PEHTTEHOCTPYKTYpHOro aHanu3a. CIUIaBel B M3HAYaJIb-
HOM COCTOSIHUH MMEIOT MHOIOMAa3HYIO CTPYKTYPY, COAEPKAILYIO TBEPABINA pac-
TBOP U MHTepMeTauasl. O0paboTKa reMeBol IIa3MOM yAeNbHON dHEepruei
notokoB 26 Jx/cm? mpusomut k hopmupoBanuio oaHodazsoro OLIK-TBepaoro
pacTBOpa, B TO BpeMsl, Kak 00pabOTKa a30THOM IJIa3MOMU C YEIbHOM dHEprueH
18 u 21 JIx/cM? OpHBOAUT K 0OPA30BAHMIO HOBHIX HUTPHAHBIX (a3 B IPHIIO-
BEPXHOCTHOM CJIOE€, YTO CBS3aHO C B3aUMOJEHCTBHEM 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
Jicm? 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-TEYATb KEPAMUYECKUMU MACTAMU

Ha cerogmsimamii gens 3D-mieyath KepaMUKOM SBISETCS MEPCIEKTHBHBIM
HaIlpaBJICHUEM Pa3BUTHUS AATUTHBHBIX TEXHOJOTHH. AKTHBHO Pa3BUBAOIICECs
HalpaBJIeHNE, MO3BOJISIET JOCTUTHYTh HOBBIX KauecTB MaTepHaia U pa3BUBATh
HOBBIC HaIpaBJICHHs B Pa3IMYHBIX cepax NpuMeHeHus. B padoTax akagemuka
B.4. llleBuenko nmpensiokeHa uaesl UCIOJIb30BaHUS KEpAMUUYECKUX MAaTepUajoB
CO CIJIO’KHOHM TOTIOJIOTHEH AJIs yCIOBUH AKCTpeMalbHBIX Harpy3ok [1]. Co3nate
TaK{e U3JIeIHs BO3MOXHO TOJIBKO C UCIONb30BaHueM 3D medati.

Oxcup agIOMHHHS SBISIETCS OJHHUM M3 CaMbIX PaclpOCTpaHEHHBIX
KepaMHUYECKUX MaTepHasoB. | TaBHBIM HEOCTaTKOM M3TOTOBIICHHS M3JENUN U3
KOpYHIa, SIBISICTCS €ro BBICOKas Temreparypa crekanus (1800°C). s
CHIDKGHHUSI TEMIIEPaTypbl CIIEKaHHWS KOPYHAOBBIX W3AEIHH HCIOIB3YIOT
MOPOIIKK CO CHEeKarmuMu noOaBkamu. OCHOBBIBasiCh Ha pabore [2], B
Ka4yecTBE CIHEKAIOUINX 100aBOK ObUIM BHIOpaHbI METAJUINYECKHE MOPOMIKH Ti 1
Mn.

Kpome BbiOOpa criekaroieil 100aBku HEOOXOAMMO BBIOpAaTh METO[ JUisl €€
PaBHOMEPHOTO paclpelesieHHs] B HUCXOJHOW CMeCH, TaK KaK pacHpeiesiTh
3 Macc% paBHOMEpPHO O4YEHb CJIOXHO. B naHHOIl padoTte, /Uil paBHOMEPHOTO
pacmpeneieHusi 100aBKH ObUT BBIOpaH METOJ IIAKMPOBAHHUS MOPOIIKOB, C
MOMOIIIBIO TA30TPAHCIOPTHBIX PEaKIHil. DTOT METO] MO3BOJISET PaBHOMEPHO
pacmipenienuTh JOOABKM IO BCEl MOBEPXHOCTH KOPYHIOBOTO IIOPOINKA U
MHTEHCU(HUINPOBATH ITPOIECC CHIEKAHUSL.

[TnaknpoBaHue TMOPOLIKOB NPOBOJWIM Ha YCTAHOBKE, M300pa’keHHOW Ha
pucyHke 1. Meroanka BKIIIOYaeT B ceOs CIEIyIOMHNe ONepalun: T03UpOBaHNe
U CMelIeHHe OCHOBHOTrO kommoHeHTa (AlxOs), mmakupyromero meramra (Ti,
Mn) u iona; 3arpy3ka cMmecu (1) B repMeTHuHbI KBapueBblii peaktop (3);
BaKyyMUpPOBaHHE M IPOMBIBKA pPEaKTOpa aproHOM; CO3JaHUE B PEAKTOpE
HEo0X0IMMOH Ta30BoM aTMoc(depsl; 3arpy3Ka peakTopa B pa3orperyro neds (2)
W BAEpP)KKa B TEUEHHWE 3aJaHHOTO BPEMEHHU; OXJIAXKICHHE pEeaKTopa, C
MOCIIEAYIOIEN eTo pa30opKOi U BRITPY3KOH POLYKTOB.

B xauectBe wMatepmasioB i 3D-mewatm B paboTe HMCIONB30BaHBI
KepaMHUYEeCKHe IMacThl - MUINKEP, MPEICTABISIOMNE COO0H CMECh HMOPOIIKOB
KOpyHIa ¢ okpsiTHsamMu T1 1 Mn ¢ mapaduaom (X 15 macce.%).

120


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

PazpaboTaHHBI SKCTpydep Uil Ile4aTH KEpaMUKOW COCTOMT U3
komipeccopa (1), koropbelii momaér pasorperbiii go Temneparypsl 80°C
Mmarepuain u3 peseppyapa (2) B axcrpynep (3) FDM 3D-npunrepa (pucyHok 2).

[lonmydeHHble moOC/IE TEYAaTH M3JENUs 10 CBOMM CBOWCTBAM HHYEM
CYIIECTBEHHO HE OTJIMYAIOTCS OT 3arOTOBOK, IMOJYYaeMbIX TPaJAWIMOHHBIMHU
METOZaMH LUIMKepHOTo JuThsA. IlosToMy HX nanbHeimryro o0paboTKy
NPOBOJMIM IO TPaAWLMOHHOW TEXHOJIOTMH: CYIIKa 3arOTOBOK (MEIUICHHBIH
HarpeB 1o 200°C) u mocnenyromee CreKkaHue ChIpIa (TeMIeparypa CIieKaHus
1400°C u BImEprkKa 2 gaca).

2 )

S 0%
0 ”/ "Zﬂ

Pucynok 1 - Cxema ycTaHOBKH ISt Pucynok 2 — FDM 3D-npunaTep

ra3oBoro TpaHcnopra: 1 — cmech C IKCTPYJCPOM JUIS IIeYaTh
peareHToB, 2 — 3JIeKTpHYecKas eqb KepaMHUYECKUMH MACTaMU:

CONPOTHBIICHHUS, 3 - KBapLEBbIH 1 — xommpeccop, 2 — pe3epByap ¢

peakrtop, 4 — BakyyMHBIH Hacoc, KepaMHYECKUMH [IaCTaMHu,

5 — GannoH ¢ aproHom, 3 —akcrpynep 3D-npunTepa.

6 — MaHOBaKyyMMeTp.

1. B.A. llleBuenko, M.M. CrrueB, A.E. Jlanmiun, JI.A. JleOenes.
Kepamudeckue MaTepuaibl ¢ TOIOJIOTHEH TPHKIIBI IEPHUOTUIECKUX
MOBEPXHOCTEH MUHUMAIBHON SHEPTUH JUIsl KOHCTPYKIHMH, pabOTalomuX B
YCIOBUSIX SKCTpeManbHbIX HarpyxkeHuit. ®uXC 2017, T. 43, Ne6, C. 88-91.
https://elibrary.ru/item.asp?id=30628298

2. Taenymkwua H.M. Cneuénnsrit kopysa, M.: T'oc. M31-Bo mo
CTPOUTENBCTBY, ApXUTEKTYPE U CTPOUTENBHBIM MaTepuanaM, 1961, - 195 c.

Paboma evinonnena 6 pamxax 2oczadanus AAAA-A19-119022290092-5

121



AN.TABOB’", C.XX. KAPAXXAHOB
Hayuonanvnuiii uccnedosamenvcxuil sdeprulil ynugepcumem « MUDU y,
Mockea, Poccus
“e-mail: aigabov@mephi.ru

CHUHTE3 ®OTOKATAJIN3ATOPOB CO CMEITAHHBIMHA
AHHUOHAMM: OKCHHHUTPUJ SrTiOs-xNx:Al, OKCHCYJIb®HU/IbI HA
OCHOBE Bi 1 Pb

doTtokaTanUTHUECKOEe PACILEIUICHIE MOJIEKYI BOJbI MO BO3JCHCTBUEM COJI-
HEYHOTO CBETa SBILSIETCS OJHUM M3 CIIOCOOOB MCIIONB30BAaHMS CONHEYHOM YHEp-
rud. [lomydeHHBIH (QOTOKATAIUTHYECKHM METOJOM BOIOPOX, KOTOPHIH 3aTeM
MOXET OBITh MCIIONIF30BaH B KauecTBE TOIUTMBA, OTIIMYACTCS YHCTOTOM, a cama
peaknus He TpeOyeT MOBBIIICHHOH TeMITepaTyphl WX JaBJIeHIA. B ocHOBe 3TOTO
mporecca JIexkaT (OTOKATaIH3aTOPbI, KOTOPBIE TOJDKHBI YOBICTBOPATH CIICIY-
IOIIUM TPEOOBAHUSAM: IIOJIOKEHUS T'PaHHUI] 3aIPEIIEHHON 30HBI COOTBETCTBYIOT
MOTEHIMAIaM peakinii 00pa3oBaHMs BOJIOPOJa M KUCIOPOAa, TeHepalys U pas-
JIeJIeHHe HOCHTENeH 3apsiia IPOXOJHUT C BBICOKOH 3(h(heKTUBHOCTHIO, a caM Ma-
Tepuan cTabuiieH B BOJIE U HE CKIIOHEH K ObICTpoii nerpananuu. K HacTosmeMy
MOMEHTY, C HEJbI0 HCIOIE30BaHUS COTHEUYHON YHESPTHH IS PacIICIUICHHS BOIBI
pa3paboTaHO MHOXKECTBO Pa3TUYHBIX (POTOKATATH3aTOPOB, OJHAKO OOJBIINH-
CTBO M3 HHX HECIIOCOOHBI OCYIICCTBISTH ATOT MPOIECC O] BO3ICHCTBHEM BH-
JIIMOTO CBeTa. BobIme rpymmsl HecleyeMBbIX MaTepHalioB MPEICTABILIIOT OK-
cunpl (BaTiOs, SrTiOz u ap.) u okcucyabduasl. OAUH U3 MIHPOKO UCCIELYEMBIX
MO/IXOJIOB sl CO3JaHusl (POTOKATAIU3aTOPOB — CO3JIAHUE MaTepHalIoB CO CMe-
IMaHHBIMX aHWMOHAMH, KOTOPbIE MMEIOT TaKHUM 06pa30M W3MEHEHHBIN YPOBEHL
BaJICHTHOW 30HBI, 4T0OBI (poTOKaTann3aTop ObLI CIIOCOOEH TeHEepUPOBATH HOCH-
TENN 3apsfa o BO3ICHCTBHEM BUINMOTO CBeTa. B memoM, peanu3amms Takoro
MOAXO0Ja OCYHIECTBIIICTCS IBYMS METOIaMH: JOMHPOBaHHE (POTOKATaIH3aTOpa
AaHMOHAMH C COXPaHCHHEM €0 MePBOHAYAIBHON CTPYKTYpPHI (HAIpHMep, 3aMeHa
YacTH aHHOHOB KHUCJIOPOJIa B OKCHIaX aHUOHAMH CEPHI HJIM a30Ta) WK CO3IaHHe
COEIMHEHUN CO CTPYKTYpOMH, cojleprkaimiedl JBa wWiu Oojee ThMa aHUOHOB
(HanpuMep, OKCUHUTPHU/IBI, OKCUCYIb(UIBI).

B xone paboThl IpoBeIeHbI IKCIEPUMEHTHI 110 CUHTE3Y THIPOKCHIA U OKCH-
HuTpua Ha ocHoBe okcuaa SrTiOs:Al JTOMMPOBAHHOTO AIOMUHMEM, a TaKKe
okcucynbhumoB Ha octoBe Bi u Pb. Coenunenust SrTiOzxHy: Al u SrTiOzxNx:Al
MOJTy9EHBI TI0 CIIe/IyIoIeMy IyTh: TBepaoda3Has peakuus il cuaTe3a SrTiOs,
peakiys B paciulaBe CoJIeil JUIsi JIOTTMPOBAaHUs ATIOMHHHEM, PEAKIMs OKCHIA C
THAPUIOM KJIBIMS JUIS TOy4YEeHUs THIPOKCHIA, M aMMOHOJIN3 JUIS TIpeBparie-
HUS THIPOKCHJA B OKCUHUTPH. PaccMOTpeHO BIHMSHHME KOJIMYECTBA ATIOMHHUS
Ha coziepkaHue Boopoa. [IpoBeieHbl IKCIIEPUMEHTBI [0 CHHTE3Y HOBBIX OKCH-
cynsunoB Ha ocHoBe Bi m Pb. OmpoGoBaHsl myTn cuHTE3a depe3 TBEpmodas-
HbIE peakMy W PeakluH B paciuiaBe CoJIed, KOTOpble HE MO3BOJMIN JIO0CTHYb
KEITaCMBIX CTPYKTYP. B HaCTOHHII/Iﬁ MOMCHT TIIPOBOAATCA OJKCIICPUMEHTHI I10
CHHTE3Y 3THX COSIMHEHUI1 IPH BBICOKOM JIABJICHHHU.
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MIXED ANION PHOTOCATALYSTS SYNTHESIS: SrTiOs«Ny: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 (BaTiOs, SrTiOs, 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 Pb. The compounds SrTiOsxHx:Al and SrTiOz«Nx: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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HUCCIEJOBAHUE U OIIPEJEJIEHUE KAYECTBA
HNCXOJHBIX OBPA3I1OB AKTUBHbBIX 9JIEMEHTOB
JA3EPHOI KEPAMUKHU AJTIOMO-UTTPUEBOI'O TPAHATA,
JJETUPOBAHHOI'O HOHAMU HEOJUMA (ND*:YAG)

B pabote mpeacTaBieHbl pe3ynbTaThl SKCIEPUMEHTAIBHBIX HCCIICIOBAHUM
KayecTBa HMCXOMIHBIX OOpAa3llOB AaKTHBHBIX JJIEMCHTOB JIa3epHON KEPaMHUKU
AIIOMOUTTPUEBOrO T'PAHATA, JErMpOBaHHOTO HoHamu Heomguma (N YAG),
m3rotosienneie Ha OKIT «'JIIT «Pagyra» [1]. OnpeneneHue MOIHEIX TOTEPH B
00pa3iax aKTUBHBIX 3JIEMEHTOB ONMMpajaoch Ha padoty [2]. Jlus mpoBeneHus
DKCIIEPUMEHTOB OBLI HCIOIB30BaH BOJOKOHHBIM Jasep JIK-100-JIII-OM-B.
Jns ompenencHUs IMOJHBIX MOTEPh B AKTHMBHOM 3JIEMEHTE, ObLIa HM3MEpeHa
MOIITHOCTh H3JIYYCHHUS MTTEPOMEBOTO Jia3epa W MOIIHOCTH M3IIYUYCHHUS TOCIe
€ro NIPOXOXKICHHS 4Yepe3 aKTHUBHBINA 3JEMEHT. DKCIEPUMEHT MPOBOIUICS C
Ka)KJBIM U3 aKTHBHBIX diieMeHTOB Nd®*:YAG. Brauane GbLT Npou3BeaSH pac-
yeT Kod(duIMeHTa MponycKaHus aKTHBHOIO 3jJeMeHTa. Jlajee paccuuTaH Ko-
3} GbULKMEHT MOJIHBIX TOTEPh ATt 000uX 00pa3noB. B pe3ynbpTaTe IpOBEeIeHHBIX
BBIYUCIICHUH, CPEIHUE 3HAUCHMS TOJHBIX MOTEPh JJi 00pa30B aKTUBHBIX dJIe-
mentoB Nd*:YAG, ¢ yuerom morpemHoctd [3], NpMHUMAIOT JONYCTUMbIE
3HAYCHUSI.

OnpejeneHne KauecTBa HAHECCHHBIX IMMOKPBITHI TaK)Ke OMUPaoch Ha pabo-
Ty [2]. KauecTBO HaHECEHHBIX IMOKPHITHH HA TOPIAX AKTHBHOTO 3JIEMEHTA
omnpeneinsercs Ko3hOUIMEHTOM oTpaxkeHus. s 3Toro Oblia U3MepeHa MOIII-
HOCTb U3JIYYCHHUSI HTTEPOMEBOTO ja3epa, KOTOpoe MajaeT Ha Topel] o0pas3ia aK-
THBHOT'O 3JIEMEHTA, U MOIIHOCTh OTPAKEHHOTO OT TOPILIA aKTHBHOI'O 3JIEMEHTA
U3IIy4eHHs. DKCIIEPHUMEHT IPOBOMICS C aKTUBHBIMH 3eMeHTamu Nd3™:YAG.
Cpennue 3HaYeHUs KO3GhOHUIIUEHTOB OTPaKEHMS HA JjauHE BOJHEI 1,07 MKM Ha
rpaHuLax i 06pasia akTuBHOro snementa Nd*:YAG c¢ yuérom morpemrso-
CTHU MPUHUMAIOT JONMYCTUMBIC 3HAUCHUSI.

Omnpenenenne kodhdUIMEHTa TAaCCUBHBIX MOTEPh OMHUPAJIOCh Ha PadoTy
[4]. KoothduipeHnT macCHBHBIX MOTEPH ONPENCIIAETCS HA OCHOBE 3KCIIEPHMEH-
TaJdbHBIX JAHHBIX KO3(dHIHEHTa Mpomyckanus obpasnoB Nd®*:YAG, xoad-
(bUIMEHTOB OTpakeHUs M3IYYeHHs Ha TpaHHUIax cpea. Jns ompeneneHus: Ko-
s duiuenHTa MacCUBHBIX IMOTEPh M3IYYCHHUs ObUI paccuMTaH KO3(hOHIMEHT
MPOIYCKaHUS M3JIYYEeHUs Ha TPaHHLE cpeibl. B pe3ynbrare aHamu3a mojaydeH-
HBIX 3KCIIEPUMEHTAJIbHBIX JJAHHBIX OMpe/ecHbl 00IIHue MoTepu 00pa3lioB ak-
TUBHBIX 3JICMEHTOB U K03(HIueHT maccuBHBIX moTepb. OOpasIpl ¢ KOHICH-
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Tpauuei B 2% HeoguMma UMEIOT MOKa3aTelb OOIIMX MOTepbh U KOA(D(HUIIMEHT
[MACCHUBHBIX MOTEPEL 00JIee YeM B TPU pa3a MEHBIIHMA, YeM y 00pa3IoB ¢ COIEp-
s)kaHueM Heoauma B 1%. U mpu 3ToM K03 GUIMEHT IPOITYyCKaHUS aKTHBHOTO
sieMenTa ¢ 2% Heonuma HemHoro Beime (Ha 0,1), yem y oOpasuoB ¢ 1%
HeomuMma. TakuMm oOpazoM, oOpasnsl sazepHoit kepamukud NA**YAG ¢ 6omb-
meil KoHueHTpanuei (2%) IeMOHCTPUPYIOT MCHBIINEC 3HAYCHUS ONTHUYCCKUX
MOTEPb, YTO CBUICTEIILCTBYET O JIYYIIEeM Ka4eCTBE TAKUX 00pa3IloB.

1. B. B. BezorocHsiii, B. B. banamos, B. 1. Bynaes, A. A. Kamuacknii, A.
10. Kanaes, B. b. KpaBuenko, A. B. Kucenes, 1O. JI. Konbuios, A. JI. Ko-
pomsbicios, O. H. Kpoxun, K. B. Jlonyxun, C. JI. JIsicenko, M. A. [1ankoB,
K. A. TloneBos, }O. M. Ilonos, E. A. Yemes, . M. Tynuusis, “T'eHepanu-
OHHBIE XapaKTEPUCTUKU HOBBIX JIa3€PHBIX KEPAMHK OTEUECTBEHHOTO IIPO-
n3BoacTBa”’, KBanTtoBas siekrponuka, 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. Jlabopatopuble 3aHATHA O Qu3nKe: Yuebnoe mocodue/Tompaun JLIL.,
Urommn @.®., Kozen C.M. u ap. Ilog pen. I'onpauna JI.JI. - M.: Hayxka.
I'maBHast penakius GU3NKO-MaTeMaTHIECKON tuTepaTypsl, 1983. - 704 c.

4. 3genrto O. [Npuanummer nasepos / [lep. mox nayy. pen. T. A. [lImaoHoBa.
4-em3n. — CI16.: UznarensctBo «Jlanby, 2008. — 720 ¢ : wi. - (YueOHbIe
nmocoOust 11st By30B. CrierinanbHast gureparypa). ISBN 978-5-8114-0844-3
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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**:Y AG), 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 reflection coefficients at a wavelength of 1.07 um 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 is 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 slightly higher (by 0.1) than that of samples with
1% neodymium. Thus, samples of Nd3*YAG laser ceramics with a higher con-
centration (2%) demonstrate lower optical losses, which indicates a better quality
of such samples.

1. B. B. besorocusiit, B. B. banamos, B. /I. bynaes, A. A. Kamunckuii, A.
1O. Kanaes, B. b. KpaBuenko, A. B. Kucenes, 1O. JI. Konsiios, A. JI. Kopo-
MmeicioB, O. H. Kpoxun, K. B. Jlonyxun, C. JI. JIsicenko, M. A. Ilankos, K.
A. Tlonesos, 0. M. Ilonos, E. A. YUewes, U. M. Tynuupis, “I'eHepaninoHHbIE
XapaKTEPUCTUKU HOBBIX JIa3€PHBIX KEPAMHUK OTCUECTBEHHOTO TIPOMU3BOJICTBA”,
Kganrosasi anextponuka, 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.
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4. 3sexnro O. [Ipunnunet sazepos / [lep. mox nayy. pen. T. A. IlImaonosa.
4-en3n. — CII6.: UzmatensctBo «Jlanby, 2008. — 720 ¢ : wi. - (YueOHbIe
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MOJYYEHUE BBICOKOSHTPOIIMIMHBIX CIIVIABOB HA
OCHOBE TYTI'OIITABKUX 3JIEMEHTOB (Ti, V, Nb, Ta, Mo, W)

BricokoanTponuiineie crnassl (BOC) mpuBiexaroT BHUMaHUe, KaK HOBBIN
KJIacC MaTEepHUAJIOB ¢ 0COOBIMHU cBoWcTBaMU. 110 cpaBHEHHIO ¢ OOBIYHBIMH Ka-
porpounsiME ciutaBaMu BOC Ha OCHOBE TYTOIUIaBKHX METANIOB O0JIaAaoT
GoJiee BBICOKOM TeMmepaTypoi IUIaBIEHHs, XOPOIINMH MEXaHHYECKHMH CBOM-
CTBaMH TIPH BBICOKHX TEMIIEPATYpax M CTOMKOCTBIO K M3HOCY, OKHCIICHHIO U
KOpPPO3HH.

Mexanndeckoe cruiaBienue (MC) i Mmexanndeckas aktupanust (MA) mo-
POILIKOB METAJUIOB MO3BOJIAET CHHTE3UPOBAaTh MHOTOKOMIIOHEHTHBIE CIUIABHI C
PaBHOMEPHBIM paclpe/ieIeHHeM BCEeX JIEMEHTOB, YTO SBJSETCA NpEeUuMyIle-
CTBOM JTAaHHOTO METO/Ia 10 CPABHEHHIO C MeTOAaMu JIUThs [ 1-3].

B nanHO# paboTe BBICOKOXHTPOIHUIHBIC CIUIaBbI HA OCHOBE TYTOIUIABKHUX
metamwioB (Ti, V, Nb, Ta, Mo, W) ObulM MOJYYEHBI B pe3yJibTaTe MEXaHUYE-
CKOTO CIIJIaBJICHHSI CMECH MOPOIIKOB B INITAHETAPHOH IapoBOH MeIbHHULE «AK-
THUBATOp 2S».

Just monmydenuss o0beMHBIX BOC mpoBOAMIN KOHCONUOANHUIO TTOPOIIKOB
CIJIaBOB METOJIOM HCKpoBoro ruia3menHoro crekanus (MIIC) B Bakyyme npu
temreparype 1300 °C u TpaaAMLIMOHHBIM CIIEKAHUEM B apTrOHE.

HccrnenoBanus nouQoB MOYyYEHHBIX TOPOIIKOB MeTo oM POM mokasanm,
4yTO OfHOGa3HbIH TBepablid pacTBop ¢ OLIK cTpykTypoii ¢ paBHOMEPHBIM pac-
npejieieHeM Bcex 3jeMeHToB B cuctemax Ti-V-Nb-Mo-Ta, Ti-V-Nb-Ta-W
obpaszyercs mocie 180 MHHYT MEXaHUYECKOW aKTHBAaIIUH.

ITonmy4yeHHBIe TIPH CHEKaHWM TPAKTHUECKH OECTIOPUCThIE MaTepHajbl CO-
xparsu OLIK cTpykTypy TBEpABIX pacTBOPOB.

Cpennue 3HaueHust MukporBepaoctu cruiaBoB TiVNbMoTa u TiVNbTaW,
cnedeHHbIX nocne 180 Munyt MA, coctaBuiau cootBeTcTBeHHO 6 u 8,5 I'Tla.

Hccneoosanue evinoaneno npu @urancosoii nodoepiicke Poccuiickozo

HayuHo2o ¢onoa (npoexm Ne 20-13-00277).

1. Wang, G., et al. Journal of Refractory Metals and Hard Materials, (2019), 104988.
2. Liu, Q., et al. Journal of Materials Science & Technology, (2019)
doi:10.1016/j.jmst.2019.07.013
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doi:10.1016/j.jallcom.2018.10.230.
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OBTAINANCE OF HIGH-ENTROPY ALLOYS BASED ON
REFRACTORY ELEMENTS (Ti, V, Nb, Ta, Mo, W)

High entropy alloys (HEASs) 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).

1. Wang, G., et al. Journal of Refractory Metals and Hard Materials, (2019), 104988.
2. Liu, Q. et al. Journal of Materials Science & Technology, (2019)
doi:10.1016/j.jmst.2019.07.013

3. Guo, W, et al Journal of Alloys and Compounds, (2018).
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KOPPO3MOHHOE Y DJIEKTPOXAMWYECKOE NOBEJEHUE
BBICOKODHTPOIIMMHOTO CILJIABA CoCrFeNiMo
B KUCJIBIX U HEMTPAJIBHBIX XJIOPUICOIEPKAILAX
CPEJIAX

B HacTosiiee BpeMsi akTHBHO ITPOJIOJDKAIOTCS MCCIIEIOBaHKME W pa3padoTKa
BBEICOKODHTPOIHUIHBIX MaTEPHAIOB, B TOM uncie criaBoB cucteMsl COCrFeNi.
Jns manpHelmei pa3paboTKH BEICOKOAHTPOMMMHEIX ciiaBos (BDC) ¢ Touku
3pPEHHUS MPAKTHYECKOTO HCIIOJIB30BAaHUS HEOOXOAUMO IIYOOKOE MOHUMAHUE UX
CBOIICTB, a TaK)XKe BO3MOJKHOCTh IIPOTHO3UPOBAHUS MOBEACHUSA STHX MaTepHa-
JIOB B JIOJITOCPOYHOI MepcrekTuBe. TeM He MeHee, Ha JaHHBI MOMEHT OCHOB-
HBIH YIOp B MCCICAOBAHMAX ClI€JIaH HAa YCKOPCHHBIE UCIIBITAHMS, a CUCTEMATH-
3UPOBaHHbIC JaHHBIE O BIUSHHUH OTJACIbHBIX KOMIIOHEHTOB CPEIbl Ha KOPPO3H-
OHHYIO CTOMKOCTHL BBICOKOSHTPOIIMHEIX CIIIaBOB OTCYTCTBYIOT [1-9]. Ilennio
TaHHOH palOoTHI SBISETCS OIpeNelleHHe KOPPO3HMOHHOHN croiikoctn BDOC
CoCrFeNiMo mno pe3ynpraTaM UIMTEIbHBIX MCIBITAHUM B KUCIBIX U
HEUTpalbHBIX XJIOPHUACOJACPKAIIMX CPeAaX B OTCYTCTBUM W IPUCYTCTBUU
OKHUCJIMTENISI, & TAKXKE OLEHKAa BO3ZMOYKHOCTH MPOTHO3UPOBAHUS KOPPO3UOHHOM
CTOHKOCTH 10 Pe3yJIbTaTaM YCKOPEHHBIX HCIBITAHUM.

B Hacrosmeit padore kopposnonHas croiikocts BOC CoCrFeNiMo, momy-
YEeHHOI'0 METOJIOM BaKyyMHO-IYTOBOM IIIABKH M OoTOxokeHHOTO mmpu 900 °C B
teueHue 1 vaca [4], uccieoBaHa ¢ TOMOIIBIO IPAaBUMETPUUYCCKUX UCTIBITAHUM,
IIEKTPOXMUMUYECKHX M3MEPECHUH, a TaKkKe METOaMH PEHTTCHOBCKOU aupak-
TOMETPHUU U DJIEKTPOHHON MHKPOCKOIIHHU.

Ilo pe3yapTaTaM rpaBUMETPUYECKHX MCIBITAHMA IOKA3aHO, YTO CILIaB
CoCrFeNiMo o0iaiaeT BBICOKOM KOPPO3MOHHOM CTOHMKOCTBIO B HEHTpaIbHOM
u xuciom pactBopax NaCl (ckopocTs Koppo3uu He Boime 1 Mxm/rox). Compo-
THUBJIEHHE KOPPO3uu cHiKaeTcs npu godasnennn 0,01 M H,O, B kucbiii pac-
tB0op NaCl (cxkopocTs Koppo3uu — okoiio 21 Mxm/rox). Koppo3noHHas cToii-
KOCTb 3HAYMTENLHO MaJaeT B pacTBope cuibHOro oxuciaurens FeCls (ckopocth
koppo3uu okoiio 0,26 mM/rox). Ilo pe3yabTaTaM UCCIEIOBAHUS OBEPXHOCTEH
00pa3IOB OCJIE UCTILITAHUH MTOKa3aHOo, YTO (ha3bl, B OCHOBHOM ITOJIBEP)KCHHBIC
KOpPPO3uH, 00€IHEHBI XPOMOM M MoJInOaeHOM. Da3kl, 00oralieHHbIe XPOMOM U
MOJIMOJIEHOM, CTAHOBSTCS KOPPO3HMOHHO ITOBPEKIECHHBIMU B IIPHUCYTCTBUU
FeCl; nnun npu cuiibHOM aHOIHO# moJsipu3aliui B KucioM pacteope NaCl, co-
nepxamem 0,01 M Ho0..

Ilo pe3yimbrataM 3JIEKTPOXMMHUYCCKHX HM3MEPEHUN IMOKAa3aHO, YTO CIUIAB
CoCrFeNiMo o6magaer 0Oollee BBICOKOH KOPPO3HOHHOW CTOHKOCTHIO B
HeUTpanbHBIX cpeaax. CymecTBEHHBIX H3MEHEHHUH B AJIEKTPOXUMUIECKOM I10-
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BeZeHnu cruiaBa npu gobasnenun 0,01 M H,0; B xucisiii pacrsope NaCl ue
Ha0JII01aeTCsl.

Taxk, coTIIacHO pe3ylbTaTaM YCKOPEHHBIX UCIBITAaHUH, O0Jiee 3HAUNTEIBHOE
BIUSHUE HAa KOPPO3HOHHYIO cToMkocTh crutaBa COCrFeNiMo oxaseiBaer pH
pactBopa. TeMm He MeHee, C TEUEHHEM BPEMEHH HAJTUYKE CHIBHOTO OKHCIUTENS
B CpeZic CTAHOBHUTCS OOJIee CYIIECTBEHHBIM (DaKTOPOM.
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CHUHTE3 KEJIE3OCOJEPXKAILIIUX CBEPXITPOBOJHUKOB
COCTABA FeSe —xTex

Jlnst cemeiicTBa BBICOKOTEMITEPATYPHBIX CBEPXIIPOBOJHUKOB Ha OCHOBE XKe-
je3a B 007acTH BOJM3M CBEPXIIPOBOJISIIETO Iepexoa ObUTH 0OHApYKEHBI He-
KOTOpBIE aHOMAJIMHU, KOTOPHIEC II0Ka HE UMEIOT MOCIIEA0BATEIEHOTO TEOpETHYEe-
CKOTO OOBSCHEHHS, B CBSI3M C 4eM aKTyaJbHBIM SBIISICTCS HCCIICIOBAaHUE
HanOosee MPOCTHIX MO CTPOCHUIO JKENE3HBIX CBEPXIIPOBOJHUKOB. Takke Bax-
HBIM aCIIEKTOM SIBILIETCS BO3MOXKHOCTB MCCIICIOBAHUS NPUYMH BO3ZHHKHOBCHUS
U 0COOCHHOCTEH CBEPXIIPOBOJISILETO COCTOSIHHUS B KJIAacCe CBEPXIIPOBOTHHKOB
Ha OCHOBC JK€JI€3a, KOTOPbIE UMCIOT NEPCIICKTUBLI IJId MPOMBIIIJIICHHOTO MPpH-
MCHEHUSL.

FeSe — ouenb ynoOHas cucrema JUisi SKCIEPUMEHTAIBHOTO U3Y4YEHHS 3JIeK-
TPOHHBIX CBOMCTB CBEpXIPOBOIHMKOB Ha OCHOBE kene3a. FeSe mmeeT camyro
MPOCTYI0 KPUCTAJUIMUECKYIO CTPYKTYPY CPEAM BCEX JKEJE3HBIX CBEPXIIPOBOJ-
HHKOB M 00JIaJjaeT JOCTATOYHON YCTOHYMBOCTBIO.

Cunraercs, 4TO 3HAYUTEIHHOE YBEIWYCHUE TEMIEpaTyphl CBEPXIIPOBOIS-
IIEro mepexoja NpH 3aMELICHHH celieHa 0ojiee KPYHHBIM TEILTyPOMMOXKET
OBITH CBA3aHO C UCKaKEHHEM CTPYKTYpPbI «XUMHUECKUM ckaTuem» Fe-Se ter-
Pa’IpOB, CXOAHBIM ¢ GU3UYECKHM  cxkaTHeM. DU3UYECKOe CIKATHE CTPYKTYPhI
FeSe ¢ mOMOIIBIO MHAPOCTATHYECKOTO AABJICHUS MPUBOAUT K MOYTH PEKOPA-
HOMY YBEIHMYCHHIO TEMIIEpaTyphl Iepexoja B CBEPXIPOBOJAIICE COCTOSHHE
[1].

Kpucramer FeSei-xTex ObUM MONy4eHBI METOOM CHHTE3a B COJICBOM pac-
IJIaB€, a TaKKE IMpPU MOMOIIN Ia30BOT0 TPAHCTIOPTA B 3aMKHYTBIX HUJIUHAPHUYC-
CKHMX PEaKIIMOHHBIX COCYIax U3 KBAPLEBOTO CTEKJIa B TOPH30HTAILHOM TEMIIe-
parypHOM rpaaueHTe. B kadecTBe TPaHCHOPTHOIO peareHTa MCIIOJIb30BaJICs
AICl3, AlBr; npu npuMeHEeHHH METOJa Ta30BOTO TPAHCIOPTAa OBUT BIIEPBBIE
yJIauHO MCIIOJIb30BaH B KauecTBe TpaHcnoptHoro pearenra PCls 11 MOHOKpH-
cTayuioB coctaBa FeSej—xTey.

Jnst momyuenHoro obpasna FeSeosT €04 ObUIM MpoBeneHB TOIPOOHBIE H3-
MEpeHHUS TaIbBAaHOMETPUYECKUX CBOMCTB M TEMIEpaTypHOIl 3aBUCUMOCTH KO-
s dunmeHTa macTope3ecTuBHOro 3pdexra [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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OKHUCJIEHUE BHYTPEHHEM IIOBEPXHOCTH
AJJIOMMHHUEBOU TPYBKHU B AHOMAJIBHOM TJIEIOLIEM
PA3PSAJE C HEHTPAJIBHBIM J3JIEKTPOJIOM

3amuTa BHEIIHMX M BHYTPEHHUX MOBEPXHOCTEH TEILUTOBBIACIAIOMINX 3JIE-
MEHTOB SIIEPHBIX PEAKTOPOB OT KOPPO3UHU OCTAETCS aKTyalbHOH 3amadeil Kak
JUI CYIIECTBYIOINUX, TaK U sl MPOEKTUPYEMBIX pEakTOpoB. Ecny HaHeceHHe
3alIUTH Ha BHEIIHUE MOBEPXHOCTH MOKHO NPOBOJHUTH Pa3sHOOOPa3HBIMHU CIIO-
cobaMu, TO 3aIUTa BHYTPEHHEH MOBEPXHOCTH TPYOKM OrpaHHYCHA B MHCTPY-
MEHTAJIbHBIX BO3MOXKHOCTAX. OHUM M3 CIIOCOOOB 3aINUTHI SIBISETCS HaHece-
HUe O0apbepHOro MU GY3HOHHOTO CII0s, HAPUMEP OKCHAa amtoMuHus. OgHIM
13 BapUaHTOB CO3JIaHUS TAKOT'O CJIOS SIBIISIETCS HAHECEHUE TOHKOI'O CIIOSl ajko-
MUHUA U €r0 MOCJIEAYIOIIEe OKUCICHUE B KUCIOPOJHOU IIa3Me.

B nanHO#l paboTe BBHINOJHEHBI SKCIIEPUMEHTHI 10 IUIa3MEHHOMY OKHCIIe-
HHUIO BHYTPEHHEW IOBEPXHOCTH AIIOMHHUEBOH TPYOKH, HM3rOTOBJIEHHOH U3
TOHKOH amoMuHHeBoH ¢onsru. Ha pucyHke mpuBeneHa cxema yCTaHOBKU. B
Hel pacrioyiarajach allOMHHHEBas TpyOKka, KOTOpasi CIy)KWIa aHOJOM, U IIeH-
TPaJIbHBII NEKTPOJ] HA €€ OCH, KOTOPBIN CITY’KUIJI KATOJOM.

()
=

Puc. 1 — Cxema OCHOBHBIX y3JI0B yCTaHOBKH: |-BakyyMHas Kamepa;
2- knamnas; 3- popBakyyMHbIH Hacoc; 4-0aJIOHbI ¢ ra3amu; 5-
PEoYKTOPBI; 6- HATeKaTeNN; 7- TOKOBOJIBI;, 8-OJIOK MUTAHUS; 9-NaTINKU
nmasieHus; 10-tpyOka-aHOX M IIEHTPAIBHBIN KaTOI.

Kamepa otkauuBanack 10 7x1073 mbap. 3aTem B Heil 3axuracs TIEIOIMIL
paspsa B Kucnopoje npu gasineHunu 1.25 moap. Ilocne okoHuanus o0paboTku
oOpasell ocThIBAT 110/ BaKyyMoM Aasienus 7X 1073 mbap B Teuenue 3 yacos.

B npornecce 06paboTKH B IIa3Me HarpsbKeHHE Ha paspsijie BO3pacTalo, KaKk
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IMOKa3aHO Ha PUCYHKC 2. biiok nuraHus pa60Tan B pCKUMEC IIOCTOSIHH O MOII-
HOCTH, U YBCJIMNUYCHHUC HAIPSKCHHUA COOTBCTCTBOBAJIO YMCHBIICHUIO TOKA. 910
MOI'JIO CBHUACTCIBCTBOBATH 00 IMOCTENEHHOM OKHCIICHHH NOBEPXHOCTU, CKO-
POCTb KOTOPOI'0 YMEHbIIAJIACh BO BPpEMCHU M3-3a YBCIUYCHUA TOJIIIHUHBI OKCH-
,E[HOI7[ ITUICHKHU, HO HE MPCKpaIajgIoCb COBCEM.
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Puc. 2 — 3aBUCHMOCTD HaNpsKEHUS Ha pa3pse OT BPEMEHH

W3mepeHnss METOIOM PEHTTEHOBCKOH (DOTOIIEKTPOHHON CIIEKTPOCKOINHU
CBHACTEIBCTBYIOT O (JOPMUPOBAHHH CTeXHOMETpHUeckoro okcuaa Al203. Us-
MEpEHHUs] METOJIOM SHEPTrOANCIEPCHOHHOTO aHAIM3a, TOKAa3aHHbBIE Ha PUCYHKE
3, CBHIETEIILCTBYIOT 00 YBEIMUSHHUHU COJIEpKaHUsI KHUCIOPOJa NpUMEpHO B 14
pa3. Ecnu Bech KHCIOPOA CBSI3aH B OKCHABI, TO MOXHO CUMTaTh, YTO TOJNIIMHA
OKCHJHOTO cJiog BeIpocna B 14 pa3. Ecinm gake ecTecTBEHHBIH CJIOH OKCHaa
ATFOMUHUS TOJIIUHON 2-5 HM TIpecTaBiseT co0oit 3 dekTuBHbIN Oapbep st
TuGdy3un KUCIOPOAA U ATIOMHHHUSA, TO MOKHO CUHTATh, UTO CJIOH, CO3JJaHHBIH
IUTa3MEHHBIM OKHCIICHHEM, SBISeTCS BechbMa 3(G(EKTUBHBIM OapbepoM Ui
muddysun, n Takas TEXHOJOTHS MOXET MPEACTaBIATh MHTEPEC AJIS 3aIIUTHI
BHYTpEHHEH moBepxHocTH TpyOok TBOJL.

Oz (3ken/neobp)

a — T T T T T T — T
o 1 2 3 4 5 8 T & 9 10 11 12
BpemA, 4

Puc. 3 — I'padux 3aBHCHMOCTH OTHOILIEHHS COJIEP>KaHHS KHCIOPOaa B 00-
pabotanHOM 00pasiie K NCXOAHOMY COACPKAHHUIO OT BPEMEHH
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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
[
|1{) | 2 f
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 71073 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 7x
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.

5204

Voltage,
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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 Al203. 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.

O, {final to initial)

=
L 4

3 i L] Ti:1e- hf & % n " 12
Fig. 3 — The time dependence of the ratio of oxygen content in the sample to
the initial content
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BBICOKOTEMIIEPATYPHOE OKUCJIEHUE 1
MEXAHUYECKOE NOBEJEHUE JIABEPHBIX CBAPHBIX
COEJIJMHEHMM U3 CILJTABA 3110 C XPOMOBBIM
IHNOKPBITUEM

IlupKoHHEBBIC CILIABBI UCIIOJIB3YIOTCSA B KAU€CTBE OCHOBHOI'O KOHCTPYKIIH-
OHHOTO Marepuaja TEIUIOBBIICIAIOMNUX COOPOK BOJO-BOJASHBIX SHEPTrETHUC-
CKHX PEaKkTOpOB Ojiarojaps COOTBETCTBHIO MX MEXaHMUYECKHUX CBOWMCTB, pajua-
LIMOHHOM CTOWKOCTH, CTOMKOCTH K OKHMCJIICHHIO TIPU HOPMAJbHBIX YCIOBHIX
sxcmryatanuu (360 °C, 18,6 MIla) maTepuanaM akTHMBHOM 30HEI. OIHAKO B
YCJIOBUSX aBapHH Ha SJCPHOM PEaKTOPE BO3MOYKEH HAI'PEB €r0 aKTHBHOM 30HbI,
MPUBOASAIINN K OKUCJICHHUIO M TIOCIEIYIOIIEMY Pa3pyIICHUIO OTBETCTBEHHBIX
3JIEMEHTOB, BBIMTOJIHEHHBIX U3 ZI cmiaBoB. Oco0oe BHUMaHHUE CIEAYET YAEINUTh
CBApHBIM COCIMHEHHUSIM, T.K. IPOLECC UX OKHCICHHUS MPOXOIUT C OOJbIIei
ckopocThio [1,2]. Hacrosmas pabora HampaBieHa Ha M3ydYeHHE CTOHKOCTH Jia-
3epHBIX CBAPHBLIX COCIMHECHUN IUPKOHHEBOro ciuiaBa 2110 ¢ XpoMOBEIM IO-
KPBITHEM K BEICOKOTEMIIEPATYPHOMY OKHCIICHHUIO H UX MEXaHMUECKUX CBOUCTB.

Bemmonneno ocaxaenue Cr MOKPBITHH Ha MOBEPXHOCTH JIA3€PHBLIX IIIBOB
METOJIOM MarHETPOHHOTO PACIIbUICHHMS, IPOU3BEJICHO UX OKHUCJICHUE Ha BO3/Y-
xe npu temneparype 1100 °C B teuenue 2, 10, 30, 45, 60 u 90 mun. Ha ocHoBe
M3MEPEHHBIX 3HAYEHUH MAcCChl JI0 W TIOCJe OKUCICHUs ObLI pacCuYuTaH KOppo-
3UOHHBIN MIpUBEC 00pa3nos (puc. 1).
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Pucynox 1. 3aBUCHMOCTH KOPPO3HOHHOTO MIPUBECA JIA3€PHBIX IIBOB OT BpeMe-
HH OKHCJIeHHs. [IpUBeIeHB! ONTHYECKUE N300PAKEHHS MUKPOCTPYKTYPHI 10-
MEPEYHOr0 CEYEHMS 00Pa3IIOB.
C moMOIIBbI0 ONTHYECKOH MUKPOCKOIIMHI BBIMTOJHEH aHAIN3 MUKPOCTPYKTY-
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pbI IIONIEPEYHOr0 CEUeHMs Ja3epPHBIX IIBOB. YCTaHOBJIEHO, 4yTo Cr MOKpbITHE
MOBBIIIACT CTOWKOCTH JIA3EPHBIX IIBOB K BEICOKOTEMIICPATYPHOMY OKHCJICHHUIO
B TeueHne He MeHee 90 MUHYT. 3HaUEHUsI KOPPO3HOHHOTO MpHBeca 00pa3loB
0e3 MOKPBITUS MPHU JUIUTSIFHOCTH OKHUCICHUSA 2 U 10 MUH 3HAYHUTENHHO Tpe-
BBINIAIOT 3HaueHus it o0pas3noB ¢ Cr mokpeiTHeM. M3mepeHa TBEPAOCTH B
Pa3IMYHBIX 30HAX (30HE 00BEMHOTO CIUIaBa, 30HE TEPMHUECKOTO BO3ACHCTBHA
(3TB) u 30He cBapHOTO 1Ba). Ha OCHOBaHMM IMOJIYICHHBIX TaHHBIX IMOCTPOCH
rpaduK 3aBUCIMOCTH TBEPJAOCTH 00Pa3IIOB OT BPEMEHH MX OKHCIEHUS (pHcC. 2,
a). BrimoHeHB! HCTIBITAHNS TBOB HA TPEXTOUCUHBIN M3THU0, U MMOCTPOCHBI KPH-
BBIE 3aBUCHMOCTH «Harpy3ka-nepemernierne» (puc. 2, 6). Obpazern 6e3 moKpbI-
THS TIOCJIC OKHUCIICHHS B TCUYCHUE 2 MHUH TPECHYJ] mpu Harpyske ~0,8 krc, 00-
pasipl ¢ Cr HOKPBITUSIMEA UMENH MOBEICHUE, TUITMIHOC JIJIS TUNIACTHYHBIX MaTe-
puanoB. [IpoeMOHCTPHUPOBAHO YNPOYHEHUE CBAPHBIX COCTUHCHUH u3 Zr
criaBa ¢ Cr OKPBITHEM TIOCIIEC UX OKHCIICHUS.
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Pucynok 2. TBEpAOCTH Ja3epHBIX IIBOB B PAa3JIMYHBIX 30HAX B 3aBUCUMOCTH OT
BpEMEHM OKUCIIeHHUS (2) ¥ JaHHBIE «HArpy3Ka-nepemenienuey (0) npu TpexTo-
YEeYHOM HM3rude IIBOB.

ITokazano, yro Cr MOKpBITHE MOBBIMIAET CTOHKOCTh K OKHCIICHHUIO Ja-
3epHBIX LIBOB M3 LUpKOHHEBOro cruiasa J110. U3MeHeHne MHUKPOCTPYKTYphI
IIBOB B IONIEPEYHOM CEYECHUH, 00yCIIOBIeHHOE opmupoBanueM o-Zr(0), mpu-
BOJIUT K YIPOUHEHHIO CBAPHOTO COCTUHEHUS.

HccrenoBanue BBIIOJIHEHO MTpH Tojiepkke Poccuniickoro Hay4yHoro ¢oHa,
npoekt 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.org/10.1016/j.corsci.2021.110018

2. Tao, W.; Cai, C.; Li, L.; Chen, Y.; Ling Wang, 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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QJIEKTPOHHOE CTPOEHUE KOMIUIEKCOB [M(SALEN)]:
HNCCIEAOBAHUE METOJAMU PEHTTEHOBCKOMU
CIIEKTPOCKOIIMA C CUHXPOTPOHHBIM U3JITYYEHUEM

DVYHKIMOHAIBHBIE MOJMMEDHBIE MAaTEPHabl, IOJYYEHHBIE DIEKTPOXUMU-
YECKOM MOJIMMEpH3alUell KOMIIIEKCOB IEPEXOJHBIX METAIIOB C JUTaHAaMu
canenosoro tuma [M(Salen)] (M=Ni, Co, Cu), aKTUBHO HM3Y4YalOTCS B CBSI3H C
MEPCICKTHBAMH X TPUMEHEHHS B KA4eCTBE OCHOBBI DJICKTPOJOB HOBBIX HC-
TOYHHMKOB XpPaHEHUs U MpeoOpa3oBanus sHeprun [11.

B manHO# paboTe OBUIO NMPOBENEHO KOMIUIEKCHOE MCCIIENOBAHHME JIOKAb-
HOM AaTOMHOM M DJIEKTPOHHOH CTPYKTYPHI MOHOMEDHBIX KOMIIIEKCOB
[Ni(Salen)], [Co(Salen)], [Cu(Salen)] u cBo6oanoro canena H,Salen ¢ nmpume-
HEHHEM KOMOMHAIMU PEHITEHOCIIEKTPAIBHEIX MeTONOB aHanu3a — Ultraviolet,
Valence band u core-level photoemission spectroscopy (UV PES, VB PES u
XPS); X-ray Absorption Spectroscopy (NEXAFS), nomonHeHsIx pacueTaMu B
paMkax teopud dyHkuuoHana ruioraoctu (Density Functiol Theory — DFT).
OCHOBHBIC W3MEPEHUSI OBUIH BBITIOTHEHBI C HCIIONB30BAHHEM HM3MEPHUTEIEHOM
cranun HAHO®OC xanana K6.5. Kypuarosckoro Llentpa CHU.

B pesynbpTaTe MpoBeAEHHBIX HCCIIEIOBAHUM OBIIIO YCTAaHOBIIEHO, YTO BEPXHHE
3a0JHEHHBIE MOJIEKYIsIpHEIE opouTamu (MO) monekyisl Ho(Salen) o6pasyrorest
B PE3VIILTATE CWIHHOIO MEPEMEIINBAHNS BAJICHTHBIX aTOMHBIX opoOuTtanei (AO)
aromos juragga (C, N, O), a B ciyuae [Ni(Salen)], [Cu(Salen)] u [Co(Salen)] — B
pe3yibTare CUIbLHOM ruOpHuan3alui BaJIeHTHBIX AQ aTOMOB MeTajllla U aTOMOB
ymragaa. I[Ipssmoe cpaBaeHre VB PE criekTpoB M MOJHOHM IJIIOTHOCTH 3aHSTHIX
cocrosauii (DOS) Ha ocHoBe DFT pacueToB mokasbIBaeT, 4To MX CHEKTPAIbHEIE
npoduId HOX00HBI APYT APYIY HO KOJUYECTBY CTPYKTYD M UX DHEPIETHYECKUM
MO3MIKUAM. B 11€J10M pacuersl 3aroIHEHHBIX 3JIEKTPOHHBIX COCTOSIHUN B BaJ€HT-
HOM 30H€E 111 BcexX KoMIniekcoB [M(Salen)] 1ocTaTouHo XOPOIIO ONMKMCLIBAIOT MX
skcriepuMmernTabable VB PE cnexkrper. Takum oOpasom, mokasaHo, uto M 3d-
3JIEKTPOHBI UIPAIOT BAXKHYIO POJIb B (DODMUDOBAHUU DIIEKTPOHHON CTPYKTYDBI
MOJIEKYIIAPHBIX KoMIniekcos [M(Salen)]. XPS crniekTpsl O3BOIMIN OXapaKTepU-
30BaTh XHMMHMYECKHE COCTOSHHMS aTOMOB B KOMILIEcax. B CBOIO ouyepeib,
NEXAFS crekTpsl MCIOIB30BaHbl IS HOJy4eHHsT MHMOPMAIMH O CBOMCTBaX
HE3aHATHIX DJIEKTPOHHBIX COCTOSHUAX B UCCIEIOBAHHBIX CHCTEMAX.

Hccnedosanue evinoaneno sa cuem epanma PH® Ne2[-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 Ha(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 OIIEHKE IPEJAEJBHBIX COCTOSHUI MATEPHUAJIOB
HA PABHBIX MACIITABHO-CTPYKTYPHBIX YPOBHAX
NP BUTAPMOHUNYECKUX PEXKUMAX HAI'PYKEHUSA

3ajaga MOJCTHPOBAHMS PA3BUTHA IIPOLECCAa YCTAJIOCTHOTO Ppa3pyLICHUS
Ipu OMTapMOHMYECKOM MHOTOIMKIOBOM HArpy>KCHHH SIBJISETCA aKTyaJbHOMH
poOJIeMOl IPH OLIEHKE JOJNTOBEYHOCTH MHOTHX 3JIEMEHTOB MH)KEHEPHBIX CH-
cteM. Takne Harpy»eHus ABISIOTCS SKCILTyaTallMOHHBIMH PEXHMaMU JIIEMEH-
TOB YHEPreTUUECKOT0 000PYyIOBaHMs, JIONATOK U AUCKOB TYpOOHACOCHBIX arpe-
raToB aBUALMOHHBIX U PAKETHBIX [BUTATENEH, BHYTPUKOPIIYCHBIX YCTPOMCTB
9HEPreTUYECKUX PEAKTOPOB, aporeHepaTropos u Ap. IIpu Teopetnueckom onu-
CaHUU UCIOJIB3YIOT SMIIUPUUYECKHE KPUTEPUAIIbHBIE COOTHOILIEHUS, Klaccude-
ckue Teopuu npoyHocTH. lIupokoe pacnpocTpaHeHUe MOMyYUIU MOJEIN KOH-
THUHYaJIBHBIX TEOPU MOBPEXKICHHOCTH. [Ipu 3TOM B pe3yibraTe aHaluza pe-
3yNbTAaTOB 3KCIEPHUMEHTAIbHO-TEOPETUUECKUX HCCIENI0BAHUN 3aKOHOMEPHO-
CTell pa3BUTHA OOHAPYKUBAETCS, YTO YCTAJIOCTHOE Pa3pyIICHHE SBILIETCS pa3-
HOMAacHITaOHBIM CITydailHBIM IPOLIECCOM IOCIEAOBATEIBHOTO MPOXOXKICHUS
OIPENENEHHBIX CTPYKTYPHBIX YPOBHEH M HE SIBISIETCS MIPOLECCOM HAKOMIECHUS
HoBpexJeHNUN. JIOCTIKEHHE TPeAEIbHBIX COCTOSHUI ONpenenseTcs: CTaTUCTH-
KOI1 pacnpesielieHusI HEOAHOPOIHOCTEH BO BCeM 00beMe Tena, a He HAaKOIUICHH-
€M TIOBpeX/eHNH. B OGONBIIMHCTBE KOHTHHYAIBHBIX TEOPHH MOBPEKICHHOCTU
OTCYTCTBYET COOTBETCTBHE MEXIY 3HAaUCHHSIMH (YHKIHMHU TOBPEXKICHHOCTH U
COOTBETCTBYIOIINM COCTOSHHEM CTPYKTYpbl Marepuana. OZHMM U3 Cylie-
CTBEHHBIX HEJIOCTaTKOB MOJIENIEH SBJIIETCS TO, YTO MaTepUalbHble (YHKIHU
OTIPENIeNAIOTCS 110 TOJIHOMY pa3pyIleHHI0. AHaTU3 3aKOHOMEPHOCTEH pa3BH-
TUSI TPOLIECCOB PA3pYIICHUS NPUBOANT K HEOOXOAWMOCTH €ro OIHCAaHHSI B
paMKax ()eHOMEHOJIOTHYECKIX MHOTOYPOBHEBBIX MOJIEINICH.

B nanno#t paboTe ans omMcaHWs PasBUTHS XPYNKOTO pa3pyIIeHHsS HpH
CUMMETPUYHOM TEPUOANIECKOM OHMIapMOHMYECKOM MPOILECCE Harpy>KeHUs
ucnones3zyercs noaxon [1,2], cormacHo KOTOpoMy pa3pylLIeHHE pacCMaTpUBAET-
Csl KaK MepapXU4ecKuil cllydailHbII mpolLecc Ha MUKPO-, ME€30- U MaKpOypOB-
Hax. CmeHa cTamuil pa3BUTHS YCTAJIOCTHOTO Pa3pyIICHHUS XapaKTephu3yeTcs
cMeHOl (m3myecknx mMexaHm3MoB. OOpa3oBaHHe Ae(PEKTOB KakKIOTO yPOBHS
IIPOUCXOAUT B PE3YJILTATE MOCIEA0BATENBHOIO 3apOXKICHUS, PA3BUTHUS U CIIUS-
HUS Ie(eKTOB NPeABIAYIINX ypoBHEH. DyHKIMA pacnpeaeeHus BEpOSATHOCTEH
JIOCTUKEHUS MPEAEIbHBIX COCTOSIHUM Ka)K0TO YPOBHS 3aJa€TCsl B BUJIE UHTE-
rpasisHOTO orepaTtopa ['minbp0epra-1lIMuara Ha Iporiecce HarpysKeHuUsI.
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CrpouTtcs cuctemMa OnpeelsIoX COOTHOIEHNH Uit QyHKLMIA pacnpee-
JICHUsI BEPOSTHOCTEH pa3pylIeHHs Ha KaKAOM MaclTabHO-CTPYKTYPHOM
YPOBHE, B KOTOPbIE BXOJAST MOMEHTHI BPEMEHH JOCTIKEHHUS MPEIENbHBIX CO-
CTOSIHUH Jle()eKTaMu MPEAbITYIUX YpoBHEH. HaxoasTcst KpuBble yCTaIoCTH 110
ypoBHsM nedektHocTH [3]. [Ipn ABYyX4acTOTHOM Harpy:KeHHH SIIpO oneparopa
COJICPKHUT JIBE COOCTBEHHBIE (DYHKIIMH W J1Ba COOCTBEHHBIX 3HaueHHA. Co0-
CTBCHHBIC 3HAYCHHS OIEPaToOpa OMPEACIAIOTCA MO TAaHHBIM OJHOYACTOTHOTO
HArpy»XEHHUS C YUETOM pPEe3yJIbTaTOB (PH3UUECKUX MCCIEIOBAHHUN IO PAa3BUTHIO
XpYNKHUX TpemuH. Monens npumensiercs st 0.23% yrnepoaucToit cranu [3,4]
MIPY IBYX9YaCTOTHOM TEPHOAMYECKOM HarpykeHHH. CTPOATCS KPUBBIE YCTAO-
CTH TI0 YPOBHAM Ne(hEKTHOCTH I OJHOYACTOTHOTO HATPYKECHUS CTAIH, OIpe-
JIETSIFOTCST COOCTBEHHBIE 3HAUYEHHs OIepaTopa. Y CTaHABIUBAETCS YIOBJIETBO-
PUTCIBbHOC COOTBETCTBUEC OIIBITHBIM AAHHBIM IPU 3aJlaHHOM OTHOIICHWUU 4Ya-
CTOT U IBYX YPOBHAX aMIUIUTYZ IO HU3KOH YacTOTC, a TaKKe JId ABYX YpPOB-
HEll aMIUIMTYJ [0 BBICOKOW uacToTe. TeopeTHueckue 3aBUCHUMOCTU MEXIY
MpCACIIbHBIMU aMIUIUTYAaM TpU 3aJJaHHOM YHUCJIEC HUKIOB COOTBECTCTBYIOT
OIIBITHBIM JTaHHBIM.

IToka3eiBaeTCs, YTO €CAM PACCMOTPETh JKBHUBAJCHTHOE OTHOYACTOTHOE
HArpy»XeHHE ¢ CYMMOM aMIUTUTY/, TO IpeAebl YCTaIOCTH IIPU COOTBETCTBYIO-
MIUX YUCJIaX MUKIOB OKa3BIBAIOTCS HIDKE, YeM MIPU pacdeTe I IBYXYaCTOTHO-
TO Harpy>XeHus, T.€. TAKOE PaCCMOTPEHHUE UAET B 3aI1ac IPOYHOCTH.

1. 3aBoitunHckas 3.b. O0mme 3aKOHOMEPHOCTH M KPUTEPUHU Pa3pyIICHUs TBEPIBIX
TECJI Ha Pa3HbIX MaCI_IITa6HO-CprKTypHI>IX YPOBHAX IPHU MJIUTECIILHOM Harpy>XCHUUN
(obobmaromas ctaths)// 3aBonckas jgaboparopus. JuarHoctuka marepuanos. T. 8.
Ne 7.2022. c. 48-62. DOI: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. [Manapun W.}O. MopenupoBaHrue XpYyNKOTO YCTaJIOCTHOTO pa3pyLICHUs CTalei
NpU JIByXYACTOTHOM HarpyKeHuu //MexayHaponHas HaydHas KOH(EpEeHIHs CTy-
JICHTOB, acCHUPaHTOB U MoOJIOAbIX ydeHblx «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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MOAEJINPOBAHUE JUOPD®Y3IUOHHBIX XAPAKTEPUCTHUK
B CUCTEME Ni-Cr B3ABUCUMOCTHU OT COCTABA

3aBucuMocTh IUG(GY3HOHHBIX XapaKTEPUCTUK OT COCTaBa M3ydaeTcs IUis
cuctembl Ni-Cr ¢ momoniplo MOAM(GUIMPOBAHHOTO METO/Aa MOJICKYJSAPHOI
cratuku [1]. BaxkHpie ocoOeHHOCTH 3TOM Momenu — pacuérHas sueiika (PS)
OKpYXXEHa YIpyroi o0JacThlo, CMEIICHHS aTOMOB KOTOPOH M KOOPAWHATHI
aTOMOB OCHOBHOU PSI HaxoasTCsi caMOCOTIaCOBaHHBIM 00pa3oM B XOJI€ UTepa-
IIMOHHON mpouexypsl. Ha mepBom stane paboThl onpenesnsuiuch SHEprun 00pa-
30BaHMs BaKaHCHi u sHeprun murpanuu atoMmoB Ni u Cr. IIpu 3TOM HCITONB-
30BaKch noteHnuansl EAM [2]. 3atem Obutd mostydeHbl KO3 HUIMCHTHI ca-
moguddy3un mis Ni u Cr Ha ocHoBe au((dy3MOHHBIX XapaKTEPHUCTHK,
HalJeHHBIX paHee. Jlanee OblM paccuuTaHbl Ko3(UIMEHTH B3aUMHON aAnd-
(Gy3un ¢ KCIOJIL30BAHHEM pPE3YJIbTATOB AIbTEPHATHMBHOW TEOPHH B3aUMHOU
muddysun [3]. [IpoBeneHo cpaBHEHHE C 3KCHEPUMEHTANbHBIMU JAHHBIMH U
MOJTyYSHHBIMU paHee 3aBUCUMOCTsIMU [utst 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 fea-
tures of this model are that the computational cell(CC) is embedded in an
elastic continuum, and also that the atomic structure and displacement of at-
oms surrounding the CC to be found in a self-consistent way during the it-
erative procedure. At the first stage of the work, we determine the of the va-
cancies formation energy and the migration energy of Ni and Cr atoms. In
this case, the EAM potentials [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. Further, the coefficient of interdiffusion are
calculate using the results of the alternative theory of interdiffusion [3]. The
results are compare with experimental data and previously obtain depend-
ences for the Fe-Ni and Fe-Cr systems.

1. AV. Nazarov, L.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. A.V. 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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MOJIEJIUPOBAHUE KACKAIOB ATOMHbIX
CTOJIKHOBEHHUU B OKCHUJE KEJIE3A FesO4

Hcnonp30BaHre MOBEPXHOCTHBIX OKCHUIHBIX CJIOEB IMPENCTABIAECT COOOM
MEPCIIEKTUBHYIO TEXHOJIOTHIO KOPPO3HOHHOM 3aIUTEI dbeppurHo-
MapTEHCUTHBIX CTaJed B peakTopax Ha OBICTPBIX HEWTPOHAX, IMOCKOJBKY IIO-
0OHOE IMOKPBITHE MO3BOJISIET NPEAOTBPATUTE MPSIMOM KOHTAKT CTAJIM C arpec-
CHBHOH OKpYIKaromei cpenoil (temnorocureneM). OQHAKO IPH dKCIUTYaTallin
B VCJIOBHSX AaKTHBHOM 30HBI PEaKTOpPa 3allUTHBIE IOKPHITHA OYIYT ITOABED-
raTbCsl BO3JEHCTBHIO HEMTPOHHOTO OOJIYYEHHMS, CO3HAIOIIErO PagdallMOHHBIE
MOBPEXKIEHUS, KOTOPBIE B CBOIO OUEPEIh MOI'YT BhI3BIBATH 00Pa30BaHKE CTPYK-
TYpPHBIX Ie(GEKTOB U IMOCIENYIOIEee U3MEHEHUE CBOMCTB MOKPBITHA. [lodTOMY
BaXHO MMETH KOJIMYECTBEHHBLIE OLICHKA 3(M(MEKTUBHOCTH CO3MAHUS DagUallU-
OHHBIX ITOBPEXICHUNA IPH OOJYYEHHH OKCHIOB, MCIIOJIL3YEMBIX B KaueCTBE
3aIIATHBIX MOKPBITHH cTayM. s M3ydeHus MeXaHu3MOB (GOPMHUPOBAaHHS pa-
IHAIMOHHBIX Ae(MEKTOB IO BO3IEHCTBHEM HEMTPOHHOTO OOJIYYEHMS IIPHUMeE-
HSETCS KOMITBIOTEPHOE MOJICIUPOBAHME, TaK KaK OLCHUTh TaKue Ae(eKThI IKC-
MEPUMEHTAIbHBIMU METOJAMH 3aTPYAHUTEIBHO.

Ilenpi0 HACTOAIIETO MCCIACAOBAHMSA SIBIAIACH KOJIMYECTBEHHAs M Kade-
CTBEHHAs OIIEHKA PaIMallMOHHBIX ITOBPEXKIEHMI, BO3HUKAIOIINX MIPU 00pa3o-
BaHWH PAIUALIMOHHO-UHIYIIMPOBAHHELIX KACKAJI0B aTOMHBIX CMEIIEHUN B IIPEI-
CTaBJIAIONIEM ITPAKTHYECKHIl nHTEpec okcuje xeieza FesOy4 (MarHeTur) ¢ uc-
I10JIb30BAHMEM METOJIa MOJICKYIIIPHON JUHAMHUKH. IIpoBeneHo MoaeInpoBaHue
CTATHCTUYECKH 3HAYMMOTO KOJIMYESCTBA KacKaJIOB CMEIICHHH, HHUIIUHPYEMBIX
B IAaIa30He YHEPTUil HepBUYHO BEIONTHIX atomMoB (IIBA) ot 1 mo 4 x3B. B ka-
YeCTBE IIEPBMYHO BEIOUTHIX ATOMOB PACCMOTPEHBI KaK aTOMBI KMCJIOPO/Ia, TaK U
aTOMBI JKeJIe3a, U MPOJAEMOHCTPUPOBAHO BIUAHNE XUMHUUECKOM mpupoasl [IBA
Ha CTPYKTYPY KacKaJoOB, a TAK)KE KOIMUECTBO M THUII CO3JaBAEMBIX MEPBUUYHBIX
pagualuoOHHBIX MOoBpexaeHnii. [1lokazano, uto yxke mpu s>Hepruu I1BA 4 k3B
(mma TIBA 060uX THIOB) MPOUCXOIUT SIBHO BRIPAKEHHOE Pa30HEHNE KACKAI0B
Ha cyOkackaapl. IIpu 3TOM Kackalbl, CO3JaBaeMble 0OJee JIETKMMU aTOMaMu
KHCJIOPO/1a, KaK IIPaBUiIO OoJiee MPOTHKEHHBIE U XapaKTEPHU3YIOTCSI MEHBIIUMU
pa3sMepaMu CyOKacKaJoB II0 CPaBHEHMIO C KacKajgaMH OT Oosiee TSIKEJIBIX aTo-
MOB jKeJjie3a Ipu cpaBHUMON HadainpHOH sHeprun IIBA. IlpenckazanHbie 3aBu-
CUMOCTH KOJIMYECTBA CO3JaBa€MbIX aTOMHBIX CMEIIEHUH OT THUIIAa U HaYaJbHOM
knHeTHUecKoi >Heprun [IBA MOryr OBITH HCIOJIB30BaHEI B pAMKaX KOMILIEKC-
HOI0 MHOT'OYPOBHEBOI'O ITOAX0Ja JJIs OLIEHKH KOJIMYECTBA CO3JAaBAEMBIX Daau-
AI[MOHHBIX MTOBPEXICHUHA B YCIOBHIX PA0OOTHI IMOKPBITHI B PEAKTOPHBIX YCIIO-
BHSX C YI€TOM OCOOCHHOCTEH KOHKPETHOTO HEHTPOHHOTO CIIEKTPA.
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SIMULATION OF ATOMIC COLLISION CASCADES
IN IRON OXIDE Fe304

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 FesO. (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 JIEI'PAJJAIIUU U ®PU3UKO-
MEXAHUYECKHUX CBOMCTB HETKAHBIX 1 IIJIEHOYHBIX
MATEPHAJIOB U3 NNOJUT'NIPOKCUBYTHUPATA

B nanHO#t paboTe OBUIO HCCIIEOBAHO PAa3IOKCHUE B MOYBE IUICHKH M BO-
JIOKHA W3 MONUTruApokcuOytupara. s ymydmeHus GU3HKO-MEXaHHIeCKUX H
JIPYTUX JKEJIAEMBIX CBOMCTB MOOABISIOT pa3iuyHbIe BellecTa [1]: monmumMepsl,
HaHOYACTHIIBI, METAJUIBL, TUTACTH()HUKATOPEL, IPOUHE TOOABKH.

Marepuan u3 [II'b u3roraBnuBamy NpsIMBIM IIPECCOBAaHUEM U 3JIEKTPOQOp-
MoBaHueM. [locne nonydyeHus MaTepuanoB Mbl IPOBEIH UCCIEJOBAHUE CKOPO-
CTH Pa3Nio’KeHUs B TIOJITOTOBJICHHOM mouBe [2].

IInenka III'b Haxoaumack B mouBe 90 nHEH, nanee MBI OMUIIEM PE3yJIbTaThI
OTIBITOB:

- Mukpockonusi: BUAHBI BKpAIUICHUs] YaCTUYEK TIOYBbI B MaTepHall.

- PaspopiBHas MamnHa: MJIEHKA rOpa3io NpoYHee BOJOKHA.

Bonoxkuaucteiit Mmatepuan [1I'b Haxoauiics B mouBe 8 JgHE, ganee Mbl ONMU-
LIEM pEe3yJbTaThl ONBITOB:

- MHKpPOCKOITHS: HCTOHYCHUE BOJIOKOH (MCXOTHBIN IHaMeTp= 5,6 MKM, IO-
CJIe TIOYBBI = 5 MKM), BKpaIUICHHE YaCTHICK ITOYBEI B MaTepHall.

- PaspbiBHas MalnHa: MakCcUMalbHas CWIa W YJUIMHEHUE IOCJE IMOYBbI
yMeHbIlIaTecs B 2 pasa.

UK cnekrpockonust y 000MX MaTepHanax Mmokas3alia BalleHTHEIC KOJICOaHUs
y C-O u C-C, JICK noka3aj yMEHbIICHHE KPUCTALTUIHOCTH.

OneIThl MOKa3anu, 4To BoJokHUCTHIN [II'b paznoxuncsa B 10 pa3 OvicTpee,
gyem mieHka. [II'b obnamgaer BhICOKONH OMOCOBMECTUMOCTBIO, TOATOMY JIS T10-
BBINICHUSI CKOPOCTH JIETPaJalliid B PACTBOP IMOJIMMEPA MOXKHO BHEIPHUTH MO/I-
XOJISIIMe HAaMmOJIHUTENH. [IpOU3BOICTBO M YTUIM3AIIUS TTOJIUTHAPOKCUOYTHUpaTa
6e30Tx01HOE [3], €ro MOXKHO 3aXOpOHHUTH B 3emiie 0e3 yiiepOa IKOJIOTHH, TaK
KaK ero MpoayKTHl pasznoxkeHus 3to CO2, Boga u bnomacca.

1. 1O.H.®unaror DnektpodopMOBaHHE BOJOKHHUCTHIX MaTepuaioB (3¢dB-mpoiiecc).
Vuebnoe mocobdbue, 2001. - 231 c.

2. TOCT P 53381-2009 “TlouBer u rpyHTel ['pyHTH muTarensHble. TexHHIeCKHe
ycnosus”. Jlata BBenenus 2010-07-01.

3. AX. Kynnos I''H. Xwxun @ypoe-KP u ®@ypre-MIK cnekrpsl noaumepos. M.,
duszmatiut,. - Mocksa: Texnocdepa, 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.

147



M.M. 3APUTIOBA®", M.I. UCAEHKOBA?, B.A. ®ECEHKO?,
E.I1. PBIKJIMHAS®, K.A. TIOJIIKOBAS, C.P. MYPBIT'MH®
AHayuonanebnwiil uccredogamenspckuil sioephulil ynugepcumem MUDU, Mocksa,
Poccusa
SHayuonanenoiti ucciedo6amenbCkuti MmexHoa02udecKull YHUGepCumen
MUCuC, Mockea, Poccus
*e-mail: mmzaripova@mephi.ru

BJIMSIHUE TEKCTYPbI HA MAPTEHCUTHBIE
INPEBPAINEHUS U MEXAHUYECKHE CBOUCTBA
B3AHUKEJIIEHOM HUKEJUJIE TUTAHA

Hukenua TuTaHa ocTaeTcss HanOoJiee MPUBICKATEIBHBIM CPEIU CIIABOB C
maMsThI0 GOpMEI Oarogaps YHUKaJILHOMY HabOpy XapaKTEPUCTUK BOCCTAHOB-
JeHUs OPMBI U MEXaHUYECKUX CBOMCTB. JIJI1 TepMOMEXaHHUeCKOi 06paboTKH
Ti-Ni cruaBoB NpUMEHSIOT pa3IMuHble BHALI MEXaHUYECKOM 00pabOTKH Me-
TaJIJIOB: BOJIOYCHUE, MPOKATKY, POTAIIMOHHYIO KOBKY W Jp. PasznyHbie BUIBI
00pabOTKU CO3AI0T MPHUCYIIYIO €l KPUCTAIUIOTPa(PHUICCKYIO TEKCTYPY.

HccnemoBaHo BIMSHUE TEKCTYPHl HA MAPTCHCUTHBIC MIPEBPAICHUS U MeXa-
HUYCCKHE CBOMCTBA MPOBOJIOK U JICHT C OJMHAKOBOM CTEIEHBbI0 HAKOILICHHOM
nedopmanuu (e = 0,6) u3 craBa Ti-50,8 at.% Ni B HICXOZHOM COCTOSIHHH (3a-
KaJka mociie aedopMaryu), a TakXkKe IOCe Pa3IMIHBIX PEKUMOB OTIXKHTA!
430°C, 10 a; 600°C, 1 u1; 800°C, 1 1.

VCTaHOBIIEHO, YTO NPH BOJOYEHHH IIPOBOJIOK (DOPMUPYETCS aKCHalbHAas
Tekctypa <111>, ycroiiunBas mpu MOCHIEIyIOIIEM OTXKUTE B TEMIIEPATYPHOM
narepBaie 430-800°C. Tekcrypa aehOpMUPOBAHHLIX JIEHT XapaKTEPHU3YETCS
npeobiaganueM TekcTypHoil komnoneHTsl {001}<110>. B pe3ynbrate oTXKura
neHT npu temieparype 430°C B Teuenue 10 u HaOmomaercs GpopMupoBaHue
TEKCTYphl pekpuctammzanuu {111}<112> Hapsay ¢ COXpaHSIOIIEHCS TeK-
crypHoii koMmnioHeHTor {001}<110>. [ToBbilIeHHE TEMIIEPATYPhl OTHKHUra JICHT
1o 800°C mpUBOIUT K COXPaHEHHIO 00CHX TEKCTYPHBIX KOMIOHEHT, a TaKXkKe K
HEKOTOPOMY UX PACCESHHUIO.

OcobeHHocTH (HOPMUPOBAHUS TEKCTYPHI MPU Pa3IHMYHBIX BHIaX 00pabOTKU
JIaBIICHHEM OOBICHSIOT pasinuue (Pa3oBBIX IPENEIOB TEKYUeCTH JIEHT M IIPO-
BOJIOK. Tak MpH pacTsHKEHUH JICHT BIOJb HAMpaBJICHUS MPOKATKHA M MPOBOJIOK
BIIOJIb OCH BOJIOUEHHS (ha30BBIA Mpe/iea TEKYYECTH B JIEHTAX OKa3bIBACTCS HHU-
)K€, YeM JII1 IIPOBOJIOK. Y CTAHOBJICHHAS 3aKOHOMEPHOCTH COXpaHSETCsS IpHU
YBEIHMYEHNH TeMIIepaTyphl oTkura oopasios ot 430 mo 800°C. D10 00BsCHSI-
eTCsl TEM, UTO B JICHTAX, XapaKTCPHU3YIOIIUXCS JIBYXKOMIIOHEHTHOH TEKCTYpPOH,
HaOJII0JaeTCs HECOBMECTHOCTH JedopMallii 3epeH pPa3HOH OpUEHTAIuH, 00y-
CJIABJIMBAIOIIAS PA3BUTHE MAPTECHCHUTHBIX IMPEBPAICHWA NpH 00jee HU3KUX
HaNpsOKEHUAX, 4eM B 00pas3iax ¢ OTHOKOMIIOHEHTHON TEKCTYpOH, KaK B CiIydae
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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BJUSHUE 3AIIIUTHOM ATMOC®EPbI HA
CTPYKTYPOOBPA3OBAHUE AYCTEHUTHOU CTAJIA 316L
ITPU CEJIEKTUBHOM JIABEPHOM ILVIABJIEHUN

O6pasiet cramm 316 L (Fe - 12 % Ni - 17 % Cr - 2 % Mo - 0,02 % C) Gbutu
cunTe3upoBanbsl Merogom CJIIT mpu cnemyrommx mapaMeTpax mpouecca: MOII-
HOCTb J1a3epa coctarisuia 110 BT, ckopocts ckanupoBanus jazepa — 750 mm/c,
paccTosiHHe MEXTy Tpekamu — 50 MKM, UCIOJIB30BaNach MIaxMaTHAs CTPAaTEeTHs
TUIABJICHHS, B Ka4eCTBE 3aIlUTHOIM aTMoc(epbl Ul 4acTh 00pasloB HCIOJB30-
BaJICs aproH, JUId APYrod 4acTH — a30T.

OcobenHocty cTpykTypsl ctamu nocie CJIII, a Takxke mocine  TOMOTHUTEIb-
HBIX OT’KUIOB, KOTOPbIE IPOBOAMIINCE IIpu TeMriepatypax ot 100 mo 1200 rpaay-
coB llenbcus B TeueHue | 4, HCCAEAOBATNCH METOJAMH  METAIIOTpahIECKOro
Y PEHTI€HOCTPYKTYPHOTO aHAJIM30B, a TAKKE C TIOMOIIBIO PaCTPOBON M MPOCBE-
YUBalOIell 3JeKTPOHHOM MuKpockonuu. Taxke Ha oOpasnax MpOBOAMICA Tep-
MUYECKUH aHAJIU3 U U3MEPEHUE 3HAUEHUI MUKpPOTBEPJIOCTH.

B pesynbTare CTpyKTYpHBIX UCCIIEIOBaHMIA OBIJIO TIOKA3aHO, YTO  HE3aBUCH-
MO OT 3aIIUTHOM aTMoc(epsl MUKPOCTPYKTypa CIUIaBa 00NafaeT CIEAYOIIUMHU
ocoberHoCTsIMH: (1) OHA MepapXUYHa — BaHHBI paciUiaBa pa3OHTHI Ha pparmeH-
TBI, KOTOPBIE pa3JieJIeHbl Ha CTOJIOYATHIC TYEHKH KPUCTAUTH3AMN OJMHAKOBOH
opueHTanuy; (2) rpaHuNBl T9€EK  KPUCTAIUIM3ALMH TPEICTABIIOT 000 00b-
€MHBIE CIIETEHUS IUCITIOKALUi, TOTOOHbIE TeM, YTO (POPMHUPYIOTCS MPH CHIIbHON
miacTuuecko nedopmanmu; (3) TpaHUIBl SYEEK 3aKPETJICHBI CeTrperanusiMu
MPUMECHBIX aTOMOB; (4) B CTPYKTYpE COXPAHSIOTCS BRICOKHE MAaKPOHAIIPSKECHUS,
COM3MEpPHUMBbIE C  MPEAeTIOM TEeKydecTH MaTepuana; (5) CTpyKTypsl 00JagaroT
KpucTajutorpagmyeckoil TekcTypoil. CrienyeT OTMETHTb, YTO SMEHCTas CTPYKTY-
pa coxpaHsieTcsl B ayCTeHUTHOM CTaJIM 10 Temreparypsl omkura 800 rpamycos
Lenscus.

BaXHbIM pe3ysnbTaToOM SIBHJIOCH TO, YTO 3aIMTHAs Cpela, HE TOBIMSAB Ha
pa3sMepHBIE XapaKTEPUCTUKU SUYEUCTOM CTPYKTYpbl, HA MapaMeTp  KpHCTaJuIu-
YECKOH PEIIeTKH ayCTeHUTa ¥ Ha MUKpPOHANpPSLKEHUS B HEH, KOTOpbIe OLEHUBA-
JIMCh TIO IIMpHUHE TU(PAKIINOHHBIX MAaKCUMyMOB Ha TuQpakTorpamme, He U3-
MEHHB 3HaY€HHWE MHKPOTBEPAOCTH, MPUHIWIHNAIBHO M3MEHHJIA KPHCTaJUIOTpa-
(hudeckyro TEKCTYpy B DKCIIEpUMEHTAJIBbHBIX 0Opa3iax. B oOpasmax, BeIpalieH-
HBIX B Cpe/ie aproHa, INIOCKOCTh ~ CKaHMPOBAHUS Jla3epa COBIAIACT MPEHMYIIe-
CTBEHHO € KpHCTaIorpagu4eckoil miockoctbio Tuna {110}, a y oOpasuos, BbI-
pallIeHHBIX B CpeJie a30Ta — ¢ TIocKocThio THIa {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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BJUSIHUE KOMBUHAUPOBAHHOM NPOKATKH U
CTAPEHUMSA HA CTPYKTYPHO-®A30BOE COCTOAHUE U
MEXAHUYECKHUE CBOMCTBA CILTABA BT35

B-THTaHOBBIE CILIABHI, Olarogaps Oojiee BBICOKHM MEXAaHUYCCKHM CBOMi-
CTBaM I10 CPABHEHHMIO C O ¥ O+ cIuiaBaM, IPEACTABIISIOT 3HAUNTENbHEIA Hayy-
HBIA ¥ npakTudeckuii narepec. B CIIA omHHUM M3 caMbIX HNEPCIEKTUBHBIX [3-
CIIJIaBOB TUTaHa sBjseTcs crias Ti 15333, KoTopelil 04eHb OJU30K 0 XUMHYE-
ckoMy cocraBy cmiaBy BT35 (Ti-15V-3Al-3Sn-3Cr-1Mo-1Zr), u o6ianaer
HaMJIYYIIIM KOMILIEKCOM CBOMCTB. Kpome Toro, B 3akajaéHHOM COCTOSIHHH OHU
00J1aJJal0T BBICOKOU IIACTHYHOCTBIO IPH KOMHATHOW TeMIIepaType, 4TO I103-
BOJIAET IIOABEPraTh UX METONAM XOJIOJHOW 00pabOTKH naBiieHUeM. Bce Tura-
HOBBIC [B-CIUIaBbI MOTYT OBITh YIPOYHEHBI TEPMHUYECKON 00pabOTKOM, COCTOs-
LI M3 3aKajJKu M cTapeHus. Bcé 3To Ba)KHO IIPU IPOU3BOJACTBE BBICOKOIPOU-
HOW THTAaHOBOW MPOBOJOKH M HEKOTOPHIX M3IENUN U3 He€, TAKMX KaK MPYTKH,
3aKJIENKH, OOJITHI U T.[I.

B pabote npoBeneHbl MCCIIENOBAHUS BIMSHHUS COUETaHUS KOMOUHHpPOBaH-
o npokatku (KII), cocrosimei u3 ropsyeil paaraibHO-CABUIOBON U pPydbe-
BOM IIPOKATKHU, ¥ CTAPEHMS HA CTPYKTYPY U MEXaHUYECKUE CBOMCTBA, TEPMHUE-
CKYIO CTaOUIBLHOCTH (ha3bl M pa3pylIeHHE IIPOBOJOKUA. AHAIU3 CTPYKTYPHOTO
COCTOSIHHS IIPOBOJUIN METOAAMU PEHTTEHOCTPYKTYPHBIX MCCIIENOBAHMM, IPO-
cBeyuBaromei u pactposoil (EBSD) mukpockonuu. Mexanndeckre cBOMCTBA
ONPEICIISIIA UCIIBITAHUSAMM Ha PACTSHKCHHUE C TOCIIEIYIONIUM aHAIUu30M (Gpak-
TOrpaMM H H3MepeHusMH MHKpOTBEpaocTu. KII mo3Boaser moiydaTte [3-
THTAHOBYIO MPOBOJIOKY C TpejeaoM npounoct 1320 MIla u miiacTHYHOCTBIO 6
% [1]. JanbHelimee eé ctapeHue Mo M0J00pPaHHOMY PEKUMY MPUBOIUT K 00-
pa3oBaHuio miactuH o(a’”’)-pa3el CO cpeaHeil ToMmMHON 0Kojo 50 HM 3a CUéT
B—o mpespainenus. B pe3ynbrare moaydeHsl 00pasipl ¢ IPeaeaoM IPOYHOCTH
2000 MITa u mpeaenom miactuunocty 1950 MITa. Oguako, MpoBoOJIOKa MOCIIE
CTapeHus: JEMOHCTPUPYET 3HAUYUTEIBHOE CHIKEHHUE IIACTUYHOCTH J10 2 Y.

HccnenoBanue BBITIONHEHO TpH Toiepxkke Poccuiickoro HayuHnoro ¢onma
(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 o
and o+ 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 a(a”)-phase plates with
an average thickness of about 50 nm due to B—a 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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BUBYAJIMBALIUSA TPOLUECCA YIUIOTHEHUS
IMMOPOIIKOBOU KOMITO3UIIUN B METAJUIMYECKOU
OBOJIOYKE IO AEUCTBUEM I'MBPUJIHOU HAT'PY3KHU

B pabote paccmarpuBaeTcst MpoIEcC YIIIOTHEHHS MOPOIIKOBOM KOMIIO3H-
min (ITK) B mMetanimdeckoit 00o1049Ke, ToABepraeMas cHadana 00KaTHIO B BO-
JOKe, a 3aTeM, 0e3 OCTAaHOBKHM Ipoliecca, BOJIOYEHHUIO (0€3 pasrpys3ku) ¢ Mar-
HUTHO-MMITYJIbCHBIM 0OkaTreM. /sl yrpaBiIeHus IPOLEecCOM TaKoro YIUIOTHE-
Hus I1K, ¢ nenpio HoCTHKEeHUs HAauOONbIeH TIOTHOCTH MOPOIIKA, HEOOX OH-
MO IOHSTh MEXaHMU3M HOATAITHOTO YIUIOTHEHHS: B3aUMOCBSI3b 1e(OpMUpPYEMOit
000104KH ¢ M3MeHeHHneM (OpMBI U pa3Mepa YacTHIL ITOPOIIKa B PE3YJIbTATe X
YIPYTOILIACTHYECKOTO Ae(hOPMHUPOBAHUS.

[IpencraBnena MeTOANKa KOMIBIOTEPHOTO MOJAEIUPOBAHUS TAKOTO CTaTH-
KO-AMHAMHUYECKOT0 MPOIIECCa, PACCMOTPEHBI €€ 0COOEHHOCTH X BO3ZMOXHOCTH.

T'ubpuanerit nponece yrmotHeHus [IK MoXHO mpencTaBUTEH B ClieAyIOmeH
MIOCJICIOBATEILHOCTHU: 3aCHIIKa MOPOIIKA B METAUIMIECKYIO 000JI0UKY - Mpea-
BapuUTeNbHAs OCeBas CTaTH4ecKas IOANPECCOBKA - MPOTAJKHUBaHHUE (BoJoYe-
HHUE) TpyOBI C MOPOLIKOM Yepe3 MAaTpHily (BOJOKY) C AMAMETPOM MEHBIIUM
JIraMeTpa TpyObl — Ha MOCJEIHEM dTare, Ha BBIXO/E TPYObI 3 BOJIOKH MIPOH3-
BOJAT PafHaibHBIN 00XUM TPyOBl MMITYIbCHBIM MAarHUTHBIM IOJeM. Takum
obpazoM, mpu ruOpuaHON TexHonoruu yrutotHeHus 1K wactuiel mopomika
nedopMupyIOTCs IO/ IefiCTBHEM OCEBOM M paHaibHON CTATUYECKOW M TUHA-
MHYECKOH Harpy30K co CTOPOHbI e(hOPMHUPYEMOH METAINTMIECKOW 000JIOUKH .

KommbroTepHoe MozpennpoBaHue uccieayeMoro nporecca ymiotHenus [1K
B aehopMHUpyeMoii 000JI04Ke MPOBOANIOCH METOJIOM KOHEUHBIX DJIEMEHTOB C
UCIIOJIb30BaHUEM ITporpaMMHOro npoaykra LS-Dyna.

Vcnonb3yemble pacuéTHbIE MOAEIM MOTPEOOBAIH, C Y4ETOM HEKOTOPBIX
0cOOEHHOCTEH TpoIecca, MX JOPa0OTKH: OpraHu3alid W pasmeneHust K-
(haitioB, co3maHWe BEPTHKAIBHBIX PACUETHBIX IJIOCKOCTEH BHYTPH OOOJIOUYKH,
CHelHaNnbHON HACTPOMKH IIKaJl BpEMEHU MOJETUPOBAHUS.

PazpaboTaHHas MeTOMKa O3BOJIIIIA CO3/IaTh BU3YaJIM3allMOHHBIE KAPTHHBI
mpoliecca yIJIOTHEHUS Ha BCEX ATalax, U3y4UTh MEXaHU3M YIUIOTHEHUS U Olle-
HUTb IUIOTHOCTDH YNIaKOBKH.

YcTaHOBIEHO, YTO HAWOOJBINEE BIUSHHE Ha JOCTI)KEHHE MaKCHMaJbHOU
IUTOTHOCTH ITOPOIIKA BIMSIET TUHAMUYECKUHN 3Tall, T.€. BappbHpyeMasi BeIUIHHA
SHEPTUH MarHUTHO-UMITYJIbCHOTO 00XHMa.

154


https://doi.org/10.1016/j.nme.2021.101071

V.A. GLUSHENKOV?Y, R. DE ALVARENGA!, I.A. BELYAEVA!?
'Samara National Research University, Samara, Russia
2Samara Federal Research Center of the Russian Academy of Sciences, Sama-
ra, Russia

*e-mail: vgl@ssau.ru

VISUALIZATION OF THE PROCESS OF COMPACTION OF A
POWDER COMPOSITION IN A METAL SHELL UNDER
THE ACTION OF AHYBRID 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 BO3JIEVICTBHS HA CTPYKTYPY
METAJUIA ITPA SJIEKTPOIIVIACTHYECKOM
N BUBPOIVIACTUYECOM D®PEKTAX

IIpu 00paboTKe METauIOB [JaBICHHEM C JOMOJHUTEILHEIM 3JIEKTPOUM-
IMyIbCHBIM MJIM BO3JECHCTBHEM HAONIOAACUTCS CHI)KEHHE ITOBEHIIICHHE I1JIa-
CTHYHOCTH M MaTepuajia. JTU SBEHHUs IOJYyYHIM HAMMEHOBAaHHE 3JICKTPOILIA-
cruueckoro (BDI1D) m Bubpomnactuuyeckoro (BIID) sddexros. Ilpu DIID
Habmrogaercs (OpPMHMPOBAaHKME 3HAYMUTEILHOIO BHOPAIMOHHOIO OTKJIHKA Ha
BO3JICHCTBHE dJIEKTpHUecKoro uMmmynsca [1]. CXoAacTBO pe3yIbTaTOB ACHCTBUS
OI15 u BIID mo3BoisieT MpeamnoIoKUTh ITOX0KECTh MEXaHHM3MOB BIIMSHHS Ha
cBoiicTBa MatepuaioB oT BIID u BuOpammonnoro orximka mpu OI1D. Ilpn
3TOM HEOOXOIUMO MPEACTABHTh OMKMCAHHE MEXaHH3Ma (GOPMHPOBAaHUS BHOpa-
IIMOHHOT'O OTKJIMKa Ha 3JICKTPOMMITYJIbCHOE Bo3aekcTue npu OIID. B [1] Ha
OCHOBE PE3YJIbTATOB HM3MEKPEHHMS XapaKTePHUCTHK BHUOPAI[MOHHOIO OTKJIMKA
MOKa3aHO, YTO TaKOM OTKIIMK COOTBETCTBYET yJapHOMY MEXaHHYECKOMY BO3-
JIEACTBHIO B MOMEHTEI, COOTBETCTBYIOIINE HAYAIy ITEPEIHETO U 3aHEr0 (PpOH-
TOB JJCKTPUYECKOrO HMMITyJbca. HampaBlieHHE Takoro OTKIIMKA 3aBUCHT OT
HampaBjeHHUS BHEIIHErO 3JIEKTPUYECKOr0 HMITyJbca. Pa3Max aMIUIMTYZHOTO
OTKJIMKA TIPH 3TOM MPOTMOPIHMOHANIEH aMIUTUTY/E AJIEKTPOUMITYJIHCHOTO BO3-
JIEHCTBHUS.

OCOOCHHOCTH 3KCIIEPUMEHTAILHBIX JaHHBIX HE MO3BOJISIOT MPU3HATH IIPsi-
MoO€ [eHCTBUE AMHAMUYECKOIO HarpeBa, NHHY-3(Pdekra, cKuH-IPdeKTa, aei-
CTBHJIE «IJIEKTPOHHOI'O BETPa» Ha Je(EKThl U JINCIOKALNH YIOBIETBOPUTEIE-
HBIM O00BsICHEHHEM (DH3UKH Mpoliecca TeHepaluh MeXaHUnIeCKoro yaapa. Jmu-
TEIBLHOCTh JCHCTBHS AWHAMUYECKHUX CHJ IPH 3TOM OrpaHMYEHA Mallof IIH-
TENBHOCTHIO, CYIIECTBEHHO MCEHBIIEH, YeM BpeMs HApOCTAaBHHUS TOKa W Mar-
HHUTHOTO I0JIs JIJIs1 IPOBOIHMKA.

C y4eToM M3JI0)KEHHOTI'0 MOXKHO IMPENOKHUTh CIICAYIOIIYIO TOCISI0BATEIb-
HOCTH (DM3MUYECKHUX MPOILIECCOB B IMPOBOJIHUKE IIPH BO3JCHCTBUH HA HETO BHEII-
HETO BJCKTPHYECKOTO0 HMMITYJIbca. B MOMEHT Hauajla BO3JICHCTBUS BHEIIHETO
SJIEKTPUYECKOTO IIOJISI B TOBEPXHOCTHOM CJIO€ HPOBOAHHKA (POPMUPYETCS
HavaJbHBIM TOK. TOJIIMHA HOBEPXHOCTHOI'O CJIOS IPH 3TOM COOTBETCTBYET
CKHH-CJIOI0 IPOBOJHUKA. HavalbHEIH TOK IPOBOJHHKA (POPMHUPYET B IMOBEPX-
HOCTHOM CJIO€ U BOKPYT IIPOBOJHHKA CKAYE€K MAarHUTHOTO MOJII. DTO MarHuT-
HOE I10JI€ B3aUMOJICHCTBYET C HadaJIbHBEIM TOKOM uepe3 npoBoAHHUK. IIpu sToM
Ha CBOOOJHEBIE HOCUTEIH 3apsfa B MaTepHale MpoBOAHHKA ¢ criioil JlopeHia.
DTa cuia BBI3BIBACT IPOSBiIEHHE NUHY-3(deKTa MId HocuTeleh >ddexra ms
CBOOOJHBIX HOCHUTEICH B IOBEPXHOCTHOM ciioe. PammanbHas cuia Jlopenua
MIPH ATOM pacrpe/ieieHa Mo 60KOBOM MOBEPXHOCTH MPOBOJHUKA U €€ BEIMYNHA
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CPaBHUTEIHHO HEBEIHKA. PagnanbHOE pacTshDKEHHE W C)KaTHE MMPOBOIHHUKA IT0-
3TOMY HE3HAUUTEIbHO U HEe (UKCHUPYETCS MPU IKCIEPUTMEHTAILHOM OIpeje-
JICHUH paJualbHBIX TUHAMAYCCKUX TEpPEeMEIIeHU U cril. i1 IpoBOJHHKA B
JAHHOM CIIydae B paJHalbHOM HallpaBIICHUH XapaKTepHa m3ruOHas (popma me-
(hopmarmu, KoTopast ABISETCS CIECACTBUEM MPOIOIBHOM Aedopmartum.

JleticTBre paguanbHON cHiibl JIOpeHIa Ha ITOJABIDKHBIC DJICKTPHUCCKHC 3a-
PsAZIbI KPaTKOBPEMEHHO, TIOCKOJIBKY CO3/1aBaCMblii PaJIMalIbHBIA TOK BBI3BIBACT
MOJISIPU3AIIAI0 TIOBEPXHOCTHOTO CJIOS MPOBOJAHHKA, MPENSATCTBYIOMIYIO J1ajb-
HeWIleMy TpoTeKaHuio Toka. [IpW 3TOM 3HAK MONAPU3ALUU HE 3aBUCUT OT
HaIlpaBJICHUs BHEITHETO 3JIEKTPUYECKOT0 UMITYJbca. PaguaabHbI TOK B Kak-
JIOM U3 CEUYCHHI MPOBOIHUKA (POPMHUPYET MPOJOIHHOE MATHUTHOE IOJIE B MPO-
BojHUKE. KpoMe 3Toro, paguaibHbI TOK B IOBEPXHOCTHOM CJIOC B3aMMOXKEH-
CTBYET C KOJBIIEBBIM MAarHUTHBEIM II0JIEM HAYaJIPHOTO TOKAa Yepe3 IPOBOIHHK.
PesympraToM Takoro B3amMMOACHCTBHUSA SBISETCS IIOSBJICHHE CHIIBI AMIiepa,
JIEHCTBYIOIIEH Ha KaJIOK M3 CeUYeHHMH IpoBomHHKA. CyIIecTBEHHO, YTO JIEH-
CTBHE JTOH CHJIBI CYMMHpPYETCS II0 BCCH IJIMHE IPOBOOHHKA, YTO BBI3BIBACT
3aMETHYIO MPOAOJIbHYIO Aedopmariy. 1 OTKINK By BHIE MEXaHHYECKOrO yaapa
B paJguajIbHOM HalpaBiicHHH. HampaBiieHHe akcHalIbHONM MEXaHHYSCKON CHIIBI
IIPU 3TOM ONPECIACTCS HAIPaBJICHUEM KOJIbIIEBOI'O MarHUTHOTO TIOJIS U, ClIe-
JIOBaTEeNbHO, 3aBUCUT OT HAIPABJICHUs BHEIIHETO JJIEKTPUUECKOTO BO3JEH-
CTBHSL.

HamnpaBnenue cuiibl AMriepa MEHSCTCS Ha MMPOTUBOTMOJIOXKHOE JIJISl 33JTHETO
(hpoHTa BHEIIHErO IJIEKTPUUECKOTO0 HUMITYJIbCa, MOCKOIBKY €ro AeHCTBHE MO-
JKeT OBITh MPEACTABICHO KaK JIEHCTBHE CTYIICHKN BHEIIHEH 3JICKTPOABIKYIICH
CHUJIBI, aHAJIOTHYHOM IIepeHEMY (PPIIOHTY, HO IPOTHBOIMOJI0KHOK IMOJISIPHOCTH.

Jle¥ictBre cuiabl AMIepa HAaBIIPaBIICHO BBCTPEYHO ACHCTBHIO BHEIIHEH
JJIEKTPOABUXKYILEH CHIIBI B MOMEHT npuxonaa ¢ponra. Takum obOpa3oM cuia
AwmIrepa orpaHHYHMBacT BEJIMYHNHY HAYAIBHOTIO TOKA M HPOSBIISIKETCS KaK JIeH-
CTBHE OTPHUIATEIHLHOM OOPAaTHOW CBATH. DTO OKAa3bIBAET JIMHEAPU3HMPYIOLIEE
JIEMCTBHE Ha 3aBUCHMOCTh aMIUIUTYIbI YIAPHOIOT MEXaHUYSCKOTO OTKIHKA OT
aMILUTATY/Ibl BHEIIHETO 3JIEKTPUYECKOPTO BO3ICHCTBHS.

[Tpomecc MexXaHWYECKOTO YJIApHOTO BO3JACHCTBUAX 3aTEM IEPEXOJUT B
MPOIIECC 3aTyXaIOMUX MPOJOJIbHBIX M CBSI3aHHBIX C HUMH IOTIEPEUHBIX KOJIe-
OaHMii, IEeHCTBHE KOTOPBIX BBI3LIBACHT MPOSBIEHHE BHOPOILIACTHYECKOTO 3(-
(bexra. OTHOCHUTEILHO MEIJICHHBIC MMOCICAYIOINE U3MEHEHHUS TOKaA Yyepe3 Mmpo-
BOJIHWK, OI'PaHMYCHHBIC CHUKECHUEM BIIMSHMS CKUH-3(DdeKTa 1 CaMOUHTYKIIH-
el MPOBOJHUKOB HE3HAYUTENbHO CKa3bIBAIOTCA Ha MPOLECC MEXAHMUECKHUX KO-
neOaHMii IPOBOTHHUKA.

1. Cksopros O.b., Cramenko B.U., Tpounkuit O.A. DaeKTpOMIacCTHYCCKUN -
(eKT 1 B3aMMOJICHCTBHE ANIEKTPUYECKOr0 MMIyJbca ¢ mpoBoguukoM // 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 Ampére 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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JAHAMHUYECKOE MEXAHUYECKOE JEHCTBUE
SJIEKTPUYECKOI'O TOKA B ITIPOBOAAIIINX 2JIEMEHTAX
MOIIHOT'O QHEPTETUYECKOI'O OBOPYJAOBAHU

DIEKTPONPOBOASAIINE MUHBI IMAXOAAT IIMPOKOE MPUMEHEHUE B COBPEMEH-
HOM 3JICKTPOTEXHUYIECKOM H 3JICKTPOMEXaHUIESCKOM CHIIOBOM OOOpPYIOBaHHUU B
KauyeCTBE KOHCTPYKIIMOHHBIX U COCTMHUTENBHBIX 3JIEMEHTOB. B KauecTBe OCHOB-
HOrO MaTepuaja Il M3TOTOBJIEHUS TaKUX IIMH HCIIONB3YETCs dJCKTPOTEXHUYE-
CKast MeJb, 00€CIICUNBAIOONIAs MaJjble JCKTPUUECKHUE TMOTEPH Ha OMHYECKOM
COTPOTHRIICHUHA. MexaHHueckass POYHOCTh MEIU CPaBHUTEIILHO Maja U o0ec-
MEeYEHNUE YCTATOCTHOM MPOYHOCTH KOHCTPYKITUH SIBJIICTCS aKTyaIbHOM 3a7a4eil ¢
Y4E€TOM YacTOr0 OrpaHUYCHHS Ha BEC JICMCHTOB. Y BEJIUYCHHE MOINEPEYHOTrO Ce-
YeHHS MEIHBIX JICKTPONPOBOISAIINX IWH JUIS TOBBIIICHUS MPOYHOCTH OTPaHU-
YeHO BIMSHHEM CKHH-3((dekTa. M3-3a ckun-3¢(deKkTa BHyTpEeHHNE HUE 00JacTh
IIMHBI He YYaCTBYIOT B IIPOXOKICHUH TIEPEMEHHBIX TOKOB, HO YBEIIMYHBAIOT BEC
¥ CTOUMOCTH TpoBOAHUKA. COBPEMEHHBIX TEXHHMICCKHE PEIICHNS, B TaKUX 00J1a-
CTSIX KaK JJIEKTPOABTOMOOWICCTPOCHN WIIM COJIHEYHAs DHEPIeTHKA, CBS3aHBI C
HMCTOYHHKAMHU ITOCTOSHHOTO TOKa. OJHAKO M B ATHX CIyYasx MOCTOSTHHBIH TOK
MIPUXO0XKHUTCS MPEOOPa30OBBIBATH B MIEPEMEHHBIN ¢ MCITOIb30BAHUEM UMITYIbCHBIX
KOHBEPTOPOB MOIIIHOCTH. DTO TOKa3bIBACT aKTYyaJIbHOCTh 3a/1a4d 00CCIICUCHUs
HAJCKHOCTH MITPOYHOCTH 3JIEKTPOTEXHUUECKUX 3JIEMCEHTOB B YCIIOBHUSX BO3-
JIEHCTBUS JIEKTPUUYECKUX UMITYJIHLCOB OOJIBIION MOIIHOCTH Ha BCEX3 JTarax co-
3[aHUS U DKCILTyaTalliy 3JIeKyTpoMexaHuueckoro obopynosanus [1]. Ha stame
M3TOTOBJICHUS 3JICKTPONPOBOISIINX IIIMH TIPH Pa3JINYHBIX BHJIaX 00pabOTKH Me-
TaIoB 3(G(GEKTHBHO HUCIOIB30BaHUE AIeKTpoIuiacTuyeckoro 3ddekra. Ha atoT-
ne cOOPOYHBIX U MyCKO-HAIaJ0OYHBIX paOOT UCITOJIb30BaHHE BHOPOITMOHHOTO OT-
KJIMKa TPH 3JIEKTPOUMITYJIBCHOM BO3JCHCTBHU 0O0ECICUHMBaET peIIeHUE 3aaad
JIMarHOCTUPOBAHMS. BuOpanms 3J1eKTponpoBOSIIUMX IIHH B MPOIecce dKCILTya-
TalliM CYIIECTBEHHO C YYE€TOM HEOOXOIMMOCTH OOECIeUEeHUS YCTAIOCTHOM
npovHocTH [2]. ITpH 5XTOM MOTYT IPOSBISITECS Pa3IMYHbIC MEXaHU3MBI TIOSBJIC-
HUSL ¥ Pa3BUTUSA Ae(DEKTOB, HAMPUMEDP, TPEUIMHOOOPA30BAHUE WM (PPETTHHI-
KOpPO3Hs MB MaTe€pHae IINHBI.

B yciaoBusix BO3ACHCTBHS DIIEKTPUUECKHUX HMMITYJILCOB Ha 3JICKTPOIPOBO-
JISIIKE IIMHBI B CIy4ae HECKOJIBKUX MapajiebHO OJIM3KOPACIIONOKEHHBIX IITHH
B IIOIIEPEYHbIE TUHAMUYECKHUE CUIIbI BHOCUT d(pdekT Oau3octu. MexaHuyeckue
BHOpAIlMK B 3TOM CJydae ONpPESsSIOTCS B3aUMOACHCTBUEM MarHUTHBIX MMOJICH
OT MPOTEKAIOIIMX IO IIWHAM TOKOB. YacToTa MeXaHWYECKHX BHOpaIuil mpu
9TOM COOTBETCTBYET YABOCHHOH YacTOTE JJIEKYTPHYECKUX HMMITYJIbCOB. Jlis
nmapajieIbHO PAacIoOJIOKEHHBIX INMHH B 3TOM Cjydae XapaKTepHO IPOsBICHHE
MONEePEeYHbIX U3THOHBIX BUOpAIUH.
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Jnisi OMMHOYHBIX, YIaJCHHO PAacIOJOKEHHBIX IIWH TPH BO3JIEHCTBMU Ha
HUX 2JIEKTPUYECKUX MMITYJIbCOB XapaKTEPHO BOSHUKHOBEHHE MBO3IICHCTBHE B
BUJIC MEXaHMYECKHUX yJapOB B OCEBOM HAaIlPaBJICHHH M U MOCJEIYIOIIUE 3aTy-
Xalolxe uKoJieObaHusl Ha 9acToTaxX OJM3KHX K COOCTBEHHON YacTOTE LIMHBI.

Amnnutyna BUOPAIIMOHHOTO OTKJIMKA OJUHOYHON LIMHBI TIPH 3JIEKTpHYe-
CKU'b BO3ACUCTBHUSX CO3IAMONINX INIOTHOCTH TOKA B COTHU W THICSIYH aMIep Ha
KBaJpaTHBI MIJUIMMETP YacTO NIPEBBINIAeT ACCATKHA M COTHH (. I[lockompKy
TaK¥e BUOpPAIMOHHBIE Meperpy3KHu HaOIIOAAI0TCS Ha BBICOKOH dacToTe aedop-
MaIus MaTeKpraia CpaBHUTEIHFHO HEBEIMKA, HO OONbIINE AMHAMUYECKHE JIO-
KaJbHBIC TIEPETPY3KH MOTYKT IIPHUBOANTE K 3aPOXKICHUIO U Pa3BUTHIO MEXaHH-
YeCcKHX Je(QeKTOB B BYWIC TPEIINH M (PETTHHT-KOppo3uu. Takue BBHICOKOYA-
CTOTHBIE BHOpAllMM MOTYT BHOCHTH 3aMETHBIH BKJIaJl B MHOTOIMKIOBYIO
CBEPXMHOTOIIMKIIOBYIO YCTaJIOCTh MaTepHaa IIxH.

AHanu3 3KCIIEPUMEHTAIBHBIX JaHHBIX MOKA3bIBACT, YTO OCEBBIE YCKOPECHUS
KOHCAJILHOTO TPOBOJHHKA, TAK)KE KaK U HEMOCPEICTBEHHO M3MEPEHHBIC JeH-
CTBYIOIL[IE B OCEBOM HAIPaBJICHUN JTUHAMUYECKHX CHJIBL, SBJISIOTCS JTOMUHH-
PYIOLIMMH B onpeiesicHin (hopMbI KOJICOAHUH TAKOTO MPOBOTHHKA.

PaccmoTrpeHHBIe TIpoIIecCHl BHOPAMOHHOTO OTKIMKA TPH JKCIDTyaTallud
MOTYT TaKkKe OBITH MCIIONIB30BAHEI B MPOIecce IEMOHTaXKa dIICKTPOMEXaHUIe-
CKOT0 000pyIOBaHUS U U3BJICUCHHS DJICMCHTOB MPOBOISIINX IIMH U3 Ma30B
MarHUTHBIX CEPICYHMKOB Ha JTale BBIBEJCHHS OOOPYIOBAaHUS M3 SKCILTyaTa-
mun. [Ipy yTHIM3aIun 3JIEMEHTOB 3JICKTPOUMITYIILCHOTO OOPYIOBAHHUS TIPHMeE-
HEHHUE DJICKTPOMMITYJIBCHOTO BO3JICHCTBHS TaK)Ke MOXKET OBITh HCIOJIb30BAHO
JUIA JIe3UHTETPaIliy 3JIEKTPONPOBOAAIINX IJIEMEHTOB KOHCTpYKIH [3]. Yyer
BUOpOaKyCTH4YECKUX 3PPEKTOB B 3JEKTPOIPOBOSLIMX IIHHAX MOIIHOTO YHEP-
TeTHYECKOT0 000pyIOBaHUS TaKUM 00pa3oM SBISETCS HEOOXOIUMBIM YCIIOBH-
€M UX JJINTEIbHON HaJeKHOW SKCIUTyaTalluu.

1. Tpounxkuit O. A., CkBopuos O. b., Cramenko B. 1. DnekrponanactiuyecKuii
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2022. — C.256-259.
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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.l. 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., Ivanov 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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BJIMSAHUE OBJIYYEHUA UOHAMMU I'EJIUA HA
MHUKPOCTPYKTYPY N ®A30BbIE UBMEHEHUA KAPBUJIA
KPEMHUA

Kapoun kpemuust (SiC) mpencraBiseT co00i MOIYITPOBOIHUK C HIMPOKOI
3anpeieHHO# 30H0M, uMeromuii 6osee 200 MOTUTHUIIOB ¢ BapHALIUSIMH 3arpe-
IIEHHOH 30HBI, OTIMYHON TETIJIONPOBOIHOCTHIO M HU3KHUM TEIUIOBBIM pacIInpe-
HHEM, XUMHYECKOH CTAaOMIBHOCTBIO, PaJUallMOHHON CTOMKOCThI0. OH MOXET
OBITH WCIONB30BaH JUIA M3TOTOBICHUS JJIEKTPOHHBIX YCTPOHCTB M CTPYKTYp-
HBIX KOMIIOHEHTOB B CHCTEMax TepPMOsIIEpHOH 3HepreTHkH. DyHIaMeHTaIbHOE
MOHVMaHNE HAKOIUICHUS M BOCCTAHOBJICHUS PaJHAllIOHHBIX MOBPEKACHUH B
SiC HeoOXoaMMO AJIs POJIBHIKEHHUSI TEXHOJIOTHYECKOTr0 MpuMeHeHus [1].

Kepamuueckue o6pasusl SiC 0buti noayuersl B MTMO HAH PB nytém
cBsi3bIBaHMs NBYX (ppakumii mopomko SiC M5 u M50 (pazmep 3é€peH 5 MKM U
50 MKM COOTBETCTBEHHO) C MOMOIIBIO TEPMOIUIACTHYHOIO CBS3YIOILIEro Ha OC-
HOBe mapadumHa P-2 W mocienyromuM CHIMIUPOBAHHEM IIPH TeMIlepaType
1800°C u maBnenum 0,13 Ila. B pesymbrate koHeuHast Si/SiC kepammka co-
nIepxut nopsaaka 78 % kapOuma KpeMHUS U MeHee 2 % eIUHWYHBIX OCTaTOY-
HBIX IO C XapaKTEPHBIM pa3MepoM J10 HECKOIBKHX MKM [2].

OO6iydyeHrne o00pasiioB MPOBOJAWIOCH HU3KOIHEPTETHUECKHMMH HOHAMU
kpunrtoHa (280 k3B) Ha yckoputene Tsxensix nonos AI[-60 (MuacTHTYT simep-
Ho#t ¢u3uku, Hyp-Cynran, Kazaxcran). O6aydeHns HOHaMU TeJHs ¢ SHepruen
40 k3B nposoaumuck 1pu ¢moencax 1-10%4, 1.10%, 1.10%, 1.10%, 5.10'6 u
2:10Y cm2,

HccnenoBanue cTpyKTypHO-(ha30BOT0 COCTOSHUS HCXOIHBIX U 00Iy4EHHBIX
00pa3ioB kapOuja KpeMHHs IPOBOJMIOCH METOJOM PEHTTEHOCTPYKTYPHOTO
ananmuza (PCA), ckaHupymomnel 3J1eKTpOHHOW MHUKPOCKOIMH, aTOMHO-CHIIOBOM
mukpockoruu. PCA npoBoguncs na mudpaxromerpe Ultima IV Rigaku) ¢ uc-
MOJIb30BAHUEM I'€OMETPUH Mapaie’bHoro nydka B MegHOM (CUko) M3myueHnn
¢ ;umHOU BOJIHBI 0,154179 HMm.

PesynpTathl uccnenaoBanuii (ha3oBOTO COCTaBa MOKAa3aiM, YTO HCXOIHbBIE
o0pasipl npeacTaBisIoT coboli MHorodasnyo cucremy: SiC-6H — rekcaro-
HaneHas (P63mc) cunronus, Si— kyouueckas (Fd-3m) cunronus u SiC-15R —
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TpuronanbsHast (R3m) cunronns. OcHoBHO# dazoii siBisercs SiC-6H (okorno 80
%), conepxanue ¢a3pl SiC-15R — okomno 15 %, Si — menee 5 %.

[Ipy 0O0nydeHHH NPOMCXOAUT W3MEHEHHE MapaMeTPOB KPHCTAJUTMUECKON
peretkn 6H-SiC. DT M3MeHEHHsT POUCXOAT B TPU JTala: yBEIHYCHHE Ma-
paMeTpoB, a CIeI0BAaTEIbHO W HANPSDKEHHH (B HANPaBJICHUN a CKUMAIOIINX, B
HAIpaBJICHUH C PACTATUBAOLINX), YTO CBA3aHO C 3aPOKACHHEM Iy3BIPHKOB Te-
nust; cOpoc HampshDKeHUH (cmaz nedopManuu) B pesynbrare 00pa3oBaHHS ITy-
3BIPHKOB; YBEIHMUCHNE HANPSKEHUH M3-32 POCTA TENUEBBIX IMy3bIpel pa3mepa
[3]. Crenyer Tarke OTMETHTD yBEMYEHUE TAPAMETPA PELICTKH a U yMCHbIIIe-
Hue c. Takoe moBeeHNE KPUCTAUIMYECKON PEIIETKH Ha3bIBACTCS PajnallMOH-
HBIM pocToM. DTOT 3 dekT XapakrepeH B ocHoBHOM i ['TIY meranios, oco-
OEHHO JUTS IIMPKOHHMS.

Taroke 00ydeHHe MPUBOJUT K aMOp(HU3aLUH TPUIIOBEPXHOCTHOTO CJIOS U
YBEJIMYCHUH ILIEPOXOBATOCTH, YTO MOJATBEPKAACTCS JIUTEPATYPHBIMHA UCTOUHH-
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 1V 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-SIiC 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 UCCJIIEAOBAHUSA OJHOPA3HBIX
KOHUEHTPUPOBAHHBIX TBEP/IbIX PACTBOPOB HA
OCHOBE V-Nb-Ta-Ti 1P OBJIYYEHUU NOHAMMU
KPUIITOHA

OJIHUM W3 IEePCIEKTUBHBIX HANpPaBJICHUH HCCICHOBAHUN B COBPEMCHHOM
MaTepHAIOBEICHUH SIBIISIETCS U3YUEHHUE CBOMCTB M METOAOB IOJYUYEHHUS BBICO-
KO3HTponHitHbIX ci1aBoB (BOC) Ha ocHOBe 0HO(A3HBIX KOHIICHTPUPOBAHHBIX
TBepABIX pacTBOpoB. BOC cOCTOAT M3 4eThIpeX WM 00jee MEeTaTHUEeCKHX
3JIEMEHTOB, CMEIIAHHBIX B YKBUMOJISIPHOM WIIA OJTU3KOM K SKBUMOJISIPHOMY CO-
otHowmenuu [11].

BOC na ocHoe V-Nb-Ta-Ti ObUIM CHHTE3UPOBAHBL C UCIIONB30BAHUEM Me-
TaJJIOB BBICOKOI YHCTOTHI (>99,9%) METOIOM AYroBOil INIaBKH C IOCIELYIO-
el roMoreHu3aIreil. 3aTeM NPOBOIMIM OTKUT B TeueHUe 24 1 72 4acoB IpH
temmneparype 1150 °C ¢ mpomexyToyHOM XOJIOAHOM mpokaTtkoil mo 85% co-
KpareHus ToMmuHEL. O0pasIel 00ydany Ipu KOMHATHOW TeMIepaType HoHa-
mu Kr'%* ¢ sneprueit 280 k3B u dmroencom 5x10%° cm2,

Bruto ycraHoBieHO, 4TO 0OJydYeHHE HE NPUBOAMT K HM3MEHEHHUIO MHUKPO-
CTPYKTYPBI TOBEPXHOCTH, (Pa30BBIM IEPEXOIAM U 3HAUUTEIHLHOMY N3MEHEHUIO
pacrpezelieHus 3JIEMEHTOB 10 00beMy U HMOBEPXHOCTH. OJHAKO CTUMYJIUpPYeE-
Masi usiaydenueMm auddysus 0osee JETKUX JJIEMEHTOB ObLia OOHapyKeHa B
BAC na rimyoune mpobera nonos Kr'#*,

HccnenoBanre MUKpPO- U MaKpOHAIPSKEHUH MPOBOIMIIOCH METOIaMHU XOJI-
nepa-Barrepa u siny. 3HAUNTEIBHOE CHIDKEHHE CKHMAIOIIMX MAKPOHAMPS-
JKEHMH ObUIO 00HAPYKEHO BO Beex obpasuax cucreMbl V-Nb-Ta-Ti u yBenuue-
HU€ MUKDPOHAIIPSKECHUM B 00Jiee CIIOKHBIX cucTeMaX. I[locTpaaualoOHHBINA OT-
JKUI [IPUBOAMT K PEJAKCAllMU PACTATMBAIONIMX HamnpspkeHui B crase V-Nb-
Ta-Ti. BeisBiieHa 3aBUCUMOCTDb MEXKAY 3HAYCHUSIMH MHKPO- U MaKpOHaIpsiKe-
HUW Y 3HAYEHUSIMH HAHOTBEPIOCTU M MOJIYJS YIPyrocTd. B pabore MblI mo-
JIPpOOHO aHAJM3UPYEM MEXaHU3MBlI 00Pa30BaHUs PaJUALMOHHBIX Je(PEKTOB B
KOHIICHTPUPOBAHHOM TBEPJIOM PACTBOPE U BIMSHUEC MOHOB KPHUIITOHA HA OCTa-
TOYHBIC HAMTPSDKCHHUS.

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'#* ions with an energy of 280 keV and a fluence of 5x10° ¢cm2,

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 Kr4* 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 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'#* ions with an energy of 280 keV and a fluence of 5105 cm2,

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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OBOJIOYKA TBJJIA U3 CIIVTABA 3110 O.4. C XPOMOBBIM
IHOKPBITUEM

Co3gaHue TojepaHTHOTO ToruMBa 1t ADC sBngercs OJHOW U3 MPHUOpU-
TETHBIX 3a7ad ISl TOBBIMICHUS CTOWKOCTH TB3JIOB B PAa3lIMYHBIX aBapHUIHBIX
curyanusx. s obecriedeHus yKa3aHHOTO TpeOOBaHMs ObIIT pa3paboTaH METOox
HAHECEHUs 3alUTHOTO MOKPHITHS Ha LUPKOHHEBBIE 000JI0uKH TBINOB D110
0.4.

Brimn M3roToBNEHBI IKCHEPUMEHTANbHBIE TB3JIBI TUHOpazmepa BBOP c
YTOHEHHOH 000JI04KOW 1 TabjeTkamu 0e3 LEHTPaJIbHOrO OTBepcTUs. B Hacto-
AIIee BPeMsl TBAJIBI C XPOMOBBIM IOKPBITHEM OOJIyYalOTCsS B HCCIENOBATEIb-
ckoM peaktope MUP mpu JmMHEHHBIX HarpyskaX, XapakTepHBIX AL peakTopa
BBDP-1000.

Ha ceromusmHuil 1eHb NOJIYYEHBI pe3yIbTaThl PEaKTOPHBIX U ITOCIEepeaK-
TOPHBIX MCCJICIOBAHUH TBAJIOB TOJIEPAHTHOTO THIIA TTOCIIE OOIYUSHHMS 0 BBITO-
panust ~ 30 MBt-cy1/krU. XpoMoBOe MOKPHITHE COXPAHUIIO CBOIO LIEJIOCTHOCTh
U CIUIOIIHOCTh. OKHCIIEHHE HapyKHOW MOBEPXHOCTH OOOJOYKH MPAaKTHYECKU
OTCYTCTBYeT. PeakTopHbIE HCTIBITAHUS TPOAOIIKAIOTCS.
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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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IMOJIMMEPHBIE MEMBPAHBI C TISIN HOKPBITUSIMHA
JJIA ITPUJIOKEHUU CEPAEYHO-COCYAUCTOU
XUPYPTUN

o cratuctuke cepredHO-COCyIUCThIE 3a00I€BaHUS SIBISIOTCS OTHOM
W3 TJaBHBIX NPUYMH CMEPTHOCTH BO BceM mupe. OmHuUM W3 Hambomee
3¢ (EeKTUBHBIX CIIOCOOOB BOCCTAHOBJICHHS COCYNa SIBISICTCS 3aMEIICHUE
€ro MOPaKEHHOT'O yyacTKa ¢ TPOMOOM Ha MCKYCCTBEHHYIO MeMOpaHy [1-
5]. BbINOIHEHO MIa3MEHHOE MOIH(DUIIMPOBAHNE MOJUMEPHBIX MEMOpaH
n3 mnomuBuHUMaeHPropuga (IIBJD) u ero comonmmMepa BHHU-
muneHdropuaa ¢ terpadropstwieHoMm (BAD-TDE) ¢ momompio nyamb-
HOI'0 MarHeTPOHHOTro pacnbuieHus Tiu Si MuiieHel B atMmocdepe aproHa
u a3ota. Llenb HacTosel paboThl — HCCIeI0BaHNUE BIUSHUS AJIUTEIIBHO-
CTH TUIa3MEHHOW OOpaOOTKH TMOJMMEPHBIX MeMOpaH Ha MX (YHKIHO-
HaJIbHBIE CBOMCTBA.

MemOpanbl ObLM MONTydeHbl U3 6 macc.% pactBopa B/ID-TDD wu
I[IBJ® c cootHomeHueM 4 k 1. B xauecTBe pacTBOpUTENS HCIIOJIB30Ba-
Jlach CMECh alleToHa U JUMeTWIaneramusia B cooTHomenny 4 k 1. Moau-
¢uuMpoBaHUE MOBEPXHOCTH MEMOpaH OCYLIECTBISUIM C IOMOILBIO Y-
IPHOI MarHeTpoHHOH pacnbutuTensHOR cuctemsl ¢ Ti (99,9%) u Si
(99,99%) muiiensimu B armocdepe aprona u asora. [IpeaBapUTENnbHO
ObUT BeIOpaH pexuM ocakaeHHs TiSiN MOKPBITHS C MOMOIIBIO OIpese-
JICHUsI TUCTEpEe3nca pa3psaHOTO HANpsDKEHHWS B CMECH aproHa W a3ora.
Mopdosoruio moIUMEpHBIX MEMOpaH MCCIEeNI0BAINd METOIOM CKaHHpPY-
tonied anekTpoHHor Mukpockornuu (COM). [NoiydeHHbIe n300pakeHHs
00pabaThIBaiM ¢ TIOMOILBIO MporpaMMHoOro obecrieuenus Image J. Dime-
MEHTHBIH COCTaB MEMOpaH HCCIEOBAIM METOAOM SHEProMCIepPCHOH-
HOHM peHTreHoBcko# crektpockonuu (3C). M3mepenus kpaeBoro yria
CMa4MBaHHs IOBEPXHOCTH U pacyeT CBOOOTHOM MOBEPXHOCTHOM SHEPTHH
(CIID) o0pa3ioB MOIU(HUIMPOBAHUS TPOBOAWIA C TOMOIIBIO METOJa
nexared karum Ha puoope DSA 25. KpaeBbie yriipl cMaunBaHUS BOJBI
u QopmMaMua, a TakKe MOBEPXHOCTHASI SHEPTusi, ObUIM PacCUMTaHBI C
ucrnonb3oBanneM Metoga OyHca-Bennra-Pabens-Keensbne (OBPK).
Ucnpitanus OMOCOBMECTUMOCTH MEMOpPAH BBIIOIHIIOCH IS KJIIETOYHOM
CTPYKTYPbI U3 YEJIOBEUECKHX MYJIbTUIIOTEHTHBIX ME3EHXUMAIBHBIX CTBO-
noBeIX KieTok (MMCK).
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B pabote 0b110 MOKa3aHO, YTO MPU YBEIWYECHUH JUIUTEILHOCTH 00pa-
0oTkM MeMOpaH HaOIOMAIOCh M3MeHeHHe nx Mopdomoruu. [lpu mm-
TENbHOM 00paboTke B IUIa3Me€ MarHeTpoHa MNPOUCXOIMIIO YacTHYHOE
OIUTIaBJIeHHE MeMOpaH, MPUBOIIIECE K MOMEPEYHbIM pa3pblBaM X BOJIO-
koH. [Ipu yBenmuennn BpemeHn Moaudukarmy ot 3 10 40 MUH IpOHUCXO-
JIUIIO YBEJTMUEHHE CPEeAHEro Auamerpa BosiokoH oT 0,48 mo 0,69 MxmM, uto
00yCJIOBIEHO KOH/EHCANWEH MOKPHITHS Ha BOJOKHAX MeMOpaHBI Jie-
MEHTHBIH COCTaB TOBEPXHOCTH W3MEHSUICS MO Mepe YBEJIMYEHHs JUTU-
TEIBHOCTH TUIa3MeHHOW Momudukanmu. Konmenrpanmn Ti, Si, N u O
MpaKTUYECKH JIMHEHHO BO3pacTaioT, a koHueHtpauu C u F, HaoOopoT,
YMEHBIIAIOTCS TP YBEITMYEHUH TUTEIBHOCTH 00paboTku ot 3 mo 40
MuH. He 3aBHCHMO OT JUIMTENBHOCTH IUIA3MEHHOW MOAM(UKALUK T0-
BEPXHOCTH HCCIETyeMBIX 00pa3loB HE HAONIOMaeTcs 3HAYMMOTO H3Me-
HEHUS yIja CMayMBaHHs BOJOW MOBEpXHOCTH oOpas3ioB. OmHako, Kpae-
BOM yron ¢opmMaMuaa yMeHbIIaeTcs oT 41 10 6° 1Mo Mepe yBeTUdeHHs
JUTATEIILHOCTH TUIa3MEHHOHN 00paboTku oT 3 10 40 MUH, COOTBETCTBEHHO,
a Takke HaOIOAaeTcs yBeNHMYeHe CBOOOIHON TTOBEPXHOCTHOW YHEPTUHI
10 ~2500 mJIx/M2,

AHaIm3 TIOIy9EeHHBIX PE3yIIbTaTOB OMOJIOTHYECKUX UCIIBITAHUI C T10-
MOIIBIO  (DITYyOPECIIEHTHOW MHKPOCKOIHMH C KOJNWYECTBEHHBIM W Kaue-
CTBEHHBIM aHAJIM30M aJre3MpPOBABIIUXCS KIIETOK, a TaKKe METOAOM
COM, mnokazan HEIHHEHHYIO 3aBUCHUMOCTb MPHKUBAEMOCTH KJIECTOYHOH
CTPYKTYpBI OT YCJIOBHH MoauduKanuu MeMOpaH. MakcUMasbHas pH-
JKUBAEMOCTh KIJIETOYHBIA CTPYKTYpPHI 3a()UKCHUpOBaHa Ui 00pasia, oopa-
060TKa KOTOPOTO B TUIA3M€ BHITIOIHIIACH B TedeHue 10 MuH.

[onmy4yennbie B paboTe pe3ynbTaThl CBUIETENBCTBYIOT O BO3ZMOXXHOCTH
N3MCHCHUSA TMOBEPXHOCTHBIX CBOICTB TMMOJIMMEPHBIX MeM6paH B ILJIa3dME
MarHeTPOHHOW PACHBUIMTENBHOW CUCTEMBI 0€3 W3MEHEHHS O00BEMHBIX
CBOMCTB TIOJIUMEpa, JJISl IOCTHKEHUS] ONTUMAJIBHBIX MapaMeTpoB (QyHK-
[TUOHAIILHBIX CBOWCTB TpeOyeTcs ONTHMHU3aIsl Tpollecca IUIa3MEeHHON
MoAM(UKAIMU MEMOPaH MO €ro JUTUTEIbHOCTH.

HUccneoosanue gvinonneno npu nododepoicke Poccutickoeo HayuHo2o
¢onoa (npoexm Ne 21-73-20262).

1. Moore MJ., et al. // Trends in Biotechnology, 40 (2021)693-707.
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2. Manabe K. et al. // Tribology International, 156 (2021)106843.
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OBPA30BAHME ITAPOB BO/IbI ITPU JEI'AZALIUN
BOJOPOJA C HOBEPXHOCTHU KATAJIMTUYECKHA
AKTHUBHBIX 3JIEKTPOJIOB EMKOCTHbBIX M/III-CEHCOPOB

Pa3Butne sHepretuku (B T.4. SJACPHOM M BOAOPOJHOI) 0OyciaBiIMBaeT
HEOOXOANMOCTb pa3pabOTKH M HCCIIEAOBAHUS HOBBIX MaTepUalioB, KaK CTOW-
KUX K JIeTpajalliil CBOWCTB KOHCTPYKTHUBHBIX 3JIEMEHTOB PEAaKTOPOB IO JEH-
CTBHEM BOJIOPO/A, TaK M CHOCOOHBIX HAaKaIIMBATh BOJOPOJ C IEIBIO €0 Xpa-
HEHUsl, TPAHCIIOPTUPOBKHU U pacripeaencHus [1, 2]. AKTyadbHbI U BaXKHbBI TaKKe
CPEACTBAa ONEPAaTHBHOTO KOHTPOJS KOHLEHTPAIMH (CHUTHAIM3AINH YTECUKH)
B3PBIBOOIIACHOTO T'a3a, 0co0yI0 posib B pa3pabOTKE KOTOPBIX MUIPAIOT KaTalH-
TUYECKU aKTUBHBIC METAJUIBI JIATHHOBOI IPYMIEI, KaK B YHCTOM BHJE, TaK U B
cocTaBe KOMIO3UTOB [3]. B X0/l S3KCIIEpUMEHTOB IO UCCIIEIOBAHUIO UyBCTBH-
TEILHOCTH K BOJAOPOAY B Bo3ayxe eMKocTHbIX M/III-ceHcopoB ¢ anexTpogaMu
U3 Majaaus ¥ IUIATHHBL ObLT 3apErHCTPUPOBaH d(PPEKT MOBBILCHUS BIAKHO-
CTHU HUCCIIENYEMOU Ia30BOM CMECHU IOCIE CHATHUS BO3JEHUCTBUSA BOJOPOAA, T.€. B
npouecce Aerazanuu. M3BectHO, 4To 3TOT 3 (GEKT XapakTepeH AJsl mpolecca
JIecopOLM BOJIOPOAA C IOBEPXHOCTH IIATHHOMIOB U BIMSIET HA MEXaHHU3M Ta-
30BOM UYBCTBHTEJIHHOCTH TBEPJOTEIBHBIX Ta30BBIX CEHCOPOB. B pamkax
HacTosiel paboThl McciIe0BaHa 3aBUCUMOCTb HHTEHCHBHOCTH 3TOT0 3 dexra
OT KOHIIGHTpaIlMu BojopoJa u pabdoueid Temneparypsl MIII-cencopoB B nua-
nazoHax ot 100 ppm 10 1 % 06.1. 1 50-150°C, cOOTBETCTBEHHO, a TaK)XXe MOp-
(onornM MOBEPXHOCTH 3IIEKTPOJOB, M3TOTOBIEHHBIX METOJAMH OCaXKICHUS
TOHKHUX IUICHOK B BakyyMme. [lonyueHHbIe pe3ysibTaThl CIOCOOCTBYIOT IMOHUMA-
HUIO YCJIOBHMH, HEOOXOJMMBIX UIsl YIIy4IIEHHs IIapaMeTPOB CTAaOMIILHOCTH Xa-
PaKTEpPUCTHUK Ta30BBIX JAaTYMKOB aJCOPOIMOHHOTO THIIA, B T.4. HA OCHOBE
MAII-cTpyKTyp.

Pa6ora mognepxana PH® (Cornamenne 18-79-10230 ot 08.08.2018).

[1] Yepnos U.H., CtansuoB M.C., Kanun b.A., Boraues I1.A., I'ycesa JL.IO., Koprry-
HOB CH Bimisgane XMMHYECKOro cocraBa U C’I‘pyKTypHO-(i)aSOBOI‘O COCTOsAHHA MaTe-
pHasoB Ha ynepxkaHue Bogopona. Meramier. 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 1., 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.

[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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U3MEHEHUE ®U3NYECKUX CBOMCTB TOHKUX IJIEHOK
XAJIBKOTEHUIHBIX ®A3OM3MEHSIEMbIX MATEPHAJIOB
nPU TEPMUYECKOM BO3JEUCTBUHN

OOpatnmoe IepEKIIOYEHNE MaTepHaia MEXAY aMOP(GHBIM M KPHUCTaJIHYE-
CKHM COCTOSIHUSIMH U €r0 IPHMEHEHHUE I XpaHEHUs JaHHBIX BOCXOIMT K 1960-
M ToAaM, K XUMHYCCKUM M METAJTyPrHUCCKUM HCCIICOBAHHIM ITOPOIOBOIO IIe-
PEKITIOUEHHS B HEYITOPSIOUYEHHBLIX CTPYKTYypax. OBIIMHCKHUKA OLLI ITHOHEPOM B
00J1aCTH CO3JaHUSI YCTPOMCTB HA OCHOBE XaJbKOTCHUAHBIX (a3oM3MEHIECMBIX
Marepuaios (OMIM) B 1960-x rogax [1]. Oxguum n3 Hanboiee U3BECTHRIX U IIEP-
BBIM HAIICIIINA IpHMEHEeHHE (ha30U3MEHSIEMBIX MATCPHAIOB SBIIIECTCA IOJY-
MIPOBOIHHUK-CETHETONIEKTPUK Teimypun repmanus (GeTe). Ilosz-xe mmpokoe
[IpUMEHEHNE Hanuio TpoiHoe coemunenne GeShoTes (GST) Gmaronmapss Ooiee
HHU3KO# TemMmepaType ($ha30BOro mepexoa, 4To JejaeT YCTPOHCTBA Ha €ro OCHOBE
MeHee dHeproeMkumu 1o cpaBHeHHMIO ¢ GeTe [2]. MaTepecHoil 3amadeii sSBIIS-
JIOCh HaWTH MaTepuall ¢ HauOosee BEICOKUM KO3(h(UIMEHTOM ONTHYECKOrO Ka-
yectBa (An/Ak), Cesaroii I'paans onrruku. GST, nterupoBannsiii cenneHoMm (GSST),
o0mamaeT OeCIPeNeaeHTHOW MPOKOMOIOCHOW ONTHYECKON MPO3PAauHOCTHIO U
HCKIIFOYUTENILHO OOJBIINM KO3(h(MUIIUEHTOM OINTUYECKOr0 KayecTBa IOYTH BO
BceM uH(ppakpacHoM crekrpe [3]. Takum 06pa3oM, 3TOT MaTepraj IpeacTaBisieT
co6oit HoBbIH Kimacc PMM, B koTopoM (ha30BBIH ITEPEXO]T BEI3BIBAET TOJHLKO MO-
JYJSIIAIO TIOKA3aTellsl PeToMIIeHUsT 6€3 COMyTCTBYIOIIUX MOTEPh, CBA3aHHBIX C
M3MEHEeHHEeM Kod(h(HUIMEHTa SKCTHHKIUH.

[TonHOEe MOHMMaHWE MeXaHHM3Ma IEePEKIIOUCHHs, 00s3aTeIbHOEC KaK IS
(byHIaMeHTaIbHBIX 3HAHHMH, TAK U IS TEXHOJOTHUECKUX IPHIIOKEHHUH, elle He
JIIOCTUTHYTO. Ba)KHO OTMETHTH, YTO IMPOUCXOKIEHNE ONTUYECKOTO U DJIECKTPO-
(usuyeckoro xkouTpacta B MM oTianyaeTcss OT KOHTPACTa B KOBAJIEHTHBIX
monynpoBoaHuKax (Hampumep, Si 1 GaAs), B KOTOPBIX JIOKAIbHOE PACIOI0Ke-
HHE aTOMOB OCTaeTCs HEM3MEHHBIM, & KOHTPACT BO3HUKAET B MIEPBYIO Ouepeb
M3-3a Pa3MBITHS SJIEKTPOHHBIX COCTOSHHUM U 00pa30BaHUS «XBOCTOBBIX» COCTO-
SHUK B 3anpeiieHHor 30He [4]. B ®VIM koHTpacT 00YyCIOBICH M3MECHEHHEM
JIOKQJILHOT'O PACIIOI0KEHHS aTOMOB, IIPH KOTOPOM KoopauHanus Ge Imepexito-
YaeTCsl MEXIY OKTadAPHUYECKUMHM (B KpHCTA/UIMYECKOH (ha3e) u TeTpadapude-
ckumu (B aMophHOI (a3e) COCTOSHHUIMH, YTO CBSI3LIBAIOT C OOJBIION IIJIOTHO-
CThIO COOCTBEHHBIX BaKaHCHI U PE30HAHCHBIC XUMHUECKHE CBs3u [S5]. Apyrumu
BaXXHBIMH CBOHCTBaMHM, oOecrmeumBaromuMu KoHTpacT B DUM, sBISrOTCS
aTOMHBIE CBSI3U P-THIIA U KOJUYECTBO BaJEHTHBIX 2JIEKTPOHOB (4 u Ooiree) [6].

B pabote npeacraBieHsl pe3yabTaThl KOMIDICKCHOTO UCCIICIOBAHUS TEMIIC-
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paTypHOU IMHAMHKH YACIBHOIO 3JICKTPUUYECKOIO COMPOTHUBICHUS U KO3 hH-
LMEHTA ONTHYECKOr0 MPOIYCKAHUs, SHTAILINH (ha30BBIX IIEPEXOJ0B, CTPYKTY-
pol 1 ciiektpoB KPC o6pasnos GeTe, GST u GSST, noiry4eHHBIX METOIOM Ba-
KYYMHOTO TE€PMUYECKOTO HAIbUICHUS. Y ACIbHOE YJIEKTPUUSCKOE COIPOTHUBIIC-
HHE TOHKHX IUICHOK M3MEPSJIOCh B JIBYX30HIOBOI CXeMe ¢ IOMOINBIO YHHUBEP-
CaJIbHOTO aBTOMATH3UPOBAHHOTO ABYXKAaHAJIbLHOTO BOJIBTMETPA CO BCTPOCHHBIM
HMMITYJIbCHEIM UCTOYHHKOM MUTAHMS. J[JIg HCClIe0OBaHMs TEMIIEPATyPHOI 3aBHU-
CcHUMOCTH Kod¢(dHIeHTa IPONYCKAHUA NPH MPOILECCE KPUCTAIIM3AIUNA U(-
POBLIM OCIUJUIOrpadGOM PErMCTPUPOBAICS YPOBEHD BEIXOJHOI'O CHIHAja, COOT-
BETCTBYIOIIUH HHTCHCHUBHOCTH IPOXOMSAIIETro depe3 oOpasell HEMpephIBHOTO
m3nydyenus. VccieqoBanuss TEPMOKMHETHUECKHX CBOMCTB 00pa3IoB IIPOBOIHU-
JI1 METOAOM CHHXPOHHOTO TEPMHUYECKOTO aHanu3a — TepmorpaBumerpun (TI)
— muddepenuuanpaoli ckanupyrowmeil kanopumerpun (JICK). Ucciaenosanue
M3MCHEHHUS CTPYKTYPhl 00pa3loB TOHKUX ILICHOK, OCYIICCTBISIOCH METOIOM
peHtreHoBckoil qudpakuuu (XRD) Ha peHTIeHOBCKOM MOPOILIKOBOM AU(paK-
toMerpe (CuKo - m3nyuenue). s 3Toro mepen KakIbIM U3MEpeHHEM o0Opas-
LBl BBIJEPKUBaIU B Teuenre 30 cexyH[ IpH 3aJaHHOI TeMIlepaType B CICIH-
aNbHO 00OPYIOBAaHHOH KaMepe C TepMOPETYIATOPOM U MPOTOYHOM aTMocde-
poii aprona [5].

®a3oBblii epexo U3 aMOP(GHOI'0 COCTOSHUS B KPUCTAIIMIECKOE 00pas3IioB
GSST mpoxoaua ¢ MHTEHCUBHOM IIEPEKPUCTAIUIM3AIMEN BBUIY BBICOKOHM TEp-
MHYECKOH CTaOUILHOCTH amopdHOi (a3bl. [lokazaHo, YTO CKauKOOOpPa3HOE
W3MEHEHHE YEIbHOTO 3JIEKTPOCOIPOTUBIIEHUS i TOHKomieHouHoro GST
cocTtaBuio S5 mopsaakos, a g GSST »Ta BennunHa nocTHUTANIa 6 TTOPSIKOB, H3-
MEHEHHE OTHOCUTEILHOI0 ONTUYECKOT0 IponycKaHus pocturaio moutu 100%.
TemneparypHble 00JaCTH € MAaKCHMAJbHBIMH 3HAYEHUSIMH IIPOU3BOIHBIX
YJEIBHOTO CONPOTHUBICHUS U ONTUYECKOTO MPOITYCKAHUS XOPOIIO COrIacykoT-
Csl C TEeMIIepaTypaMu KpHcTaILTH3an ((pa30BEIX MEPEX0I0B), ONPEACIIEMbIMU
metoaom JICK.
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BO3MOKHOCTH UMII B TOBBINEHUA KAYECTBA
U3AEJUU, ITIOJYYEHHBIX C IOMOIIbIO AAAWTUBHBIX
TEXHOJOT' T

OnHolt U3 3aa4u NPU U3TOTOBJIICHUH M3/ENUI MAIIMHOCTPOEHHS U3 TOPOIIKO-
BOM KOMITO3UIIMY SIBJISIETCA 3aja4ya MOBBIIICHHUS KauecTBa MaTepuaa: yIydlleHue
CTPYKTYPBI X MEXaHUUECKUX CBOHCTB.

B nayunbIX pabotax [1,2] s perieHns HCTIoIb3yeTcs UMITYIbCHOE MarHUTHOE
nore (UMII), nprraem sueprust UMIT npuMeHsieTcss B OCHOBHOM Ha 3Tare H3ro-
TOBJICHUS MOy (HhaOpPHKATOB MM U3ICIHH.

B nanHO# paboTe caenaHa MOIBITKA MOBBIIICHNS Ka4eCTBA ITOBBIICHUS Kade-
cTBa m3nenmii myteM Bo3nericTBus MIMII Ha 0Opasipl, MOTyYeHHBIE ¢ TIOMOIIBIO
anaUTUBHBIX TexHomnoruii (AT).

B skcneprMeHTaX NPUMEHSUINCH IUIOCKUE 00pasiibl, N3TOTOBJICHHBIE C ITOMO-
mpio AT amomunueBoro mopoinka AlSilOMg ¢ pasmepamu mopouimHok 5-60
MKM. [Ipu Bo3neiicTBun Ha oOpasipl UMII, B HUX HaBOJATCS BUXpEBbIe TOKU Be-
JIMYUHOH B HECKOJIBKO JECSTKOB KujloamIiep. B pesynbpTaTe TepMHUECKOTrO BO3/ICH-
CTBHH, BBISIBIICHO N3MEHEHNE MUKPOCTPYKTYPHI IO TPAHHIIAM YaCTHI - I3MECHEHHE
BEJIMYMHBI CTOJIOYATHIX KPUCTAUIOB. Y KaK CIIEACTBHE YCTAHOBICHO MOBBIIICHHE
MHUKpPOTBEPAOCTU Marepuana oOpabotanHeix HMII o0pasmos Ha 30-
40%.MccnenoBanue, ocyIIecTBIsIEMOE METO/IOM 3JIEKTPOJIMTHIECKOTO TPABJICHMS,
YPOBHSI OCTaTOYHBIX HAIPSHKEHMI TTOKA3aJI0 MX M3MEHEHHE TI0 TOJIIMHE - BO3HUK-
HOBEHHME CXKMMAIOIIMX HANpsHKEHWH Ha MOBEPXHOCTH TOCiie  0OpaboTKH
UMILIIpemokena Ghu3udIeckas MOJEb MPOLEcca, MPOUCXOISAIICTO B U3ICIHIX
nof Boszericreuem NUMIL

Takum 00pa3oM, pe3yabTaThl MOMCKOBOTO HCCIEAOBAHWS 10 BO3JICHCTBHIO
WMII Ha n3penwsi, NOJydeHHbIE C TOMOLIBIO aITUTHBHBIX TEXHOJIOTHH, TOKa3aH,
YTO MPEVIOKEHHON Crocod 00pabOTKM MOPOIIKOBBIX KOMITO3UIIUN SIBIISIETCS TIep-
CIIEKTUBHBIM HAIIPABJICHUEM B PELIICHUH TIOCTABJICHHON 33/1a4H.

B 3akmoueHnu onpeeneHs! HanpapieH:s JalbHEHIINX CUCTEMHBIX HCCIEN0-
BaHUIL.
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18.04.2018 / I'mymenkoB Brnamumup Anexcanaposud, bensiesa Mpuna Anexcan-
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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 AISil0Mg 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

180



J.C. TOPBYHOB?'", A.H. CYUKOB?, E.A. BA3JJTHUKUHA',
O.H. CEBPIOKOB!, I1.C. JDKYMAEB!, B.H. KASBAKOBA?,
1.B. KO3JIOB!, A.B. CAMOXUH?
'Hayuonanvuwiii uccnedosamenvexuii sioepuvtii yuusepcumen «MUDHy,
Mocxea, Poccus
2UMET PAH, Mocxkea, Poccust
*e-mail: dima07gorbunov@gmail.com

IHHOUCK OIITUMAJIBHBIX PEJKUMOB ITOJIYYEHUSA
OBBEMHBIX AMOP®HO-KPUCTAVIMYECKUX CIIJIABOB
N3 IMMOPOUIKA COCTABA Zr3sTizBez7sCuzs METOJAOM UIIC

Oo0bemuble amopdusie Metainmdeckue ciuiaBbl (OAMC) Ha OCHOBe IHp-
KOHHUS TIPEICTABIAIOT OOJNBIION HMHTEpec Oyarogaps CBOMM VHHKAJIBHBIM Xa-
PAKTEPUCTUKAM: BBICOKOH TBEPJIOCTH, BHICOKOM MPOYHOCTH, XOPOIIEH H3HOCO-
CTOMKOCTH M KOPPO3HMOHHOM cTOMKOCTH. I10 3TOM NpuyKrHe OHU SIBISIOTCS MEp-
CIIEKTUBHBIMH MaTepHajaMM JJI1 WCIIONBb30BaHMS B MEIUIIUHE, adPOKOCMHYC-
CKOIl OTpaciy, aBTOMOOUJIECTPOECHUHU, DJIEKTPOHHKE M JHEPIEeTHKE, B MPOHU3-
BOJICTBE CITOPTUBHBIX TOBAPOB M YaCOBBIX MEXAaHH3MOB, a TAK)KE — B Ka4eCTBE
HM3HOCOCTOMKHX U KOPPO3HOHHOCTOMKMX MOKPBITHI [1].

AKTyaJqpbHOCTh paboThl OOYCIIOBJICHA HEOOXOAMMOCTBIO TIOAyYaTh U3
OAMC wusznenus xenaeMbIx GOPM U pa3MEPOB C COXpPaHEHHEM aMOp(pHON Wi
aMOp(hHO-KPHUCTATUTMISCKON CTPYKTYPHI, YTO HEBO3MOXKHO OCYIIECTBUTHL Tpa-
JUIAOHHBIMU MeTOJaMH (JTUTheM). BoJbIol moTeHIMall oTMeYaeTcs y MeTo1a
nckpoBoro ImiasmenHoro crekanus (MIIC), MO3BOJSAIONIETO HM3TOTaBIMBATh
OAMC nipu Temneparypax HHXKE TEMIIEpaTypbl KX KpUcTauiu3auuu [2].

Ilens paboTbl 3akiarodallach B BBEIOOpE ONTHMaNbHBIX pexumoB MIIC-
KOHCOJMUAAIMKA  CHEPOUAU3UPOBAHHOTO aMOp(GHOTO MOpoIluKa (pakKiuu
63-100 MxM cocraBa ZrssTizBe2rsCuzs mig monydeHus Haumbojee INIOTHBIX
aMOPGhHO-KPUCTAIUIMICCKUX KOMITAKTOB C BHICOKOM CTEIICHBIO aMOP(HOCTH | C
HAWJTYYIIUM COYETAaHHEM MEXaHHYECKUX CBOWCTB.

Jlms 2TOro MerojlaMu JJIEKTPOHHOM MHUKPOCKOINHMH, PEHTIEHOBCKOWU H-
(bpakToOMETpU M HU3MEPCHHS] MEXaHMUYECKHUX XapaKTePUCTHK HCCIICIOBAHO
BiusHue mnapamerpoB MIIC Ha dopmupoBaHue amMop(HO-KPHCTAILTUYCCKON
CTPYKTYPBI TIOJYYSHHBIX KOMIIAKTOB M MX CBOMCTB. OOpPa3Ibl I MCCIEI0Ba-
HUs MOJIydalld CIeKaHueM B uHTepBaie Temmneparyp 320400 °C, naBneHuit
50-125 MIla u BpeMeHnu criekanust 7—20 MUHYT.

YcTaHOBIEHO, YTO OOpPAa3Ilbl, MOJIYYCHHBIE NMPU HCKPOBOM ILIA3MEHHOM
criekanuu B uHTepBasie Temiepatyp 320-340 °C, peHtreHoamMopdsl (CTEIEHb
amopduoctu Oonmee 80 %). OnmHako NOpH KOHCOJMJALMH B HHTEPBale
320-325 °C momydaeMble KOMITAKTHI HMMEIOT BBICOKYIO BHYTPEHHIOIO ITOPH-
CTOCTbh, KOTOpasi HE YCTpaHseTcsd MyTEM IMOBBIMIEHUS naBicHus. Hanbonbee
VIUIOTHEHHUE TIPH MOCTOSTHHOM fAaBjieHuu B 50 MIla mocturaercs npu Temiepa-
type 340 °C. HeoOxoamumast 1 goctaTouHas BeJIMYMHA BPEMEHU CHEKaHUs IpU
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3ToM coctaBuia 15 munyT. C yBeIHUCHHUEM JaBJICHUS PACTET IUIOTHOCTH KOM-
makToB, noiaydeHHbIX UIIC-koncomupanueii mpu 340 °C B TeueHue 15 MUHYT.

B Xxome MexaHHYECKHX HCIBITAaHUK 00Pa3loB, CIICUCHHBIX IMPH JABJICHUIX
60 u 70 MIla, monydeHsl UX OpeAebl IPOYHOCTH Ha cxkatue: 480—640 MIla u
760-800 MIla, coorBercTBeHHO. JlaHHBIE 3HaUYeHus B 1,5—2 pa3a HIKE MPOU-
HOCTH 00pas3ioB, BBHIPE3aHHBIX W3 KPUCTALUTMYECKOTO CIHTKAa CIUIaBa
Zr3sTizoBey7s5Curs.

Kpowme Toro, otMeueHo, 4To pa3pyiicHue MPOUCXOAUT IO IPAaHUIAM YaCTHI]
crieyeHHOTo Topomika. ComocTaBlIeHHE PE3yIbTaTOB CIEKTPOCKOIIUU XapaKTe-
PHUCTHYECKHX ITOTEPH 3Hepruu diekTpoHoB (EELS) u penrrenodaszoBoro ana-
nu3a (POA) npvBOAKT K BEIBOAY O HAIHMYMM HA T'PAHMILAX MEXKIY YaCTHIIAMHU
MOPOIIKA ITOCIE KOHCOIUAAMKM XpynKkoro okcuaa oepmmausa (BeQ), koTopsiit
MOXET OBITh OCHOBHOM NMPHUYMHON YXYAIIEHUS MEXaHUYECKUX XapaKTEPHUCTHK.
U3 pe3ynbTaToB CHHXPOTPOHHEIX MCCIIEIOBaHMI moiaydeHo, uto BeO mpucyt-
CTBYET B MOPOIIKE U JIO CICKaHMUs. AHAJIU3 COJICPIKAHUS KHCIIOPOIa B MaTepHU-
ajie Ha pa3nMuHbIX dTamax co3ganus OAMC mokas3bIBacT, UTO €ro 3HAYUTEIb-
HBIIl POCT MPOMCXOAUT BO BPEMs IUIA3MEHHON C(epouan3alii OCKOJIOYHOTO
MOPOIIIKA.

CrenaH BBIBOA O HEOOXOAMMOCTH CHH)KEHHsI HAKHCIIOPOKMBAHHS B XOJIE
IIPOM3BOJICTBA MOPOIIKA AJIs YIYYIICHHS KauecTBa I'PAaHUI] MEXKIY YaCTHIAMU
MOJTy4aeMbIX KOMIIAKTOB. Takke HEOOXOAMMBI AalbHEHIIHNE HCCIIEeT0BAHUI
CBOMCTB 00pa3noB, momydeHHbIX UIIC-koHCconmumanmeit mpu 340 °C B TeueHme
15 munyt npu naBiaenusax 100 MIla u Beire.

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
Zr3sTizBezrsCuzs 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 um fraction of the
Zr3sTizoBez7.5Cuzs 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 ZrssTizBez7sCurs 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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PEAKIIMUOHHASI CITIOCOBHOCTb OKCHU 0B HUKEJIA (11)
N KEJE3A (111), MIOJYYEHHBIX METOJ1OM I'OPEHUS
B PACTBOPAX

Cunrtes ropenus B pactopax (Solution combustion synthesis, SCS), a Tou-
Hee — B MMOJyYeHHBIX U3 HUX KCEPOTeNsX, ABISETCS Pa3sHOBUAHOCTHIO caMopac-
MPOCTPAHSAIONIETOCS BEICOKOTeMIlepaTypHoro cuHTe3a (CBC) [1]. Dtot mMerox
ABIISCTCS OOBEKTOM MPUCTATFHOTO BHUMAHUS B MOCICIHHE NECSATHICTHS, T.K.
OH TO3BOJIIET MOJYYUTh MPOAYKT MPOCTOrO WIIM CMENIAaHHOTO COCTaBa C He-
OOJIBIIMMH TPYIO3aTpaTaMu B BHUJIE TOHKOAUCIIEPCHOTO HOPOILIKA (BILIOTH J0
HaHOIIOPOIIKOB). BbICOKast cTeneHb TUCIEPCHOCTH CIIOCOOCTBYET YBEIHYCHUIO
peakuuonnoii croco6Hoctn (PC) tBepmoit ¢assl. B nmoctymHoii nurepaType
HaMH He ObUIO OOHapyKEHO MyOJMKalui, NocBsIeHHbIX PC MOpOIKOB OKCH-
JIOB, MTOJIY4E€HHBIX TOPEHUEM.

Hamu Obutn cunresupoBanbl NiO u Fe;Oz (rematuT) ¢ HMCMONB30BaHUEM
autpatoB Hukens (I1) u xenesa (l1l) kak okucnuTeneil U TMMOHHON KHCIOTHI
CeHgO7-H>O B kauecTBe TOIUIMBA B YCIOBHAX CTEXHOMETPHYECKOTO COOTHO-
IICHUS] KOMITOHEHTOB (@=1) TI0 ypaBHEHUSIM PEaKIIHIA:

9[Ni(NO3)2'6H20] + 5(C6H307'H20) =9NiO + 9N, + 30CO; + 79H,0;

6[Fe(NO3)3-9H,0] + 5(CsHgO7-H20) = 3Fe;03 + 9N, + 30CO; + 79H,0.

Temmneparypsl Hadana ropeHus, °C, coctaBunu: 370 u 395, a MakcuMaibHbIE —
okoy10 1000 u 1150 °C ayist NiO u Fe;03 cootBercTBeHHO. [0 OKOHYaHKH TIpoLiEcca
ropeHHsi 00pa3oBaIUCh CIa00 CIIEUeHHbIE POIYKThI, COCTOSILIME U3 3epPEH Herpa-
BUJILHOM, MPEUMYIIECTBEHHO OJM3KON K M30MeTpHueckol, (hopmbl. Briienenue
6obIIIX 00BEMOB ra3000pa3HBIX MPOIYKTOB MPOTUBOACHCTBOBAJIO CIIEKAHHIO Ya-
cruit. [get NiO ot TeMHO-Ceporo 10 uepHOro; nonukpuctauTel Fe,0Oz xapakte-
PH30BAINCH IIBETOBBIM TPAMEHTOM OT TEMHO-CEPOr0 JIO0 TEMHO-KOPHIHEBOTO C
METaJUTMYECKUM OTIMBOM. [lociie pacTupaHus MOPOIIKOB B CTYIIKE OHH TIpHOOpe-
TaJM 33 CYET YCPEAHEHHS YePHBIH 1 KOPUYHEBBIN 1[BET, XapaKTepHbIE JUIsI OKCHIOB
NiO u F6203.

IpomykTs! ropenust 6e3 OTKHUTa CoAep Kaii 3aMETHOE KOJIMIECTBO a/1cOpOrpo-
BaHHOMN Bosibl (konebanus Ha MK-cnextpax B obnactsax 3417-3449 cm™ u ~1635
emY). ConepixaHue OCTATOYHBIX HUTPAT-TPYIII (10 HHTEHCHBHOCTHU HOJIOCHI CBSA3U
N-O ~1390 cm™) Heenuko. JIuppakTorpaMmbl IIPOIyKTOB ropenus (puc. 1) cu-
JIETENILCTBOBAIIM, YTO OKCHJIbI CPABHHUTEIBHO XOPOILIO 3aKPHUCTAJUIM30BaHbl U 0e3
omxwura. O6padorka mpu 800 °C MOBBIIIAET YMOPSAOYSHHOCTh X KPHCTAJUTHYE-
CKHX PELIETOK.
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Puc. 1. IudpakrorpaMmbl IpOayKTa TOPEHISI HUTPATA KeJe3a H INMOHHOM
kucaoTh (¢=1) mocne omxura mpu 800 °C (a), 6e3 omxkwura (6). nst cpaBHEHUS
npejcTaBieHa mTpux-auarpamma (6) aust remaruta (JCPDS 33-0664)

Peakimonnast crioco6Hocts NiO Oblia oleHeHa B peakiud oOpa3oBaHUs
mmuaed NiAlOs. Dta peakums Obuta BBIOpaHa B CBS3M C TEM, YTO paHee I
Hee Obuta u3ydeHa PC pazin4HbIX MPEKypCOPOB B 3aBUCHMOCTH OT MX COCTaBa
u npensictopuu [2]. B TaGnuie mpencraBiaeHsl 3G QeKTUBHbIE KOHCTAHTBI CKO-
poctu o 'macTauary-Bpoyninreitny ams NiO, B3siToro B Bue MPOMBIIIICH-
HOTO PEaKTHBa, MPOAYKTA TOPEHHUs O3 OTIKHIA U 10CIIe OTHKUTA.

Tabnuua. D heKTUBHBIE KOHCTAHTBI CKOPOCTH (Ksg) U151 0Opa3oBaHms

NiAl,04
Bua NiO, yuacTByromero B peakiuu Ksg, €
Peaxtus 1,8+0,3
[TponykT ropenust 6e3 oTxKHra 29+04
[TporyKT ropeHus rmocie OTKUra 2,4+0,3

Veenuuenue PC NiO cBsi3aHO ¢ pOCTOM y/IeNbHOM MOBEPXHOCTU MOPOIIKA,
a TaKKe ¢ HAKOIUICHWEM 3HAYUTEIBHOTO KOJIMYECTBA PA3IMYHBIX Je(eKTOB.

PC NiO u Fe;O3 Taxxe Oblia CONMOCTABICHA B MPOLIECCE TBEPIACHHS BSXKY-
MIMX KOMITO3UIMI Ha MX OCHOBE C HCIOJb30BaHHEM HUHK(POCGHATHON CBSI3KU

I@C).

1. Porauer A.C., MykacesH A.C. I'opeHne aisi CHHTE3a MaTepHajioB: BBeae-
HHE B CTPYKTYPHYIO MakpoknHeTHKy. — M.: DU3MATJINT, 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 (11) 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,Os (hematite) using nitrates of nickel (I1) and
iron (111) as oxidizing agents and citric acid C¢HgO7-H,O as fuel under condi-
tions of stoichiometric ratio of components (¢ = 1) according to the reaction
equations:

9[Ni(N03)2'6H20] + 5(C6H807'H20) =9NiO + 9N, + 30CO; + 79H,0;
G[FQ(N03)3'9H20] + 5(C6H307'H20) = 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,Os, 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,O3 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,Os 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.
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Fig. 1. Diffractograms of the combustion product of iron nitrate and citric
acid (¢ = 1) after annealing at 800 ° C (&), 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,Osspinel 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 (ker) for the NiAlO, formation

Type of NiO involved in the reaction Kef, sec’?
Reagent 18+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,O3 reactivity was also compared during the hardening of bind-
ing compositions based on them using a zinc phosphate bond.

1. Poraues A.C., MykacssiH A.C. I'opeHue Al CUHTE3a MaTepHasoB: BBEe-
HHE B CTPYKTYpHYIO MakpokuHeTuky. — M.: DU3MATIINT, 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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MOJIYYEHME KOMIIO3UTA HA OCHOBE MEJI METOJIOM
BBICOKOBOJIbTHOM DJIEKTPOUMITY.IHCHOM
KOHCOJUJIALINA

Komno3utHble MaTepuanbl Ha OCHOBE MEAH PAaCCMATPHUBAIOTCS KaK BO3-
MOJKHasI 3aMEHa MaTepralia sl pa3pbIBHBIX KOHTAKTOB BMECTO HCIIOIb3YeMOTO
B HacTosIIee BpeMs cepedpa. s ynpodHeHus Meau ObUT BHIOpAH METO| BBI-
COKOBOJIBTHOTO 3JICKTPOUMITYJILCHOTO KOMIIAKTHPOBAHUS, B KAYECTBE MaTCpH-
ana il yIpOYHEHUs Meay ObLI BBIOpAH OKCHJ AIIOMHHUS. DIIEKTPONPOBOJ-
HOCThb KOMIIO3UTa JIOJDKHA OBbITh BbIie 80% HJIEKTPONPOBOAHOCTH YUCTOU Me-
M, a TBEPIOCTh KOMIIO3UTA JIOJDKHA HAXOAUThCs B quamnazone 110-130 HB.

B nanHoit paGore OBLIO MPOBEACHO MOJYYEHHUE TAKOIO KOMIIO3UTHOTO Ma-
TepHaia METOJaMH ITOPOITKOBON MeTauTyprud. (s 00pas3oB KOMIIO3UTa, T10-
JYYCHHBIX TPH PA3HBIX YCIOBUSAX KOMITAKTUPOBAHHS OBLIM M3MEPEHHI IDIOT-
HOCTB THIIPOCTATUICCKAM W MUKHOMETPUYECKUM CIOCOOOM, TBEPIOCTH IO Me-
Tony bpuHens m ymenapHas 3JIEKTPOIPOBOIHOCTH. BBIICHEHO, YTO ONTHMAJh-
HBII PEXXHUM CIIEKaHUS JUI MOPOIIKOB IepeMENIaHHbIX B CIIUPTE: HaIpsKEHUE
5,9 xB u Harpyska 14 xH, a 111 nepeMeIIaHHBIX B TETPaXJIOP3ITUIICHE: HaNps-
skeHue ot 4,5 o 5 kB u Harpyska ot 10,5 no 14 xH.

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

National research nuclear university « MEPhI», 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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BJIMSAHUE JOBABOK ' PA®EHA HA MEXAHUYECKHUE 1
SJEKTPUYECKHUE CBOVCTBA KOPYHJIA

Komnosut kopyHA-rpadeH MOJy4arT MyTeM YIbTPa3BYKOBOI'O TEPEMEIIIH-
BaHUs B JKHJKOCTH IMOPOIIKa rpadeHa W HAHOMOPOIIKA OKCHAA AIOMUHUS C
TOCTIEYIOINM WX crapk-Ta3MeHHbIM criekanreM CIIC). B mpomecce crieka-
HUSI 4aCTHUIIBI Tpad)eHa OKa3bIBAIOTCS BMYPOBAHBI B 3¢pHA KOPYH/a WM PacIio-
JaraloTCsl Ha WX TPAHUI@AX, OKa3bIBas apMHpPYIOIIee BO3ACHCTBHE, KOTOPOE
TIPOSIBIISIETCS] B YBEJIMYCHUH €T0 MUKPOTBEpAOCTH [1].

MHUKpOCTPYKTypa AOPOKKH N3HOCA P cojiepkaHuK Tpadena 2%.

HcnpiTanus Ha UCTHpaHUE KOMIIO3UTA MIPHU KPYTOBOM JIBIKCHHH Camlupo-
BOTO MIAPHKA IO €ro MOBEPXHOCTH MPU KOMHATHOM TeMIiepaTrype MoKa3bIBaloT
YBEJIMYCHUE CONPOTHBICHUS] K HCTHPaHUIO Ha jBa mopsjaka. Kospduuuent
TpeHus mpu 3ToM cHmkaercs Ha 20-40 %. MexaHnU3M CHIDKEHHUS W3HOCA 3aBU-
cut oT conepixkanus rpadena. [Ipu 1 Bec. % rpadeHa onpesUTIONIUM SIBISETCS
TOT k€ apMHpPYIOIUil d3GQekT. 3epHa KOPYH/a MOYTH HE BHIOMBAIOTCS C TPY-
ieiics nosepxHoctH. [Ipu 2% rpadeHa MOBEpXHOCTh W3HOCA MOYTH IOJHO-
CTBIO TOKPBITa BS3KOH Maccoi, pa0oTaromeil B Ka4yecTBE MPOCIOWKH MEXITY
TPYIIMMUCS IOBEPXHOCTSMH H BBIIOJHSIOMICH POJIb CMA3KH.

IIpennonaraercs, 9To Bs3Kas Macca COCTOMT U3 HAHOYACTHI[ KOpYHIA, 00-
Pa3yIOIIUXCs HAa HAYaJbHON CTaIu¥ U3HOCA, U YaCTHIl TpadeHa, BEIMBIBAIOIIH-
MUCSI M3 KOMITO3UTa MpU TpeHUH. KOHTaKT IUIOCKOCTeH rpadeHa co CBEKe0O-
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Pa30BaHHBIMH IOBEHMJIBHBIMU IOBEPXHOCTSIMUA HAHOYACTHII KOPYH/a IPUBOANB
K 00pa30BaHUIO MEXY HUMHU KOBAJICHTHBIX MJIM XMMHUUYECKHX cBszed. . CKoib-
3sil1asi Harpy3ka NpU TPEHWH WIM IUIMGOBKE pa3pyllaeT HauMEHee MPOYHbIe
CHCTEMBI CBSI3€i, clBuras ()parMeHT B 3aJlaHHOM HAaIIPaBJICHUH IO TOBEPXHO-
ctu obpasua. IIpu 3ToM 00pa3yloTcsi HOBBIE CBS3M, OOECIICUMBAOLIME HOBOE
noJyioxeHne (parmenTta. ['padeH BBHIMIOTHIET POJIb CBA3ZYIOIIETO, 0OSCIIeYHBa-
IOIIee aJre3ui0 MeXTy 00pa3oBaHHBIMH HaHOYaKCTHLIAMH KOPYHIA U MOBEPX-
HOCTBIO 00pasma.

Jpyrum BaXKHBIM CBOWCTBOM, KOTOPOE NPHIAECT KOMIIO3UTY 100aBKa Ipa-
(eHa ABIAETCS OTHOCHTEIBHO BBICOKAsl 3JIEKTPONPOBOIHOCTh. Y CTAHOBIICHO,
4TO NMPOBOAAIIAS CTPYKTypa oOpasyeTcs MpU CHEKaHWU TONBKO IPU HU3KOM
JIaBJICHUH ITyaHCOHOB. [Ipenmnonaraercs, 4To MPOBOAAIIAsT CTPYKTYpa (GopMu-
pyeTcst B pe3ysbTaTe XUMUYECKON pPeakiMu Mex 1y rpad)eHOM U OKCHJIOM allto-
MUHMS Ha HayalbHOM CTaJAMU CIEKaHHA, KOTAA MPOUCXOIUT 00pa3oBaHUE CO-
ennHenuii tuna Al404C. s npoxoaeHus peakiuu Heo0X0IMMO BBIBEICHUE
U3 30HBI peakiuu okcuna yriaepona. [Ipu gasnenun 50 MIla oTkpsiTas nopu-
CTOCTh OTCYTCTBYET, OKCHJ YIJIEpOJa HE YHAISIETCS, PEaKIHs OJIOKHPYETCs.
[Ipyr HHU3KOM [aBJICHWU CIIEKAHHS HPUCYTCTBYCT OTKPBITAas MOPHCTOCTBH, YTO
obecrieunBaeT yAajIeHUe U3 30HbI PEAKIUH OKCHJA YIJIepoa U MPOTEKaHHEe pe-
aKIMM MEX]y YTriIepoJoM rpadeHa 1 OKCHIOM allFOMUHUSA [2].

Kommniekc nmpoBeneHHBIX HCCIEAOBAaHWN MOKa3al MEPCHEKTUBHOCTh IPH-
MeHeHHs 00aBOK rpad)eHa Jisi CO3AaHus KOMIIO3UTOB KOPYHI-Tpad)eH C BbI-
COKOH TBEPJOCTHIO U M3HOCOCTOMKOCTHIO. DTH KayecTBa MOTYT HCIIOJIb30BaTh-
Csl JUIsl U3TOTOBJICHUS PE3LIOB Il 00pabOTKM METAJUIOB M AJIsI HPOXOAYECKOro
uHCTpyMeHTa. CHIDKeHHE M3HOCA MPH MPEHHH Ha JBa MOpsAKa JaeT HaaeKIbl
0 CO3JaHUU Map TPEHHUS AJIS IKCIUIyaTallud IPU BBICOKHX Temieparypax. Co-
3/1aHUE MMPOYHOIN M3HOCOCTOMKOM MPOBOJAIIEH KepaMUKH MOXKET OBITh BOCTpe-
60BaHO B KayecTBE IOJBIKHBIX ICKTPHUECKHX KOHTAKTOB. IlonokuTensHbIe
Pe3yJIBTATHI, 10 CO3AaHUI0 KOMIIO3UTOB KOPYH/I-TpadeH B MEPCIEKTHBE MOTYT
OBITH MCIIONB30BAHBI JUIA CO3/IaHMSI COOTBETCTBYIOIIMX KOMIIO3MTOB Ha 0asze
JpYTUX 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. DOI:
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 IOP Publishing doi:10.1088/1742-6596/2144/1/012035. Nature of electrical
conductivity of the corundgraphene Composite.
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IEKTPOUMITYJIbCHOE ®OPMUPOBAHUE
KEPAMUYECKHUX MUIIEHEM SiC-AIN U UX CBOMCTBA

Ienp paboThI 3aKiIIOYANTACH B YCTAHOBICHHU 3aKOHOMEPHOCTEH (hopMHpO-
Banus kepmuueckux wmumeHei SiC-AIN 51eKTpoUMIYIECHBEIM METOAOM H
BITUSTHUSL KOHIICHTPAIIMOHHOT'O COCTaBa MCXOJHBIX MHKPOIIOPOIIKOB Ha YIPY-
THE CBOMCTBA MOJYYEHHBIX 00pa3IoB. AKTYaIbHOCTh PabOTHI 00YCIOBIIEHA 3a-
BHCHMOCTBIO (PM3UKO-MEXaHUICCKUX CBOMCTB OT TEXHOJOTHYECCKHX IapaMeT-
POB TIOTyYSHHS ¥ MOCIEAYIONIETO OBEACHNS MaTePHAIIOB B TIPOIIECCE MX JKC-
TUTyaTarum.

B kadecTBe MCXOMHBIX CHIPHEBBIX MATEPHAJIOB B PabOTE UCIOIB30BATIH IO~
POILIKK KapOuga KPEMHHS U HUTPHIA ATIOMHHUSA B PA3IHUYHBIX MIPOMOPIMAX H
TINATENIbHO cMeluBanuch. beumn moarotosnensr SiC-AIN-cocTaBsl MOPOIIKOB
¢ comepkanuem AIN 10, 40, 60 u 90 Bec.%.

dopmoBaHKe U CIICKAHHE CMECH MOPOIIKOB MyTEM MPOMYCKAHUS Yepe3 3a-
TOTOBKY 3JICKTPHYECKOTO TOKA OCYIICCTBIUIOCH B IMJIMHAPHYCCKHX TIpECC-
(hopmax BHYTpeHHUM JuaMeTpoM 15 MM. Mcronb3ysl H3BECTHBIC TEXHOJIOTHYE-
CKHE TIPHEMBI AJIEKTPOUMIIYIIBCHOTO crieKanus [1,2], OBUIH TOJTYYeHBI OIIBIT-
HbIe 00pa3Ibl KEPAMUKH 4-X COCTaBOB.

Ha mnonydeHHBIX 00pa3imax METOJOM THIPOCTATHYECKOTO B3BEIIMBAHHS
OBLTM M3MEPEHBI IUIOTHOCTH W PacCUMTAHBl 3HAYCHHS MCTHHHON MOPHUCTOCTH.
IIpencraBnennbie B Tabauie 1 3HaYCHMS AIOT MPEJCTaBICHHEe 00 W3MEHEHUH
IUIOTHOCTH (hOPMHUPYEMBIX 00PA3I[0B B 3aBUCHMOCTH OT COCTaBa KOMIIO3UTA.

Tabnuya 1. HUcxoonvie napamempul, RAOMHOCHb U NOPUCTIOCTb KEPAMUKU

SiC-AlIN.
Ne 0COCTaB Jinaverp | Boicota | Macca, Kaxymascs | Ilopuc-
06p % Macc. D. vt . m o IJIOTHOCTD, TOCTb,
) AIN ’ ’ ’ p «10%, kr/m® 11, %
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 yBenmnuenueM koHUeHTpauuud AIN IIOTHOCTh yBENUYHBACTCS, YTO CO-
TJIacyeTcsl ¢ JaHHBIMH Ul KEPaMHKH, TOJydeHHON NpH 0ojee BBICOKUX TeM-
neparypax APYTMMH METOAaMH cliekaHus. [3]. YBennueHue IUIOTHOCTH Kepa-
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MHUKH C 100aBJICHUEM HUTPHUAA ATFOMHUHHS, TOBOPUT 00 YMEHBIICHHUH KOHIICH-
Tpaluy Mop B 00beMe MaTepuaia, KOTopas B CBOIO OYepe/lb BIHSICT Ha YIPYTHUE
napamMeTphl.

ITocnme Toro, kak ObpUIa OmpeeNieHa IUIOTHOCTH, HCCIEXyeMble 00pasIibl
W3YYaIMCh HA YIIPYTHE CBOWCTBA IMTPH KOMHATHOU TEMIIEpaType.

Tlonyyennsle maHHBIE IO yIpyruMm mapamerpam (moxyiab IOnra (E), 00b-
eMHbIl Moayne yrapyroctd (B), koaddunuent [lyaccona (1)) mccrmemyeMmbix
MMUILIEHEH MTPEICTaBIECHBI B Ta0OmuIe 2.

Tabnuya 2. Ynpyeue napamempwl kepamuiecko2o mamepuana SiC-AIN.

Kepamuka SiC-AlIN, % macc.
Koopuumentst | A nj1006) ('2(')’;}0) AIN (60%) | AIN (90%)
m 0,1794 0,157 0,2025 0,2367
E, TTia 188,46 2705 2913 298,04
B, [l 97,07 1315 163.1 188.6

B mamem ciayyae, MBI HaOJIIOAAEM, YTO C JOOABIEHHEM HUTPUAA ATFOMUAHMS
B kepamuke SiC-AIN ymnpyrue mapaMmeTpbl YBEIMYMBAIOTCSI. BO3MOXKHO 3TO
OOBSICHIETCS TEM, YTO HUTPHUI ATIOMHHHUS IPHA CIEKAHWH 3aMETHO YIy4IlIaeT
IUIOTHOCTH CITEYEHHBIX 00pasioB. DTO SABIAETCS NPH3HAKOM YCUJIEHHS CHII
CBSI3U MEKIY CTPYKTYPHBIMH YACTHIIAMH C TOBBIICHHEM KOHICHTPAIMA HHUT-
pHIa ATIOMHHUS B MaTPHIIE.

TaxkuM 00pa3oM, Kak M ITOJaBJIAIONIEe OOJBIIMHCTBO KEPAMHUUYECKUX MaTe-
PHAJIOB, MOJYYSHHBIH MaTepual XapaKTepPH3yeTCsl BBICOKUM MojyieMm FOnra
~300-TTIa.

Takue mapaMeTphl Kak TBEPAOCTh, MOJAYJIM YIIPYTOCTH, CKOPOCTh 3BYyKa, BO
MHOTOM OIPEAENAIOTCS TEXHOJOTHYECKMMH YCIOBHAMH CHHTE3a Kepamuue-
ckux martepuayioB. OIeHKa B paMKaxX €IMHOIO IOJIXO0Ja YIPYyTHX IIapaMeTpoB
HCCIIEyEMON KEpaMUKH IPENCTABISETCS BaXKHOM, KaK IS aHaIW3a UX M3Me-
HEHHS B 3aBUCHMOCTH OT COCTaBa, TaK M IS [IPOrHO3a MEXaHHMYCCKUX CBOWCTB
MHOTOKOMITOHEHTHBIX MaTEPHAJIOB.

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 IOP 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
wit%.

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, Dj%sg'ty’ Porosity,

arr. | % wt. AIN | D,mm h,mm | m,g b 3 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 , % wt.

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 I0P Conf. Ser.: Mater. sci.
Eng. 525 012020.
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MOJIYYEHUE KOMIIO3ULIMUOHHOM JINTATYPHI U3
TYTI'OIVIABKUX METAJIJIOB METOAAMHA
HEHTPOBEXHOU CBC-METAJLIYPT'UHN

Komno3uTHble MaTepHaibl MONYyYMJIM LIMPOKOE PAaclpOCTpaHEHHE B pas-
JWYHBIX OTPACIAX MPOMBIIUICHHOCTH. COBOKYNHOCTh HCKIIIOUYMUTEIBHBIX Xa-
PaKTepUCTHUK, HE COBMECTHMBIX Ha MEPBBIN B3IV MaTEpHUaloB, MO3BOJSIET
pemaTh CIO0XHBIE 33Jaul IpU KOHCTPYHPOBAHUHU U IIPOU3BOJCTBE PA3IUIHBIX
craBoB [1]. [IpuMeHeHHe KOMITO3WTHBIX JIMTATyp NPH MPOM3BOACTBE CIICIH-
IBHBIX CIUIABOB ITO3BOJISIET JOCTUYG CTAOMIIBHBIE PE3yIbTAThl 0 XMMUYECKO-
My COCTaBy LieieBoro marepuana. OnHako, MOJydeHHE KOMIIO3UIIMOHHBIX JIH-
raTyp U3 TYroIUIaBKHX METAUIOB KIACCHYECKHMH METaJLUTypTHYECKHMHU METO-
JaMHU TIO/Ipa3yMEBaeT sl CIOXKHOCTEH, BBUIY OCOOCHHOCTEH HMX NPOM3BOA-
CTBa, BKJIIOYAIONIUX CJIOKHBIE MHOTOCTaIUITHBIE TEXHOJIOTHYECKHE MPOIECCHI,
OCHOBaHHBIE Ha BaKyyMHO-AYTOBOM MWJIM 3JIEKTPOHHO-TyYeBOM IEperjiaBe
CIIaBa.

Ha ocHOBaHUWH BBIIICHU3IOKEHHOTO OblIa chOopMUPOBaHA MMOMCKOBAs 3aa4a
[0 ONPEAETICHUI0 TeXHOJIOTHYECKOT0 Mpoliecca MOTy4eHHUs JIUraTypsl MOJINO-
JIEH-XpOM MeTojamu LeHTpoOexkHoi CBC-merammyprud B BHAY IIHPOKOTO
MPUMEHEHUS JTaHHON KOMIIO3MIIMOHHOW JUTaTypsl B KOJIMYECTBE MECITKOB
TOHH B TOJ Ha METAJUTyPIHMYECKUX MPEIIPUATHIX MPHU MPOU3BOJCTBE CIICIH-
IBHBIX MApPOK CTaJICH U CIUIaBOB.

[Ipn ananm3e MOMYCTHMBIX IPENEIOB MO NPHMECSM B LEJIEBOH JIUTaType
OBLTO MPHHATO PElICHHE B Ka4eCTBE JIEMEHTa-BOCCTAaHOBUTENS HCIIOIB30BATh
METAUTMIECKUI QIOMUHNI. B poin OCHOBHBIX BOCCTaHABUTEIBHBIX COCIUHE-
HUH npuMeHsuch okcu MonnoaeHa (V1) u okcun xpoma (111).

BuemHuii BU OTYy4eHHOTO CIIMTKA MO3BOJIMI TIOJITBEPAUTH YCTIETHOE (a-
30pa3jieNieHle CMECH IOCIIe 3aBEepIIeHUs] CUHTe3a. B KauecTBe MPOAYKTOB ro-
peHust OblIIM 00pa30BaHbl CIIMTOK LIEJICBON KOMIIO3UIIMOHHOW uratypsl Mo-Cr
Y niakoBas ¢asa.

[TosmyyeHHBI TJIOTHBIA CIMTOK JUTAaTypsl OBUI TNPOAHAIN3WPOBAH IO
YTBEP2KJICHHON METOAUKE BXOJHOIO aTTECTALIMOHHOTO KOHTPOJIS HA METaJIyp-
THYECKOM TIPEANPHUATHH, SBIAIONIEMCS ITOTCHIMAIBHBIM MTOTpEOUTENIEM JHTa-
Typsl Mo-Cr. Pe3ynpTaT mpoBeeHHOTO0 XMMHYECKOT0 aHalIn3a MOIY4eHHOTO
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CJIUTKA TOJTBEPAMI TOCTH)KCHUE TPEOOBAHUHN IO MPHUMECSIM, YTO JOKA3bIBACT
MPUMEHIMOCTE MeToa eHTpoOexxHot CBC-MeTamTypruu Ay moTydeHus JTu-
rarypsl Mo-Cr.

AHanu3 XUMUYECKOTO COCTaBa MO3BOJISIET CIEIaTh 3aKII0YEHUE O IepCIIeK-
TUBHOCTH MeTona meHTpodexxHor CBC-Metammypruu Ui MOTYYeHHUS JIUTHIX
KOMITO3UIIMOHHBIX JIUTATyp MOJIMOJCH-XpPOM C MHHHMAIIBHBIM COJCpKaHHEM
NpUMeceH MpH UCTIONB30BaHUK ATIOMHUHUS B KauecTBe BoccTaHoBuTems. [lomy-
YeHHWE JIMUTOH JIMTaTyphl MOJIUOICH-XPOM B PEXUME (POHTAIEHOTO TOPCHHS
MOJKET CYIIECTBEHHO PACIIMPHUTH 0a3y IUIA CO3JaHMs SHEPro- U pecypcocoepe-
TaroIei TEXHOJOTHH MOJYYCHUS B TOM YHCIIC M JJIS CIUIABOB C BBICOKOH KOH-
neHtpanueii Cr myTeM BBEJCHUS JOMOJHHUTEIBHBIX OKCHIIHBIX COCIMHCHUI B
COCTaB UCXO/JHOM cMecH [2].

1. Ky6anoBa A.H., Ukopuuko J[.M., Cammn B.H., Maptemo JI.A.
TIpon3BOACTBO KOMIIO3UTHBIX MaTepHAIOB MeTojaMH LeHTpobexHoi CBC-
metayutyprun  // Matepunansr X1l MexayHapoaHol HayYHO-HHHOBaIMOHHOW
MoJIoAekKHOM KoHpepeHmu, TamboB, 2021 1. ¢. 109-111.

2. Kyb6anoBa A.H., HWxopuuxoB J[.M. IlonydeHue BBICOKOYHCTOTO XpoMma
Metogamu CBC-metamnypruu // Matepuanst MHK cTyneHTOB, acmupaHTOB |
MOJIOJIBIX YYEHBIX «JIOMOHOCOB-2021», cekuus «Xumusa». — M.: HM3marenbcTtBo
«[lepoy, 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. XIIl International
Scientific and Innovative Youth Conference, Tambov, 2021. p. 109-111.

2. Kubanova A.N. and Ikornikov 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 KOBAJIBTCOIEPKAILINX
CBC-KATAJIM3ATOPOB I''1TYBOKOI'O OKUCJIEHUSA 1
I'nIPUPOBAHUSA CO; B MAI'HUTHBIX ITOJIAX

XKunkodasHeIM METOIOM CaMOpPaCIpPOCTPAHSIOMIETOCs BBICOKOTEMIIEpa-
typHoro cunte3a (CBC) momyuenst Co—Al u Co—V-Al uHTepMeTammuapl Kak
IPEeKypcopsl KaTanu3aTopoB TIiryOokoro okucieHus CO, yriaeBOZOpoOmoB H
ruapupoBanus CO;. [Ipu BeimenaynBanuu pactBopom NaOH u crabunuzanmu
pactBopom H>0> B mocrostuaoM (0.24 T) u nepemennoM (0.13 T, 50 I'm) mar-
HUTHBIX Tossix (MII) monmydens! rpanynupoBanHbie (100 - 300 MkM) 0Opasibl
Co- u Co-V (95C0-5V, 90C0-10V) karanu3aTtopoB ¢ pa3BETBICHHOW HAHO-
CTPYKTYPHPOBaHHON ITOBEPXHOCTHIO M BEIWYWHON YAEIBHOW IOBEPXHOCTH B
unTtepsane 2.4-17.5 m?/r. Karanusatopsl ObUIM HCCIEI0BAHbl METOAAMU PDA,
C3OM, OPC u BOT.

IToxa3zano, yto tunm MII Brusier Ha (a30BBIH cocTaB M MOP(OIOTHIO TO-
BEPXHOCTH KaTaJIN3aTOPOB, a TAK)KE Ha MX aKTUBHOCTB B IPOIECCE TIyOOKOTO
okucierns CO U yrieBo0poI0B, BAXKHONW COCTABISAIONIEH MPOIECCOB HEHTpa-
JIM3allK Ta30BbIX BHIOPOCOB, M aKTUBHOCTh B mpouecce ruapuposanus COa,
nepepaboTka KOTOPOro YMEHbIIHIA OBl 3arpsi3HEHHE aTMOoc(hephl ITUM TMapHH-
KOBBIM razoMm. OOpasIpl KaTaiau3aTopoB, MONTydeHHbIE B mepemMeHHOM MII, B
1esnoM o6anaoT Oosiee BBICOKOH aKTHBHOCTBIO B IpOIIECCE TIyOOKOrO OKHC-
JICHUSL.

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 CO2. 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 CO2 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 (95Co0-5V, 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.; Ikornikov, 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 CO2. 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 CO2 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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HOJYYEHUE MOJNPUTIIMPOBAHHBIX
KEPAMUYECKUX MATEPUAJIOB HA OCHOBE
BOPHUJIOB TUTAHA METOJOM CBC-3KCTPY3UHN

Ha cerogusnuii 1eHs NOBBIIEHHE (PU3UKO-MEXaHUYECKUX XapaKTEPUCTUK
MaTepuaoB SBJISIETCS OJHUM U3 aKTyaJIbHBIX HalpaBICHUH HCCIIEOBaHUHA B
obnactu matepuaioBeneHus. Co3gaHue HOBBIX MAaTEPHAJIOB - BECbMa CIOKHBIN
U TPYHZOEMKHH TIPOIECC, MMO3TOMY MHOTHE YYEHBIE OOpaTiii CBOS BHUMAaHWE
Ha YJIydYIICHHE CBOMCTB YK€ HM3BECTHBIX MarepuaynioB. OIHNUM W3 CIOCOOOB,
MO3BOJIIFOINUX TOBJIHATH Ha CTPYKTYPY U CBOICTBAa MaTepHAajOB SBIICTCS MO-
muunrpoBanue. MoauduIUpoBaHHE MaTEPHAIOB MOXKET OCYIIECTBISATHCS
IyTeM BBEACHUS MoIupuKaTopa B 00bEM MaTepuaa, JJM00 myTeM MOIU(pHUIH-
POBaHUS TTOBEPXHOCTH 33 CUET HAHECCHHS 3alIUTHBIX IOKPHITHHA U (WIH) BO3-
JIeHcTBUS BBICOKOKOHIIEHTPHUPOBAaHHBIMH [TOTOKaMu Hepruu [1,2].

OnHUMH W3 MarepuajoB, OO0JaJarONIMMH YHUKaJIbHBIM COYETAaHUEM
CBOMCTB, TaKMX Kak: )XapOIPOYHOCTb, TYTOIJIABKOCTh, CBEPXTBEPAOCTh U H3-
HOCOCTOMKOCTB, SIBJISIOTCS MaTepHalbl Ha OCHOBe OopuaoB TutaHa [3]. bimaro-
Jlapsi 3TOMY, TaKue MaTepHajbl MOTYT MCIIOJIb30BaThCsl B KA4eCTBE KOHCTPYK-
[IUOHHBIX MaTEPUAJIOB, a TAKXKE B KAUECTBE SJCKTPOTHBIX KEPAMHUECKUX MaTe-
pHaoB IS HaHECCHUS MOKPHITHH. OHAKO B YUCTOM BHUJIE IPUMEHEHHE O0OpH-
JIOB THTaHAa B Ka4eCTBE 3JCKTPOJIOB OTPAaHMYCHHO H3-32 XPYIKOCTH H3JCIHS,
JUTSE HUBEIMPOBAHUS TAaHHOM MPOOIEMBI B COCTaB MaTepHalia BBOAUTCS MeTa-
Jgeckas cBs3Ka. B cBO¥O ouepens, MpUMEHEHHE NAHHBIX AJIEKTPOJHBIX MaTe-
pHAaJOB IPU HAHECCHWH 3alIUTHBIX IMOKPHITHH MPUBOIUT K MOBBIIICHHIO pado-
Yero pecypca M yIydlIeHHIO SKCIUTyaTallMOHHBIX XapaKTEePUCTHK JeTajeH, pa-
0OTaIOIIMX B arpeCCUBHBIX CPe/iaX M MOJBEPTAIOIINXCS HHTEHCUBHOMY U3HOCY.
JI1st mosmydeHust TAKUX MOKPBITUH OTIWYHO 3apEKOMEH0BAI ce0s1 METO.T dJIeK-
Tpouckposoro JerupoBanus (DWIT) [4].

OnHUM U3 IEPCTIEKTUBHBIX CIIOCOOOB MOTYYCHHS 3JIEKTPOJOB U3 TYroIJiaB-
kux coenuueHui sisiercs CBC-sketpysus. DddextuBHOCTH mporiecca CBC-
9KCTPY3UH 00yCIaBIMBACTCSl COYETAHUEM IPOLIECCOB TOPEHUS B PEXKHUME CaMo-
pacnpoCTpaHsIONIErocsi BHICOKOTEMIIEPATYPHOTO CHHTE3a CO CJIIBUTOBBIM Jie-
(opMHpOBaHMEM NPOIYKTOB CHHTE3a, JUIS NPHIAHUS NU3JCIHIO OIPEaeIeHHOM
¢opMbBI U pa3Mepa 3a OJHY TEXHOJIOTHMYECKYIO CTaaMIO, 0e3 3HAuMTEIbHBIX
sHepro3arpaT. IIpeMMyIiecTBOM JaHHOTO METOAa MOXKHO CUUTaThb BO3MOXK-
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HOCTb IOJIy4aTh M3JEJIUS 3a JACCSITKU CEKYHJ ¢ MHHHMAIIBHOH IOCienyromei
00pabotkoii, uto aenaer mpouecc CBC-3KCTpy3UH TEXHOIOTUYECKH MTPOCTHIM
1 93Heprod(GeKTUBHLIM [5].

JanHass paboTa HampaBlieHa Ha YCT@HOBJIEHHE OCOOCHHOCTEH MpPOLIECCOB
(hazo-, cTpykTypooOpa3oBanus U GpopMoBaHus MeTawiokepamudeckux (MKM)
CBC-matepuaioB Ha OCHOBE OOPHIIOB TUTAaHA, TONYYECHHBIX C MCIIOJIE30BAHH-
eM MOIU(UIMPYIOIINX HAHOPAa3MEPHBIX YacTHUIl HUTPUAA KPEMHHUS, B YCIOBH-
ax npouecca CBC-3kcTpy3nn. B xagecTBe Moan(pUKaTOPOB HAILIA IPHMEHE-
HHE HaHOpPa3MEpHbIC YacTHIBl HUTPHIA KPEMHHMS, IOJIyYCHHBIC IO a3UIHOMN
texHonoruu CBC B CamI' TV [6].

B pesymneraTe npoaenannoit padotsl, MmerogoM CBC-3kcTpy3un ObumH 110-
Jy4eHbl METAUIOKEPaMHYECKUE JICKTPOIHBIE MaTepHalbl HA OCHOBE CUCTEMBI
Ti-B, momudunuposannsie 5(10) macc. % HaHOopasMepHbIx yacTHil SizNa.
[lpoBeneno wuccinenoBanue (Ha3oBOr0 COCTaBa, CTPYKTyphl U (usmko-
MEXaHMYECKUX CBOMCTB, monydeHHbIX CBC-351eKTpoIHBIX MaTepHaioB. YcTa-
HOBJICHO, YTO MOAM(HIMPOBAHUE HAHOPA3MEPHBIMH YacTHULIAMH HUTPHIA
KPEMHHUSI TPUBOMUT K H3MENbUYeHHUIO 3&peHHOW CTpykTyphl (a3 TiB(cub),
TiB(ort). IloMmumo 3TOTO, TIPH B3aMMOACHCTBUH JOOABKH C METaJUTHUECKOU
MaTpulieir 00pa3yroTcs HoBbIe BEIcCOKOTBepabie (a3pl: BN, TiN. CoBOKymHOCTH
3THX (HaKTOPOB IMPHBOAUT K ITOBBIIICHUIO MUKPOTBEPIOCTH B 2,3 pasa W TBep-
nmocti 00pasnoB o Bukkepey B 1,5 pasa.

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. Wsauos B. U. u np. // Tpynel Konbsckoro Hayunoro nenatpa PAH, 9
(2018) 641-646

https://www.elibrary.ru/item.asp?id=35594914

5. Cromua A.M. u gp. // Poccuiickue HaHOTeXHONIOTHH, 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 PA3BUTHUSA
KPUCTAJLJIOTPA®UYECKOM TEKCTYPBI JINCTOB U3
CILIABA Fe3SilAl ITPH XOJIOTHOM ITPOKATKE U
TEPMOOBPABOTKE

B coBpeMEHHBIX 3JEKTPOTEXHHYECKHX YCTaHOBKAX OJHOHM M3 IJIaBHBIX 3a-
Jlad SIBISIETCS IIpeoOpa3oBaHue 3IeKTpudecKor sHepruu. CTpeMHTENbHOE pa3-
BUTHE JHEPTETUKHU IPENOTPECIsieT HEOOXOANMOCTh MOBBIIEHNS K03 huim-
€HTOB TIOJIE3HOTO JEHCTBUSI TPAHC(OPMATOPOB M POTOPOB IEKTPOIBUTATEIEH,
OCHOBHBIM KOHCTPYKIIMOHHBIM 3JIEMEHTOM KOTOPBIX SIBJISICTCS CEPIEUHHK, CO-
CTOSIIINH, KaK IPaBHJIO, M3 MapaUIeIbHBIX TOHKHX IuTacTHH. OZHUM U3 Hanbo-
Jiee paclpOCTPaHEHHBIX MaTEPHAIOB CEPACYHUKOB TPaHC(HOPMATOPOB SBISET-
cs cruiaB Fe3SilAl, npencrasisttommii co0oi TBEpIbId pacTBOp 3aMEIICHHS C
OLIK ctpykTypoii. [Ipu mpou3BOJCTBE JHCTOBOrO MpoKaTa 0c000€¢ BHUMAHUE
yIenseTcss He TOJIBKO CTPYKTYype, HO M KpUCTaUIOrpaguyecKkoil TeKCType —
MIPEUMYIIIECTBEHHON OpUEHTAIH 3epeH B MaTepuaie. Vcrnonb30BaHue TEKCTy-
POBaHHBIX IUIACTHH Ui NMPEoOpPa30BaHUS AIEKTPUIECKON IHEPTUU MO3BOJISET
CHHU3WTHh ypOBEHb €€ IOTeph HA TPETh, YTO TAKXKE CHOCOOCTBYET CHIDKCHHUIO
Macchl TpaHchopMaTopa.

B pabore mccnenoBaHa MocioifHas HEOJHOPOJHOCTh KpHCTaLIOrpaduye-
CKOM TEKCTYpHI JJUCTOB cIjlaBa TOMIIUHON 0,5 MM. Y CTaHOBJIEHO, UTO TEKCTYpa
KakK rops4ell MPOKaTKH, TaK ¥ HOPMAaJHM3aLHOHHOTO OTXKHTa XapaKTepH3yeTCs
npeobiaganuemM kommoHeHThl {110}<001>, koTopas HCHBITHIBAET Pa3MBITHE
0 TOJIIIMHE JIUCTA. XOJOHAsI MPOKATKA COCOOCTBYET PAa3BUTHIO ABYXKOMIIO-
HEHTHOW TeKcTypsl ¢ nHaekcamu: {001-111}<110>u {111}<110-112>, a Tax-
K€ TIOBBILICHHIO OJTHOPOJHOCTH €€ pacipeeNeHus 1Mo TomHe aucta. [loce-
JYIOIIMHA PEKPUCTAIITU3AIMOHHBIN OTKUT 00YCIIOBIMBAET POCT 3€PEH C OPUEH-
tamsiva: {001-111}<210>m {111}<112>.

Ha ocHoBe ananusza cyOCTpYKTYpHOH HEOJHOPOAHOCTH, OKA3aHO, YTO 3ep-
Ha TeKCTYpHBIX KomroHeHT {111}<110-112> o6yiasatoT NOBBIIIEHHBIM HaKJIe-
TIOM, 4TO IPUBOJAUT K MX 0OJiee HHTEHCHBHOMY POCTY B IpOLECCE pEKpUCTall-
JM3aliK 1 HEOJNAroNnpHsATHO CKa3bIBAE€TCSI HA MarHUTHBIX CBOMCTBaX JIaHHOTO
CIIaBa.
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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
PA3ZJIMYAIOIHINMUCA SBHAYEHUAMUA TKJIP

Co3nanue OecKJIeeBbIX COCMHEHUH MaTEepHANIOB SIBJISETCS aKTyalbHOH 3a-
Jadel Uil pa3IM4HbIX 00JacTel HayKU M TeXHUKH. OHUM U3 NEepCIeKTUBHBIX
pelIeHUH ABJISIeTCS JIOKAJIbHOE IUIABJICHUE Ha TPaHMIE MEXAY CBapHUBacMbIMU
MarepuajaMy ¢ TOMOIIBI0 COKYCUPOBAHHBIX Ja3€PHBIX HMITYJIbCOB (heMToCe-
KyHIHOH anutenbHocTd. Vcmonb3oBaHHe (GEMTOCEKYHIHBIX Ja3epHBIX HM-
MTyJIECOB TIO3BOJISIET OCYIIECTBIATh COCIUHECHNE TaKUX MAaTEPUAIOB, KaK CTEK-
no-ctexyo [1], crexkno-merann [2]. Kak mpaBuio, sl Jla3epHOM CBapKH HC-
MOJIB3YIOT MaTepUalbl C cOrylacoBaHHbIMU 3HaueHusiMu TKJIIP.

B nannoO#1 pa6ote, nasepnoe docdarHoe cTeKIo ¢ HEomumoM (o = 120%1077
K1) u MaraueBoanoMocuIMKaTHEIH cutaiwt (o = 62*107" K') 6puin BEIOpans! B
KadyecTBE CBAapHBAEMBIX MaTepHajoB. B KkadecTBe MCTOYHHMKA JIa3epPHBIX HM-
MyJIbCOB HCIIONb30BAJICS pereHepaTuBHbIH ycunurens Pharos SP (Light Con-
version Ltd.), usnyvaronuii UMIyabCel HEMTOCCKYHIHON UTHTEIBHOCTH Ha
qurHe BotHbl 1030 M. CBapka mpoBOAMIACH MPU CIEAYIOIINX MapaMeTpax Jia-
3€pPHOr0 M3JIy4EHHs: 4acToTa ClefoBaHus umiyiabcoB 1| MI'n, sueprus 50-200
uJK, JNTUTebHOCTh UMITYIIbCOB 180 e, ckopocTh nmepemerneHus obpasna 0.6
— 1 mm/c. Tlepen cBapkoii 00Opa3Ibl MPUBOAMINCE B ONITHYECKAH KOHTAKT IPYT
C IPYyroM C MOMOIIBIO MPIKIMHOM OmpaBkH. JlazepHoe m3irydeHue GpoKyCcHpo-
BAJIOCh HA TpaHHIle MEXIy obOpasuamu ¢ mnomoiipio obbekTrBa Olympus
LCPLN 20x IR (N.A. = 0.45), ¢ koppekuueii abeppaliuii AJs CTeKJIa TOIIHHON
1.5 mm.

[IpenBaputensHOE MCCIEIOBAaHUE CBAapHBIX TPEKOB ITOCPEACTBOM ONTHYE-
CKOM MHKPOCKOIHH HO3BOJIMIIO ONTHMH3HPOBATE PEXHUMBI JIA3EPHOTO BO3JEH-
ctBust. Criexkrpockonus KP Opna mcrnonb3oBaHa IS KapTHPOBAHUS JIa3€PHBIX
IIBOB, 3aITUCAHHBIX [0 ONTHMU3UPOBAHHOMY PEXUMY, M BBISIBUJIA HAIWYUE T1e-
pexomHONW O00iacTH MeXJIy CBapHBaeMBIMH MaTepuallaMH B  JIa3epHO-
MoaudunmpoBanHoi 30He. J[ns cBapku oOpas3noB Obuto chopmupoBano 180
CBapHBIX HIBOB C mmaroM 20 MKM MEX/y COCEJHUMH IIBaMu. [losiBlieHne 1BET-
HBIX UHTEP(EPEHIMOHHBIX 110JIOC BOKPYT 00JIACTH CBAapKU CBHUAETEILCTBYET O
HaJIMYMM IUIOTHOTO COEAMHEHUs! BHYTpH obnactu cBapku (Puc. 1). Ilomyden-
HBIE Pe3yJbTaThl MOTYT OBITH HCIIOJIB30BAHBI ISl CO3AAHHSI MUKPO-UHII Jia3e-
POB C MACCHUBHOM MOAYJISIIIMEI JOOPOTHOCTH.
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Puc. 1 — ®oTorpadust mpuBapeHHBIX 00pa3IOB J1a3epHOTr0 (pochaTHOTO CTEKIa
(HWKHMIA 00pasell) 1 MarHNeBOATIOMOCHIMKATHOTO CUTaNIa (BepXHHUI 00pa-
3err). CBapKa BBINOJIHEHA CIIEAYIONIUX MapaMeTpax 3alMCH: SHEPTHUs UMITYJIb-
coB 150 u/Ix, ckopocTsh nepemerneHus 0.8 MM/c, pacCTOSTHIE MEKIY COCEIHHU-

mu mBamMu 20 MKM.
Paboma evinonnena npu gunancogoii noodepcke Poccuiickoeo nayunozo

¢onoa (epanm PHD Ne 22-29-00838).

CHucoK HCTOYHUKOB:
[1] K. Cvecek, International Journal of Extreme Manufacturing (4), 024001 (2019).

[2] Carter R.M. Applied Optics (53), 257 (2011).
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IKCINIYATAIIMOHHBIE XAPAKTEPUCTUKHA
KOPPO3MOHHOCTOMKHNX CJAOUCTBIX
METAJVIMYECKUX MATEPUAJIOB C
BHYTPEHHUMM INPOTEKTOPOM

Bprlcokast KOppo3HOHHAS M paJualliOHHAs] aKTUBHOCTH XHIKHX paJroakK-
TUBHBIX 0TX0110B (JKPO), ncrone3yembIxX Mpy ux nepepaboTke W KOHIUINOHH-
pOBaHMH, 00YCJIOBINBAET OBICTPBIM BBIXOA M3 CTPOS METAJUTMYECKOro 00opy-
JIOBaHHMs, HEOOXOMMOCTh €r0 3aMEHbl. DTO MPHBOJIUT K OCTAHOBKE IPOU3BO/-
CTBEHHBIX TPOLECCOB, OONBIIMM MaTepUalbHBIM 3aTparam. sl yBenudeHus
CPOKOB paboThl HEOOXOAMMO TIOBBIIIATH KOPPO3SHOHHYIO CTOWKOCTh UCIIOJB3Y-
€MBIX KOHCTPYKIHNI (OCHOBHOT'O MeTajljla ¥ CBapHBIX IIIBOB).

B pamkax Epunoro otpacneBoro temarmueckoro miaHa 'K «Pocatom»
(EOTII-MT-85) Ob11 co3maH KOMIO3UITMOHHBIA MaTepHai, COCTOSIINA U3 I0-
CJI/IOBATENIFHO PACIIOI0)KEHHBIX TOHKOJIHUCTOBBIX CIOEB XKEJIEe30yTrIIepOUCTON
CTJIM C BBICOKMMH U HHU3KHMH 3JICKTPOXMUMHUYECKHMH IMoTeHIanaMu. OH 1o-
JyqmJI Ha3BaHUE CIOUCTHIX MeTautnmdeckux marepuanoB (CMM) c BHyTpeH-
HuM npotektopom (BIT) [1]. B pamkax mpoekrta «Co3nmaHue u pa3paboTka
HOPMATHUBHBIX TPEOOBAaHUI K HOBBIM KOPPO3MOHHOCTOWKHM MHOTOCIOWHBIM
METAJUINYECKUM MaTepHanaM ¢ BHYTPEHHHUM NPOTEKTOPOM ATl OOBEKTOB Xpa-
HeHust PAO» 11 TECTOBBIX MCHBITAHUM CBAPKOW Obljia MPOU3BEICHA OTBITHAS
naptusi CMM c oxuum u asyms BII. OGmas miiommaasio JMCTOBOTO COCTaBIIS-
na 210 M2 Ipu raGapuTHBIX pazMepax JI0 6 METPOB B JUIMHY M JI0 2 METPOB B
IIMPHHY CO CTOMPOIIEHTHON NMPOBEPKON Ha CIJIONIHOCTH O BCEMY 00BEMY 3a-
TOTOBOK.

B cpaBHeHHM C BBICOKOJIETUPOBAaHHBIMHM HEPIKABEIOLUIUMH CTAISIMHU ayCTe-
HUTHOTO Kilacca, Hanpumep, 12X18H10T u e€ ananoramun, CMM c BII o6ec-
MEYNBACT YHUKAIBHYI0 KOPPO3HOHHYI CTOMKOCTb. Pe3ynbTaThl MCHBITAaHWM,
npoBeAEHHBIE B CHELMANM3MPOBAaHHBIX  Jaboparopusix AO  «HIIO
«(THUUTMAIIL» (r. Mocka), AO «MIHCTUTYT peaKTOPHBIX MaTepuaioBy (T.
3apeunsiii, CBepyIOBCKast 007aCTh) CBHIACTEIHCTBYIOT MOBBIIICHHE KOPPO3H-
OHHOM cTOMKOCTH B 6 pa3 mpu Haymganu oxHoro BII, u 23 pa3a — aByx [2].
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MexaHU4eCKUMHU HCIBITAaHUSIMHU OBLIO YCTAaHOBJICHO, YTO NPOYHOCTH CLETI-
JIeHUs ci1oeB Ha cpe3 coctaBuia ot 320 no 410 Mlla, BpeMeHHOE CONPOTHUBIIE-
HUS Ha Pa3pbIB OCHOBHOTO ciost - oT 520 no 710 Mlla, yaapHas BSI3KOCTb - OT
590 no 740 x[x/M2, yron 3aruba 1npu CTaTH4ecKoM HarpykeHud - 140 rpamy-
COB U BBIIIIE.

Koneunsiit Genedurmap pe3yiapTaToB mpoekta — JlemapTaMeHT 1o rocy-
JApCT-BEHHOH IMOJHUTHKE B 00IACTH PaJHOaKTHBHBIX OTXOJOB, OTPabOTABIIEro
ANEPHOTO TOIUIMBA M BBIBOJA M3 OKCIUTyaTallMd SICPHO- U paJHaIloH-
HoomacHeIX 00bekToB I'K  «Pocatom». CoBmectHO ¢ AO «HIIO
«UHUNUTMAII» pa3paboransr Texumueckne YcmoBus 24.33.30-001-
09494191-2021 «MHOTOCIOHHBIE METAUTMYECKHE MaTepPHalbl IMTOBBIIICHHON
KOPPO3HOHHOW CTOMKOCTH ¢ BHYTPEHHHM IIPOTEKTOPOM JJIsl 000pyIOBaHHS T10
cbopy, mepepaboOTKe, XpaHCHUIO M KOHIWIIMOHUPOBAHHIO HU3KO- M CPEIHCAK-
tuBHbIX JKPO». BBomsarcs Bmepsbie. [lata BBemenus 2022-01-01. Co3saansr
TaKkXKe 5 HOPMaTHBHBIX TOKYMEHTOB (TE€XHOJOTHMUYECKHUH MpPOIEcC., ONepaIioH-
HBIE TEXHOJIOTHYeCKHe KapThl U 1p.). Pemenunem I'K «Pocatom» ypoBeHb Tex-
HoJlorn4yeckois roroBHOCTH cocTaBisieT TRL 6.

YcTaHOBIEHa BO3MOXKHOCTH IIPUMEHEHHS OYTOBBIX METOAOB CBapKH IS
MOJy4YeHUsT MeTaJUIOKOHCTpYKIwi 3 CMM ¢ BII npu ycnoBuu, 9T00BI KOPpO-
3MOHHBIE CBOMCTBA ¥ MEXaHUYECKHE CBOMCTBA CBAPHOTO IIBa COOTBETCTBOBAIIN
OCHOBHOMY MatepHaiy. OmnpeneneHbl OCHOBHBIE TPeOOBaHUS K COCTaBy U (H-
3WYECKUM CBOMCTBaM 3JIEKTPOJAHOTO MAaTEpHasa, YCIOBHAM (DOPMHUPOBAHUSA
CBapOYHOW BaHHBI M 30H CIUIABJIICHUS, BHIOOPY PEXHMMOB CBAPKH, CO3JAHHUIO
HAIOJHUTEIBHBIX M OOIHMIIOBOYHBIX 1IBOB [3].

Omnpeneneno, uto CMM c BII Moxer ObITh IIKPOKO BOCTPEOOBAH B XUMH-
4eCKON M He(Tera3o o0bIBAOIICH MPOMBIIIICHHOCTH ISl CO3MaHUS €MKOCT-
HBIX aNlapaToB TEMJIO00OMEHHBIX YCTPOWCTB, PEaKTOPOB, PETEHEPATOPOB TPY-
60MPOBOIOB MPH pabOTE B BHICOKATPIIECCUBHBIX Cpeiax.

Co3maH Marepuai, KOTOPbIM MO I[EHOBOW KaTETOPHHM HAXOJIUTCA B OJHOM
psilly € IIMPOKO pacrpoCTpaHEHHBIMU KOPPO3NOHHOCTOMKUMHE HEPIKaBEIOIINMHA
CTAISIMU ayCTEHUTHOTO KJIacca, a 110 KOPPO3HMOHHONW CTOWKOCTH CONOCTaBUM C
naJjulaineM, HUKEJIEM H XacTeJIIOEM.

1. Espaswiickuii matenr Ne 016878 EAIIB. MHorociolHblii MaTepuan
MOBBIIICHHONH KOPPO3HOHHOI CTOMKOCTH (BapHaHTBI) M CIIOCOOBI €ro IMOJydeHus,
C23F 13/06 B 32B 7/02 / Pozen A.E., Ilepensirun 0.I1., IepByxun JI.B., Kupuit
I'.B., Pozen A.A. u ap. — Boinan 30.06.2012; npuoputet 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., Kupeer C.10., Iy6 A.B., Cadhonor A.B., Makaposa E.A., Pozen
A.A., UcaxoB E.I'., KopomskoB A.O. OcobGeHHOCTH IyroBOil CBapKH CIOHCTOTO
KOppO3uOHHOCTOKOro MaTepuana // CoopHUK TOIBITTHHCKOTO rOCyAapCTBEHHOTO
yHUBepcuTeTa «Bektop Hayku TONBATTHMHCKOIO roCyJapCTBEHHOTO YHUBEPCHUTETa»
-Ne 4,2021. - C. 57-68.
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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 VP 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 AA., 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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MU3YYEHUE 3BOJTIOINUUA CTPYKTYPHO-®A30BOI'O
COCTOAHUSA MMASIHBIX COEJUHEHMM SiC/SiC ITPU
BBICOKOTEMIIEPATYPHOU TEPMUYECKOHN OBPABOTKE

KapOun xpeMHUsT 1 KOMIIO3UTHI Ha €r0 OCHOBE SBIISIOTCS IEPCIEKTUBHBIM
MaTePHaIOM ISl H3TOTOBJIECHHUSI 000J0YEK TEIUIOBBIAEISAIONINX dJIEMEHTOB IS
SIZIEPHBIX PEAKTOPOB HOBOI'O ITOKOJIEHHUS, YCTOMYMBEIX aBapHsIM C IOTEPEH Tell-
smonocurenst (LOCA). OnHako g M3rOTOBJIEHHMS TaKOH OOOJIOYKH SIBISETCS
HEOOXOMUMBIM pa3paboraTh Crocod coenuHeHHus GparMeHTOB TPYOKH M 3a-
IIVIIKA MeXAy co0oii. B panee npoBeneHHOM paboTe MMOKa3aHO, YTO C IIPUME-
HEHHUEM BBICOKOTEMIIEDATYPHOU maiiku npunoeM ZrasT izsCuiBess (aT. %) BO3-
MOJKHO IOJIVYHTH IPOYHOE M HaJEKHOE (IPOYHOCTh Ha cpe3 He meHee 201
MIla, mpu pexume maiiku: 810 °C — 10 mun.) nmasgnoe coenunenue SiC/SiC,
cocTosIIee MPEUMYIIIECTBEHHO U3 uHTepMeramuinnos (Zr,Ti),Cu, ZrBey, TiBe;
[11. Ho ipu mmoTepe TEIUIOHOCHUTENS TEMIIEDATYDA Ha MAasHOM COeIMHEHNN 000-
JIOYKM M 3arVIVIIKKA TEIUIOBBIIEIISIONIErO JJIEMEHTA MOYKET IIOBBICUTBCS IO
ceeire 1200 °C [2]. B Takux yCIIOBHSX MaTepHal MasHOTO COSTUHECHUS MOKET
aKTHBHO B3aMMOJIENCTBOBATHL C KapOMIOM KPEMHHMS, YTO NPHUBEIET K H3MEHE-
HHUIO CTPYKTYPHO-(ha30BOr0 COCTOSIHHS I1BA U U3MEHEHUIO €r0 MEXaHUYECKUX
cBoiictB. TakuM oOpasom, usydenue ssomornu COC masnoro msa SiC/SiC
MOJIVYEHHBIX C UCIOJBb30BaHMEM TpHUost ZrasTisCUioBess sBiseTcss akTyaib-
HOM 3a7auei.

C npuMeHEHHEM METO0B PACTPOBOM DJIEKTPOHHOW MHKPOCKOIIMUA, MUKDO-
peHTredHocnexkrpansHoro u JJOPD ananusa B paboTe IIPOBENEHO M3YyYEHUE IIa-
subix coequnenuil SiC/SiC (npumnoit ZrssTizsCuiBegs, pexxum maiiku: 810 °C —
10 MuH.) ocie UX Harpesa B auamasoHe Ttemmneparyp 900-1450 °C ¢ Bpeme-
HeM BblepKkU 10 muH. TTokazaHo, YTO MUKDOCTDYKTYDA MATHOTO COEIUHEHUS
B IIPOLIECCE HArPEBA DBOJIIOIHOHMPYET — IIPOMCXOAUT 00pa30BaHUE MATPUIIBI
3 cwmnuaa uupkoHus (ZrSi) ¢ BxmoyeHusmu kapounos (ZrC, TiC) tura-
Ha/uupkonus U kapoocmmnmaa (TisSiC,) Turana. Pacuér sueprun I'nb6ca 06-
pa30BaHUS CWIMIMIAOB M KapOWIOB THTaHAa M LUPKOHHUS IIOKAa3aj, 4YTO IIOJIY-
YeHHass MUKPOCTPYKTYpa IasHOIO COENUMHEHHSI OTBEYaeT HauOoJIee TEPMOIU-
HAMHYECKH BBITOJHOM peakIMy B3aUMOJICHCTBUS KapOumaa KpeMHHs C THTAHOM
Y [IUPKOHUEM.

1. Fedotov 1.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 ZrssTisCui:Bezs (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 ZrssTizsCui2Bess 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
Zr3sTisCuioBegs, 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 (TisSiC,) 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
CBAPKHU PABHOPO/HBIX MATEPUAJIOB
B YCJIOBUAX I'OPAYEI'O U3OCTATHYECKOI'O
INPECCOBAHMA

CoennHeHHE PA3HOPOIHBIX METANINYECKMX MAaTEPHUAIOB OCYILIECTBISIOT BO
MHOTHX CIIy4asgX clioco0aMu CBapKH B TBEPAOM cOCTOSHHH [ 1]. OMHHUM U3 caMBIX
MIPOTPECCUBHBIX CIIOCOOOB, DPa3sBUBAEMBIX CPAaBHHUTENHHO HEIABHO, SIBIIIETCS
mubdy3nonnas ceapka (JIC) B yCIOBUSAX rOpsSYEr0 M30CTATHYECKOTO MPECCOBA-
mus (TUID). OrtamunrensHas 0COOEHHOCTE ITOTO CIIOco0a 3aKIIFOYaeTCsl B TOM,
yTo cBapouHoe ycuiaue npu JC peanusyeTcs 3a CYET BBICOKOIO JaBJIEHHUS BCE-
CTOPOHHETO CXKATHs, CO31aBa€MOr0 MHEPTHBIM raszoM (mo 200 MIIa). i nepe-
JJadyld CBapOYHOr0 YCHIIMS, B IIPOILIECCE Ia30CTaTHPOBAHMS, CBapHBacMbIE 3aro-
TOBKH IIPEIBAPHUTEIILHO T€PMETU3UPYIOT B CTAJILHOM KOHTEHHEPE B CPEJE BBHICO-
KOro BakyyMma mopsaaka 1-10™ mm prt. c1. (0,133 I1a). B paGoTe mpoaeMOHCTPH-
pPOBaHbBI TEXHOJIOTHYECKHE IIPEMMYILECTBA U OTIMUMTENLHBIE ocobenHocT JIC B
yenoBusax [UIT mepen mpyrumu criocobamMu CBapKH B TBEPIOM COCTOSIHUM Ha
MpUMEPE HEKOTOPBIX (D (HY3HOHHBIX COCTHMHEHHUI.

Ilenpro HacTosMEl padOTH! sABIsIAcCk paspadorka texuomoruu JIC B ycio-
Busax ['UII paznuuHbIx map pa3sHOPOAHBIX METAJNIMYCCKUX MaTepHaJiOB, IIPH-
MEHUTEIBLHO UISI HEKOTOPBIX Y3J0B JIBUTATEJIbHBIX DPAKETHBIX YCTAHOBOK U
MEXIYHAPOIHOIO TEPMOSIIEPHOI0 dKCIIEpUMEHTAILHOTO peakropa (MTDOP).

Jliia mosydeHusT KaueCTBEHHOTO OMMETAIIMYECKOIO COEIMHEHHS THUTAHO-
Beiii cmaB BT6C (BT14) — cranme 12X18H10T, obnagaromero ycTOWYHBO-
CTBIO K BHOpAIMsAM, a TaK)Ke BHICOKMM YPOBHEM M CTAOMIBLHOCTBIO IIPOYHOCT-
HBIX CBOMCTB IO BCEH IUIOIIAAM COEIMHEHMS, OBUIM MCIIOJIb30BaHbI IPOMEKY-
TOYHBIE IIPOCIIOMKH M3 HHOOMS CO CTOPOHBI TUTaHA [2] M U3 MEIHM CO CTOPOHLI
cranu [1]. YcraHoBIIEHO, YTO B OTIMYHE OT CBAPKH IIPOKATKON B BaKyyMe, CITIO-
co0 JIC B yenoBusx 'UII mo3BossieT pemrnts npodieMy HECTAOMIBHOCTH TOJI-
LIMHBI [IPOMEXKYTOUHBIX MPOCIOEK U 00pa30oBaHMS JIOKAJIBHBLIX Yy4aCTKOB He-
criomHocTH. IToka3aHo, 4TO MPOYHOCTHBIE CBOMCTBA COSIMHEHUS HAXOIATCS B
muamazoHe 322-597 Mlla B 3aBHCHMOCTH OT TOJNIIMHBI MEIHOM MPOCIOIKH, a
paspyliieHre IPOUCXOUT UCKITIOUUTENBHO 10 Meau (Puc.1).

Puc.1 bumeramnnueckoe CoeIMHEHNE TUTAHOBLIN CIIJIAB — HEPIKABEIOIIAs
CTaJIb
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Pa3paborana TEXHOJOTHS H3rOTOBJIICHH MAaKETOB TCIIOOOMEHHHUKA MEPBOM
crenkd UTOP, KoTOphIE MPEACTABISAIOT COOOM CI0KHYIO KOHCTPYKIUIO OuMe-
Tayudeckoro coenuHenns 6ponssl bpXIp co cransio 316L ¢ BHyTpeHHUMU
KaHaJIaMH OXJakaeHus B OpoH30Boi yacTu. JJC OCYIIECTBISAIN 32 OAUH LUK
TUII. IToka3zaHo, 9TO IPOYHOCTH AU(PPY3MOHHOIO COEOUHEHMS HAXOIWUTCS B
nranazoHe 398-457 MIla npu xomHaTHOH Temmeparype u 330-370 MIla mpu
temmeparype 250 °C, pa3pylieHrue IpOUCXOIUT 10 OPOH30BOM COCTABIIAIOLIEH.

C 1enplo0 M3roTOBJIEHHS KpeIUIeHU KacceT auBepropa MTOP onpoboBaHa
TEXHOJIOTHSI U3TOTOBJIEHHS KPYIHOra0apUTHBIX 3aroToBoK (Mmacca 760 kr),
MpEeaCTaBIIoNE U3 ce0st cOOPOYHBIE €IMHHILI CIIOKHOKW (DOPMBI M3 HEpIKa-
Beromelt ctanu 316L u BeicokonpouHoil ctann XM19, koTopble COeAUHSIUCH
JIC B yenosusix THII (mmomans coequaerns ~ 700 cm?).

Paspaborana TEXHOJOTHs IONYYEHHS BOJOOXJIAXKIAEMEIX MOIHOIEHOBEIX
3epKaj C IJIAKUPOBKOM BHYTPECHHUX KaHAJIOB XPOMOLMPKOHHEBOM OPOH30MH ¢
nomoIeio JC B yemoBuax ['MIT ¢ menpro 3ammThl BHYTPEHHUX KaHAIOB BOJIO-
OXJIAXKJACMbIX MOJHOICHOBBIX 3€PKajl, KOTOPHIE MCIIOIB3YIOTCS IS CIIEKTPO-
CKOMUU BOJOPOAHBIX IMHUN B UTDP. Y nanoce momyunTs repMETUIHOE COETU-
HEHHE C MOJHBIM (pU3UYECKMM KOHTaKkToM (Puc.2). _

Puc.2 MonnbaeHoBoe 3epKajio ¢ BHYTPEHHUMH KaHaJIaMH, IIAKAPOBAHHbI-
MH XpPOMOIUPKOHHEBOIT OpOH30i

g s o o

OnpoOoBaHa TEXHOJIOTHS IIOJIyUYEHHs OMMETAIIMYECKIX COCIUHEHHI alIio-
MUHUEBBIA CIJIaB — THTAH C 30HOH COEIMHEHUS CTHIKOBOTO THIIA M alFOMHHHE-
BBIi CIUIaB — CTallb [MIMHAPHYECKON (HOPMBI C HAXJIECTOYHOM 30HOM COeIuHe-
Hus (Puc. 3). bnarogaps cBapke BHaxXJIECT MOJYYCHHBIE MTEPEXOIHBIC JIEMEHTHI
HUMEIOT BBICOKYIO KOHCTPYKIIMOHHYIO TPOYHOCTh M IMOBBINICHHBIC JKCILTyaTa-
[HOHHBIC XaPaAKTECPUCTHKH.

Puc.3 bumeTanisl HUIHHAPUYECKON (DOPMBI C HAXJIECTOUHOM 30HOM coeau-
HEHUS aJIIOMUHUEBBIN CIIJIaB — TUTAHOM U aJFOMHUHHEBBIN CIJIaB — CTAJIb

1. CroeumanbHble METOABLI CBApKHU JaBIEHHEM [DJIEKTPOHHLIN pecypc]: yueOHOE
nocobue / I'. B. Kontorikos, P. A. Mycun. 2-eu3a. DnekTpoH. aaH. u mporp. (30
MG6). Capatos: Aii [Tu Op Menawua, 2019. 631 c.

2. JlubdysuonHas cBapka pasHOPOIHBIX MAaTEPHAIIOB: Y4€e0. MOCOOHE ISt CTY/I.
BBICIIL yue0. 3aBenenuii / A. B. Jlrommuckuii. M.: 3natenbckuit neHTp «AKase-
mus», 2006. 208 c.
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MHOJYYEHHUE KOMITIO3UTHBIX MATEPHUAJIOB HA
OCHOBE KPUCTAIVIMYECKOT'O TUTAHA U AMOP®HOI'O
CILTABA METOJOM MATHUTHO-UMIIYJIbCHOM CBAPKH

B pabote uccnenoBaHbl 0OCOOCHHOCTH COEIUHEHHS KPHUCTAITMYECKOTO
THUTaHa C aMOp(HOH JICHTONH Ha OCHOBE THTaHA, MOJyYCHHOTO METOJOM Mar-
HUTHO-UMMTyIbcHOH cBapku (MIC). B HacTosiiee BpeMsi aKTHUBHO Pa3BUBAIOT-
Csl METOJIbI MOJTy4YeHHs KaK 00bEMHBIX aMOP(HBIX CIUIaBOB (00BEMHBIE MeTall-
JMYECKUE CTEKJA), TaK M CIIOCOOBI CO3/1aHMsI KOMITIO3UTOB HAa OCHOBE MaTepHa-
0B ¢ amopduoii crpykrypoir [1,2]. OcobeHHocTH aMOp(HOrO COCTOSHHS
HaKJIa/IBIBAIOT KECTKUE OTPaHMYEHUsI HA TEXHOJIOTHIO (pOpMHPOBaHMS KOMIO-
3WTa, B OCOOCHHOCTH Ha TeMIIepaTypy HarpeBa IpH pealli3aluyd TEXHOJIOTHYe-
CKOTO TIpoIiecca.

[Mpuammun MUC 3axmouaeTcsi B BBICOKOCKOPOCTHOM COYapeHUH CBapuBa-
€MBIX 3aTO0TOBOK, YTO MO3BOJIIET MPEIOTBPATUTH YPE3MEPHBIM HarpeB MaTtepu-
anoB [3]. TTomumo 3toro, mpu ucnonb3zoBaHud MUC BO3MOXHO HONTydeHHE
aMopGhHOH CTPYKTYPHI axe MPU CBapKe KPUCTAUTIHIECKIX MaTepPHaOB.

B nmannoit pabote meromom MUC Obliy MOTyYeHBI TPEXCIOUHBIE KOMIIO3HU-
ThI, COCTOSAIIME U3 ABYX IuacTuH TUTaHa Mapku BT1-0 ronmunoin 150+£15 Mkm
u amop¢Ho# senTsl Mmapku STEMET® 1202 (nanee — 1202) cocrasa Ti-12Ni-
22Cu-12Zr-1,5Be-0,8V mac.% tomuuHoi 50+5 MKM.

MHUKpOCTPYKTypa KOMIIO3UTa B ITOTIEPEYHOM CEUEHHUH, MCCIICIOBAHHAS Me-
TOoJOM Andpakuy o0paTHO-paccestHHbIX 3nmekTpoHoB (JIOP3J), mpencrasnena
Ha pucyHke 1. Bepxuss rpannia paszmena TutTana 1 aMOp(HOM JICHBI CoaepxKa-
Jla BUXpEBBIE 30HBL. TéMHas o0nacTh Ha PUCYHKE | XapakTepu3yeTcs OTCYT-
cTBueM JmHUKA KHKydH, 94TO CBHAETEIHCTBYET 00 aMOP(HOCTH 3TOrO CJIOS B
kommo3uTe. i HajexxHO# uneHTudukanuu amopdHO# (a3el B 00pasie Takxke
OBLT UCTIONB30BaH METO TN PAKIIMOHHOTO aHAJIN3A.

CHexTpbl, MOIyYEHHbIE METOJOM IU(PAKIUH PEHTTEHOBCKOTO CHHXPO-
TPOHHOTO U3JIy4EHUs IPH 00IydeHNH 00J1acTH, COOTBETCTBYIOMIEH ciroro 1202,
UMeNu BUA aMOP(HOTO Trajio, 4TO CBHIETEIBCTBYET 00 OTCYTCTBHH YIOPSIO-
YEHHOH CTPYKTYpbl. B BUXpEBBIX 30HaX OMHMO aMOP(HOro rajo Obu 00Ha-
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PY’KEHBI IMKU KPUCTAIIMYECKUX (ha3, KOTOPbIE MOTJI BO3HUKHYTh BCIIEJICTBHE
MepEMEIINBAHNS CBAapUBAEMBIX MATEPHAJIOB U JIOKAIBHON KPHCTAIUIM3ALUU
amopdHOi ¢a3pl. CHUMKH, TOJydeHHBIE METOJOM MPOCBEYMBAIOIICH 3IIeK-
TpoHHON Mukpockonuu (II9M), mokaszamm, 4TO BUXPEBBIE 30HBI COJEpPHKAT
HAHOPa3MEPHBIE YaCTHUIIbI, AUAMETP KOTOPBIX HE MpeBbimaeT 50 HM.

Meron MUC npoaeMOHCTpHpPOBAIT BO3MOKHOCTH TIONYYCHHS COCIMHEHHS
KPUCTAJUIMYECKOTO M aMOP(HOT0 MaTepHasioB 0e3 KpUCTAIUIN3AlUH TTOCIIEHETO.

BT1-0
BEepPXHUW crioun

1202
LleHTpanbHbIA cnow

Pucynox 1 — M300paxenne CTpyKTyphI TPEXCIOHHOTO KOMITO3HUTa
«BT1-0-1202-BT1-0» B nonepeunom ceuenuu (OIID kapra + mosocs
KOHTpacTa), moiyderHoe merogom JOPD

Baaropapaocru: MccnenoBaHue BBIIOJIHEHO 3a cueT rpanra Poccuiicko-
ro HayyHoro ¢onma Ne 22-23-00953. CHHXpOTpPOHHBIC HCCICIOBAHUS OBLIH
npoBeneHs! Ha iuHun P03 Hemerkoro anextponHoro cuaxpotpona (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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MPUMEHEHUE AJIIOMUHUEBOI'O NPUITIOA CTEMET®1502
JIJISI MAMKA MAKETHBIX TBE3OCUJIOBBIX JIEMEHTOB

B HacTosmiee Bpems akTyanpHON mpoOieMoil siBisercs co3manue dddek-
THUBHBIX M HAJIS)KHBIX NMPUBOIOB JBIKCHHS, CIIOCOOHBIX paboTaTh B IKCTpE-
MaJIBHBIX YCIIOBHMAX JKCIUTyaTallid — MOBBIMICHHBIE TEMIIEPaTyphl, BBICOKHIA
BaKyyM H T.I. B CBSI3M ¢ 3TUM BeIyTcs HCCIENOBAaHUA U pa3pabOTKH UCIIOIHH-
TENBHBIX YCTPOHCTB HOBOTO THIIA, B TOM YHCJIE TbE303IEKTPUICCKHX.

ITpe30cuiIOBEIE ANIEMEHTHI MJIAHUPYETCS UCHOJIb30BaTh, B YACTHOCTH, AT
NPUBEJICHNS B JBIDKCHNEC BHYTPHUBAKYYMHBIX KOMIIOHEHTOB JHATHOCTHKH TOM-
coHoBckoro paccessHus (ATP) MexayHapoIHOTO TEpMOSAEPHOTO peakTopa
WUTOP. Yenosus pabotsl ATP xapakTepu3yroTcs BHICOKHMH PaJHalliOHHBIMU
Harpy3KaMl M TeMIepaTypoll Hpu Iporpese, BHOpanueil M 3HAUUTEIBHBIMU
meperpy3KaMu TPH BO3MOXKHBIX aBapUIHBIX coOBITHAX [1]. B cmmy atoro x
9KCIUTyaTUPYEMbIM B PEaKTOPE COCAMHEHMSM KOHCTPYKTHBHBIX JJIEMEHTOB, B
TOM YHCJIE€ U HEPa3bEMHBIM, IPEIBSIBIAIOTCS BECbMa )XKECTKUE TPeOOBAHUS.

B nanHOIt paboTe nccienoBaiy BO3MOXHOCTh ITPUMEHEHHS BBICOKOTEMITE-
paTypHOH MalKH MbE30CWIIOBBIX HJIEMEHTOB OBICTPO3aKaJEHHBIM MPHUIIOEM Ha
OCHOBE aTIOMMHHUS. BBUIM CHasgHBI CTOJIOMKU M3 NbE30KEPAMUYECKUX IHCKOB
IIKB-460 u TCBC-2 tonumuuHoi 1 MM, ¢ MEIHbIM HOKpbITHEM 3, 6, 9 MKM U
JJEKTPUYECKUMH BBIBOJAMHU W3 MeqHOH ¢omeru tommmHor 50 u 100 MxM.
INaiixy npoBoaMIH aMOP(HHBIM JIEHTOYHBIM
npunoem CTEMET®1502 Tommuroit 70 1 35 MM
(Al-29,5Ge-3,9Si mac.%), Ts = 425 °C T1 =520 °C npu temmeparype 600 °C u
BbIIepxKe 10 MunyT [2].

[ToOXUTENBHBIME XapaKTEPUCTUKAMHU OBICTPO3aKAJIICHHBIX IIPUIIOEB SIB-
JISIFOTCSI BBICOKAsi XUMUYecKasi ¥ (pazoBast 0THOPOIHOCTB, TIOCTUI'aeMble TIPH 3a-
KaJIKe MEeTaJIMYeCKHMX pacIiaBoB co ckopoctamu 104-10% K/c 3a cuer duxca-
IIUH B TBEPJIOM COCTOSIHUH >KHAKOIIOTOOHOH aMOP(HOI CTPYKTYpHl B COCTOS-
HHUH TIEPECHIIIEHHOTO0 TBEPAOro PacTBOpa WM (OPMHUPOBAHUS HAHOKPUCTAII-
JIMYECKOH CTPYKTYPHI.
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Metonom 3/IC-aHanu3a Ha pacTPOBOM JIEKTPOHHOM MUKPOCKOIIE
Carl Zeiss EVO 50 XVP m3yueHBl MHKPOCTPYKTYPHI MasHBIX COCAMHECHUH U
MOJTyYeHbI KapThl PACcIIPEIeNICHNS] XUMUYECKHIX JIEMEHTOB B MAsSHOM IIIBE.

OtpaboTaH peXuM MOJSIPU3ALUH IS TEE30CTONONKA U3 5 TUCKOB
IIKB-460, Ha cTonbmukax u3 5 u 10 guckoB TCBC-2 onpoboBaH pexum, B3s-
TBIN U3 TNTEPATYPHBIX HCTOUYHHUKOB.

[TokazaHa BO3MOXKHOCTb IOJIYYEHHSI MEXaHHYECKH MPOYHOTO COEANHEHUS
3 mee3okepamuk [1IKB-460 u TCBC-2 ¢ omenHeHneM U (GOJBro U3 MEAH
npunoem CTEMET®1502.

1. Mukhin E. et al. Hardware solutions for ITER divertor Thomson scattering//
Fus. Eng. Design, 2017. Vol. 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®—3aperucTpupoBanHblii TOBapHeIl 3Hak KoMmnanun MU®DU-
AMETO

Y.A. GUROVAY, D.M. BACHURINA?, O. N. SEVRYUKOV?,
N. A. BABINOV?, I.A. KHODUNOV?, Ya.G. IBRAGIMOV ?
National research nuclear university « MEPhI», Moscow, Russia
2 Physical-Technical Institute. A.F. loffe, St. Petershurg
*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
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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 pum (Al-29,5Ge-3,9Si mac.%),
Ts = 425 °C Tl =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. Vol. 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,
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3AKOHOMEPHOCTH ®OPMHUPOBAHUSI COEIUHEHUM
KOPPO3MOHHOCTOMKOM CTAJIH AlISI 304
M BBICOKOITPOYHOT' O AJTIOMUHUEBOI'O CILIABA
AA 6082, TOJIYYEHHBIX METO/IOM BAKYYMHOM MMAWKHA
C IPUMEHEHUEM BbICTPO3AKAJIEHHBIX ITIPUIIOEB
CHUCTEMBI Al-Ge-Si

brnaronmapst XopommnM MeXxaHHYECKHUM XapaKTEepUCTHKaM KOPPO3HOHHOCTOWKOW cTa-
JM ¥ HU3KOMY YIIEJIbHOMY BECy aJIOMUHHEBBIX CIIABOB, X COCIMHEHHE MPE/CTaBIIACT
UHTEpeC Ui IpuMeHeHuit B Tpancrniopre [1]. OGpa3oBaHne XpyINKUX HHTEpPMETAJIAYC-
ckux (a3 cucremsl Fe-Al MOXKeT cepbe3HO CHU3HUTh MPOYHOCTH coenuuenus [1, 2]. Tlo
CPaBHEHHIO CO CBApKOIl, METOABI MafiKK IO3BOJIIOT IMOJy4YaTh COCAWHEHMS CIIOXKHOM
(dopmbl. Kpome Toro, Temneparypa JIMKBHLyCa IPHUIOS BCETr/a JISKUT HIKE TEMIIEPaTy-
pBI cConMayca OCHOBHOTO MarepHaia, Ojaroaapsi 4eMy He IMPOUCXOJMT JIOKAIBHOTO IIe-
perpeBa W OIUIABJICHUS COCIMHsIEMBIX Heraied. [londop onTHMAanbHOTO BpEeMEHH Tep-
MHYECKOTO BO3JICHCTBYS M MOHIDKEHHE TEMIIEPAaTyphl COSANHEHHS MPH MalKe IT03BOJIs-
0T TIOJIy4aTh COCAMHEHHUS C XOPOLIMMH MEeXaHWYecKUMH cBoiicTBamu [3]. Temmepary-
PBI JIMKBHYCA MIMPOKO UCIOIB3YEeMBbIX MPUITOEB cucTeMbl Al-Si BbIlle Temmeparyp co-
JIMIyCa BHICOKOIPOYHBIX AIFOMUHUEBBIX cIuiaBoB cuctembl Al-Mg-Si (550-600 °C). Do
HAKJIa/[bIBACT OTPAaHUYCHHE HAa MPUMEHEHNE TaKHX MPHUIOEB Ge3 JOMOIHUTEIBHOTO JIe-
THPOBaHUS.

JlernpoBaHue repMaHHeM KJIACCUUECKOW CHCTEMBI IO3BOJISET IOJIYYUTh TeMIlepa-
Typy miaBieHus TpoitHoro cruiaBa Al-Ge-Si Huwke 500 °C, uto mocturaercs 3a cué€r 00-
pa30BaHUs MEXIY aJIOMUHHEM M FepMaHHEM JIETKOIUIaBKOW 3BTEKTHKH C TEMIlepaTy-
poti mnmaenenus 420 °C. [loHmkeHne TeMmeparypsl MallKd aTIOMHHHAEBBIX CIUIABOB C
KOPPO3MOHHOCTOMKOM CTaNbl0 U YMEHbIICHHE BPEMEHHU BBIJICPIKKHU MO3BOJISIET KOHTPO-
JMPOBaTh POCT HMHTEPMETAUIMYECKHX cioéB Fe-Al, coxpaHATe TpeOyeMyro MHKpPO-
CTPYKTYPY M MEXaHH4ECKUE CBOWCTBA aJTIOMHHHEBBIX CIUIAaBOB [4].

TexHosorust OBICTPOI 3aKANKU pacIuiaBa MO3BOJISET MOMYYUTh NPUITON CUCTEeMbI Al-
Ge-Si ¢ m00bIM cojiepkaHHeM repManus B Bue JeHTs [5]. Llenbto gaHHOM paboThI sB-
JIIETCSl YCTaHOBJICHHE 3aKOHOMEPHOCTEH (OPMHPOBAHMS COCIMHEHUH KOPPO3UOHHO-
crotikot craimm AlSI 304 1 BeIcoKompodHOTO amoMuHHEBOTO ciotaBa AA 6082, moimy-
YECHHBIX MCTOJ0M BaKyyMHOﬁ MafKu ¢ NPUMEHCHUEM 6bICTp03aKaHCHHbIX IpHUIIOEB CU-
crembl Al-Ge-Si. Pe3ynbraTsl peHTTeHOBCKOTO (ha30BOr0 aHaIM3a JICHT CILUIABOB CHCTE-
Mbl Al-Ge-Si moka3sain HajanM4uue Tpex pasnuyHbIX (a3: TBepabix pactBopos (Al, Ge) u
(Ge, Si), a Take MeTactadbuibHoOi (asel AleGes, koTopas copmupoBanocs NpH OBICT-
poti 3akanke. [IpoBeneHbI HCCIeI0BaHKS MASHBIX [IIBOB OJHOPOIAHBIX coenuHenuit AlSI
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304 u AA 6082 s yCTaHOBJICHUS MEXaHH3MOB MX B3aMMOJCHCTBHUS C MPUIOSMH CHU-
crembl Al-Ge-Si. OnnoponHoe coemuaenne AA 6082/AA 6082 coxepxut ¢asy TBEPIO-
ro pacteopa (Al, Ge, Si) u unrepmerammg AlFeSi. Onnoponnoe coemunenue AISIT
304/AISI 304 c¢opmupyercs 3a cyér o00pa3oBaHHMs HMHTEPMETAIUINYECKOH (pa3bl
AIFeCrSi. B ueHTpanpHOW YacTu MasHOro IIBa HabitogaeTcst HOpMHUPOBAHHE HEOIHO-
POJHOM CTPYKTYpBI, COAepXKallell IBTEKTHKY Ha OCHOBe TBEpAoro pacrsopa (Al) u
TtBépaoro pacreopa (Ge, Al, Si). IlasHbli [I0B pPa3sHOPOAHOrO COCAWHEHHS AA
6082/AISI 304 comepxutr 2 ¢as3br: TBEpAbIA pactBop (Ge, Si) M HHTEPMETAIINA
AlFeCrSi. OmpeneneHbl 3HaYCHHS MHKPOTBEPIOCTH YKa3aHHbBIX (a3. YCTaHOBJICHO
BIMSHUE TEMIIEpaTypbl W BPEMEHH BBIICPKKH Ha TONIIHHY CJOS HHTEpMETalLIHAa
AIFeCrSi npu co3nanuu pasHopoaHoro coenunenus AA 6082/AIST 304.

Pe3ynbraThl IPUMEHEHHUS NIPUIIOEB PA3INYHBIX COCTABOB MO3BOJIIOT CIENATh BbI-
BOJ O TOM, YTO TepMaHH{ HE y4acTBYeT B ()OPMHPOBAHUHM IASHOTO COCAUHEHHUS, a €ro
COZICp)KaHHE BIIMSCT TOJNBKO HAa KPUTHYECKHE TeMIeparypbl (a30BbIX IMPEBpaIlCHUH
CIUIaBOB-TIPUIIOEB.

Toka3aHo, 4TO MpH Maiike repMaHuii akTHBHO AU(GGYHAUPYET B 00BEM allFOMHHHE-
BOTO CIUIaBa, 00pa3ys ¢ aJFOMHHUEM JICTKOIUIaBKHE (ha3bl [0 TpaHHULaM 3EPEH, YTO IIPH-
BOJUT K €ro oXpym4yuBaHuio. [103ToMy, HEOOXOAMMO HAHECEHUE 3alUUTHBIX HOKPBITHH
Ha QJIFOMHHHEBBIN CIUIaB. B KayecTBe MaTepHanoB MOKPBITHSA PACCMATPUBAIOTCS METall-
aet Ni, Ti u Cu, npoBe/icHbI MHJIOTHBIC SKCIEPUMEHTBI [0 H3YYCHHIO B3aHMOJICHCTBHS
YKa3aHHbIX MaTepHaioB ¢ npumosmu cucremsl Al-Ge-Si.

HUccnedosanue svinonneno npu gunancosoi noodeprcke POOU u Hemeykozo
HAYUHO-UCCIe008aMENbCKO20 COOOWECmEa 8 PAMKAX HAYuHO20 npoekma Ne 21-52-
12026.

1. Fedorov V., Uhlig T., Wagner G. Influence of the thickness of the reaction zone
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BJIMAHUE TEMIIEPATYPHBIX PEXKUMOB HA
CIIEKAHHME YPAH-TAJOJIMHUEBBIX OKCH/JOB

SlnepHOe TOIJIMBO Ha OCHOBE YpaH-TaJIOJMHUEBBIX OKCHIIOB MPEACTABISET
6oJIbIIION MHTEPEC, TAK KAaK MO3BOJISICT yMEHBIINTH H30BITOYHYIO PEaKTHBHOCTh
Ha Ha4aJbHBIX 3Talax TOIUIMBHOTO IHUKJIA 0€3 MCIOIb30BaHMS PETYIUPYIOIINX
CTEpIKHEH, a TaK)Ke TI03BOJISIET YBETUUUTh TIIyOUHY BBHITOPaHUS TOILIMBA.

B nanHolf paboTe paccMaTpUBaINCh 00pa3Ibl M3 ypaH-TaJOIMHUEBBIX OK-
CHJIOB €O CTaHHapTHBRIME conepxanusamu 0, 3,35, 5, 8 mac.% Gd203, nzroros-
JIEHHBIE U3 MPECC-TIOPOLIKOB, peacTaBieHHbIX [TAO «MC3y». [lepen cniekanu-
eM 00pasIbl OBUIA CIPECCOBAHBI C MOMOIIBIO pydHOTO Tpecca ¢pupmer Carver
TaKuUM 00pa3oM, 4TOOBI ChIpBIC TAOJIETKN UMENH OJMHAKOBbIE IoTHOCTH. Crie-
KaHue 00pasioB nposoawioch B amwiatomerpe DIL 402 C dupmer NETZSCH.
HarpeB npou3Boauin ¢ MOCTOSIHHON CKOPOCThIO paBHO# 4, 6 u 8 °C/mMuH 6e3
BbIAEpKEK 10 TeMiepaTypbl 1580 °C mpu MOCTOSHHOM NPONYCKaHUM YEpe3 CU-
cremy cMecu razoB Ar+8%H; ¢ morokom paBubiM 150 mi/muH. Tarke B xone
CIeKaHMs 00pa3l0B MPOBOAMIOCH U3MEPEHNE KHUCIOPOAHOTO OTEHIIHANIA Cpe-
Ibl C MOMOIIBIO TBEPIOAICKTPOJIMTHON ranbBaHMYECKOH sueiiku Zirconia M
(Poccust), koTopas OblTa HOAKIIOUEHA K BHIXOJLY TA30BOM CHCTEMBI.

IIpoBenéHHBIE HCClIEAOBAHUS MOKA3ald, YTO HOOABICHHE OKCHAA TaJoNu-
HUSI CHMKAeT CIEKaeMOCTh 00pa3IoB, TAKKe 3TO NMPHBOAUT K 3HAUNTEIHHOMY
MOBEIIIICHUIO TeMIlepaTypsl Hadana cnekanms Ha 200-300 °C. HawmbGonprmas
IUIOTHOCTh HaOMIoJanach y 00pasIoB, CIIEYEHHBIX CO CKOPOCTHIO Harpena
4 °C/MuH. AHaiu3 CKOpPOCTEH CIeKaHHs I[10Ka3all, YTO YeM BBIIIE CKOPOCTh
HarpeBa oOpaslia, TeM BBIIIE CKOPOCTh CHEKAHUs, OJHAKO B CIy4ae C ypaH-
raJOJIMHUEBBIMU 00pa3iaMy JaHHask 3aBUCHMOCTD YETKO HaOII0aeTCs TOJIBKO
npu temnepatypax Boime 1400 °C, B cimydae ke ¢ AUOKCHIIOM ypaHa IPH TeM-
nepatype Boimre 1200 °C. JfobaBiieHre OKCHaa raouHUS B 00pa3iibl MOBBIIIA-
eT KHCIJIOPOAHBIN MOTEHIMAI TIPOAYBOYHOTO Ta3a BHYTPH IEYH Ha HadaJbHOM
stane B uaTepBasie temueparyp 50-200 °C u 450-550 °C, BcienctBue ncmape-
HUS BJIATH ¥ OT)KWTA cTeapara ajJlOMUHHS U3 ITPECCOBOK.
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HNCCJIEJOBAHUE MUKPOCTPYKTYPbI CJIMTKOB AAEPHOI'O
TOIIVIMBA UsSI2

C 2011 cranu paccMaTpuBaThCs aNbTEPHATUBBI CYIIECTBYIONIEH TONIMBHOMN
konmnosuiuu UO2 — Zr, mpuMeHsieMoil B BOAO-BOISHBIX peakTopax. [lepcrek-
TUBHBIN BapuaHT — U3Siz. OCHOBHOE MPEUMYINECTBO IUCUIUINIA TPHYypaHa —
Oosiee BbIcOKas TeruionpoBoaHocth (21 — 38 Br/M*K y cunmnuna u 2 — 6
Bt/M*K y muokcupga), Oompmrast mwmotHocts (12,2 r/em® — y UsSiz , 10,96
r/em® mns uokewrnaa). K HemocTaTkaM CHIIMIKMIA MOXKHO OTHECTH €r0 HM3KYIO
TemrepaTypy rasieHus — 1625 °C (B To BpeMst Kak y JUOKCHJA ypaHa TeMIie-
parypa 1uiaBieHus paBHa 2847 °C) W CIIOKHOCTh HONYYCHUS. Y OUCIIALINAA
TpUypaHa y3Kas 0o0JacTh TOMOTCHHOCTH HAa IHarpaMMe COCTOSIHHUS, YTO 3a-
TPYIHSET MOJyIEHUE CTEXHOMETPHYHBIX 00pa3LoB.

B nmaHHO#l paboTe M3ydeHa BO3MOXHOCTH MOJNy4deHUs ciauTkoB UsSiz Ha
aneKkTpoayrosoi neun MUDOU-9.

BrIsiBII€HO, YTO MOMOJHUTEIBHBIM OTKUI' CIMTKOB HEe HMPUBOIUT K JKenae-
MOM CTETIeHH TOMOTCHHU3AINHU CIIUTKOB.

OO6HapyXeHO, YTO HauboJyiee TOMOTeHHBIE U OJIN3KHE K CTEXHOMETPHUYHOMY
COCTaBy CIUTKH IMOJYYar0TCs IMyTeM MHOTOKPAaTHOTO TeperiaBa CIUTKa ¢ pas-
HBIX CTOPOH.

IIpoBenen snemenTHbI ananu3 Ha POM. IlonHOW rOMOr€HHOCTH JOCTHYb
He ynaercst — obnactu, onmuskue K UsSiy , Kak IpaBHIIO OKPYKeHbI 00JIaCTIMU
6oraTeiMK KpeMHHEM. [IpucyTCTBYIOT HEOOIbIINE TPUMECH ATIOMHUHUS (MEHEE
1 mac.%).

IIpn cpennem cocraBe mmxtel U - 7.5 mac.% Si nomydyeHHble W3AEIHS
HUMEIOT TOCTEXHOMETpHYecKuii coctaB npumepro U - 6.9 mac.% Si, pexe - U
- 7.4 mac.% Si, YTO MOKHO CYHMTaTh XOPOIIUM pe3yiabratoM. OMHAKO, HAOIO-
nmaercs (asa, comeprkarias H30bITOK KpEMHUS, TPUHUMAIOIIAs BUI KBaAPaTHO-
TO YTJIOBATOTO y30pa B OHOM CE€YEHHUH W BU V-00pa3HOTo y30pa B APYTOM.

CpenHss IUIOTHOCTh 00pasIoB, M3MEPEHHAS METOJOM THIPOCTaTUYECKOTO
B3BEIIMBaHus, 6JM3Ka K TeopeTnueckoit (12,2 r/cM?) 1, 3aKOHOMEPHO, CHUXa-
€TCsI C YBEJIMUCHHUEM COACP)KAaHMUS KPEMHHS.
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BJIMSIHUE YCJIOBUI CIIEKAHUSI HA CBOMCTBA
SIIEPHOTIO TOILJIMBA C MACCOBOM JIOJIEM OKCHJA
TAJIOJIUHUA 8,0 %

TenaeHn pa3BUTHUA SJEPHOTO TOIUIMBA IIOCICAHHUX JIET HAIIpaBJICHLI Ha
YBEINMYEHNE TIYOHMHBI BHITOPAHMS, MPOIOJDKMTEILHOCTH KaMIIAHHU M IOCTH-
JKEHHST HynIeBOoro otkasa [1-4]. OmHuM #3 myTeil JOCTHXKEHHS ITOCTaBIEHHBIX
[eJIeH ABJIsAETCS BBEACHHE B TOIIMBO BBITOparomiero morjotuteid [1]. B kaue-
CTBE BBITOPAIOLIEr0 MOTJIOTUTENS dYallle MCIOJB3YETCS TaJOoJuHHM, KOTOPBIM
o0nagaeT TaKUMHM YHHUKAJIBHBIMH CBOMCTBAMM KaK BBICOKOE ITOIIEPEYHOE Ceve-
HHUE 3aXBaTa HEHTPOHOB, SIBIISIETCS HENEJSAIIUMCS MaTepUajIoM W HE BBI3BIBAET
00pa3oBaHMs HEXXENIATeIbHBIX IPOITYKTOB JICICHUS.

Hcnonp3oBaHre BEITOPAIOIIETO MOTJIOTUTEISA ITO3BOJISICT B IIUPOKHUX IIpE/e-
JIaX U3MEHATH HEUTPOHHO-(H3nueckue xapakrepuctuku TBC u cxeMy ux pas-
MEIIEHU NIPH Neperpy3kax 3086 C IIOMOIIBIO YpaH-Tag0JIMHAEBOTO TOILIMBA
MOXHO 3(DMEKTUBHO PETYIUPOBATH MUK MOIIHOCTH B TeueHue Iukia. IIpe-
HAMYILECTBA HMCIIOJb30BaHUS YPaH-TaJ0JMHHEBOIO TOIIJIMBA COCTOUT TAaK)KE B
CHIDKCHHHM CTOMMOCTH BhIPa0aThIBAEMOW SJICKTPHUYCCKON SHEPIHU U IKCILTya-
TAI[MOHHBIX PACXOJIOB.

B Oynymem nossimienue 3(MGEKTUBHOCTH HCIOJIL30BAHUS SIIEPHOTO TOII-
JMBa TpeOyeT yBeJIWYeHMsl KOHIIEHTPAI[MK BEIrOparomiero mnoriaorurenst. K ra-
KOMY TOIUIMBY IMPEIbIBISIOTCS BBICOKHE TPEOOBAHMS MO TaKHUM ITOKA3aTENsIM
KaK IUIOTHOCTh, MHKPOCTPYKTYpPa, «IOCIIEKAEMOCTE)», pacCMaTpPUBAaEMBbIE B Ka-
YeCTBE KJIIOUEBBIX ITAPAMETPOB B PACUETHHIX 00OCHOBAHUSIX ITOBEIECHHUS TBOIOB
(TBDJIBI, COLEp KAIIE YPaH-TaI0JMHAEBOE TOILIMBO) B CTAllMOHAPHOM M IIEPE-
XOJHBIX PEKUMAX, a TAK)KE B IIPOEKTHBIX aBapusaX. [103Tomy OOJIbIION HHTEPEC
BBI3LIBAET M3y4YEHHE MEXAaHHU3MOB M 3aKOHOMEPHOCTEH H3MEHEHHS CBOWCTB
YPaH-TaJ0JIMHUEBOI0 TOIJIMBA C BBHICOKMM COJEP)KaHHEM BBIFOPAIOIIETO IT10-
TJIOTUTENIS IIPY €T0 IIPOMBIIIJIEHHOM IIPOM3BOACcTBe. HecMOTps Ha JocTaTOYHOE
KOJIMYECTBO MYOJUKAIMA M JUTEPATYPHBIX JAHHBIX, BOIIPOC O BJIMSHHUM YCJIO-
BUH CIIEKaHWUS HA CBOMCTBA SJACPHOrO TOIIMBA C OKCHUIOM TraJOJIMHHS, B TOM
YUCJIe U Ha €ro TePMUYECKYI0 CTA0MJIBHOCTH («IOCTIEKAaeMOCTbB)), OCBEIEH
MaJo.

B pabote mnpencraBieHBl pPe3YyaAbTATHI HCCIIENOBAaHHUS CBOMCTB ypaH-
raJloJMHAEBLIX Ta0IeTOK ¢ comepkanneM 8,0 mac.% Gd20s3, MoIy4EHHBIX IPU
CIIEKAHHUU B CPEJE C Pa3IMUHBIM YPOBHEM YBIIakHeHHUs. [loka3zaHo, 4TO Takue
BakHble cBorcTBa TabneTok (U,Gd)O2 Kak INIOTHOCTB, «IOCIEKAEMOCTbY,
MHUKPOCTPYKTYpPa B 3HAYUTEJIBLHOM CTEMEHU OIPEACIAIOTCS (HOPMHPOBAHUEM
TBEPAOIr0 PacTBOPA, KOTOPBIA B CBOIO OUEPEAb 3aBUCUT OT COJEPKaHUs KUCIIO-
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poma B armocdepe cnekaHus. IIOBBIIIEHHE YPOBHS BJIAYKHOCTH U COOTBET-
CTBEHHO IOBBIIIEHHUE CONEPIKAHUSA KUCIOPOAa B aTMOochepe CIIeKaHUs CII0CO0-
CTBYET IOJIYYEHHIO CTAOMIIBHBIX ITOJOKUTEIBHBIX PE3YJIBTATOB IO «JIOCIIEKAE-
MocTu». IIpu criekaHuu B ra30BOM Cpele ¢ HEAOCTATKOM KHCIOpoaa oopa3yer-
¢Sl JOCTEXHOMETPHUYECKHH COCTaB TabeTKH. BrociencTBum mo BO3A€iCTBUEM
aTMoc(hepHOH Bard MPOUCXOIUT OKHUCIIEHUE TAOJIETKH 10 CTEXHOMETPHUIECKO-
TO COCTaBa, MPH 3TOM MPOMCXOJUT PACTPECKUBAHHE TAOJICTOK W IMOBBIIICHHUE
COJZIEpKaHUS B HUX BOAOPO/IA.

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. Ilerpos U.B., bacos B.B. IloBeneHue TaGJIeTOK ypaH-3pOMEBOrO OKCHIHOIO
TOIUIMBA B MPOIECCe HUKIMYECKON TepMHUYecKoid oOpabOTKH. ATOMHAs SHEprus,
1.107, BBIIL. 4, OKT0pE 2009. C.221-224.

3. Coxkomnosa U.J. OnbiT pa3paboTok TormBa st peaktopoB PWR u ero skcrmy-
araruu Ha ADC @panimn. AToMHas TeXHUKa 3a pyoexxom, 2007, Nel10. C.3-11.

4, Coxomnosa M.JI. YcoBepieHCTBOBaHUS M UCCIICAOBAHUS B 00JIACTH SIIEPHOIO TOII-
ymBa. Y.1. YcoBepIIeHCTBOBaHIE TOIUINBA, TAOJIETOK M MaTepHaioB 00OJIOUKH TBAJIOB.
ArtomHas TexHuKa 3a pyoexxom, Ne2, 2011. C.3-13.
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SINTERING PARAMETER INFLUENCE
ON 8.0% Gd>0s 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. 1.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. 1.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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SAIMATHBIE MHOT OCJIOMHBIE IOKPHITUSA JIJIS
HUPKOHHUEBBIX CIIJIABOB OT
BBICOKOTEMIIEPATYPHOI'O OKUCJIEHUSA

Pa3paboTka UMPKOHUEBBIX OOOJOYEK TEIUIOBBIACIAIOMINX 3JIEMEHTOB,
YCTOMYUBBIX TIPH aBapUIHBIX CUTYAIMAX — aKTyaJlbHas 3a/1a4a sIIEPHOTO MaTe-
puanoBeneHus. [Ipennaraercs UCIIONB30BaTh MOKPEITHA Ha ocHOBe Cr B Kade-
CTBE 3alUTHI MUPKOHHUEBOW 000J0YKH OT okuciieHus [1]. OmgHako, ObICTpas
B3auMHas muddy3us Cr u Zr mpu BBICOKHX TEMIIepaTypax BEIHYXIAeT Ipo-
JIOJDKATh MOUCK ONTHMAJBHBIX COCTaBa M CTPYKTYPBI 3alIUTHOTO MOKPHITHA
[2]. Tlpemnaraercs wucmons3oBath ZrOp B KadecTBE OapbepHOrO CIOS IS
npenotBpatienus anpdysun Cr—Zr. OgHaKo KepaMUYeCKUe TOKPBITUS HE MO-
I'yT OBITh 3aIIUTHBIMH TPH OBICTPBIX CKOPOCTSX Harpesa. [loaToMy B kayecTBe
6apbepHOTO CJI0S MOT'YT OBITh HCIOJIB30BaHbl MHOT'OCJIOMHBIE MOKPHITHS, KOTO-
pPBIE COCTOST U3 YEPEAYIOUINXCA METAUIMUECKUX U KEpaMHUUECKUX CI0oEB [3,4].
B cBs3u ¢ 3THM HEOOXOIUMO W3YUUTH TOBEACHUE MHOTOCIOHHOTO TOKPBITHS C
OaprepHBIM citoeM ZrO»/Cr ¥ 3aIUTHEIM BHEITHAM ciioeM u3 Cr Ha IUpKOHHE-
BoM cruiaBe D110.

IoxpeITHs HaHOCHIUCH Ha 0Opasnsl W3 cuaBa D110 ¢ ucmoms3oBaHHEM
MOHHO-TUIA3MEHHOH YCTaHOBKHM, OCHAIICHHOW CHCTEMOW MYJIBTHKATOTHOTO
MarHeTPOHHOTO PACIHBIICHUS M IUIAHETApHBIM MOJIOKKOepxKaTeneM. B kade-
CTBE MPOOOMOJNTOTOBKU M3JEINA MPOU3BOIMIM NUIN(OBKY U TOIHPOBKY 00-
pasioB ¢ ucnojib3oBanuem SiC oymaru (P600—P2500), nanee ode3xupuBaiu
TEXHUYECKUM MBUIOM, NPOMBIBATH B AMCTHJUIMPOBAHHOW BOJAE, KUIIATHIIN B
CIHpTE U CYIIWIX B ero mapax. Ilocie ocaxIeHHs NOKPBITHI OBLIO MOTyYeHO
4eThIpe Cepur 00pas3IOB ¢ MHOIOCIONHBIM MOKpbITHEM ZrO,/Cr ¢ 1marom rme-
puonuueckoi ctpyktypsl 100, 250, 750 u 1500 uM. MHOTOCIIOMHBIE TOKPBITHS
Zr0O,/Cr-100 mpeacrasisuin coboit 30 mocnemoBarenbHbix ciioéB ZrOz u Cr ¢
TONMIUHON Kaxaoro cios 100 HM, a B KadecTBE 3allIUTHOT'O BEPXHETO CIIOS BEI-
CTymal clIod XxpoMa, TommuHon 7 MkM. Hansinenue ZrO; BBINOJIHSIOCH C MO-
MOILBIO TyaJbHOM MarHeTPOHHON pacHbLIUTENbHON CUCTEMBI C MOLIHOCTBIO 2
kBT 1mpu cooTHOmeHnH H0TokoB Ar/O; kak 30/45 cm®/mun. Cloi XpoMa Hambl-
JISUTH ¢ TIOMOIIIBI0 OJMHOYHOI'O MarHeTpoHa ¢ MOIIHOCTHIO 2 KBT. Ocaxnenne
MHOTOCJIOMHBIX TIOKPBITHHA C IAaroM MepHoAnYecKod cTpykTypbl 250, 750 u
1500 HM BBITIOTHSIIOCHh aHAJIOTHYHBIM 00pa3oM.

ITocne ocaxeHus TOKPHITHH OBUTH IPOBEICHBI CTIBITAHNSA 00pa3ioB. s
OTIMCAaHUS MEXaHU3MOB Pa3pyIIeHHsI U JaTbHEHIIIEr0 OKUCIEHUs 00pa3IoB Obl-
JIM TIPOBEJCHHI in situ TU(paKIMOHHBIC H3MEPECHUS NPU JTHHEHHOM HarpeBe B
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quanazoHe Temmepatryp 25-1250 °C c¢ mocnemyromeil M30T€pMHUYECKOH BbI-
nepxkoii B Tedenun 20 munyT npu 1250 °C B Bakyyme npu gaeienun 103 [Ta
Ha MCTOYHHMKE CHHXPOTPOHHOIO U3JIy4eHHUS B MHCTUTYT siaepHoil ¢uzuku CO
PAH. Kaxzasie 50 °C perucTpupoBaJUCh CHEKTPHI, 3aTeM MPOBOAMIACH HX
pacmudpoBka.

Jlis aHanwu3a NOBeJEHUsI CTOMKOCTH MHOTOCIIOMHBIX MOKPBITHH K TEIIOBO-
MY yAapy, XapakTEepPHBIM JJI aBAPUIHON CUTyallud B aKTUBHOU 30HE SIEPHOTO
peakTopa ObIIIM MPOBEICHBI TEPMOLMKINIECKUE UCTIBITaHUH. [ aHanm3a mo-
BE/ICHHUS TOKPBITHH (MX COCTOSIHHS MOCJIE€ TEPMOLMKIMPOBAHMS) MOMOIHH-
TENBHO OBUTH HCIIOJIB30BaHBI METOJBI ONTHYECKON MHKPOCKOIIMHM M CKaHHUPY-
IOIIEH JEKTPOHHOW MUKpPOCKOTHH. [Toka3aHO, 9YTO TOKPHITHS ¢ OOJBIITMM KO-
ngecTBoM ciioeB ZrQy/Cr 001afarT 6oee BEICOKOW TPEIIMHOCTOMKOCTHIO, HO
Takye THUIBI 0Opa3IOB MMEIOT MEHbIIee COMPOTHUBICHHE K CKaJBIBAaHHUIO IIO-
KPBITHS IIPU TEPMOYAApE.

3areM OBUIM MPOBEAEHBI HCIBITAHUS IO BHICOKOTEMIIEPATypHOMY OKHCIIEe-
HHUIO B IIOTOKE BOJASHOTO Mapa, UMUTHPYIOIIEE aBapHio ¢ IOTepel TeIIOHOCH-
TeJs, pU TeMreparypax B auanazone 1250-1400 °C mis aHanm3a CTOWKOCTH K
OKHCJICHHIO MHOTOCJIIOWHOTO TMOKPHITHA. [lodydeHHBIE NaHHBIE MOKA3bIBAIOT,
YTO TPaHMIBI pasaena MylabTHCI0EB ZrO2/Cr MOTYT NPUBOIUTE K YCKOPEHHIO
B3anMHOU mu¢¢y3un Cr—Zr mist crutaBa 3110 ¢ XpOMOBEIM MTOKPBITHEM.

HccnenoBanme BBIMOTHEHO Tpu (uHaHCOBOW monmepkke PODU u Toc-
kopmoparmu «Pocarom» B pamkax HayuHoro npoekta 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. // 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.
https://doi.org/10.1016/j.net.2019.08.015

228


https://doi.org/10.1515/corrrev-2017-0010
https://doi.org/10.1016/j.jnucmat.2021.152806
https://doi.org/10.1016/j.corsci.2021.109494
https://doi.org/10.1016/j.net.2019.08.015

B.B. YI'JIOBY, C.B. 3HOHKHﬁ1, B.A. TOPOIIKO?!, A.H. CYYKOB?
1Benopyccxuii 2ocyoapemeennwiii ynusepcumem, Munck, bearapyco
2Hayuonanvuwiii uccredosamenvekuii s0ephvlil ynueepcumem «MUDHy,
Mockea, Poccus
*e-mail: Uglov@bsu.by

BJIMAHUE OBJIYYEHUA MOIIHBIMHN HOHHBIMUA
IIYYKAMU HA METAJIVIMYECKHUE BKJIIOYEHUS B
AMOP®HBIX CIINTABAX HUPKOHUSA

MeToaoM CKOPOCTHOH 3aKalKd W3 paciliaBa ObUIM MOJy4Ye€HBI aMOp(dHEIE
CIUIaBBl HA OCHOBE IIUPKOHHUS B BHJE JICHT ToammHON 30-60 MxMm. Ilocie m3ro-
TOBJICHHS 00pa3Ibl MMENIH JBE Pa3HBIE CTOPOHLI: BHYTPEHHIOI CTOPOHY, IPH-
MBIKABIIYIO K OapaOaHy, U BHELIHIOK CTOPOHY (oJbru. BHYTpeHHss cTOpoHa
BH3YaJIbHO HaOJIIONalIach KakK 3epKajbHas, a BHEIIHSAS KaK MaroBas, 4To 00y-
CJIOBJICHHO YCTIOBUAMH (hopMUpOoBaHUS (OIJBT, B YACTHOCTH TPATUEHTOM TEM-
nepaTyp CBEPXOBICTPOI 3aKaJIKH.

MeTo10M PEHTIe€HOCIIEKTPAILHOI0 MUKPOHAJIan3a yCTaHOBIIEHO, YTO 00pa-
3el] UPKoHKEeBoro ciuasa 1406 umeer caeayromuii cocras: Zr — 51,9 a1.%, Ni
—15,2 ar.%, Ti— 17,1 at.%, Cu - 14.5 a1.% u In — 1,3 ar.%), a o6pazen ZrNiSi:
Zr—65,2 ar.%, Ni — 31,4 ar.%, Si — 3,4 ar.%.

MetogoM peHTreHo (ha30BOr0 aHaIKM3a BBISBICHO, YTO MAaToOBas CTOPOHA
crmaBa 1406 xapakrtepusyercs aMopbdHO (peHTreHoaMop(hHOIi) CTPYKTYpOi
(IIMPOKHE TAalI0), a CTPYKTypa MATOBOH CTOPOHBI SABIIIETCS aMOPGHON ¢ mpu-
CYTCTBHEM CJa0bLT AU(PAKIMOHHBIX JIMHUH, cooTBeTcTBYIommXx I'TIY daszam
nupkonns u Hukensa. Jus crmaBa ZrNiSi mMaToBas cTOpOHa XapakTEpH3YeTCs
Hapsay ¢ amMOp(HBIM raj0 MHTEHCHBHBLIMH IU(GPAKIMOHHLEIMUA JTHHUSMH, CO-
tBeTCTBYIOIUMHU [ TIY HMPKOHHMS M MaJOMHTEHCUBHBIMU, COOTBETCTBYIOIIUMU
TTIY daze nukens. IIpu 3ToM 3apkajgbHas 4aTh 00JaJaeT IIPUEMYILECTBEHHO
aMOp(HOI CTPYKTYpPOHl € C NPHMCYTCTBHEM CIA0BLI JUMPAKIMOHHBIX JTUHUM,
coorBercTByromux I'TIY daszam nupxonus u Hukens. CiraOOMHTEHCUBHBIE JTH-
(bpaKkMOHHBIE JIMHUM CBI3aHBI ¢ (DOPMHUPOBAHKME HEOOJBIINX METAINYECKAX
BKITIOYCHUH B aMOpGhHON MaTpHIle, 2 HHTCHCUBHBIE — ¢ (POPMHUPOBAHUEM KpH-
crayaeckoro cios crutasa ZrNiSi.

Jns uccnenoBanus cTaOMILHOCTH aMOpPGhHOR (asbl, a TakKe MeTajlInde-
CKUX KIIIOYEHHMH 00pasipl ObUIM OOJydYEeHBI MOIINHBIMH HOHHBIMH ITYYKaMHU.
OOHapyKEeHO, UYTO O0JyYeHHE MOIIHBLIMU MOHHBIMU IyYKaMd HE IPUBOAMT K
KPHUCTAUIHM3aliid aMOP(HOH CTPYKTYpPhl WM K amMopdu3alu¥ KpHUCTaJLIAYE-
CKOM. BEISIBIICHO TOJIEKO YBEIHMYEHHE OJIMKHErO MOpsiaoka aMophHoit (ha3sl Ha
2%, a cBoboaHoro ooréMa Ha 1% B ciaBe 1406. B Toke BpemMs Ha peHI'€HO-
rpaMMmax 0OJyUEHHBIX CIUIABOB HE OOHAPYKEHO MPUCYTCTBHE IU(DPaKIIHOHHBIX
JINHUH, COOTBETCTBYIOIIUX MATEJUIMYECKUM BKIIOYEHUSIM. DTO CBHAETEILCTBY-
eT 00 UX PacTBOPEHUH IIPU OOIYYCHHH MOIIHBIMH HMOHBIMH ITydkamu. llpu
3TOM CBOOOAHEINH 00BEM amMopdHOI (a3sl yBemuamics 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 - 14.5 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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TEOPETUYECKHW PACUET I'JTYBUHBI YITPOUHEHUS
NP1 OBPABOTKE KOHIHEHTPUPOBAHHBIMU
INOTOKAMMU SHEPTUMN

[TpoBenens! aHaIM3, OLIEHKA U CHCTEMAaTH3aLMsI SMIMPUYECKOTO MaTepraa
M0 TEME HCCIICIOBAHUS 3aKOHOMEPHOCTEH PAa3BUTHSA B3aUMOCBSI3H MEXIY (BH-
3MKO—MEXaHUYECKHMMHU CBOMCTBAMH MOBEPXHOCTHOTO CJIOS, PEKUMaMH o0pa-
00TKH ¥ TTIyOMHOH yNpOYHEHHs. AKTYaJIbHOCTh JaHHOW pabOThI 00YCIIOBICHA
pa3pabOTKON TEXHOJOTHUECKUX IPOLECCOB DIEKTPOMEXAaHHYECKOH 00pabOTKU
(OMO) mno3BosIONIENH ¢ BBICOKOH 3(G(PEKTHBHOCTBHIO IOBBIIMIATE JOJITOBEY-
HOCTb COEIMHEHHH B ITPOILIECCE UX YIPOUHEHHUS.

Henp paboThl 3aKiIi04Yanack B YCTAHOBICHHH 3aKOHOMEPHOCTEH M3MEHCHHUS
1apaMeTpoB PEXUMOB 00Pa0OTKH ITOBEPXHOCTHOTO CJIOSl, MEXaHHYECKHX
CBOHCTB MaTEpHAJIOB U TITyOWHBI YIIPOYHCHHSI.

I'mybuny ynpournenus mpu MO :

h = 0,047V N 1

© TCval 1)

rre N=IU, C — xoMIIekcHbIH K03()(DUITMEHT, 3aBUCAIINN OT TPEHHUS CKOJIbXKe-
HUS, Ka4eCTBa B3aMMOJICHCTBYIOIINX MOBEPXHOCTEH, (hOPMBI B3aMMOJICHCTBY-
forux mosepxuocreit C = 0,2475 [1,2], 1 - K03pPUIUMEHT YIUTHIBAET OTEPU
BO BTOpHUYHOU 1enu Tpanchopmaropa, n = 0,12 ...0,43 [1, 2], | — cuia Toka,
U — nanpspkeHne, V — CKOPOCTH BpaIlleHHs JETANIN, C — yJAeJIbHas TEIUIOEeM-
KOCTh MeTaJlIa, [— mMpHHa posimKa-3yieKTpoja (IIMpHHa KOHTAKTa), p — IUIOT-
HOCTh Marepualia 3aroToBkd, T — TemmepaTypa (a3oBOro npeBpaiieHus Me-
tajuia (Touka Acs). A — TEIUIONPOBOIHOCTh MaTepHaa JeTajH.

3aBucumocTh (1) MO3BONAET B HIMPOKMX MpeAerax yNpaBiATh ITTyOHHOI
YIIPOYHEHUSI.

Pe3ynbTaThl JaHHOTO UCCIIEAOBAHUS AT BOZMOXHOCTh OIPE/ICIIUTh TaKHe
pexxuMbl 00padoTk DMO, ITpH KOTOPBIX rapaHTHPYETCs YIIPOUHEHHE TIOBEPX-
HOCTHOT'O CJIOSI CTaJIM CO CTPYKTYPHBIMHU NPEe00pa30BaHUSIMU.

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:

0,047V N
= ®

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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M3YUYEHHUE DJIEKTPOHHOM CTPYKTYPbI KOMILTEKCA
[Ni(Salen)] METOJIOM PE3OHAHCHOW ®OTOPMUCCHUM

HemaBHOo MeTomamu peHTreHOBCKOW BaiieHTHOU ¢orosmuccuu (VB PE) n
norionierust (NEXAFS) ¢ ucnons3zoBanmem CH ObLUTO BBITIOTHEHO HCCIISIOBA-
HHE AIIeKTpoHHOTO cTtpoeHms kominiekca [Ni(Salen)], NiO2N2CigH14, KoTOpBEIIA
SBIISICTCSA TIEPCIIEKTUBHBIM MOHOMEPOM JUIA DIICKTPOXMMHYECKOTO CHHTE3a
ANEKTPONPOBOASAIIKX mojuMepos [1]. s moaTBepxkaeHus BbiBogoB o Ni 3d-

854.4
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MPUPOJIE BEPXHUX 3aHATHIX COCTOSIHUH B
[Ni(Salen)] nmomoiHWTENBHO OBUTH H3Me-
pensl VB PE cnekrpel mMeTogoM peso-
HaHCHO# QoToamuccuu [2]. DTH CHEKTPHI,
BO30yXIacMbie (DOTOHAMU C DSHEPIHUAMHU
pesonancoB B Ni2psp-, Ols- u Nls-
NEXAFS crnexrpax KoMITIeKca, OBUIH TTO-
JIy4YEHB, HCIIOJIB3YS Poccuiicko-
I'epmanckuii kanan CU  351€KTpOHHOTO
nakonutenss BESSYII. I[lonyuennsle nas-
HBIE JICMOHCTPUPYIOT HAJIWYHE CHIIBHBIX
pe3oHaHCHBIX 3((eKTOB mpu BO30YKIC-
Huu VB PE cnekTpoB KBaHTaMu ¢ 3HEPIu-
simu 853.6- 855.65 5B B obmactu pe3oHaH-
ca a B Ni 2p3» NEXAFS cnekrpe (pucy-
HOK, BcTaBka). [lomoOHble 3dexTsr He
HaOJIOaMNCh B CIEKTpaX, HM3MEPEHHBIX
IIPU MCHOJIB30BaHUM (DOTOHOB C IHEPTHSA-
Mu pe3oHaHcoB B Ols- u Nls-cnekrpax
HOTJIOIEHHUS.

HccnenoBanue BoINoIHEHO 3a cuet rpanTa PH® Ne21-72-10029.

[1] G.1. 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)], NiO2N,CisH14 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)],

Absorption

Y,

862.0 eV N_ s

855.0

Photoemission intensit

852 856
Photon energy, eV

859.25 N
1
856.35 '

T T T T
30 25 20 15 10 5
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0

the VB PE spectra were additionally
measured by the resonant photoemission
method [2]. These spectra, excited by
photons with resonance energies in the
Ni2pap-, O1s- and N1s-NEXAFS spectra
of the complex, were obtained using the
Russian-German SR beamline of the
BESSYII electron storage ring. The data
obtained demonstrate the presence of
strong resonance effects upon excitation
of the VB PE spectra by photons with en-
ergies of 853.6 - 855.65 eV in the reso-
nance a region in the Ni 2ps» 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-
sian Science Foundation grant No. 21-72-
10029.

[1] G.1. 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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METOAbI UBMEPEHUSA JABJIEHUSA I'A3A BHYTPU
3AMKHYTbBIX I1OP

JlaBnenue raza BHYTPU 3aMKHYTBIX ITOpP OKa3bIBACT 3HAUNTEIHHOE BIIMSHUC
Ha IpoIlecc CIeKaHWs MOPOIIKOB U HaNpsKeHHUE pa3pylleHus Matepuaios [1].
Jo HacToslero BpeMEHH H3MEpUTh 3TO JaBJICHHE HE IPEICTaBIATIOCH BO3-
MOXHBIM. Hamu mpezsio’keHbl METOIbl OINpPEAEICHUs NaBJICHUS Ta3a BHYTPHU
3aMKHYTBIX TI0D.

D¢ dexTuBHBIIT 00BEMHBIIT MOIYJb YIPYTOCTH IMOpHCTOro Mmarepuaia K
ompeersieTcs BeIpaxkeHuem [2]:

(K, -K,,)-c

1+7(K' —Ky)

K=K, +

4
KM T Hy
3

rae: Kv U iy - 00BbEMHBII MOYIb YIIPYTOCTH M MOJYJIb CABHIra OECIIOPHCTOrO
MaTtepuana (MaTpuilsl), C — mopuctocTh, K| = P naBneHue raza B mope, KoTopoe
HeoOxoxumo u3Meputh. Mzmepus ynpyrue monynu K, Ky u py, a Takxe nopu-
CTOCTh MaTepHaia, MO’KHO PacCUMTATh JIaBJICHHE ra3a B mopax P.

O1eHNUTh AaBJIEHHS I'a3a BHYTPU 3aMKHYTBIX TIOP MOXHO TaKKe 0 KpUTHUE-
CKOMY pa3Mepy Nop, KOTOPbIH 3aBUCUT OT 3TOTO AaBiieHus [3].

1. E.M. Mopo3zos, M.H. AnbimoB. [loknansl Poccuiickoii akagemun HayK. XUMHUS,
Haykd o wMarepuamax, 2021, T. 501, Ne 6, cmp. 56-58. DOI:
10.31857/S2686953521060091

2. P.M. KpucreHcen. Beenenne B MexaHuky kommo3utoB. Mocksa «Mup» 1982.
334 c.

3. M.U. Aneivos, C.1. ABepun. ®usnka u xumus o6paboTku Matepuanos. 2019, Ne
4, c. 46-49. DOI: 10.30791/0015-3214-2019-4-46-49.

ccnenoBanue BBIIOJHEHO 3a cueT rpaHTa Poccuiickoro Hay4qHoro ¢oHaa (mpoexT
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, )¢
' 1+7(K' —Ky)

4
K, +§yM

K=K

here: Km 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 ., 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].

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.I. 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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Ha npumepe amopdHoro deppomaruutHoro crwiaBa cuctemsr Co-Si-B ie-
rupoBanHoro Fe u Cr paspaborana MeToKa MPOBEICHHUS in Situ HU3MEPEHHI ¢
MOMOIIIBI0 aBTOMAaTHU3UPOBAHHOM CHCTEMBI OTXKHTa C OJJHOBPEMEHHBIM KOHTPO-
JIeM CTPYKTYpHO-(a30BOro coctosiHus Ha Kyp4aToBCKOM HMCTOYHHMKE CHHXPO-
tporHoro wu3nyudenus: «KMCU-KypuaroB». TepmooOpaboTka wuccienyembIx
00pa31oB B BUJE MHUKPOIPOBOAOB MPOBOIIIACH 110 33JAHHOMY PEXHUMY IpO-
IIyCKaHWEM Yepe3 HHUX MOCTOSHHOTO TOKA, OJHOBPEMEHHO H3MEPSUIOCH 3JIEK-
TPOCONPOTHBIECHUE 00Pa3IOB. 3aITycK pexXuMa HarpeBa Oblll CHHXpPOHHU3UPOBaH
C 3aIlyCKOM PEHTTCHOCTPYKTYpPHOTO HCCJICIOBAHMS Ha CTAHIMH, ChEMKa IPO-
BOJIMJIACh Ha MPOTSDKEHNH BCETO PEeXMMa HarpeBa ¢ 3Kcroszuiueid 1 MuHyTa.

[omydeHHbIe peHTreHOrpaMMbl 00padaThHIBAIMCH C MOMOIIBIO IPOTpPaMM-
HOTO 00ecTeueH s, ONPEIEISIIOIIETO JOI0 KPUCTALTHUECKOH a3kl B 00pasiie.

ITpunin 06paboTKH AAHHBIX OCHOBBIBAICSA HA WTEPAIIMOHHON ammpoKCH-
Maruu crekTpoB. [lomydeHHbIe TaKMM 00pa30M BpEeMEHHBIE 3aBUCUMOCTH CTe-
MEeHN KPUCTAUTH3AMUKA M COOTBETCTBYIOIETO 3jeKTpocornpoTusienus R(t), a
Taxxe Temreparypsl T(t) mpeacrasiens: Ha Pucynke 1.

Panee, moaxon mpu KOHTPOIUPYEMOH TepMooOpaboTKe MO3BOIMI obecte-
YUTh (OPMHUPOBAHKE 33/1aHHBIX HAHOPA3MEPHBIX CTPYKTYP B BHJE KJIACTEPOB U
HaHOKPHCTAJUIOB B aMOp(HOIT MaTpHIIe.

IIpu HU3KO# cKopocTH HarpeBa mopsaka 8 °C / MUH 00pa3Isl MUKPOIIPOBO-
Jla OCTaroTCsl peHTreHoaMopdHbIMU 10 70 MUHYTBI, 8 KpUCTAUIM3ALUsl HAUnHa-
ercsi ¢ nosepxHoctH. Ilpu nambHeimem Harpese, Ha 85 munHyTe (470 °C) B
o0bemMe BeIpacTaroT HaHoKpucTamisl 0-Co u C0,Si. [Ipu 3TOM HauMHAeT nagath
AJIEKTPOCONPOTHBIICHHE, TaK KaK AJIEKTPOCONPOTHBIICHHE KPHCTAIITHYECKON
(a3er MmenbIe yeM amopduoil. Ha 103 munyte (500 °C) HaYMHAIOT TOSBIATHCS
nuand T-¢asel C023Bs, MMeromIe 31ekTpoconpoTusieHue Boie 4yem y a-Co.
ITocne 100 munyTHI (510 °C) 2;mekTpoconpoTHBIeHHE 00pa3iia HAYNHAET YBe-
JMYUBATHCA U3-3a JOCTATOYHOTO BBIACICHHUS T-(a3bl.
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Pa6ora moxnep:xana PH®, mpoekt Ne 20-19-00607.
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K TEOPUHN BHYTPEHHET'O TPEHUA B MATEPUAJIAX

B 2011 romy Mapuenko u Mucbax nNpeasoXwin TEH30PHYIO MOJEIb
amopdHoro Tena [1]. B HacTosme# 3aMeTke MbI XOTeNM OBl IOKa3aTh, Kak
MOJB3YSCh JIAaHHOW MOJENBIO, pacCuUuTaTh, HAallpUMeEp, BEIWYMHY (OHA BHYT-
PEHHEro TPeHUs B MaTepuae.

JlomycTum MBI MMEEM HOJUKpPUCTALI. Ero MOXKHO CUMTaTh yCIOBHO HU30-
TPOIHBIM, €CJIM B HEM HET TeKCTyphl. B obnactu Bbicokux temmeparyp (T ~
0.4Ty;) MOJMKPUCTAJUTMYECKOE TBEPIOE TENIO HApsOy € YHOPYIHMH o0liagaeT
BSI3KO IUIACTUYHBIMH CBOiicTBaMH. To ecTh, BeAeT ceds Kak aMop¢HOE Teo.
CocTosiHHE TaKOTO TelIa MOKHO ONHUCAaTh, 3aAaBas JlarpaH:kuan

L=K-F,
rae K — kuHeTHueckas sHeprus (HauuHas ¢ JOKaJIbHBIX obnacteil), F — ynpyras
sHeprus Tena. Jlanee He0OX0AUMO y4ecTh HaJMYHe TUCCUIATUBHBIX CHIL

Bynem omuceiBaTh ynpyroe noBeleHue Tena cBoOoxHON sHeprueit F. Ona
ABJIACTCS (DyHKLIUEH CHMMETPHUYHOM YacTH TEH30pa IUCTOPCHU oy = O;U ,

T.€. €€ MOYKHO Pa3JIOKUTh IO TEH30PY AePOPMALMH TENA Uy, = mi
+12 A +12
F = (o) +E(03||) :

rae W, A — ko duipentsl Jlams. Hanumem nuccunatuBayto ¢yHkiuo Panes,
KOTOpasi OTBeYaeT 3a MPUPOJY BSI3KOTro moBeaeHus [2]

. 1. . ¢ .
R=15 Uy —=8;Uy)* +=ug
N~ (Ui 3 iUir) 2 Il

3mech Uy — Tensop ckopoctu nedopmanmu; NS, £ — K0d3OUIHEHTHI BA3KOCTH

tena (£ — BTopast BA3KOCTH).
DyHKIMA MUKPOILIACTHYHOCTH MapueHko-Mucbaxa 3amaercs KBaapaTHd-
HOU (popMoit
_ 9 S - opl+ - pl+y2 S pl-\2
Y =20 Uy o (o5 )7+ (o

e (XS, n, 'YS — BA3KHMC MHOXHUTCIIN IIPU MCHAIOIIUXCA BEIUYHNHAX. le/l 9TOM
CKOPOCTb U3MCHCHUA CI/IMMeTpI/ILIHOI\/'I 4JacTu TEH30pa IUIACTUYCSCKOM zle(bopMa—

o -opl P
MU paBHA TCH30PY INIOTHOCTHU MMOTOKA JUCJIOKAIIUH, (A)i’l)< = Jik .

Kak N3BECTHO, COBOKYITHOCTb BHYTPECHHUX MPOLECCOB B TBEPAOM TECJIC, KO-
TOPBIC HeO6paTI/IMBIM 06p2130M paccenBarOT MEXaHNYCCKYIO SHCPIUIO U l'[p606-

.. -1
PasyIoT €€ B TEIIO, HA3BIBAIOT BHYTPEHHUM TPEeHHEM U ob6o3Hadaror Q. Pac-
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CesTHHE MEXaHUYECKOM 3HEepruu B Teye (HampuMmep, SJHSPTUH KojicOaHuil) naet-
¢ CyMMOM

: __Kk 243, 3
E, .= TJ(VT) d3x 2J(R+‘P)d X,

rae x — Ko3((GUIMEHT TeTIONPOBOAHOCTH MaTepHana. BHyTpeHHee TpeHue B

eMHUIE 00beMa OTIPEIENIICTCS OTHOIIECHHEM [3 ]
Qfl AW
- ..
21W, ax
rae Wmax — 3amacaemast ympyras sHeprus, copnanatomas ¢ F. Paccesaue sHep-
THH 3a UK KoJeOaHui

2nla

AW = | |Exveddt.

Ile @ — 4acToTa HarpyxkeHwus. [10MydaeTcs, 4TO ONpEENeHHe 3aBUCHMOCTH
-1

Q™ (T) cBomutcs K TMOCIENOBATENBHOMY MHTErpUupoBanuio Qpynkmun: R+ .

OcoO0bIii MHTEPEC MPECTABISET MHTETPAT OT (yHKIIMU MUKPOILIACTHIHOCTH

j\ydt,

~ - pl
riae Uy =Uxe'®' B cydae IUMKITMYECKOTO JBMKEHHS; Of — 3amaetcs (W
OTIpezeNsieTcst) Ul KOHKPETHOTO MEXaHW3Ma MHKpPOIUIACTHYECKOH aedopma-

IHUH.

3akaouenue
IIpenyioskeH METOA BBIYHMCICHHS TEMIEpaTypHO-3aBHCHMOM dYacTH (oHa
BHYTPEHHETO TPEHUS B MaTepHae.

Pabora BbImosHeHa Tpu (QuHAHCOBOM moznaepxkke IlpaButensctBa Tyib-
CKOM obmacTu B pamMKax HayyHOro mpoekTa Ne rocperucrpanuu
121112200058-9 (rpanT B cdhepe Hayku u Texuuku JC/260).

Crnmcok Jqurepatypsl
1. V.I. Marchenko, Ch. Misbah. Model of plasticity of amorphous materials // Phys.
Rev. E. 2011. 84. Pp. 021502 (1-7).
2. JI.A. Jlannmay, E.M. JIudmmu. Teopus ynpyroctu. M.: Hayka, 1987. 247 c.
3. A. HoBuk, b. bappu. Penakcannonnsie siBieHust B Kpucraiiax. M.: ATOMU3 AT,
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 ~ 0.4Tn), 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 ;. =0;u,, i.e. it can

be expanded in terms of the strain tensor of the body u;, = wj;
A
F= M((D:I—()z +E(m?|—)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]
o1 .
R=n" (Uy _§6ikull )? +%Uﬁ ;

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

A - pl = pl=
‘P=2asuik0)ii++n(®iﬁ+)2+ys((’)ipk ?

where oS, n, v° 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, G* = — 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 Q1. The dissipation of mechanical energy in a body (for example, vi-
brational energy) is given by the sum
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: __Kk 243, 3
E .= TJ(VT) d3x 2J(R+‘P)d X,

where « is the thermal conductivity of the material. The internal friction per
unit volume is determined by the ratio [3]
o AW
27W, ax '

where Wmax is the stored elastic energy coinciding with F. Energy dissipation
per oscillation cycle

2nla, .
AW = IO [Enedclt

where @ is the loading frequency. It turns out that the definition of dependence

Q’l(T) is reduced to the sequential integration of the function: R + ¥ . Of par-
ticular interest is the integral of the microplasticity function

j\ydt,

where u, =0,e " in the case of cyclic motion; @ — 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 3BOJIIOIMA JTUCJTOKAHUOHHOI'O
AHCAMBJISA B NIPOLHECCE JE®@OPMALIUN
HNOJIMKPUCTAJVIMYECKOI'O HUKEJIA

Hamu paccMoTpeHsl HEKOTOpbIe OCOOEHHOCTH OIMCAHUS 3BOJIOLUM AUCIOKa-
IIMOHHOTO aHcamOIst B pamKkax (heHomeHosorny Kokca-MekuHra Juist KpyImHO3ep-
HHUCTBIX MaTepHaloB WM MeKHHra-OCTpUHA JUI yIbTPaMEIKO3epPHUCTBIX MaTe-
pHanoB. ApryMEHTHPOBAHO UCHIOJIb30BaHNE 00bEeANHEHHOI (heHoMeHonorun Kok-
ca-MekuHra-JCcTpriHa B IMPOKOM JIMANa30He M3MEHEHHS Pa3MEpoB 3epHa 1 Ha e
OCHOBE IPEJUI0KEHA OLICHKA BKJIAJJOB PA3JIMYHBIX KAaHAJIOB POXKICHHS JIMCIOKAIIINA
(Tero 3epHa M rpaHMIla 3epHA) Ha IPHMEpPE IKCIIEPUMEHTAIBHBIX JaHHBIX 110 OTHO-
OCHOH medopManyy 00pa31oB HOJUKPUCTANINYECKOTO HUKEIS C pa3MEpPOM 3epHa
B auanazone oT 0.7 go 100 Mmxm.

B pabote MBI HCTIOIB30BaIM AAHHBIE 1O IehopMaIii TTOIHKPUCTAIIINYECKOTO
HHKeNs, KOTOpble NpeAcTaBieHsl B padore [1]. Tam ke mocTaTouHO MOIPOOHO
OITHCaHa METOMKA MPOBEICHUS SKCIIEPUMEHTOB. 31eCh OTMETHM JIMIIIb, YTO 3aro-
TOBKH OOpA3IoB yJIbTPAaMENKO3EPHUCTOTO HUKENS MOIydaJd METOJOM pPaBHOKa-
HaJbHOTO yriioBoro npeccoBanust (PKVYII) no deTbIpex mpoxooB yepe3 MaTpHILy
90° npu Temmneparype 150°C. 3arotoBku nocne PKYII noasepramu omxury npu
Pa3IMYHBIX TEMIepaTypax B BaKyyMe B TeueHue | 4 JJIs MOMydeHHs 00pasloB C
Pa3IMYHBIM Pa3MEpPOM 3€pHa B IMPOKOM JAWAIa30HE.

[NokaszaHo, 9TO NpH YBEIMUCHUH pa3Mepa 3epHa BKJIaJbl PA3JIMIHBIX KaHAIOB
POSKZIEHUS TUCIIOKAMi (TeJIO 3epHA M I'paHHIA 3epHa) MOTYT HE SIBISITHCS MOHO-
TOHHBIMH (DYHKIMSIMH, ¥ CYILIECTBEHHBIM 00pa30M 3aBHUCAT OT OCOOEHHOCTEH Mo~
TOTOBKM 00pasnoB, KOTOpas 3aJaeT HaYaIbHOE YNPOYHEHHWE MaTepHalia ¢ TOUKH
3peHUsI COOTHOIIEHHMS INIOTHOCTH TUCIIOKAINi B TeJle 3epHa M Ha TPaHMIIE 3epHa.

Agtops! (SIcankoB U.C. n ArnerauHoB 3.A.) BBIpaXkaroT OiaarogapHocTs Poc-
cuiickomy Hayunomy ®onny 3a (MHAHCOBYIO HOJJIEPKKY B pamkax mpoekrta No
22-29-00143 «YHuBepcasbHbIH, NPAKTHKO-OPUEHTUPOBAHHBIN KPUTEPUH TOTEpH
YCTOHYMBOCTH IUTACTHIECKOTO TEYEHHS B METAJUIMYECKUX MaTepraliax Kak mpsmoe
CIIE/ICTBHE KOJUIEKTHBHOM AMHAMHUKH TUCIOKAIIMOHHOTO aHCAMOIISD)

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 I.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. 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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NCCJIEJOBAHUE MEXAHUYECKHUX CBOMCTB H
KOPPO3UOHHOU CTOUKOCTHU CBAPHBIX
YIABTPAMEJIKO3EPHUCTBIX TUTAHOBBIX CIIVIABOB

B kagecTBe 00BEKTa HCCIIEAOBAHNUS BBICTYNIAIN IIPOMBIIIIICHHBIE O- 1 TICEB-
nmo-o. TutaHoBble croaBel [IT-3B m IIT-7M. Vierpamenkosepructas (YM3)
CTPYKTypa B cIuIaBax (hOpMHpOBaJIaCh METOJOM PaBHOKAHAIBLHOI'O YTJIOBOTO
npeccoBanust (PKVYII). DnexrpoumnynbscHas nuddysnoHHas cBapka oOpas3oB
npoBojauiack Ha ycraHoBke Dr. Sinter SPS-625. Ckopocth HarpeBa Vi Bapbu-
poBaiack ot 10 mo 350 °C/muH, npunoxkeHHoe maienue P - or 50 mo 100
MIla, Bpems: 06padoTku - ot 0 1o 90 muH. CBapka MpoBOAMIACH B 0-00JIaCTH
(600 °C), BOnM3M rpanuisl o-p-dasosoro nepexoxa (700 °C), B Hauane ABYX-
(aznoii (a+p)-obmactu (800 °C) u B f-obmactu (1030, 1140 °C). M3mepenus
TBeproctd Hv mpoBoamnm Ha TBepaomepe Duramin Struers 5. Wcnbitanus Ha
ropsuyto coseByto kopposuto (I'CK) mpoBoamnu B cMecH KpHCTaJUIMYECKHX
coneit NaCl u KBr, npu temnepatype 250 °C B Teuenue 500 4, B yCIOBHAX [10-
CTyNa KHCJIOpoJa. DIIEKTPOXMMHUYECKHE HCCIIEOBAHHS IPOBOJMIN C MOMO-
b0 oreHnuocrara P-8 B Boguom pactsope 10%HNO3 + 0.2%HF.

HccnenoBanusi MUKPOCTPYKTYPBI MOKAa3aJid, YTO B HCXOJHOM COCTOSIHUH
HaOJroaeTcst CWIIbHO HEOAHOpOoAHAs KpynHo3epHucTas (K3) MukpocTpykTypa.
B crmnaBax I1T-3B u IIT-7M npucyTCTBYIOT BbLIesieHHsi dacTul [-¢ha3sl 10
rpaHuiam 3epeH o- u o'-daspl. [Tociae PKYII B crmaBax ¢opmupyercs Menko-
3€pHUCTAs CTPYKTypa cO CpeAHUM pazmepoM pparmMeHToB ~0.2-0.5 MKM.

UccnenoBanusi MakpoCTPYKTYpBI TIOKa3bIBAIOT, YTO Ha Kpasix K3 obpasion
CBApEeHHBIX MPU HU3KHUX JABJICHUSX, MAJIBIX TEMIIEPATYPax WM TOBBIIIEHHBIX
CKOPOCTSAIX HarpeBa NPHCYTCTBYIOT CTBIKOBBIE HENPOBAaphl, pPasMep KOTOPBIX
cocraBisieT ~50-70 MxMm. B Bepmmmae MakpoaehekTOB pacroiararoTcs KpyIi-
HBIE TIOpBI, 00BbEMHAsT IOJISI KOTOPBIX YMEHBIIASTCs IIPU yJaJICHHH OT Kpast 00-
pasua (0T 06JaCcTH MaKCUMAJIBHBIX PACTATHBAIOIINX HanpspkeHuit). Ha ocranb-
HOH (OoJpIIel) IUIOMIAM CBAPHOTO COEJMHEHHUS MPUCYTCTBYIOT MHKPOIIOPHI,
o0beMHast 10151 KOTOPBIX 3aBHCUT OT peKUMa cBapku. OTMETHM, YTO Mayas
o0BeMHas 1071 Makpo- M MUKpOIOp Habmiomaercs B ciydae auddy3noHHON
ceapku K3 o6pasunoB B mHTepBase Temmneparyp 700-800 °C u mpum HH3KHX
HanpsokeHusax (50 MIla). B mBax YM3 cIiaBoB CTBHIKOBBIE Makpoe(heKThI
MPAKTHYECKH OTCYTCTBYIOT, 00beMHas noiisi mop Mana. Ctpykrypa K3 cmiaBa
BOJIM3M CBapHOTO COCIMHEHHS XapakTepH3YyeTCsl KPYMHO3EPHUCTOW a/ol'-

245



cTpyKTypoil. Hanbonee nHTeHCHBHOE BhIJeNeHNE YacTHI B-(ha3bl HabII0KaeTCs
M0 TPaHMIAM BBITSHYTHIX 3epeH o'-(asbl, mpuyeM oObeMHas OIS YacTHl -
(ha3sl B MeTaJule CBAPHOTO COSMHEHUsI OKa3bIBaeTCs 0OJIbIIE, YEM B HCXOIHOM
K3 crnnaBe. YBenuueHne CKOPOCTH HarpeBa, BETUUUHBI TIPUIIOKEHHOTO JaBie-
HUS ¥ BPEMEHH BBLICPIKKH MPUBOJUT K CHIDKCHUIO CPEHEro pasmMepa 4acTull
B-¢a3el. YBenmnuenue temmepatypsl cBapku ot 600 1o 800 °C mpuBoIHT K yBe-
JMYEHUIO CpeqHero pasMepa 3epHa YM3 cmraBax ot 4.8 mo 6.9 mxm. Ha rpa-
HHUIAx 3epeH YM3 CIUTaBOB TOCIE CBApKH MPHUCYTCTBYIOT EAMHUYHBIC YaCTUIIBI
B-¢a3sr pasmepom ~2-3 MKM. YBEIWUEHHE TEMIEPATYPhl CBAPKHU U ITOBBIIIICHNE
BPEMEHH H30TEPMHIYCCKON BBIICPIKKH MPUBOIUT K YBEIHMYEHHUIO pa3Mepa ya-
ctun B-aszel U pa3Mepa 3epeH. YBEIWYeHHEe CKOPOCTH HarpeBa HE OKa3bIBAeT
3aMETHOTO BJIMSHUS Ha pa3Mep dacTull $-(aszbl, HO NPUBOJUT K YMEHBIICHUIO
cpenHero pasmepa 3epHa B YM3 crage.

CouneBble OTIIOKEHHSI Ha IOBEPXHOCTH 00pasioB nocie ucnbiranuid Ha ['CK
npezcTaBisitoT coboii cmecu NaCl, okcugoB tutana (TiO2, TiO) u riuHO3eMa,
a Takxke (a3 Ha ocHoBe BaHaaus (VO11s, V2Ti30g) 1 AlzV. IIpoaykTsl KOppo-
3UM Ha 00paslax, MOJyYeHHBIX CBapKoil mpu TemmepaTypax Bbime 1000 °C,
taxxke cocrosumi u3 NaCl, TiO», TiO u okcuaa amrOMHHHUSA, HO BMecTO (a3 Ha
ocHoBe BaHamust (VOi1s, V2TizOg, Al3V) Obutn 0OHApyKEHBI aTFOMHHHIA-
coaepskanue daser (dhaza TiAlClg, AlTiz), a taoke cienst VO2. Baxno otme-
TUTb, YTO B IPOIYKTaX Koppo3un K3 00pa3moB ObUTH 00HAPYKCHBI IIUKH OKCH-
Jla BaHAJWSA, KOTOPBIA OTCYTCTBOBAJ B MPOAYKTaX Koppo3uu Y M3 06pa3mos.

PesynbraTel ncciieoBaHMA MaKpOCTPYKTYPHI CBapHBIX COCITUHEHUH IOKa-
3BIBAIOT, YTO MEXaHU3MBI KOPPO3HMOHHOTO pa3pyIICHUS MeTajula B 30HE CBap-
HOTO COEJMHEHHS U BAAJH OT HETrO pa3ludHbl. B 00nacTé cBapHOro coenuHe-
Hust K3 criaBoB mMeeT MecTo KOMOWHAIMS S3BEHHOW M IIENIEBON KOPPO3HH,
pHUYeM IITyOMHa IIeJIeBOi KOPPO3UH BJIOJb CBAPHOTO COSAWHEHMS OIpees-
€TCsl IOPHUCTOCTRIO MIBa. B ciyuae BBHICOKOIOPHUCTHIX IIBOB, MOJyYEHHBIX IO
HEONTUMAaJIbHBIM PEXKUMaM CBapKH, IITyOWHa KOPPO3UH MOXeT npeBbimats 300
MKM. Bmami ot cBapHbIX coemamHeHU#E K3 crmaBoB HaOmOmaeTcss COYCTaHUE
MexxkpuctaumuTHol koppo3un (MKK) u s3BeHHO# koppo3un. CaMble KpYITHBIE
KOPPO3HOHHEIC SI3BBI OBUIM paBHOMEPHO pacIpeelieHbl 110 Bcel IUIoamu 00-
pasna. Hambornee WMHTEHCHBHOE KOPPO3HOHHOE pPa3pyIIeHHE HAOIIOAAeTCs B
obmact o'-¢a3sl ¢ yBeTHUEHHONH 00BbeMHOU Hoiei gacturl B-¢a3el. IT0 00Y-
CJIABJIMBAET HEOJHOPOIHBIA XapaKTep pachpeaeieHus KOPPO3HOHHBIX Aedex-
TOB II0 MOBEPXHOCTH MeTayuta. OTMETHM, YTO YacTO MO KPYIHBIMH KOPPO3H-
oHHBIMU si3Bamu HaOrogaeTcs MKK. Oto mo3BosseT npeAanonaoxuTs, uto I'CK
HMMeEET ABYXCTAJUNMHBIN XapakTep - Ha nepBoM stane npoucxoautr MKK B men-
KO3EPHHUCTHIX O0MacTsaX o'-(ha3bl, a 3aTeM pa3BUBACTCS S3BEHHAs WIH PaBHO-
MepHasi KOppOo3usl.

BenuunHa npuiioxKEHHOTO ABJICHUST U BPeMsi H30TEPMUYECKON BBIIEPKKH
NOJ JaBJICHHUEM, KOIJa IIPOIECCHl IUIACTHYECKOH aedopManuy HHTEHCHBHO
NpOTEKaroT B 0Opasnax, HanboJiee CyIIECTBEHHO BIHSIOT Ha IIIyOHMHY KOppO-
3MOHHBIX JieheKTOB B cBapHBIX coeauHeHnsix K3 oOpasnoB. OTMETHM Takxe,
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4TO pa3Mepbl KOPPO3HOHHBIX Ie(eKToB B cBapeHHbIX K3 oOpa3uax okazanuch
MeHble, yeM B cruiase [IT-3B B HCX0JHOM COCTOSHUM.

B cnyyae auddysnonnoi ceapkn YM3 cIuiaBoB IuesnieBasi KOppo3usi HabJro-
Jlajiack TOJNBKO B CIIy4ae CBAPHBIX COSIUHEHHUH TOJBKO C MOBBIIIEHHONW MOPUCTO-
CThIO. Branu oT JMHMM CBapHOrO COEAMHEHUs HaOllojanack OIHOBPEMEHHas
MKXK u s13BeHHast KOppo3usl. Y BENIMUEHUE BPEMEHU U TEMIIEPATYPhl CBAPKH IpU-
BEJIO K YBEIMYCHHUIO TITyOUHBI KOPPO3HOHHBIX edekToB B YM3 crumaBax. B ciy-
Yyae HU3KHUX TEMIIEPATyp CBapKH, MAJIbIX CKOPOCTEH HarpeBa M HU3KOTO JIaBJICHUS
ITyOrnHa KOPPO3HOHHBIX Ae(EKTOB OKa3ajach JOCTATOYHO Majia M HE MPEeBbIIIa-
ma riyoussr gepextoB MKK B YM3 crmaBe mocie PKVIIL. Pexxum cBapku B
JMarna3oHe «cpeqHux» Temreparyp Harpesa (700 °C, BOnm3u rpaHuns! (o + f)-
obnacty) npu Manslx Harpyskax (50 MIla) u npu ckopoctu Harpesa 10 °C/muH
SBJIIETCS] HAOOJIEe ONTHUMAIIBHBIM - CPE/IHSISI TTIyOMHA KOPPO3HOHHBIX Ae(EKTOB
B 1.5-2 paza MeHsle, yeM IiTyOuMHa KOppO3HOHHBIX 3B B K3 06pasuax, a kpyn-
HbIE Ie()eKTHI LIIBOB U IIEJIeBast KOPPO3Hsl OTCYTCTBOBAJIH.

HccnenoBanus nokaszajiu, 4To pexxuMbl 1u(dy3nOHHOI CBapKu HE OKa3bIBa-
10T CYILIECTBEHHOTO BJIMSHMSA Ha TBEPAOCTh CBAPHBIX COCTUHEHHH U OCHOBHOI'O
Mmertamna K3 cimasa. Teeprocts K3 criaBa Boanu oT TMHUM CBapKH HaXOAMIACH
B auana3zoHe 2.4-2.6 I'Tla. [loBbilieHHbIE 3HAYEHUSI TBEPAOCTH CBAPHBIX COEIU-
HEHHUH CBS3aHBI C 1e(OPMALIIOHHBIM YIIPOYHEHHEM, KOTOPOE HCIIBITHIBAIOT 00-
pas1s B xo1€ A Qy3HOHHOH CBapKH MO JaBICHACM.

TBepmocTh MeTaia CBapHBIX coequHEHHA B YM3 o0pa3max mpeBblImana
MuKpoTBepaocte K3 obOpasmoB Ha ~0.4-0.8 I'Tla. Camble BBICOKHE 3HAYCHHS
tBepaoctu (3.0-3.2 I'Tla) mHaGmomamuce B YM3 o0pasnax, MOJy9YeHHBIX IPH
HHU3KUX TeMIlepaTypax, BBICOKMX CKOPOCTAX HarpeBa M MajbIX BPEMEHax BBI-
nepxkku. O000IIeHHe Pe3ysIbTaToB MOKa3bIBAET YBEIMYEHHE CKOPOCTH HarpeBa
10 350 °C/mun no3Boiisier chopmupoBate YM3 CTPYKTYpy € HU3KOW MOPHCTO-
CTBIO U MOBBIIIIEHHOHN TBep0CThIO (2.9-3.1 I'Tla) cBapHBIX HIBOB.

Takum o0pa3om, HauOosee MPEANOYTHTENBHBIM SIBISIETCS BHICOKOCKOPOCT-
HOH Harpe (350 °C/MuUH) o TemIiepaTypbl, OJIM3KOH K Temmneparype (Ha3oBoro
nepexona o.—(700 °C), mpu naBnennn 50 MIla, 6e3 Beinepkku (t = 0 MuH). IT0
MO3BOJIIET C(HPOPMHUPOBATH MEJIKO3EPHUCTYIO CTPYKTYPY C OJHOBPEMEHHO ITOBBI-
LIEHHOM TBEPJOCTHIO U KOPPO3UOHHOM CTOMKOCTBIO.

[Ipennoxena Mopenb BIMSHUS IIapaMETPOB MUKPOCTPYKTYPHI Ha CKIIOH-
HocTh YM3 tutanoBbsix cmiaBoB k I'CK. Iloka3ano, 4To KOppo3uOHHAas CTOU-
KocTb YM3 00pa3nioB 3aBHCHUT, TITaBHBIM 00pa3oM, OT KOHIICHTPAIINH BaHA U
Ha TPaHHIAX 3€pPeH. YBEIWYCHHE KOHICHTPAIMH BaHAIWS HAa MUTPHPYIOLINX
TPaHHUIAX 3€peH C POCTOM TEMIepaTyphl W BpeMeHH Au((Py3nOHHONU CBapKH
OTpHUIATENILHO BIMSET Ha ycTOMunBOCTh K ['CK.

PaGora BrImoONHEHA TpH mojAepkKe [IporpaMMmBbl cTpaTerndeckoro axasne-
muueckoro nuaepctsa «IIpuopurer-2030» (mpoext NeH-498-99 2021-2023).
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A.B. HOXPUH", M.10. 'PA3HOB, B.H. YYBUJILJEEB,
B.A. KOIIBUJIOB, C.B. IIOTHH, K.B. HI/IXHI/II_[Kl/Iﬁ,
A.C. IIAJIPUHA, M.K. YET'YPOB
Hayuonanenuiii uccnedosamensvcxuil Huswce2opoockuii 20cy0apcmeeHHbli YHU-
sepcumem um. H.U. Jlobauescrkoeo, Huocnuti Hoseopoo, Poccus
*e-mail: nokhrin@nifti.unn.ru

HCCJIEJJOBAHUE MEXAHUYECKHX CBOMCTB U
CBEPXIIVIACTUYHOCTHU YJBTPAMEJIKO3EPHUCTBIX
AJTIOMMUHUEBBIX CIITABOB Al-0.5Mg-Sc

B kauecTBe 00BEKTOB HCCIIe0BaHUs BhIcTynanu ciiasel Al-0.5 Bec.% Mg ¢
pasnuuHbiM cozaepikanuem ckaumus (0, 0.2, 0.3, 0.4, 0.5 Bec.%Sc). O6pasiisl
IIOMHHHUEBBIX CIUIABOB TOJIy4YaJd METOJIOM HHAYKIHMOHHOTO JuThs. Ilocne
JIMTHS! CIUIABBI 3aKaJIKE X TOMOTEHH3AaLUH HE ITOJIBEPTaInCh. YIIbTPaMEIKO3ep-
HucTas (YM3) MUKPOCTPYKTypa B 3arOTOBKax ()OPMHpPOBATIACh METOAOM PaB-
HOKaHAJTBHOTO yrioBoro mpeccoBanus (PKVII). M3mepeHuss MEKPOTBEPIOCTH
(Hv) mpoBoaunucs ¢ nomoripio tBepaomepa HVS1000. Mexanudeckue UCIIbI-
TaHMS Ha PAaCTSHKCHHE IUIOCKHX 00pas3noB B (OpME «IBOHHOM JIOMATKN» HPO-
BOJIMITKCH C IOMOIIIBIO pa3pbiBHOM ManmHbI Tinius Olsen H25K-S.

CruiaBbl B COCTOSIHUM 10CJI€ JIMThSI IMEIOT OJJHOPOJIHYIO KPYITHO3EPHUCTYIO
CTPYKTYpY; CpeAHuii pa3mep 3epHa ymenbiaetcst ot 1000-1200 mxm g0 30-40
MKM TIpH YBEJIMYEHUH KOHIeHTpauuu ckanmaus oT 0.2mo0 0.5%. B ctpykrype
CIUIaBOB C cojepkaHueM ckaHaus Oosee 0.3% TPHUCYTCTBYIOT €IMHHYHBIE
KpymHble cBerible vactuibl AlzSC, cpemnmit pasmep KOTOPBIX COCTaBISIET
~0.35-1.3 MxM, 0ObeMHas JOJISI KOTOPBIX YBEJIWYHBACTCS C MOBBHIIICHUEM KOH-
nerTpanuu ckanaus. [locie PKVYII dopmupyercs omHopomHas YM3 cTpyKTy-
pa, cpemHuil pa3mep 3epHa B ciutaBax Bapbupyetcs oT 0.8-1 mxm mo 0.4-0.5
MKM M TIPaKTUYECKH HE 3aBUCHUT OT KOHLICHTPALIUH CKaH M.

YM3 cmnaB Al-0.5Mg o6nagaer HU3KO# TEPMUYECKON CTAOUIBHOCTHIO U B
npolecce MpeABapUTEIbHOTO HarpeBa JI0 TEMIIEPaTyphl CBEPXIUIACTHUECKOM
Jnedopmanuy B HUX MPOMCXOANT UHTEHCUBHBIA POCT 3€peH J0 pa3MepoB, Mpe-
BBILIAIOIINX HECKOJIbKO COTEH MUKPOH. DTO HE MO03BOJISIET 00ECIeUUTh BBICO-
KHE CBEPXIUIACTUYECKUE XapaKTePUCTHKH CIUIaBa IIPU IMOBBIIICHHBIX TeMIIepa-
Typax nedopmarun. [Ipu cBepxiutactiuueckoid nepopmanmun CMK crmas pas-
pymaeTcs BA3Ko, 0€3 HHTEHCUBHOTO oOpa3oBanmst mop. CpenHuit pa3mep 3epHa
B 00J1aCTH paspylLICHUs IPU 3TOM OKa3bIBaeTCsl MEHbIIIE, YeM CPEIHUIl pazmep
3epHa B HeJe(OpMHUPOBAHHONW O0JIACTH, YTO KOCBEHHO MOJXKET YKa3blBaTh Ha
(bakT npoTeKaHMs TUHAMHYECKOH PEKPUCTAIUIU3AIINY.

Ioka3zano, uto YM3 cruaBsl Al-0.5Mg-Sc 0651a1at0T BEICOKUMH CBEPXILIa-
CTHYECKUMH XapakTepuctukamu - B YM3 cmasax ¢ 0.4 n 0.5%Sc npu Temne-
parype aedopmarnuu 500 °C u cxopoctu aedopmanun 1-10s? mocrurarorcs
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BBICOKHE 3HAUEHUSI OTHOCUTENILHOTO YUIMHEHUs A0 paspyiuenus (~1060%).

Ipu ceepxmiacTuueckoit aedopmamnu YM3  cmiasoe  Al-0.5Mg-Sc
HabmonaeTcs AehOopMaiOHHO-CTUMYJIMPOBAHHBIA POCT 3€pEH C IOoKa3aTeieM
k = dlg(d)/dlg(¢) mmensomumcs ot 0.8 10 1.3 B 3aBUCHMOCTH OT KOHIICH-
TpalMy CKaHAMS. YCTAHOBJICHO, YTO B CIIaBaX C MaJIbIM COJAEP)KaHUEM CKaH-
IV KHHETHKa Je(h)opManmoHHO-CTUMYIHPOBAHHOTO POCTa 3€PEH KOHTPOJIUPY-
eTCsl TOJBIKHOCTBIO CTBIKOBBIX AWCKIMHAIMN, a B CIUIaBax C IOBBIILICHHBIM
COJZICp)KaHWEM CKaHOWsI — IOJBIDKHOCTBIO [HUCIIOKAIMH OPHEHTAIlMOHHOTO
HECOOTBETCTBUSI.

B mporecce cBepxmiactiuyeckoit nepopmanun YM3 cruraBos Al-0.5Mg-Sc
HaOIIo1aeTCsl UHTEHCHBHOE 0oOpasoBanme mop Ha dactumax AlsSc, xoropsre
BBIJICTIMJIMCh B IIPOIECCE HarpeBa W/WiIM B Tpouecce Kpucrawmzanuu. [lo
HalleMy MHEHHIO, HauboJiee TPeIIOuTHTENbHBIM 11 00pa3oBaHus MUKPOIIOP
U YCKOPEHHOTO pa3pylIeHHs SBISIOTCS KpymHble yacTtul] AlsSC pacmonararo-
IMecs Mo TPaHuIaM 3epeH. JTO NPUBOAMT K peasiu3aluy KaBUTallMOHHOTO Me-
XaHU3Ma paspyleHus — Gppaxkrorpaduueckuii aHaInu3 U3JIOMOB CBUACTEIbCTBY-
€T 0 HaINYMU OOJNBIIOH OOBEMHOW JIOJH IOp, KOTOPBIC SIBISLIMCH MPUYUHOMN
paspyuienuss YM3 craso Al-0.5Mg-Sc.

HccnenoBaHo BIHMSIHUE TNpEeNBapUTEIBHOTO BbLAENEHHMA dacTul AlsSc Ha
XapaKTepUCTHKH CBEPXIUTaCTHYHOCTH Y M3 amoMuHHueBEIX criaBoB Al-0.5Mg-
Sc. Beinenenne gactun AlzSc myTeM IHTENBHBIX OTKUTOB CIUIABOB IPH TEM-
neparype 300 °C. ITokazaHo, 4TO HpolEecC NPEABAPUTEIBHOIO OTXKUTA OKa3bl-
BaeT ciaboe BIUSHHE HA XapaKTEPUCTHKH CBEPXIUTACTHYHOCTH YM3 cIutaBoB
Al-0.5Mg-Sc (mpenensHOe yUTHHEHHE JI0 Pa3pyIICHUs, HATPSDKCHHE TCUCHUS
NPU CBEPXIIACTUYHOCTH, CKOPOCTH Ae(OpPMAIIOHHO-CTUMYJIMPOBAHHOTO PO-
CTa 3epeH), HO CIOCOOCTBYeT Ooyiee MHTEHCHMBHOMY MNOPOOOpPa30BaHHIO M
yMeHbIaeT 00bEMHYIO JOJII0 PEKPUCTAIUIM30BAHHON CTPYKTYpPHI B JedopMu-
poBaHHOU W HenehOpPMHPOBAHHOW YacTsAx oOpasia. [lokaszaHo, uto nedopma-
IIMOHHO-CTHMYJINPOBAHHBIA POCT 3€pEH NPOTEKaeT HEOJHOPOJHO B 0oOBEMe
nedopmupoBaHHOrO 00pasiia — MakCUMallbHast OObeMHast 101 PEKPHUCTAILIH-
30BaHHOH CTPYKTYpBl HaOJIIOAaeTcss B OONACTIX JIOKAJTM3ALUH IUIACTHYECKON
nepopManum.

Pabota BeimonHeHa mpu nozasepxkke [IporpaMMbl cTpaTernyeckoro akaje-
muueckoro nuaepctsa «[Ipuopurer-2030» (mpoext NeH-498-99 2021-2023).
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A.B. HOXPUH", B.H. YYBUJIbJIEEB, M.K. YUET'YPOB,

M.C. BOJIIUH, M.IO. I'PA3HOB, I1.B. AHAPEEB, A.A. HA3BAPOB
Hayuonanenuiii uccnedosamensvcxuil Huswce2opoockuil 20cy0apcmeeHHbli YHU-
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HCCJIEJJOBAHUE MEXAHUYECKHX CBOMCTB U
KOPPO3MOHHOM CTOMKOCTH IMOPOIIKOBBIX
TUTAHOBBIX CIIJIABOB Ti-Al-V, IOJYYEHHBIX
METOIAOM SJIEKTPOUMITYJIBCHOTI'O («<MCKPOBOI'O»)
IVIASMEHHOI'O CIIEKAHUMSA

B HacTosIee BpeMs THUTAHOBBIC CIUIABBI SBIAIOTCA OJHUM M3 OCHOBHBIX
MaTepHajoB aTOMHOIO MAIMHOCTPOCHHUS M MOPCKOM TeXHUKH. B aromHOMi
SHEPruy HauboJiee YacTO HCIOJB3YIOTCS O- M IICEBIO-0. TUTAHOBBIC CIUIABHI
(ITIT3B, IIT7M u zgp.), a B MOPCKOI1 TEXHHUKE B MOCIEeIHEE BpeMs Bce OoJbIee
pacmpocTpaHeHHEe THOJy4JaroT HOBBIE NByX(aszHble o+f crumaBbl. DKCTpeMaib-
HBIC YCIIOBUS 9KCIUTYaTallM TUTAHOBBIX CIIJIABOB (IIOBBIIICHHBIE TEMIIEPATYPHI,
Harpy3kH, BO3ICHCTBHE KOPPO3HMOHHO-arpECCHBHOW CpEIbl, PaaHallMOHHOTO
00JTydeHHS) PEABSBISIOT BHICOKHE TPEOOBAHMS K MEXaHHYECKHM CBOHCTBAM
¥ KOPPO3HOHHOM CTOMKOCTH TUTAHOBBIX CILUIABOB.

OnHUM U3 TIEPCIEKTUBHBIX METOJIOB YIIPABJICHUS CTPYKTYPHBIM U (a30BbIM
COCTOSIHHEM METAJTMYECKUX MaTEPHAJIOB ABISETCS METOA IEKTPOUMITYIIbCHO-
ro («uckpoBoroy) miaasmenHoro cnekanus (OUIIC, B mHOCTpaHHON nHTEpaTy-
pe «Spark Plasma Sintering»). CyTh JaHHOTO METOAA COCTOMT B BBICOKOCKO-
poctHoM Harpese (10 2500 °C/mMuH) MaTepuaia 3a CUeT MPOIyCKaHUS depe3
npecc-(popMy ¢ HMOPOIIKOM MUJUTHCEKYHIHBIX HMITYyJIECOB MOCTOSHHOTO TOKa
60JIBIION MOIHOCTH C OJHOBPEMEHHBIM MNpWIOKEHHEeM aaBieHus. [lomydae-
Mbie MeTogoM DUIIC mMaTepuatsl XapaKTepU3yIOTCs OJIM3KOH K TEOPETHIECKOM
IUIOTHOCTH W BBICOKHUMH MEXaHMYECKUMH CBOWCTBaMH. B Hacrosmiee Bpems
texHonorust DUIIC HaxoauT cBoe NMPHUMEHEHHE B KauecTBE METO/A BBICOKO-
CKOpOCTHOH TBeprodazHoi nu(y3MOHHON CBapKH TUTAHOBBIX CILIAaBOB. Bme-
CT€ C TeM CIeJyeT OTMETHTh, YTO B HACTOsAIIEC BpPeMs KOPPO3HOHHAS CTOM-
KOCTh THTAHOBBIX CIIJIaBOB, MoiydeHHBIX MeroaoMm OUIIC mpaktudecku He
n3ydera. OcoOblii WHTEpeC MPEACTaBIsAET U3YUYCHHE CTOMKOCTH THUTAaHOBBIX
CIUIaBOB MPOTHB ropsiaeit coneroit kopposun (I'CK), kotopas sBisieTcs OgHUM
13 HanboJiee OMacHBIX BUJIOB MOBPEKIAIOIINX POIIECCOB.

B pabote ommcaHsl pe3ynbTaThl HCCIEIOBAHUI CTPYKTYPHI M KOPPO3HOH-
HOM cTOHKOCTH 00pa3noB THTaHOBHIX crutaBoB BT1-0 (a-crmas), I1T-3B (mices-
no-o coiaB) U BT6 (a+fp-cmuiae) monyduennsix meromom DUIIC. Crutassn crre-
KaJINCh M3 MOPOIIKOB, M3rotosieHHbIX OO0 «Hopmun» (r. bopoBuum) mero-
JIOM IUIa3MEHHOM aTOMU3alMU B CpeJie HHEPTHOTO ra3a. B coorBeTcTBHU C cep-
TU(QUKATOM IIOCTAaBIIMKA HOPOIIKK HMenH cdepuueckyio (opmy mo 'OCT
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25849-83 u orHocwiuch Kk kiaccy ITHT-8 (pasmep mopomkoB ot 10 mo 45
MkM). HacwimHas mioTHocTs nopommkos cocrasnset 2.7 r/cm®, DUTIC turano-
BBIX 00pa3ioB auamerpoM 20 MM MPOBOJMIOCH C MCIOJIB30BAHUEM YCTAaHOBKHU
Dr. Sinter model SPS-625. TutaHOBbIe MOPOIIKK TOMENIATKNCH B TPaQUTOBYIO
npecc-popmy. Crkopocts HarpeBa coctapisuia 50 °C/mun. CriekaHue MPOBOIHU-
JIOCh B BaKyyMe€, B YCIOBHUSIX IPHIOXKEHUSI TOCTOSSHHOTO OJHOOCHOTO JIaBJICHHS
70 MIla. Temmeparypa crekanus (Ts) cmmaBoB coctasmsiia 850 £ 10°C, coor-
BeTCTBYyIoMmeH nByxda3Ho# (a+f)-obmactu. M3mMepeHnss MEKPOTBEPIOCTH TIPO-
BOJIWIIH C MCIIONIF30BaHMEM TBepaomepa QnessA60+ mpu Harpyske 2 Krc. DIek-
TPOXMMHYECKHE HCCIICIOBAaHNSI KOPPO3HOHHOW CTOWKOCTH IPOBOAMINCH C HC-
MOJIB30BaHNEM MOTEHIMOCTaTa-rajgbBaHocTata P8 mpn koMHaTHON TeMmeparype
B BogaoM pactope 0.2%HF+10%HNO3 (pH=1.1) npoBormpyoemM MexXKpH-
CTAJUIMTHYIO KOPPO3WIO B TUTAHOBBIX CIUIaBaX. ABTOKJIABHBIC HCIIBITAHUS Ha
rOpPSTYYI0 COJIEBYIO KOPpO3uio mpoBoamituck B cMmecu coneil NaCl u KBr, B3s-
ThiIX B cooTtHomennu 300:1 mpu temmneparype 250 °C, B yCIOBUAX JOCTyINa
kucinopoaa. Bpems ucneitanus cocraBimsio 500 4. CteneHb KOPPO3HOHHOTO
MOBpeX/IeHNs olleHnBaach B cooTBeTcTBHH ¢ [[OCT 9.908-85. AHanu3 riryOuHBI
U XapakTepa KOPPO3HOHHBIX AE(EKTOB MPOBOIMIICS C HCIIOJIb30BAHHEM METal-
norpaguueckoro mukpockomna Leica IMD RM.

[IpoBeneHsl ncciaeqoBaHUS MHKPOCTPYKTYpPHI, (pa3oBOro cocraBa, MHKpO-
TBeproctu. [loka3aHo, 4ro oOpasibl CIIABOB MMEIOT OZHOPOIHYIO BBICOKO-
IUIOTHYI0 MHKPOCTPYKTYPY W BBICOKHE 3HAUCHUS MHKPOTBEPAOCTH. Y CTaHOB-
JICHO, YTO THUTAaHOBBIC CIUIABBI OOJANAIOT BBHICOKONH CTOMKOCTBIO MPOTHB 3JIEK-
TPOXUMHUYECKON KOPPO3MU MPH HCHBITAHUSIX B KHCIOTHOM BOJHOM pacTBOpE,
MPOBOIMPYIONIEM MEXKPHCTAJUIMTHYIO KOPPO3HIO, & TaKKe BBICOKOH CTOHKO-
CTBIO MPOTHUB ropsiaeit coneBoil kopposuu. Ilpu mmurensHeix (500 4) ucmeiTa-
HUSX Ha TOPSYYIO COJIEBYIO KOppo3uio npu Temneparype 250 °C oOpasibl TH-
tana BT1-0 pa3pymarorcs mo MexaHuzMy oOIeid (paBHOMEPHOI) KOppo3uu, a
obpasusr cmiaBoB Ti-Al-V mapku [1T-3B u BT-6 — 0 MexaHu3My MeXKpH-
CTaJUIUTHON Kopposuu. [myOmHa Koppo3moHHBIX AedekroB B cmae [1T-3B
noydyeHHoM MetosioM DUIIC okasbIBaeTcst HA OPSIOK MEHBIIE, YeM B 00pa3-
nax kpynHoszepHuctoro cruiasa I[IT-3B B cocrostHuu nocraBku. Bricokas kop-
PO3MOHHAsT CTOHKOCTH CIEYCHHBIX THTAHOBBIX CIUIABOB OOYCIIOBJIEHA Mallod
o0BeMHOM nornedt gacthil PB-pas3pl, Mamoi KOHIICHTpAIlUe BaHAIWS HA TpaHU-
IIax 3epeH CIUIABOB, a TAKXKE MOJIOKUTEIBHBIM BIMSHHEM yriepoaa. Brickaza-
HO TPEIOJIOKEHNE, YTO BBICOKAs TBEPAOCTh CIUIABOB, a TAK)KE pa3jinyus B
KOPPO3HOHHOM CTOMKOCTH IEHTpaTbHOW M OOKOBOII MOBEPXHOCTH 00pa3IoB
o0ycioBnensl nuddysuei yriaepoaa u3 rpapuroBoil mpecc-GpopMel B TOBEPX-
HOCTH 00pasIa.

Pabora BeimonHena npu noanepxke [IporpaMMbl cTpaTerHyeckoro akaje-
muyeckoro nuaepctsa «IIpuopurer-2030» (mpoext NeH-498-99 2021-2023).
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HNCCIEAOBAHHME ITPOLUECCOB JMHAMHUYECKOI'O
AE@OPMHUPOBAHUA YIVIEPOJUCTBIX ITEPIMTHBIX
CTAJIEU

Brutn poBeieHbl SKCIIEPUMEHTAIbHbIE HCCICAOBAHNS U KOIBIOTEPHOE MO-
nenuposanue B cpene ANSYS mporeccoB miacTUYeCKOd nedopMalui U pas-
pYILIEHN IIJIaCTUHYATOrO nepimra. PaccmarpuBanuch ctaau (ct. 10, cr. 30, V8
u Y10) B pa3snMuHBIX CTPYKTYPHBIX COCTOSHMSAX M C Pa3HOM KOHIIEHTpallHeit
yTIepo/a mocie BEICOKOCKOPOCTHOH medopMannu 1mo cxeme tecta Teinopa.

HccnenoBanus MUKPOCTPYKTYPHI MOKa3aiau, 4yTo B cTaisax Y8 u Y10 mocine
BBICOKOCKOPOCTHOM aehopMaryy MOSBIISINCH JIMHUK JIOKaIH3aluu nedopma-
unu. B cinydae menee yriepomucteix craied 10 u 30 mogoOHOro sdpdexra He
Habmoganocs. B Mukpoctpykrype craind 30 B HCXOLHOM COCTOSIHUM HAOJIIO1a-
JIUCh TIEPJIMTHBIC 3€pHA C Pa3HOU CTCIEHBIO AMCIEPCHOCTH U (heppUTHBIC 3ep-
Ha. B HEKOTOPBIX 3epHAX MEPJIUTA BUAHO 3aPOXKACHUE ITOJI0C JIOKATM30BaHHOM
nedopmanuu. [lonydeHHBIH pe3yabTaT CBUACTCIBCTBYET O TOM, YTO C YBEIH-
YEeHUEM COAEPKAHMS YIIEPOa W/WIHM XPYIKHUX 3€PEH MEPIUTA MEHIETCS MEXa-
HU3M BBICOKOCKOPOCTHOH AedopMalliy, CTald M BKJaJ JIOKAIW30BaHHOH Je-
(hopmarmu ctaHOBUTCS BCE O0JIe€ CYIIECTBEHHBIM.

VcTaHOBIIEHO, YTO BBICOKOCKOPOCTHAs JedopMaliys IPHBOAMUT K IOBBIIIIE-
HHIO TBEPJOCTH B 00JIaCTH yaapa Uil Bcex cTaneii. [IpoBeaeHbl ucciae[0BaHus
JIe(OPMAIMOHHOTO CTapeHUs OOpas3loB CTaliei, MOABEPTHYTHIX PA3TUIHBIM
BHMJIaM JJMHAMMYECKOrO U KBA3UCTATUYECKOIO0 HATPY>KEHMS.

Onpeaenedsl KOHCTaHTH ypaBHeHUs JxoHcoHa-Kyka 1o pesyiabrataM JIu-
HAMUYECKUX UCIBITAHUI MO cxeMe Tecta Teiinopa. 3a cueT BEIOOpa KOHCTAHT
Moaenu JxxoHcona-Kyka cTpeMuianucy 00ecrneuynTh COOTBETCTBUE IeOMETpHYE-
CKHUX pa3MepoB Ae(hOopMHUPOBAHHOIO 00pa3iia ero dKCIECPUMEHTAIbLHBIM 3HaUe-
HHUSIM, KOTOPBIE ObUIM H3MEPEHBI Ha IIPOJI0ILHOM ILIude.

KoncranTe! mig ctand Y8 M03BOJIUIN CIIPOTHO3MPOBATE I10JIS HAIIPSHKEHU I
U nedopManmii B CTAILHOM 3arOTOBKE B YCIOBHUSIX BBICOKOCKOPOCTHOT'O HArpy-
JKEHUS, a TAKKE IOJIYYUTh KOPPEKTHBIE KaPTUHBI PACIPENEIECHUsS TEMIIEPATYP-
HBIX IIOJIEH, YTO UMeEeT OOJIBIIOE 3HAUYEHHE IS MOJEIUpOoBaHus 3P heKToB ca-
MOpa30rpeBa MaCCHUBHBIX CTALHBIX 00PA3II0B IPH B3PHIBHOM HAIPYyKCHHH.

Paboma evinonnena npu noooepoicke Ipoepammel cmpame2uyecko2o aka-
Ode-muueckozo audepcmea «lIpuopumem-2030» (npoexm NeH-498-99 2021-
2023).
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HUCCIIEAOBAHUE ITPOLHECCOB PACIIAJIA TBEPJOI'O
PACTBOPA B CILIABAX Al-Mg-Sc-Zr

[IpoBeneHsl Hccaen0BaHUsl 3aKOHOMEPHOCTEHN pacmaga TBEpJOro pacTBopa
B JIMTBIX U MHKpOKpHCcTauTndecku3 cmwiaBax Al-(2.5, 4, 6%)Mg-Sc-Zr ¢ cym-
MapHbIM cofiepakaueM SC u Zr 0.32%. brnarogapsi yHHKaJIEHOMY COUCTAHUIO
BBICOKOH TPOYHOCTH, CBAPMBAEMOCTH M KOPPO3UOHHO# cToikoctn Al-Mg-Sc
CIUTaBBl MPUMEHSIOTCS CIICNUAIbHOM MAITUHOCTPOCHUH H a3pOKOCMHYECKOM
TeXHWKe. BBICOKHe XapakTepucTHKH crutaBoB Al-Mg-Sc oGecmeumBarorcs, B
MIEPBYIO OYepellb, 32 CUET BhIIEICHMs HaHoJacTHIl AlsSc, KOTOphIE PUBOIAT K
MOBBIMICHUIO MPOYHOCTH ATIOMHUHHS TPH TOBBIMICHHBIX TeMIleparypax. Bos-
MOXKHOCTh NMPUMEHEHHUs cruiaBoB Al-M(-Sc B rpak1aHCKOM MamIiHOCTPOSHUH
CICPKUBACTCS BBICOKOH IICHOW aJFOMHUHHEBO-CKAHIUEBOW JIMTAaTyphl. 3aMeHa
JIOPOTOCTOSAIICTO CKAaHIUsA Ha 00jiee JCIICBhIC JCTUPYIOIIUE 3JICMEHTHI T03BO-
JUT CYIIECTBEHHO PACUIMPUTh PBHIHOK AIIOMHHHUEBHIX CIUIaBOB. OJHUMHU U3
HanOoJlee TEPCIEKTUBHBIX «3aMeHHTeNei» Ckanaus B cruaBax Al-Mg-Sc ss-
JSIETCSI UPKOHUM, 00ecrieunBaromuii Beigenenne yactui AlsZr.

OO6pa3ipl Moaydaad METOJOM HHIYKIIMOHHOTO JHThA. MUKpPOKPHUCTAIIIN-
4yeckas CTPYKTypa (QOpMHPOBanach METOAOM pPAaBHOKAHAIHHOIO YIIIOBOTO
MIPEeCCOBaHUS.

AHanu3 MeXaHH3MOB pacliajia MPOBOIWICS C HCIOJIH30BAHHEM YPaBHEHUS
Jxuocona-Mena-ABpaamu-Konmoroposa. [IpoBeeHHbIe UCCiIeJOBaHMS TOKa-
3aJH, 9TO TPU OTKHI'C MHUKPOKPHUCTAJUIMYECKHUX CIDIABOB MpOIECC pacmanaa
TBEPIIOTO PAaCTBOpPAa UMEET MHOTOCTAIMIHBIA XapaKTep, 9TO0 00YCIOBICHO pa3-
JIMYHBIMA KO3(Q(PHUIIUECHTAMH paClpeIe/ICHUs] CKAaHAUsA U [IUPKOHUSA B aJIFOMHU-
HUU ¥ CWJIBHBIM HM3MEJIbYEHHEM 3€PEHHON CTPYKTYPHI JHUTOTO amoMUHUS. B
MUKPOKPHCTAJUIMIECKUX CIUIaBaX, B 00JIACTH HU3KUX TEMIIEpaTyp, BBIACICHUE
YaCTHI] TMPOUCXOINT, MPEUMYINECTBEHHO, HA TPaHUIAX 3€pPEeH, a MPH TOBBI-
MIEHHBIX TEMIIEpaTypax — Ha AApax PENIeTOYHbIX AMCIoKaIui. MccnemoBanus
MHUKPOCTPYKTYPBhI OTOXIKCHHBIX MHKPOKPUCTA/UITHYECKHX cruiaBoB Al-Mg-Sc-
Zr OKa3bIBaIOT, UTO TEMIIepaTypa Hauaiga peKpUCTaIM3aluu cocTaBiusieT 375-
400°C.

Paboma evinoanena npu noooepoicke epanma PH® Ne22-13-00149.
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MOJYYEHUE MAKPOIIOPUCTOM KEPAMUKH
HA OCHOBE ITTPO®OCPATA KAJBIHUA METOAOM
CTEPEOJIMTOTPAGUYECKOM NEYATH

Hauboiee mepcrieKTHBHBIME MaTepHajlaMH JJIsI OCTEOIDIACTHKU SIBIIAIOTCS
OmopezopOrpyeMbie MaTepHallbl, KOTOPHIE MOTYT BBIITONHATH OMOPHYIO (YHK-
U0 Ha HaYaJbHBIX 3TalaX MCIOJNB30BaHUS, MOCTETICHHO 3aMeIasich MPUPOA-
HOM KOCTHO# TKaHbto. [Tupodocdar KaapLus OTHOCUTCS K TaKUM MaTepHajam,
MOCKOJIbKY 00JIafiaeT Xopoleii OMOCOBMECTUMOCThIO, OMOAKTUBHOCTHIO M OII-
TUMaJIBHOW CKOpPOCTBIO OMope3opbumu. Takke MMIUIAaHTAT NOJDKEH 00ianaTh
CHCTEMOH MaKpoIop, CIIOCOOCTBYIOIIUX MPOPACTAHHIO (HOPMHPYIOIIEHCS KO-
cTH. B paMkax maHHOTO HMccieqoBaHUs IS NMOMyYeHHs MOPUCTHIX MaTEpHanoB
UCIIONIb3YeTCsl METOJ cTepeosurorpadudeckoit 3D mevaty, Tak Kak TPaauH-
OHHBIC METOBI HE TIO3BOJITIOT KOHTPOJIHPOBATh KOHEUHYIO CTPYKTYPY MaTepH-
ana.

B nanHO# paboTe MBI HCCIIEOBAaIM BO3MOXXHOCTH HCIIONB30BAHHS CIICKa-
fomIel J00aBKU CMEIIaHHOTO MupodochaTa KaIbIUI/HATPHS C LENIBI0 YIIydIIe-
HUS cnekanus nmupodocdara Kaaplus 3a c4eT 00pa30BaHUS HU3KOIUIABKOW 3B-
TEKTHKH.

IInoTHas kepaMuka ObUIA M3TOTOBJIEHA ITyTeM (DOpMOBaHMS MACTHI, COMEP-
JKaleil aneToH M MOPOIIKOBYIO CMECh T'HMJIPOKCHAIATHUTA, MOHOKAJIBIIMEBOTO-
(docdara monoruapara u auruapodochara HATPUS B PA3TUIHBIX COOTHOIICHH-
SIX ¢ TOCJeNyIoNe TepMooOpaboTKOM MpU pa3IUYHBIX TemrmepaTypax. B pe-
3ynbTaTe OBUIO MPOAEMOHCTPUPOBAHO, YTO MPUCYTCTBHE CIIEKAIOIeH 100aBKH
MOXKET 3HAYUTEIBHO CHH3HTH TEMIIEPaTypy, HEOOXOTUMYIO IS CIICKaHUsS
(opmupyromieiics kepamuku. st o0pa3noB kepamuku ¢ 10% cnekaromieit no-
0aBKOW OCTUTHYTA MPOYHOCTH mpu cxkatud 140 £ 10 MIla u mmoTHOCTE 10
98% myrem Tepmoobpaborku rpu 700°C. IIpu 1000°C 6puta moiydeHa mioT-
Has nupodocdaTHas KepaMHKa ¢ IPOYHOCTHIO Mpu cxatuu 154 + 17 MIla u
moayneM Onra 8.5 + 2.0 I'Tla. ITnoTHOCTE KEpPAMUKH, OTHOCUTENBHO KPHCTAJI-
norpaduueckoii mrotaoctn CaP207 coctaBuia 10 99%, cBHaCTEABCTBYET 00
3¢ (HEKTHBHOCTH MpoIliecca CrieKaHus IPHU BEIOpAaHHOW TeMIepaType.

PH BogHOro pactBopa B KOHTaKT¢ ¢ W3TOTOBJICHHOW mupodocdaTHOH Ke-
pPaMHKON HaxXOOUTCA B Auama3oHe 6 — 7.2, 4TO SBIAETCS NMPHEMIEMBIM (IS
OMOMETUITMHCKOTO MIPUMEHEeHHs MaTepuaia. Yepe3 7 nHei B pactBope SxSBF
mpu 37°C Ha MOBEPXHOCTH KepaMHUYECKUX 00pa3ioB 00pa30BaliCsl CJION HAHO-
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KPHUCTAJLUTMYECKOTO THIAPOKCHANATUTA, YTO CBHICTEIBCTBYET O BHICOKOW OWO-
AKTUBHOCTH Matepuana. J[Js WcciieZoBaHUsl POCTa U aJre3uu KJIETOK Ha Io-
BEPXHOCTH KEPAMHUKU MBI MCIIOJB30BAIN KYJIBTYPY MEPBUYHBIX KICTOK YEIO-
BEKa, MOJYYCHHYIO U3 3a4aTka 3y0ba TpeThero Mospa. Bee mpenioxkeHHbIe Ke-
pPaMHYCCKHE MAaTSPUAIIBbI SIBJISIOTCS OMOCOBMECTHMBIMH M HE OKA3bIBAIOT TOK-
CHYECKOTO BO3JIEHCTBHA Ha KJIETKH. KOMMYecTBO MOTHOMHKX KIETOK MPH KYJIh-
TUBUPOBAHHUU HA TIOBEPXHOCTH BCEX MAaTEPUAIOB cOCTaBHiIo MeHee 1 - 3%, uro
coryiacyeTcsl C JaHHBIMH KOHTPOJIBHOTO oOpasia. Ha moBepXHOCTH KepaMHKH
HaOJromaeTcst aAre3usl M PaciUIacTHIBAHUE KIETOK, YTO TAakkKe MOATBEP)KOAacT
OHOCOBMECTUMOCTH MaTepHaa.

Maxponoprcrasi KepaMuKa OBITa M3TOTOBJICHa METOIOM CTEpPEOJIHTOTpa-
(budeckoil meyaTH C MOCHEAYIONICH TepMOOOPaOOTKOW IS yHAJCHUS MOJH-
MEpHOM cOCTOBIISIONIEH MaTepuana. JJist 3TOro NOpoOIIKOBYIO CMECH ITPOCEUBA-
JIX 4€PEe3 CUTO IJId YMCHBIICHUA pa3MEpa YaCTUll U CMCIIHUBAJIU C KOMMEpYC-
CKU JTOCTYITHOW CBETOOTBEPIKIACMON CMECHIO aKPUJIOBBIX MOHOMEPOB U OJIH-
rOMCPOB U IIOBECPXHOCTHO-aKTHBHBIM BCIICCTBOM B PA3JIMYHBIX MAaCCOBBIX CO-
OTHOILIICHUAX. I[J'IH ucciaeaoBaHuA I‘J'Iy6I/IHI)I OJIMMCPHU3AaIUHU ITOJTYUCHHBIC CYC-
TICH3UH O0JTyday B TCUCHHUE PA3IMYHBIX IEPHOJOB BPEMEHH, a 3aTEM H3Mepsi-
JU TONIIMHY Hame4YaTaHHBIX 00pasmoB. g ammpoKcMManuu 3aBUCUMOCTH
TIyOWHBI TOJMMEPHU3alUN OT JO3BI OOJXYyYeHUs IUIsI BEIOOpa peXrMa IedaTH
UCTIoNB30Ban ypaBHeHHe JIxeiikoOca. B pesynprare meuatu OBUTH MOTyYeHBI
cTpykTypbl KenbBrHa U THpoHIa ¢ 3agaHHON MopucTOoCcThIO. [Iporece Tepmo-
00paboTkn moNy4eHHBIX 3D-CTpyKTyp OBUI ONTHMHU3UPOBAaH BO H30EKaHHE
paccioeHus MaTepuaa u 00pa30BaHUs BUTUMBIX TPEIIHH.

Paboma svinonnena npu gunancosoii nododepaicke 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 CayP,07, 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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HNOBBIIIEHUE MEXAHUYECKHUX CBOMCTB
IHOKAPOBE3OIIACHbBIX MAI'HUEBBIX CIIVIABOB

B npenpinymeii padore [1] onuceiBanuch cruiaBbl ¢ LPSO-da3oit, B k0oTO-
phIX, Onaromaps noOaBieHHI0 YD, 3HAUUTENHHO IOBBINIANACH TEMIIEPATYpPa
BOCITAMEHEHWSI, OTHAKO MEX. CBOWCTBA 3THUX CIUIABOB OCTABAIHCH HAa YPOBHE
250MIIa. Llenpto gaHHOW pabOTHI ABISIIOCH MOBHIIICHHUS MEX. CBOUCTB TaHHOU
TPYIIIBI CILUTaBOB.

B kadecTBe mCCleAyeMbIX CIUIABOB OBLIM BEIOPAHBI CICTYIOIINE KOMITO3H-
mun: 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.%. TepmMo0o6paGOTKy MPOBOIUIIH TIO
pexumy T6, omxur — 450-540°C, 24u., ctaperue — 200°C, 1004. J{jst uccnemno-
BaHU MEX. CBOICTB NMPOBOAMINCE UCTIBITaHUS Ha pacTskerue mo ['OCT 1498-
84, cTpykTypy uccnemoanu Ha POM Zeiss Sigma.

HccnenoBanue CTpyKTypHl IOKa3ano, 4YTo mpu teMreparype omkura 450°C
dbopmupyercss Menkas CTpyKTypa ¢ OonbmuM coaepxkanueM LPSO-da3ser mo
rpanuuam, mnpu 525°C cpenHuil pasmep 3€peH U3MEHSETCS HE CUIIBLHO, HO MPO-
ucxonut pacteoperue LPSO-¢dazbr B matpune, npu 540°C mporcXoauT 3HAYH-
TENBHBIA POCT 3éPEH, KOTOPHIA HETATHBHO CKA3hIBACTCS HA CBOMCTBAX CIUIABA.

ITo pesympTatam paboOTHI OBLT ONpENeNIEH MHTEPBA XUMHIECKOTO COCTaBa
JUI obecriedeHus] He0OXOIMMBIX MEXaHHUECKUX CBOMCTB, a TaKkke pa3paboTaH
ontuManbsHbIN pexkuM TO, mpu KOTOPOM JOCTHrar0OTCsS MEX. CBONCTBA CIIJIAaBOB
Ha ypoBHE 6,=275-285MIla, 6=22-24%.

Paboma svinonnena 6 pamxax I'oczadanus Ne FEMR-2020-0003

1. C.B. 3aceinkun, A.W. bpunesckuii, A.U. Upreros, [{.JI. Mepcon Maruu-
€BBIC CIIIABHI C MOBHIIIEHHON TeMIiepaTypoii Bociuiamenenus // HoBeie Ma-
Tepuajbl: HepaBHOBECHbIE cOCTOsHMS: COOpPHHK Te3UCOB JOKIanoB 18-i
Mesk1yHapOTHOHM IIKOJIBI-KOH(EPEHIIMH ISl MOJIOJIBIX YYEHBIX U CIelua-
mctoB. Mocksa, 14 — 17 gexabps 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 ob = 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: Sbornik tezisov dokladov 18-j Mezhdunarodnoj shkoly-
konferencii dlya molodyh uchenyh i specialistov. Moskva, 14 — 17 decem-
ber 2020. M.: NIYAU MIFI, 2020. — p. 146-149
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B3AUMOCBA3b BJIMAHUSA PEXKUMOB ITOJTYUYEHU S
3ATOTOBKH U EE TOUHOCTH HA KAYECTBO
INIOBEPXHOCTH, TOYHOCTHU 1
CTPYKTYPBI AETAJIN

IIpu M3roTOBJIEHHH BBICOKOTOYHBIX [eTalieii 0coOyI0 POJib MrpaeT Kaue-
CTBO, & €CJIM TOYHEE METOJI ITOJIYYCHUE 3arOTOBOK U I0JTy(haOpPHKATOB.

CymecTByeT 4 OCHOBHBIX BHJa IMOJYYCHHS 3arOTOBOK: JIUTHE, 00paboTKa
JIaBJICHHEM, COPTOBOM M MPO(UIBHBIN MPOKAT, KOMOMHHPOBAHHEIC.

Bospimoit 610K MOJyYeHHUsT 3aTOTOBOK COCTaBIIsIET 00pabOTKa JaBIICHUEM.
IIpeumyiiecTBa JaHHOW 00PAaOOTKHU: MANOOTXOJHON TEXHOJIOTHS, 32 CUET Ma-
JIOTO TIPUITYCKa; OOecrieueHrne BBICOKOTO KauecTBa MPOIYKIWHU; HaJIEKHOCTh
paboTHI M3MENHs; BBICOKAS TPOU3BOIUTECIHHOCTD;

[IITaMmoBKa xapakTepu3yercs: OOJIbIINM pa3HooOpasueM (hopM U pa3MeEpPOB
[ITaMIIOBOYHBIX MOKOBOK, a TAK)XKE CIIABOB, U3 KOTOPBIX IITAMIYIOT. JlaHHBIM
BHJ 3arOTOBKH Tepes aedopManueil mpeaBapuTeabHO HAIPEBAOT, A0 CTPYK-
TYPHBIX U3MeHeHHui. Harpesanue Hy»XKHO COBepIIaTh OCTOPOKHO, IEPErPeEB HE
JIOMYCTHUM, TaK KaK U3MEHSIOTCSI CBOMCTBA JIETAJIM M TTOBEPXHOCTHBIN ciioil. 13-
3a meperpeBa TakKe 4acTh MaTepHalla IIEPEXOINT B OKAIIUHY.

PaccMOTprM NaHHBIA BHJ 3arOTOBKHM Ha KOHKPETHOH JETalM «KOPITYC
IMHEeBMOKJIanaHay. Jleraib paboTaeT 0€3 3HAYUTEIbHBIX Harpy3ok. [THeBMOKIIa-
maH padoTaeT ¢ BO3AYXOM, a TaKiKe C arpeCCUBHBIMM ra3zamMu. Marepuai Jaera-
i cranb 14X17H2 oOnamaer BBICOKOM INIACTHYHOCTHIO. IlpuHMMaeM miist
Halllel aeTand mraMnoBaHHyro okoBky 1o 'OCT 7505-89. B xauectBe 000-
PYyIOBaHUS KPUBOLITUITHBIE TOpstaernTamnoBounblie npecchl (KITLIT).

TexHONOTHYECKHA TMpOIlecC MOMYYCHHST 3aTOTOBKH COCTOMT W3 OTPE3KH,
Harpesa, AedopMaIiu.

Hawnbomnbinee xonuuecTBo Ae(PEKTOB MPOMCXOLUT HA CTAAUH HArpeBa U
nedopmany. AHaau3 IOKa3ajl MPH NPOM3BOJICTBE 3arOTOBOK IIEPETPEB CO-
craBiser 25% Opaka, B OCHOBHOM 3TO CBS3aHHO C H3MEHEHHEM CTPYKTYDY.

[TosTomMy namHas paboTa TMOCBSIIEHA BBIOOPY PEXHMa TeMIIEPaTypHI
JIJISL 3aTOTOBOK JIAHHOTO THIIA.

1. TexHomorus KOHCTPYKIMOHHBIX MaTepraioB ABtop: Jampckuii A.M., 2003.
2. CnpaBo4yHHK KOHCTpYKTOpa mramioB: JIincToBas mrammoska/ [log o6m. pex.
JI. . Pynmana. — M.: Mammnoctpoenue, 1988.
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